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Abstract

Graphene is a two dimensional material with extraordinary properties that can find
applications in a wide variety of fields. In particular, its peculiar electronic proper-
ties, characterized by a high electron mobility and long spin relaxation length, make
it a promising ground for the design of new devices for future electronics and spin-
tronics. However, several important ingredients are missing in this material, cru-
cial ones being the semiconducting electronic gap, and the capability to manipulate

spins.

Nanostructuring graphene and interfacing with other materials can be an effec-
tive method towards tailoring the electronic and magnetic properties of graphene.
At the nanoscale, these can dramatically depend on atomic scale variations in size
and boundary structureThe possibility to fabricate real nano-devices from graphene
such as graphene quantum dots then relies on the capability to control the structure
of graphene at the atomic scale and to tune its properties for the desired applica-

tions.

In this work we study different bottom-up strategies to tailor the properties of
graphene: (i) nanostructuring by the synthesis of graphene nanoislands with con-
trolled shape, internal domain distribution and edge structure, (ii) proximity-in-
duced tailoring of structural and electronic properties by metal intercalation, (iii)
synthesis of lateral heterostructures. This is done by using chemical vapour depo-
sition (CVD) to synthesize the nanostructures and metal beam epitaxy for the inter-
calation of metallic films, scanning tunneling microscopy (STM) and spectroscopy
(STS) to study their atomic and electronic structures, and combining our experi-

mental studies with ab-initio calculations.

The study follows previous work of the group on the synthesis of graphene nanois-



lands on Ni(111) by CVD. These results showed that the interaction with the sub-
strate determines the edge termination and shape of graphene nanoislands: by se-
lecting the post-annealing temperature, triangular islands with zigzag edges or hexag-
onal islands with alternated zigzag and reconstructed edges could be obtained. It
was also shown that the strong interaction with the magnetic substrate transforms

the Dirac cones into gapped spin polarized bands.

In this thesis, we gain a deeper insight in the structure and the growth mecha-
nism of nanoislands on the surface of Ni(111). By high-resolution STM imaging, we
access to a complete atomic scale characterization of the stacking symmetry and
the edge structure. We also identify polycrystalline nanoislands and characterize
both the stacking and orientation of graphene domains and the related boundary
atomic structure. We report evidence of different continuous strained and topo-
logical defect boundaries.By comparing a statistical analysis of the rotated domains
to grain-boundary formation energies, we conclude that the selection of rotational
domains is determined by boundary rather than stacking energetics. However, the
boundary structure, critical in defining transport properties across, seems to be de-
fined by the substrate interaction. Finally, by analyzing the temperature evolution
of the domains and shapes of nanoislands, we find a range of temperature where

single-crystal shape-selected graphene nanostructures can be obtained.

Following the synthesis of graphene nanoislands with controlled shape and edge
structure, Au intercalation is obtained by deposition and subsequent annealing. By
combining both scanning tunneling microscopy and spectroscopy, we investigate
the structural and electronic properties of the Au film and of the graphene nanois-

lands on it.

Regarding the Au film, we find a complex structural evolution, which involves
alloying at the interface, the formation of a dislocation network in an overall com-
pressed Au film, and the gradual strain-relief and formation of the herringbone re-
construction that corresponds to bulk Au(111) as we increase the thickness. We ob-
tained this information by combining STM imaging of the surface structure with
tunneling spectroscopy (STS) that probes the thickness evolution of field emission

resonances and of the surface state.

At submonolayer coverage the intercalation is only possible by the Au alloying of

the outermost Ni layer. At higher coverage, most graphene islands appear embed-
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ded at the outermost Au layer, although a fraction can also be found on top. Some
hexagonal islands are found with only zig-zag edges, implying that metal intercala-
tion can also be used to induce structural modifications, such as a de-reconstruction

of edges in this case.

The interaction of graphene with the substrate is monitored by tracking both the
Shockley surface state of Au(111) and the Dirac states of graphene in spectroscopic
measurements. By comparing the behaviour of the surface state under graphene
at the Ni and Au/Ni surfaces, we evidence how such interaction is reduced after
Au intercalation. An analysis of interference patterns in graphene leads to the con-
clusion that the Dirac band is recovered after Au intercalation. More interestingly,
the decoupled nature of the graphene electronic properties is further confirmed by
the detection of energy split localized peaks that are attributed to the predicted one
dimensional spin-split edge states. The energy splitting we obtain is significantly
larger than that measured in any other zigzag edge interacting with a metallic sur-

face.

We also explore, at the end of this thesis, the synthesis of lateral graphene-hex-
agonal boron nitride (hBN) heterostructures on the Ni(111) surface, with the idea
of exploiting the control on the edge structure of the graphene nanoislands. We
find that heterostructures cannot be grown sequentially when starting with graph-
ene nanoislands, due to the high temperatures required for the CVD growth of hBN,
above the solubility onset of graphene. On the other hand, starting from hBN nanois-
land leads to heterostructures with well-defined zigzag interfaces that could carry

one dimensional electronic states.

Overall, the results of this thesis provide a deeper insight on the growth of two-
dimensional nanostructures of graphene and hybrid layers and on the tuning of
their structural and electronic properties by controlling the interfacial interaction
with the underlying metal. These notions could be valuable for the realisation of
shape-selected graphene quantum dots with tailored properties, which could find

applications in optoelectronics and spintronics.
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Chapter 1

Introduction

1.1 Graphene

Graphene is a one atom thick layer of carbon atoms, and is the first 2D material to
be isolated. Although its peculiar electronic properties were theoretically predicted
already in 1946 [1], its stability as a free-standing 2D structure was long quenstioned
before being demonstrated in 2004 [2], a discovery worth the 2010 Nobel Prize. The
unique properties of graphene have been ground for intense and broad research em-
bracing all fields of science, leading the number of papers on graphene to increase
from 4,000 in the year of its isolation to over 100,000 per year since 2014. Further-
more, the groundbreaking discovery of the stability of 2D materials has been the
origin of a whole new branch of research, and many new single-layer materials with

fascinating properties have been studied and isolated since [3, 4].

The extraordinary properties of graphene might need no introduction. It has
unique electronic properties, among which the most relevant is maybe the ballis-
tic transport of charge carriers behaving as massless relavistic particles [5]. Fur-
thermore, it combines flexibility with exceptional mechanical strength [6] outstand-
ing electronic and thermal conductivity, optical transparency, impermeability to all
elements [7] and many other properties for which it was named "a miracle mate-
rial" with possible applications in a wide variety of fields from the macro- to the
nanoscale, from flexible electronics to biosensing, from photonics to material coat-
ing[8, 9]. Among them, it could serve to produce ultrafast, highly selective molecular

sieves for water purification [10], gas separation [11, 12] or DNA sequencing[13, 14],
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to fabricate ultrasensitive chemical sensors and biosensors [15, 16], or solar sails for
space missions [17]. Though unlikely to replace silicon in electronics, it could im-
prove silicon-based devices [18], and it seems now predictable that novel electronics

at the nanoscale will be based on graphene and 2D materials combined [19-21].

armchair

a) b)

zigzag

Figure 1.1: a) Graphene structure in real space, with indicated zigzag and armchair edge directions. A and
B sublattices and the lattice vectors |a;| = |a,| = 2.46 A are shown. b) Momentum space representation of
the Brillouin zone of graphene, with primitive lattice vectors and high-symmetry points.

Structurally, graphene is a planar honeycomb lattice of carbon atoms organized
in hexagonal (benzene) rings, with lattice vector a=2.46 A and interatomic distance
of 1.42 A. The honeycomb pattern is in turn formed by two equivalent sublattices, A
and B, with triangular symmetry, and is therefore a bipartite lattice (Fig. 1.1). These
correspond, in momentum space, to two sets of unequivalent K and K’ points at the
corners of the hexagonal Brillouin zone (BZ), Fig. 1.1, which are the also called Dirac
points. The reason of this naming can be understood from the electronic structure
of graphene. As evidenced by the band dispersion, Fig. 1.2, at the K (K’) point the va-
lence and conduction bands of graphene meet in exactly one point, having a sym-
metrical conical dispersion in the vicinity of it. From this derives the semi-metal
character of graphene, i.e. a metal with a density of states (DOS) equal to 0 at Eg.

The conical dispersion close to the Dirac points is described by the relation [1]

E.(q)~+vrlq|+ O[(q/K?)], (1.1)

where |q| < |K| is the momentum relative to the K (K’) points, and v is the Fermi
velocity, vy ~ 10 m/s, which is a constant. Interestingly, this linear dispersion is

solution to a relativistic Dirac-like equation for massless particles [5]:

2



1.1. Graphene

Figure 1.2: 3D rendering of the band structure of graphene in its Brillouin zone with a zoom on the conical
dispersion centered in one of the six Dirac points. Reprinted with permission from [22]. Copyright 2009
by the American Physical Society.

—ivpo-Vy(r)=Ey(r), (1.2)

where o are Pauli matrices equivalent to those describing the spin. The eigen-
states Y i (r) and Y k() are defined in the vicinity of K and K’ respectively.
From these equations, two of the main properties of graphene are derived: charge
carriers in the vicinity of the Dirac points behave as massless Dirac quasiparticles,
and they move at a constant relativistic Fermi velocity not depending on energy or

momentum.

Moreover, the equation implies a pseudospin quantum number, formally equiv-
alent to the spin, which is related to the sublattice exchange symmetry and has im-
portant consequences on the transport properties of graphene. Itis also at the origin
of unique effects: for instance, bandgap opening can arise upon breaking of its sub-
lattice symmetry [23], and its coupling to electron spin can give rise to an unusual
half-integer Quantum Hall Effect [24]. The projection of the pseudospin on the di-
rection of momentum defines a helicity or chirality for the quasiparticles, given by

the operator

h=-0-— (1.3)

and for which the eigenstates i () and Y i (r) of Eq. (1.2) are also eigenstates
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h g (r)= i%wx(r), (1.4)

and similarly for K’, with inverted sign. The pseudospin o then has eigenvalues
in the direction of the momentum or opposite to it, and a chirality is defined in the

Dirac cones.

Spin manipulation in graphene is also a subject of research. Graphene has a very
low spin-orbit coupling (SOC) giving rise to a predicted long spin relaxation length
[22], which make it a promising spin channel material for applications in spintron-
ics[25]. However, measured spin diffusion times remain several orders of magnitude
below theoretical predictions, regardless of the quality of the graphene monolayer
[26]. A recent study attributes such differences to the coupling of the spin with the
pseudospin via spin-orbit coupling that could arise from adatom impurities, rip-
ples in graphene, or substrate interactions [27]. This apparently negative result can
be exploited to manipulate spins in graphene if one can control the source of SOC.
Introducing a sizeable SOC in graphene would also allow the realization of quantum
phenomena such as the Quantum Spin Hall Effect (QSHE) [28]. Many methods to
induce spin-orbit coupling in graphene have been proposed, among which adatom
adsorption [22] and proximity effect with high SOC substrates [29, 30].

1.2 Graphene nanostructures

A different but effective method to tailor the properties of graphene is the reduc-
tion of its size down to the nanometer scale. The two most evident consequences in
doing that are the quantization of electronic states and the increasing relevance of
boundary phenomena, sometimes even dominating the overall material’s proper-
ties. Both effects are size-dependent and can therefore be tuned by controlling this

parameter.

Electron quantization turns semimetal graphene into a semiconductor, with a
gap that can be tuned with size [31, 32]. This has enabled the realization of field-
effect (FET) transistors using graphene nanoribbons (GNR) [33, 34], or to track the
transition from a single-electron transistor behaviour driven by Coulomb blockade
to a true semiconductor behaviour as we reduced the size of a graphene quantum
dot (GQD) [35]. The size-tunable optical properties of GQDs have also enable to

4



1.2. Graphene nanostructures

employ them as labels for bio-imaging, and for optical sensing and photovoltaics

(see [36] and references therein).

Unlike conventional metal and semiconductors, the electronic and optical prop-
erties of graphene nanostructures will dramatically depend on the orientation of its
boundaries, and hence their edge structure [37]. Whereas armchair nanoribbons
(aGNRs) are semiconducting with a gap depending non-monotonically on the width
[38, 39], zigzag nanoribbons (zzGNRs) exhibit metallic edge states that are spin-split
when electron correlations are set on [40, 41]. The origin of the edge states lies in the
bipartite nature of the honeycomb graphene lattice, and the fact that zigzag edge ter-
minations consist only of one type of sublattice (a more thorough description of the
magnetism in zigzag edges can be found in Chap. 4). Antiferomangnetic interac-
tions between the two zzGNR edges exposing opposite sublattices result in a width-
dependent spin splitting of the edge bands [38, 39]. The magnetic ground state of
the edge states can be further manipulated externally: a transversal electric field can
lead to half-metallicity (conduction of only one spin) [42], whereas doping can in-
duce a semiconductor to metal transition that is related to a correlated antiferro- to

ferromagnetic transition of the inter-edge coupling [43].

In GQDs, the magnetic configuration depends on the geometry of the dot, since
edges can be formed of only one or both sublattice. The edges of triangular GCDs
belong to a single sublattice, leading to an unbalance that results in uncompensated
spins that couple ferromagnetically [44, 45]. On the other hand, adjacent edges in
hexagonal GQDs are of opposite sublattices, leading to the antiferromagnetic cou-

pling of ferromagnetic edges, similar to the case of zzGNRs [44].

Experimentally, split pairs of localized edge states have only been observed in
zzGNRs [46-48]. Here the splitting was attributed to the 7-orbital edge magnetism
described above. The few trials in supported GQDs failed on detecting any finger-
print of edge states [49]. Their absence was attributed to a strong covalent interac-
tion with the substrate that perturbed the pristine electronic states of the graphene

edge by hybridization.
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1.3 Chemical vapour deposition growth of graphene

nanostructures

It is at this point evident that the structural properties of graphene at the nanoscale
influence deeply its mechanical, electronic, magnetic and optical properties. While
such tunability justifies the wide range of fields in which graphene might find appli-
cations, it requires the ability to nanostructure graphene with atomic precision in
order to obtain the desired properties. The purity of graphene, its bulk crystallinity
and its edge structure, the inclusion of foreign atoms or molecules at selected sites
are all issues that need an unprecedented level of control in the synthesis and ma-

nipulation of this material.

To that end, the traditional, top-down’ approach to nanostructuring, i.e. impos-
ing a structure or pattern on a larger material to be processed [50], has technical or
physical limitations that proved it insufficient or with very low yields, particularly
when the edge structure is concerned. Electron beam and laser lithography, for in-
stance, are intrinsically limited by the wavelength of the electrons or photons, and
technically by the effective size of the beam, usually in the ~nm range, which is at
least an order of magnitude larger than the resolution required for edge structuring.
Other top-down techniques used in graphene nanostructuring include carbon nan-
otubes unzipping [51], plasma, hydrogen [52] or metal particle catalyzed [53] etch-
ing, sonochemical breaking, chemical oxidation cutting [54], all of them requiring

high-level engineering at their phyisical limits to reach the necessary resolution.

A more promising approach relies on 'bottom-up’ techniques, those that aim to
guide the assembly of atomic and molecular building blocks into organized struc-
tures through intrinsic physical and chemical processes [50]. Such techniques are
basically limited by the understanding of the processes inherent to the system to
be manipulated and the ability to order and control them. Starting from molecular
self-assembly on metal surfaces [55], this approach has gained more attention in the

field of surface science.

The most common method for the bottom-up synthesis of carbon-based nanos-
tructures is the use of polyaromatic precursors that transform into covalent nanos-
tructures upon specific on-surface reaction steps - - usually involving at least poly-
merization and cyclodehydrogenation [56]. This technique has the great advantage

that the molecular building blocks are designed in laboratory so that the desired

6



1.3. Chemical vapour deposition growth of graphene nanostructures

final chemical and structural properties can be obtained through predictable self-
organization and chemical processes. Growth of highly precise structures has al-
ready been demonstrated, ranging from GNRs of different width [57], edge type [46,
56], and dopants [58, 59], to 2D porous networks [60-62].

Despite this impressive portfolio of atomically precise nanostructures, on-surface
synthesis has severe limitations to build non-porous, compact graphene nanostruc-
tures beyond 1D chains, such as the GQDs we are interested in. This can be achieved

by the more conventional CVD method, extensively used in the synthesis of standard

graphene.
B
«  n /4'/.—/."/_"/—45—";";";‘7/_";'7
g r"'—/."./—" /_";./T‘,;‘/_";' ———
1 ‘f 4 f/. _g’——:;_. g o
s . .

Figure 1.3: Schematics of the CVD growth of graphene: the gas precursor adsorbs on the surface. Af-
ter catalytic dehydrogenation and decomposition of the molecule, hydrogen is mostly desorbed, while
carbon atoms diffuse on the surface and form graphene structures.

Chemical Vapour Deposition (CVD) is a versatile method of growing thin films
initially developed at the end of the 19th century [63]. In general terms, it can be
described as the growth of thin films of solid material by dissociation and chemical
reaction of reactants in the gas phase deposited on a surface in an activated environ-
ment. CVD is the established method to grow large-scale layer of graphene with high
quality, together with epitaxial growth from SiC. The process of graphene growth by
CVD involves the thermal decomposition of carbon-containing molecular precur-
sors, either hydrocarbons (as propylene, ethylene, methane) or polymers, on a cat-
alytic surface. The precursor dissociates through surface-assisted dehydrogenation,
and the resulting carbon adatoms form graphene structures by nucleation and dif-
fusion on the surface [64]. Depending on the substrate in use, more processes can
be involved, such as dissolution in the bulk metal in Ni, explained in further detail
in Chap. 2.

The growth process is essentially self-limited to one monolayer, since the cat-
alytic effect of the surface is hindered by the presence of adsorbed graphene. How-

ever, further growth of following layers is technically achievable and desirable in
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some cases [65].

As a consequence of this layer-by-layer catalytic growth, nanostructures can be
obtained by limiting the feedstock of precursor on the surface. Technically, this is
achieved by either limiting the exposure to hydrocarbons at growth temperatures or
by depositing the precursor molecules on the surface at room temperature and then
providing thermal energy to start the reaction, as explained in more detail in Chap. 2.
Different energetics than those for extended graphene are in play at the nanoscale.
In particular, at this reduced size, the competition between edge and bulk energet-
ics can stabilize morphologies and stacking symmetries different from those stable
in the extended case. While the stable shape for free-standing GNIs is hexagonal,
as should correspond to the lattice symmetry, the shape of the grown structures is
essentially dictated by the crystal symmetry of the surface and by the edge growth
energetics and can take different forms, from triangular to rhombohedral [66]. Tri-
angular and hexagonal nanoislands with preferential zigzag edges were grown on
e.g. Co(0001) [67, 68], on Cu(111) [69] and Cu foil [70-72], on Pt [73] and on Ir(111)
[74].

Nanoislands with selected triangular or hexagonal shape can also be grown on
Ni [75]. Ni(111) is one of the first and most used substrate for growing extended
graphene. As it provides an almost perfect lattice match to graphene and it displays
a strong bonding to it, graphene mainly grows in 1x1 unrotated stacking, thus of-
fering a great possibility to form large area graphene sheets with no domain rota-
tion. Moreover, it provides a perfect template for nanoislands with purely zigzag
edges. However, the electronic properties of free-standing graphene are disrupted
by the strong hybridization of its bands with the metallic d bands of Ni(111). While
such hybridization leads to an interesting lateral and vertical spin-filtering effect
[76], which can be used for the construction of devices [77], a different substrate

can be desirable in order to recover graphene pristine properties.

Our surface supported GNIs behave as GQDs in the sense that their character-
istic x-y size in the nanometer range should induce electron quantization. The two
expressions are equivalent, and hereafter we choose to use GNIs, a term that is more

familiar to the surface science community where we belong.
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1.4 Intercalation

The interaction of graphene with its substrate can be tuned after growth by interca-
lation of a different material underneath. This is technically achieved by depositing
the intercalant on top of the grown graphene, and providing thermal energy for its
diffusion under the it, so that the interacting metal is now the intercalated buffer
film. Intercalation compounds of graphite have been studied since the 80’s as a way
to modify the electronic, magnetic and chemical properties of this material and par-
ticularly to obtain high conductivies [78]. In CVD growth of graphene, the intercala-
tion method enables to decouple the catalytic and the proximity-induced tailoring
role of the underlaying metal, by selecting the most suitable materials for the synthe-
sis and intercalation respectively. In the most simple approach, graphene-metal in-
teractions can be divided in weak and strong ones. The first ones generally preserve
the band structure of graphene, particularly the linear dispersion near Eg, doping
it and occasionally inducing a gap (usually small) at the Dirac point. Mostly noble
metals belong to this group: Al, Ag, Au, Cu, Pt [79] and Ir [80] are the most notable
examples. On the other hand, strongly interacting materials hybridize with the band
structure of graphene, disrupting the Dirac cones. Example metals for such case are
Ni, Co, Pd, Ti [81] or Ru [82]. While interesting applications can derive from such
strong interaction, it is often interesting to recover the electronic properties of pris-
tine graphene by intercalation. To this end, many different elements can be used.
The first and more obvious is to intercalate weakly interacting metals, which has
been demonstrated with e.g. Au [83, 84], Ag [85-88], Al [89], Cu [86, 90] on different
substrates. Also some alkali metals are known to electronically decouple graphene,
like Na [91] or Cs [92]. Other possibilities include semiconducting materials as Ge
[93], and O [94-97] and H [96, 98] as oxidizing and reducing agents.

Electronic decoupling is not the only application, though. By intercalation, the
morphology and interactions in graphene can be modulated [99, 100] and new arti-
ficial graphene/metal interfaces can be engineered [101]. Interesting for spintronics
applications is the possibility to induce spin-orbit coupling [30, 102-104] or spin po-
larization [76, 105-107] in graphene. Recently, it was shown by Rybkin et al. [108] that
the interplay between the structural modulation of an artificial metal/metal inter-
face and the Rashba effect induced by the intercalant can cause complex spin tex-

tures. Also, graphene can be used as a protective layer for an intercalation system

9
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with interesting magnetic properties [109].

Fewer studies are available for intercalation of graphene nanostructures, all grown
on Ir(111) only: oxygen [110], Au[111, 112] and Ag [112] were used as intercalants.
In such systems, the intercalation process can be different from the extended case,
where the intercalant is deposited on top of graphene, and has the choice of either
remaining on top of the inert graphene or binding to the more interacting substrate
by intercalation. As a consequence, diffusion of the intercalant and coordination
to the metal substrate is energetically favoured and is the guiding force of inter-
calation. Since graphene nanostructures do not cover the whole metal surface, a
different mechanism can be in play. Moreover, the different interaction with the in-
tercalated film can possibly lead to structural modification of the formed graphene

structures.

1.5 Two-dimensional heterostructures

Many other two-dimensional materials have been predicted and isolated since the
discovery of graphene, and many are yet to come. The first ones to be realized were
atomic planes of layered materials such as hexagonal boron nitride (hBN) and tran-
sition metal dichalcogenides (TMDs) [3], but the creation of 2D allotropes of ele-
ments characterized by non-reducible 3D crystals was also demonstrated, as is the
case for silicene [113]. New monolayer compounds such as C-B-N [114], or struc-
tures with non-stoichiometric relations can also be formed. By vertically stacking
such 2D materials, new layered 3D composites can be engineered [115-118], while
functionalized 2D structures can be obtained by combining them in lateral heterostruc-
tures [119-121]. This opens new perspectives in materials science. New structures
and materials with selected physical properties can be synthesized, finding appli-
cations in a variety of fields, from plastics to fabrication of customizable devices for

nanoelectronics and sensing [19, 122].

Lateral heterostructures have received increasing attention. Planar heterojunc-
tions of different 2D materials can be the base for new devices for electronics and op-
toelectronics in reduced dimensionality, e.g. diodes and photodiodes, high-speed
transistors, etc. Heterostructures of this kind have already been demonstrated, mostly
comprising graphene, hBN and TMDs (Gr-hBN, Gr-MoS,, hBN-MoS,, WS,-MoS,,
WSe,-MoS,, WS,-WSe,, MoS,-MoSe, [120, 121, 123]). A regular interface is often
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1.5. Two-dimensional heterostructures

needed, and this is an issue especially when the two materials have different lattices

and crystal structure.

Graphene and hexagonal boron nitride are a model system in this sense, as they
share a honeycomb structure with a lattice mismatch of only 2%. Hexagonal boron
nitride is thus structurally equivalent to graphene: it is formed by alternated boron
and nitrogen atoms joined by ionic bonds in a sp? network with a lattice parame-
ter of 2.51 A. As graphene, it has outstanding structural properties as high in-plane
mechanical strength [124], chemical stability and thermal conductivity [125]. The
main difference from graphene is in its electronic properties: hBN has a wide, direct
bandgap of ~5-6 eV [125-127]. Because of the structural equivalence to graphene,
a perfect zigzag interface can form at the boundary between the two. Similarly to
zzGNRs (Sec. 1.1), edge states were also predicted for zigzag BN nanoribbons [128-
130], with a spin polarization that depends on the passivation of the edges [129]. At
the Gr-hBN zigzag interface, a one dimensional metallic state polarized in spin de-
velops [131-134]. Due to the hBN polarity and to charge screening at the interface,

such state is half-semimetallic [135].

The interestin 2D hybrids of graphene and hBN is not only in the interface though.
Several theoretical and experimental studies found that a heterostructure formed
by domains of the two materials displays a bandgap with a size that depends on the
structure of the domains and the relative abundance of each material, thus form-
ing a tunable semiconductor [133, 134, 136-138]. Because of the discretization of
the electronic states due to quantum confinement, quantum dots of graphene em-
bedded in a hexagonal boron nitride layer can serve as e.g. light-emitting devices
[139]. Furthermore, for triangular GQDs, hBN is predicted to preserve [137] or even
enhance the magnetic moment of the edges [139]. Quantum dots of hBN in a graph-
ene matrix can open and tune the bandgap of the latter similarly to an antidot lattice
[138]. Hybrid layers composed of nanoribbons of the two materials have also been
explored theoretically [133, 134, 140] and experimentally [141]. The wide tunabil-
ity of the electronic and magnetic properties is the main interest of such 2D hybrid

systems [142].

Experimental realization of lateral heterostructures was achieved by different
approaches. Simulatenous bottom-up growth of the two materials by CVD, using

a C containing precursor and a BN containing one, resulted in a hybrid layer with
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mainly segregated domains of graphene and hBN, with a controllable concentration
of C[136]. Substitutional doping of either material leads to intermixed layers of BNC
[143, 144]. By using a patterned mask one can obtain a spatially controlled conver-
sion of graphene into BNC and hBN [141]. A similar approach consists in templated
etching of monolayer graphene and regrowth of hBN [145] or viceversa [146]. This
method relies on the nucleated growth of the second material at the edges of the
first. As a consequence, precise zigzag interfaces can be easily obtained, and this
was demonstrated by STM for hBN flakes in Gr with irregular shapes on Rh(111)
[147], and hexagonal shapes on Cu foils [148], where also hexagonal Gr flakes in hBN
were demonstrated after hydrogen etching [149]. Irregular flakes of either material
embedded in the other was shown on Ir(111) [150]. Sutter et al. [151] showed that on
Ru(0001) depletion of residual carbon is necessary in order to avoid BNC formation
at graphene flakes edges. On Ni(111), triangular hBN flakes with zigzag linking to

graphene were demonstrated during the course of this thesis [152].

Intercalation can also be used in hybrid 2D materials grown on metals. For in-
stance, Drost et al. [153] employed Au intercalation after heterostructure growth of
graphene and hexagonal boron nitride on Ir(111) in order to observe the electronic
properties of the pristine interface of the two by STS, finding signatures of a localized

electronic state.

1.6 Motivation and outline of the thesis

In this thesis, we explored nanostructures of graphene on Ni(111) and tailored their
structural and electronic properties by intercalation of Au thin films. We chose Ni(111)
because the strong, epitaxial interaction of graphene with Ni can be used to control
its geometry and edge structure, as was shown by previous results in our group us-
ing a modified CVD growth [75, 154]. Here we further explored the growth kinetics
by analyzing the stacking and edge symmetries of the nanostructures. We investi-
gated the domain and boundaries properties in order to understand their formation
processes and gain control over the crystallinity, a requisite for functional graphene

quantum dots. The experimental results are presented and discussed in Chap. 3.

The choice of Au as intercalant followed previous reports on the decoupling of
extended graphene from Ni and the recovery of pristine graphene electronic prop-

erties. We studied the intercalation process as a whole, by investigating the kinetics
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and final structure of the Au film and the intermixing of Ni, as well as the effects
of intercalation on graphene nanostructures. The mechanism of intercalation un-
der nanoislands, their topography on the surface and the atomic and edge restruc-
turing induced by the modified interfacial interaction and the electronic properties
of graphene and its edges on Au are the focus of the current research, resumed in
Chap. 4.

Motivated by the promising applications of our graphene quantum dots embed-
diton in lateral heterostructures, we also explored the growth and characterization
of hybrid 2D layers of graphene and hexagonal boron nitride. We first explored the
growth of hexagonal boron nitride on Ni(111), and afterwards that of Gr-hBN het-
erostructures. We studied their morphology, with particular attention at the struc-
ture of the interface, and their electronic properties on Ni, and looked into the pos-
sibility of decoupling them by Au intercalation. This part of the work is resumed in
Chap. 5.
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Chapter 2

Experimental Methods

2.1 Growth

In this section, we present the experimental methods used for the preparation of the

samples.

2.1.1 Chemical Vapour Deposition

Growing graphene by chemical vapour deposition (CVD) involves the decomposi-
tion and the chemical reaction of hydrocarbons - such as ethylene (C,H,), propy-
lene (C3Hg) or methane (CH,), but also other precursors such as CO - on a catalytic
surface. Heat is necessary to overcome the energy barrier for dissociation of car-
bon atoms from the molecule and their diffusion on the surface and nucleation of

graphene [155].

Monolayer graphene is grown by exposing the surface of a metal to the precur-
sor at the growth temperature. While industrial CVD at ambient or low pressure
is mostly carried out in gas flux of the precursor together with hydrogen or inhert
gases, CVD in vacuum occurs by introducing a partial pressure of precursor between
E-8 and E-5 mbar for a certain amount of time. The amount of gas fed is measured

as a dose, defined as the integral of the pressure over the exposure time:

l
sz Pgas(t)dt, (2.1)
)
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2. Experimental Methods

which is measured in Langmuirs (L), where 1 L=1-10%torr-1s=1.33mbar- 1s,
corresponding to 1 ML of reference N, molecules adsorbed on the surface, according

to gas theory - see Sec. 2.1.3 and in particular Eq. (2.3).

In the case of hydrocarbons, the precursors used in this work, after thermal dis-
sociation of the molecule, hydrogen atoms tend to desorb as molecular H,; carbon
atoms instead diffuse on the surface and form graphene. This is the case for graph-
ene growth on e.g. Cu[156] or Ir [157]. On Ni, a more complex process takes place,
as carbon also dissolves into the bulk metal, in the near-surface region. Such carbon
in the subsurface region either segregates at high temperature or precipitates to the
surface upon cooling - the difference being that segregation is the process of ele-
mental separation at the surface discontinuity at thermal equilibrium, whereas pre-
cipitation is a classical phase separation [156, 158, 159]. When precipitating, carbon
forms a carbidic, quadrangular phase on the surface with the formula Ni,C [160],
which can form even under rotated graphene, decoupling it [161, 162]. Segrega-
tion can result in either graphene or Ni,C formation depending on the growth con-
ditions. Patera et al. [159] recently showed that on nickel three growth modes are
available for graphene formation, depending on the amount of carbon dissolved
in the subsurface region and on the growth temperature: for a clean subsurface,
graphene either grows embedded in the surface layer by Ni replacement, or by a
previous Ni,C formation and conversion, in the high and low temperature ranges
respectively. Contaminated subsurfaces rather favour epitaxial graphene formation

on the Ni topmost layer.

On all substrates, continuous feeding of molecular precursor can lead to mul-
tilayer graphene formation [163], although the catalytic action of the substrate is
highly hindered by the presence of monolayer graphene.

Our method for forming graphene nanostructures (nanoislands) is slightly dif-
ferent from classical CVD, and it is sometimes referred to as Temperature Programmed
Growth (TPG) in the literature [64]: the surface is kept at room temperature when
exposed to the gas precursor, and molecules adsorb on it. Heating is carried out sub-
sequently, after the gas is evacuated and the base vacuum pressure is restored. The
feedstock of carbon is therefore limited to the amount of precursor adsorbed on the
surface and to the carbon segregating from bulk. The heating ramp must be steep,

as molecules can desorb and Ni,C can form at lower temperatures than graphene, -
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2.1. Growth

i.e. it is important to reach the graphene growth temperature as fast as possible.
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Figure 2.1: Sample graph of the total pressure in the preparation chamber and of the temperature mea-
sured on the sample surface by a pyrometer (see Sec. 2.3.3) during GNIs preparation. The shaded area
corresponds to the dose D (measuring is usually interrupted before the pressure raises due to thermal
annealing).

In this thesis, we used two molecular precursors in the gas phase: ethylene and
propylene, with 99.9% purity. The gas bottles were mounted on stainless steel tubes
of 6mm connected to the vacuum chamber through a leak valve. We measured the
dose of gas by digitally integrating the partial pressure fed by the vacuum gauge over
the time of exposure to the gas. A sample schematic of the pressure and tempera-
tures is shown in Fig. 2.1. As a general rule, we employed doses of 2-50L, exposing
the nickel surface to partial pressures of 1E-8 — 1E-7 mbar of either propylene or
ethylene, for times varying between 20 s and a few minutes. Dosing was counted
until recovery of the partial pressure in the chamber, ~3 min after closing the leak

valve in our setups.

For the growth of hexagonal boron nitride (hBN) shown in Chap. 5, we employed
borazine as a precursor. As a compound, borazine is a colourless, highly flammable
liquid at room temperature with a vapour pressure of 170 mm Hg and a melting
point of 217 K. Caution is necessary when handling it, as it reacts with moisture to
form boric acid and ammonia, it reacts explosively with water and it decomposes
at room temperature and under day light, polymerizing and forming (BN)¢H;, and

(BN)5Hg, which appear as a solid white sediment [164, 165]. Moreover, it is highly
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2. Experimental Methods

contaminant and its residuals are hard to remove. As a consequence, we mounted
anew tube line on the system, especially dedicated to borazine, which we kept in a
glass tube protected from light. The tube containing the molecule and the gas line
were purged from impurities and degradation products by connecting them to a tur-
bomolecular pump while the precursor was cooled to ~80 K in a liquid N, bath.This

procedure was carried out every day before growth experiments.

Borazine (B3N3;Hg) has a hexagonal ring structure composed of alternated boron
and nitrogen atoms saturated by six hydrogen atoms. After dehydrogenation and
decomposition on the surface of nickel, B and N diffuse on the surface, though it is
not clear if in atomic form or in (sub)molecular units. Differently from carbon, their
solubility in Ni is low, therefore dissolution to bulk does not take place. Nevertheless,
recent DFT calculations show that a subsurface B diffusion pathway is only slightly
more costly than surface diffusion, therefore the two processes might coexist, while

N atoms diffuse on the surface only [166].

2.1.2 Thermal evaporation and intercalation of metals

In order to intercalate buffer layers of Au of variable thickness, we evaporated gold
using two different methods: electron beam evaporation with a commercial Omi-
cron EFMT/EFM3T evaporator, and evaporation through resistive heatingin a home-

made evaporator. Fig. 2.2 shows a schematic of the two methods.

a) b)

+V

Figure 2.2: Schematic of the 2 evaporation methods: a) Electron beam evaporation: Au is heated by
impinging electrons emitted by a filament and accelerated to the Au containing crucible through a voltage
applied to this. b) Thermal evaporation: Au is placed inside a conical shaped filament and evaporated
through resistive heating.

In the Omicron evaporator, Au pellets or wire with 99.9999% purity fill up a Mo
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2.1. Growth

crucible connected to a high voltage V, in the range 500-800 V. A W filament emits
electrons which hit the crucible with an energy e - V, thus heating Au until it melts
and evaporation starts. Thermal energy and inciding electrons result in ionisation of
about 1% of the evaporated material: the metal ions accelerate to e V and leave the
source together with the beam of evaporated neautral atoms [167]. The evaporated
beam is collimated through a cylindrical tube, where an ion trap measures the cur-
rent of impinging metal ions, which serves as a measure of the evaporation flux. By
measuring the flux, we monitored the metal deposition rate on the sample surface,

once a calibration (deposited material for a given flux and time) was obtained.

The homemade evaporator has a simpler design: the two terminals of a conical
shaped W filament are connected to electrical bars. Auwire is placed inside the cone.
A current of up to 5 A flows through the filament, heating Au which then evaporates.
Itisimportant to point out that Au, once melted, wets the filament rather than drop-
ping off it. The filament is placed inside a cylinder made of Ta foil, with a hole in
front of the filament acting as a collimator. The power applied to the filament is the

parameter used to calibrate and control the deposition rate on the sample surface.

The first evaporation method gives a more precise control of deposition rate and
final coverage. A feedback loop keeps the flux constant by controlling the voltage
applied to the crucible, and thus a regular evaporation is obtained. The second
method, on the contrary, is less systematic, as the deposition rate depends on the
power, and the power depends on the resistance of the filament, which can change
as the Au droplet/coating of the filament moves or changes shape - due to evapora-

tion of Au or to thermal fluctuations in the heating/cooling phase.

On the other hand, the Au ions accelerated in the e-beam setup collide on the
sample surface with a energy of up to 800 eV and therefore they can disrupt the
structures on it — as it happens in the ion bombardment process used for surface

sputtering —, they can implant in the surface or exchange atomic site [168].

2.1.3 Ultra High Vacuum

A clean environment is necessary for growing and studying atomically precise struc-
tures on solid surfaces. Minimizing interaction with foreign species assures a con-
trolled interaction with the surface and neighbouring atoms during the growth, and

avoids any unwanted perturbations in the properties of the pristine structures. In
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2. Experimental Methods

particular, in order to reduce the presence of adsorbed contaminants in the gas
phase, experiments are carried out in chambers where the ambient pressure is re-
duced to the maximum achievable by the current vacuum technology, the ultra-high
vacuum regime. The pressure p determines the flux F of particles or molecules with

mass m impinging on a surface in the unit of time and area through the relation

p
v ZﬂkaT'

F= (2.2)

Cr;z adsorbed particles, and

that all particles impinging on a surface stick to it (i.e. that the sticking coefficient

Assuming that a monolayer corresponds to 3 - 10!

0 =1), at 300 K a surface is fully covered by N, (molecular mass 28) in one second if
F =3-10" cm™ s! and therefore

p ~ 10 °Torr = 1.33- 10 °mbar. (2.3)

At 107'° mbar then, a sample would be fully covered by impurities after 10* s (ap-
proximately 3 hours). In reality not all particles adsorb (i.e. the sticking coefficient
0 < 1), so that this is a lower limit. In order to assure a time span from hours up to
a few days, the experiments in this thesis have been carried out in the 10710 —107!!

mBar range, within the Ultra High Vacuum (UHV) regime (<10~° mBar.

Details of the experimental setups including the equipment to maintain the UHV

conditions are given in Sec. 2.3.

2.2 Characterization

2.2.1 Scanning Tunneling Microscopy

The Scanning Tunneling Microscope (STM) was the first instrument capable of ob-
taining three dimensional images of solid surfaces achieving atomic resolution. It
was designed in 1981 at the IBM Research Laboratories in Ziirich by Gerd Binnig and
Herinrich Rohrer [169-172]. The STM, which exploits the tunnel effect and obtains a
higher resolution, was successfully developed on the principle of the Topografiner, a
field-emission scanner, which was invented in 1971 by Russel Young at the National
Bureau of Standards in the USA [173].
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2.2. Characterization

The working principle is simple: a metallic tip, ideally with one atom protruding
further than the others, scans a conductive surface at a distance of a few angstroms.
According to quantum tunneling theory, for such small tip-sample preparations elec-
trons have a certain probability of transmitting through the vacuum or air between
the surface and the tip, and by applying a voltage V, a net current of electrons can

be detected. Such a tunneling current depends on the tip-surface distance d as

I o< exp(—2xd), (2.4)

where k is the decay constant of the wave function in the vacuum barrier and,

when ¢ > V, can be expressed as

k=h"'4y/2mo, (2.5)

where ¢ is the effective barrier height, equal to the work function in a first ap-
proximation [174]. This is the origin of the high resolution obtainable in STM, as it
follows that for typical work functions of 4 eV, changing the distance by 1 A results
in a current change of one order of magnitude. This exponential behaviour also im-
plies that most of the current tunnels through the last atom of the tip, which brings

the lateral resolution to the atomic scale.

Based on the Bardeen theory of tunneling and its application to scanning tun-
nelling microscopy by Tersoff and Hamann [175, 176], the tunnelling current in the

limit of low temperatures can be more correctly expressed as

2¢m Er+eV
I=+—— pT(E—eV)pS(?O,E)T(?O,E,eV)dE (26)

no)g
where V is the voltage applied between tip and sample, p r(E—e V) is the density
of states (DOS) associated with the tip, ps(7, E) the DOS of the sample at the tip
position 7y, and T(#, E, e V) the transmission probability between tip and sample

at the tip position.

This means that the tunnelling current is actually a convolution of the DOS of
both the sample and the tip. Therefore, a metallic tip with a constant DOS around
Er is often desirable, in order to minimize tip effects. In metals, the main limitation

are the d states, which show highly structured DOS. An alloy of Pt/Ir is often used,
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though sharper tips can be etched from W wires. In such case, a constant DOS can
then be obtained by e.g. dipping the tip in the surface of a noble metal sample (Au,
Ag), for which the d states lie at high binding energies [177].

A direct consequence of Eq. (2.6) is that the resulting image has to be interpreted,
as it does not necessarily represent a topographic map of the surface: the apparent
height depends on the local density of states (LDOS) under the tip. For instance,
metal atoms will often appear higher than molecules which topographically have
the same height, and adsorbates with significantly lower DOS than the surrounding

surface can appear even with lower apparent heigth than the surface.

The STM operates by scanning the surface line by line and registering either the
tip height z over the surface while keeping the current at a fixed value through a
feedback loop or registering the current at a fixed z, with the feedback open. These
are known as constant current (C.C.) and constant height (C.H.) mode, respectively.
C.C. mode is generally preferred, while C.H. mode is limited by the roughness of an

area and is more used in spectroscopic measurements.

The line-by-line scanning is relatively slow: for instance, in our STM systems
(Sec. 2.3), typical image acquisition times vary between ~20s for flat, low-area scans
(< 10x10 nm?) to a few minutes for large areas. These are typical timescales for STM
scanning, although recent techniques allow frame rates of up to 60 Hz [178, 179].
Thermal drift, i.e. the deformation due to the thermal fluctuations and the relative
expansion/compression of the different materials, can therefore be an issue, and
often a correction of the images is necessary. A different cause of deformation to care
for is the piezoelectrics creep, i.e. their time-dependent response, possibly resulting

in non-linear deformations.

The full potential of Scanning Tunneling Microscopy is available when scanning
at low temperatures. Low temperatures are usually kept by contact to a cold reser-
voir of either liquid N,, at ~77 K, or liquid H,, at ~4 K, which also minimizes thermal
fluctuations. As the temperature is lowered, the thermal energy falls below diffusion
barriers and vibrational excitations, therefore single molecules and atoms become
stable. Furthermore thermal drift is minimized, as the thermal expansion coeffi-
cients and their differences between materials are reduced. These effects are im-
portant for STM imaging but also for Scanning Tunneling Spectroscopy, introduced

in the following.
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2.2.2 Scanning Tunneling Spectroscopy

Since the tunneling current is directly related to the density of states of the sample
in a controllable energy range, the Scanning Tunneling Microscope allows spectro-
scopic measurements. These consists of a series of techniques which go under the

name of Scanning Tunnelling Spectroscopy (STS).

From Eq. (2.6), it derives that for a constant tip DOS pr,

al 5
v < Pslio E) 2.7)
which implies that the derivative of the current gives direct access to the sample
DOS at the selected energy, corresponding to the applied bias voltage. The tip DOS
is not always constant: in such cases, when even in situ tip preparation methods
are not sufficient to achieve a constant tip DOS, it is necessary to carefully analyse
spectra of known structures and surfaces to determine the origin of the features in

spectroscopy and subtract the background. This will be shown in Sec. 4.4.

2.2.2.1 Lock-in technique

A STS spectrum can be recorded by placing the tip at a fixed point and registering the
current variation while sweeping the bias voltage in a selected energy range. As the
signal-to-noise ratio is usually very low due to electrical and mechanical noise cou-
pling to the current signal, a lock-in amplifier is often convenient [180]. The lock-in
superimposes a small sinusoidal signal at a reference frequency w ., ¢ to the constant
bias voltage Vp ¢, so that Vi, = Vp o+ Vg Sin(w . ¢ 1), where V,,,, 4 is the amplitude of
the sinusoidal modulation. Assuming a linear I(V) relation in the small 2V,,,,,; range,
the tunnelling current is proportional to the slope of the I(V) curve and thus to the
derivative d I/d V, and will then contain a sinusoidal component with the same fre-
quency as the bias, I o< dI/dV sin(w, st + Py;q), see schematics in Fig. 2.3. Here
@sig is the phase of the current signal. This signal is converted to a voltage by the

pre-amplifier of the STM, and the resulting total current signal is then

Vi(t)=Vyo+ V) sin(wert + @)+ V. (1), (2.8)

sig noise
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Figure 2.3: Schematics of the lock-in technique. A sinusoidal signal is added to the bias voltage during
an I-Vramp. The amplitude of the resulting modulation in the current signal is proportional to the slope
of the I(V) curve, i.e. to the dI/dV derivative.

where V[f ¢ is the DC component of the current, Vsi g is the signal containing the
dI/dV, proportional to V,,,4, and V!

' 0ise(T) the noise in the system. This is multi-

plied by the lock-in with a reference signal at the same frequency V; (#) = V,. f sin(w,. f £+

®rer), thus the resulting signal contains the product of two sine waves:

Vosa =Vi- V=V - Vi) + V) (6)- Vi (e)+
Vref Sin(wreft +¢ref)’ Vsllg Sin(th+ ¢sig)

=Vyo V() + V), (2)- Vi(D)+

noise

(2.9)
+ % Vier Vség COS(2W ef b+ Psig+ Prep)t
+ % Vier Vség cos(Qsig—Pref)-

The last term is constant, i.e. a DC signal. Then by applying a low-pass filter, i.e.

integrating the signal over a time 7, all the AC components are sorted out and the
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remaining signal is

1 d
Vpsa =5 Vrer Viig COS(Psig = Prep)+ Vigiser (2.10)

where Vn’:fl.‘je is the component of the current noise with frequency equal (near)

to Wref reSulting fromthe VnIoise(

t)-Vi(t)term of Eq. (2.9). Then, by choosing a Wref
frequency containing low mechanical and electrical noise, and by setting a reference
phase so that ¢, r = ¢, the dI/dV signal V;g can be maximized and the noise
sorted out.

In our experiments, we used modulation frequencies of 2500-3200 Hz, the lowest
frequency range where our STM provides a clean reproducible tunneling current.
Though with the typical gain of 10° the pre-amplifier has a 1000 Hz bandwidth, the
cut-off slope is small enough to allow us working in such range. We set the reference
phase ¢, so that the reference signal is perpendicular to the capacitive noise in

the STM circuitry, i.e. to the current signal detected out of tunneling.

The time constant 7 determines the low-pass filter bandwidth: a higher integrat-
ing time results in a lower bandwidth, thus a higher signal-to-noise ratio. On the
other hand, it also determines the minimum acquisition (sampling) time, so that a
compromise is often needed. In our experiments, we typically used time constants

of 0.3-10 ms and sampling time of 5-8-7.

The intensity of the recorded d1/dV signal is proportional to the amplitude of
the reference signal V,,,, 4, but increasing V,,,,; means at the same time reducing
the energy resolution. A good compromise can be achieved by e.g. setting a V,,,,4
that allows the desired resolution for the measurement, and approaching the tip to
the sample so to increase the current signal as much as possible. Depending on the

resolution needed, V,,,, was usually in the range 0.1-50 mV.

The other main limitations to the energy resolution are given by the uncertainty
principle and the finite temperature. From the uncertainty principle AxAk > 1/2,

it follows that for a metallic surface [181]

Ep—E
AE>047—=—, 211

I Kp
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where 0.47 is the relative intensity of the tip-induced local states, E, the bottom
of the valence band and r the lateral resolution of the tip. For instance, when atomic
resolution is achieved r < 2A, and the maximum energy resolution is 0.2 eV.
The temperature also limits the energy resolution, as AE ~ 4k T, which means
that at room temperature AE ~ 0.1eV. Since at the Helium boiling point of 4.2 K,
AE ~0.0015eV, it is evident that cryogenic temperatures are necessary for millivolt

resolution.

2.2.2.2 Data acquisition modes

Asin topographic imaging, also in STS two different acquisition modes are available,

yielding different information on the electronic properties of the surface.

The example used in the previous section, where the tip height is fixed and the
feedback loop open, is the constant height (C.H.) mode. It is used to locally inves-
tigate the full DOS of selected features of the surface. As the tip is kept in position
by the piezos, special care must be taken in order to stabilize the scanner and avoid

drift in the z direction. Drift compensation is also possible in our systems.

The other available mode is the constant current (C.C.) mode. Here, the feedback
loopis closed and the tip z is adjusted in order to keep it constant while sweeping the
bias voltage. As a consequence, the explored energy range cannot cross 0, in order to
avoid tip crashes. This is mainly used to access the field emission resonance (FER)
states confined in the vacuum between the tip and the surface, which is explained

in more detail in Sec. 4.4.

In both modes, it might be useful to acquire lines or grids of point spectra (the
latter is also known as current-imaging-tunnelling spectroscopy, CITS [182]). The
setpoint bias and current are used while moving the tip in x and y direction along
the selected line/grid of points, and a spectrum is then acquired at each point. In
this way, a spatial study of the full DOS in 1 or 2 dimensions can be made. For in-
stance, we acquired lines of C.H. spectra across an interface to determine the exis-
tence and spatial distribution of 1D states. Care must be taken as the tip height can

vary from point to point.

Once the DOSisknown, a dI/d V map can be acquired by registeringthe dI/dV
signal while scanning an image at selected bias V},, either in C.H. or C.C. mode. The

resulting image is a map of the spatial variations in the LDOS at energy E = Er +
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eV, which can give information on the extension and the spatial modulation of an
electronic state on a surface. This technique was used in this work to study how
scattering at surface defects determines the spatial distribution of electronic states

by creating quantum interference patterns.

2.2.2.3 Quasi particle interference mapping

Quasi particule interference (QPI) patterns are due to the scattering and consequent
formation of standing waves of electrons or quasi-particles of a 2-dimensional elec-
tron gas (2DEG), such as those occupying surface states or belonging to 2D materials
like graphene. Reflection can take place at defects, impurities, edges and boundaries
on the surface. Thus, one can obtain information on the interaction of adsorbates
and nanostructures with a known surface [183], but most importantly on the nature
of the 2D electronic state itself. For instance, the scattering amplitude depends on
the spatial distribution of the scattered electrons wavefunction, and from the stand-
ing waves wavelength the dispersion relation of the state can be extracted. In fact,
the wavelength A of the resulting standing waves corresponds to a scattering wave
vector § = Igl-—k_}. 2D Fourier analysis of the d I /d V maps allows direct visualization
and measurement of the scattering wave vector. This is usually done by looking at
2D Fast Fourier Transformation (FFT) maps, where the periodic features of the real
space image appear as maxima in reciprocal space. For instance, in the simple case
of backscattering of an electron belonging to a parabolic surface state centred in T,
such as that of Cu(111), Fig. 2.4, since Igf = —l?,-, the FFT will show a ring centred in T’
with radius g = 2k and therefore the state wave vector at energy E is k(E) = q/2. By
recording d I/d V maps at different bias voltages, the full dispersion relation k(E) of

the state can be constructed.

However, k(E) can not always be directly extracted, since FFT maps only rep-
resent the dispersion of the scattering vector g(E). On the Au(111) surface, for in-
stance, where Rashba spin-orbit coupling gives rise to two split parabolic bands with
anon trivial spin texture [184], FFT maps of the surface state show only one ring cen-
tred in T, since the Rashba splitting is symmetric with respect to I': as is clear from
the schemein Fig. 2.4, g will have the same value for backscattering electrons in each
of the two parabolas, and the absolute k(E) relation can be exctrated from the g(E)

dispersion only by considering some assumptions on the band structure of Au(111).
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Figure 2.4: The scattering vectors in reciprocal space and the corresponding QPI (FFT) maps obtained
are represented for Cu(111) as the most simple case, for Au(111) and graphene. In Au(111), FFT maps
show only one parabola due to the symmetry of the Rashba-split surface state respect to I'. In graphene,
pseudo-spin is neglected. Both intra- and intervalley scattering vectors are indicated.

Fig. 2.4 also shows a schematic of the scattering vectors in free-standing graph-
ene. As the scheme represents a section of the energy bands at E # 0, circles centred
in the K (K’) points represent sections of the Dirac cones. Charge carriers in the
conical bands have two possible scattering routes: intra-valley scattering refers to
backscattering inside the same cone (valley); inter-valley scattering is the scatter-
ing between neighbouring cones. The scattering vectors associated with the two
processes are ¢;,;, and G, - Neglecting pseudo-spin conservation in a first ap-
proximation, intravalley scattering results in rings with radius g;,, centered in the
(0,0) point of the FFT and in higher order spots, while FFT of intervalley scatter-
ing will result in a hexagonal construction of circles, each centred at a distance |
R — R’ |=TK from the (0,0) point. The radius of the circle will still be g, , since
I_c)i, = R— Ginira/2[185]. Pseudo-spin conservation hinders the backscattering pro-
cesses, and thus intravalley scattering is quenched in monolayer graphene, while
different intensities characterize the rings found at TK from (0,0) [186]. Thus, it is

in principle possible to probe the intrinsic electronic properties of graphene by QPI
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mapping. Also, it has been shown that the properties of the susbstrate can be re-

vealed by complex QPI patterns [187].

2.3 Experimental setups

We performed the experiments detailed in this thesis in two different systems: a
chamber equipped with an Aarhus 150 Variable Temperature STM (VI-STM), able
to operate between 77 K and 400 K, and a second one equipped with a Createc Low
Temperature STM (LT-STM) which operates between 4 K and 300 K. We used the
first system mainly for characterizing the growth and the structural properties of the
samples at RT, as preparation of the sample and analysis are much faster and versa-
tile in its chamber. The LT-STM setup was mainly employed for electronic charac-

terization through STS measurements.

2.3.1 Variable temperature system

Figure 2.5: (a) The VI-STM system in its laboratory and (b) the head of the microscope

The VI-STM is mounted in a UHV chamber pumped by a turbomolecular and
an ionic pump which maintain a base pressure < 3-107'% mbar. A titanium subli-
mation pump is also available. The system is shown in Fig. 2.5. Though not relevant
for the present thesis, it should be noted that the chamber is mounted on a alu-
minium structure equipped with wheels, allowing the whole system to be moved
and connected to other systems: this was done to combine STM and synchrotron
light XMCD) measurements at the ALBA Synchrotron facility. Heating of the sam-

29
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plesis performed in an electron beam heating stage in the same chamber. A pyrom-
eter pointed on the sample surface or on the sample holder (see Sec. 2.3.3) monitors
the temperature at each stage of preparation. The STM is mounted on a heavy cop-
per block offering mechanical and thermal stability, the latter enhanced by the gold
capping. Three springs hold the copper block, isolating from mechanical vibrations.
The stiffness of the parts and the vibration-isolating system of the microscope allow
it to be operated it while all pumps are running. However, even in such conditions,

atomic resolution is easily achievable.

2.3.2 Low temperature system

Maln piezo & i a
Coarse plezo

Figure 2.6: (a) The Createc LT-STM system and (b) the head of the microscope

The LT-STM is mounted in a second UHV system equipped with two separate
chambers, one for sample preparation and one for low temperature STM charac-
terization. Each chamber is equipped with an ion pump and a Titanium sublima-
tion pump, and a turbomolecular pump is connected to the preparation chamber.
A separate loadlock chamber for sample insertion is available. The whole system is
mounted on four air-pressured legs for isolating from vibrations. The heating sys-
tem of the sample is integrated in the sample holder itself: a Mo-covered resistive
oven holding the sample is mounted on a heavy metal holder. Contacts for a ther-
mocouple attached to the oven itself are provided in the back of the holder. The
same thermocouple and oven contacts are used to carry bias voltage in the STM.

The microscope is mounted inside a double shield: in normal operation, the inner
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shield is kept at 4-5 K by a cryostat filled with liquid Helium. At this temperature,
even light gases such as H, are completely adsorbed on the cryostat walls. The pres-
sure at the sample surface in the shield is consequently ~ 10~''mbar, which is the
lower limit for ion gauge measurement. The outer shield, connected to an external
crysotat concentric to the first, serves as a buffer layer and is kept at 77K by liquid

nitrogen.

2.3.3 Temperature measurements

The growth of graphene nanostructures by CVD is highly sensitive to the character-
istics of the annealing process: a precise and reproducible control of heating ramp,
annealing temperature and cooling rate is necessary for reproducible preparations
of nanoislands. Measuring temperatures in UHV systems is usually done by either
K type (Ni/NiCr) thermocouples attached in the proximity of the sample on the an-
nealing system, or by pyrometers pointed to the sample surface or its vicinity. In
our VI-STM system, there is no thermocouple installed on the annealing stage, and
a pyrometer is used instead. In the LT-STM system, a thermocouple, usually spot-
welded to the heating element of the sample holder, a few mm away from the sam-
ple, is available. The geometry of the preparation chamber also provides optical

acces for pyrometer measurements though.

Two different pyrometers from IMPAC are available: one has a PbSe sensor mea-
suring in the spectral range of 3-5 um , sensitive to temperatures ranging from 50
to 1200°C, while the second one has a InGaAs sensor measuring in the 1.45-1.8 um
range of wavelengths and in the 300-1300°C temperature range. As the usual glass
(Kodial) windows for UHV systems have a transmission coefficient < 50% for wave-
lengths above ~ 2.5 um, one sapphire window is available in each of the two systems
to allow measurements with the low range (LR) pyrometer. The high range (HR) py-

rometer can in principle measure through any of the two types of windows.

It was evident during the course of the experiments, that the preparation recipe
for graphene nanoislands could not be directly transferred between different UHV
systems, but needed to be adapted in each case. The reason for this is that the heat-
ing/cooling ramps can differ depending on the annealing system available and one
cannot rely on the absolute temperature measurement, even when using the same

measuring method. Thus, a careful calibration is needed. For instance, the read-
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ing of the pyrometer depends on the lighting conditions, on the emissivity of the
sample surface (which in turn depends on the sample material, the polishing of the
surface, the facet exposed, the flatness, etc.), and on the angle of measurement, etc.
Consequently, the measurement can vary across different setups. Moreover, the two

pyrometers usually differ in output in the same conditions on the same sample.
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Figure 2.7: Graph of the temperatures measured in the VI-STM on the Ni(111) surface with the two py-
rometers and on the Mo sample plate with the high temperature pyrometer as a function of the temper-
ature measured with a thermocouple placed on the surface of the crystal

Fig. 2.7 shows the temperature measurements carried out during various heating
ramps on the Ni(111) sample in the VI-STM system. For this calibration, a thermo-
couple was especially installed on the annealing stage and held on the sample sur-
face by a Ta foil. The temperature measured with the two pyrometers on the sample
surface and with the HR pyrometer on the Mo sample holder was registered as a
function of the thermocouple reading. The first evident result is that the tempera-
ture measured by the pyrometers is approximately linear to the thermocouple read-
ing, with a slope of ~ 1.6, indicating that the pyrometers can measure up to 300°C
higher than the thermocouple in the considered range. Also, the two pyrometers
differ in output between each other by 50-70°C. The notable result is that measur-
ing on the Mo plate or on the Ni(111) surface is equivalent: this is relevant because
the measurement on the Mo plate can be repeated and calibrated with any sample

mounted.

A similar graph is shown in Fig. 2.8 for measurements in the LT-STM system.
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Figure 2.8: Graph of the temperatures measured in the LT-STM on the Ni(111) surface with the two py-
rometers as a function of the temperature measured with a thermocouple spot weld on the oven. Two
series of measurements are shown, for two distinct mountings of the sample and the thermocouple on
the sample holder. Each point in series 1 corresponds to a single annealing, with the thermocouple tem-
perature as reference. In series 2, points where both measurements are available were recorded during
the same annealing procedure. The crosses indicate a single annealing where no thermocouple mea-
surement is available. The red line is a linear fit of the red squares, with a fixed coefficient of 1 (y=x+b),
as a guide to the eye.

Here, two different series of data are shown, as the measurements were repeated
with a different mounting of the thermocouple. In the first series, the LR pyrometer
measured nearly the same temperature as the thermocouple, thus the points fit a
line with slope fixed to 1, which then intersects the Y axis at -8°C. The HR pyrometer
measures 20-100°C higher than the LR one.

The second series has only two points where both pyrometers readings are available.
In contrast to the first series, the points were measured during the same preparation,
while keeping the surface at nearly constant temperature. As can be observed, the
temperature differences are 120 and 125°C.

The difference between the two series evidences how crucial is the positioning and
the contact of the thermocouple on the sample holder, which is not always easily

reproducible.

In the VI-STM system, using the temperatures measured with the HR pyrometer
generally yields the expected results: after annealing to 600-800°C, the sputtered Ni
surface results in flat terraces; after exposure to carbon precursor, only nickel car-

bide is formed when annealing < 450°C [160, 188]; both graphene and carbide are
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found at higher temperatures [161, 189], and finally high or complete carbon dilu-
tion to the Ni bulk is achieved around 650°C [189-191]. Therefore, the measurement
from the HR pyrometer in the VI-STM system has been taken as an absolute refer-
ence, and the other measures are reported to this through the available calibration

curves.

A true and complete calibration in the LT-STM system was not found. Using
the high temperature pyrometer, already above 550°C the coverage of graphene was
usually very low, as expected when carbon dilution is thermally activated, and no
preparation above 600°C showed graphene. As a consequence, we consider that an
offset of 50°C is to be considered, compared to the VI-STM system, when using this
pyrometer: this is the reference used for the current thesis. All temperatures re-
ported for preparations in the LT-STM system with the high temperature pyrometer
correspond to actual measurements which are 50°C lower. The other pyrometer and
the thermocouple measurement are converted to this through calibration. However,
the difference in annealing ramp, and possibly other details of the system, did not
allow to completely reproduce in the LT-STM preparations from the VI-STM system
(lower coverages and more disordered shapes of graphene nanoislands were gen-
erally found). Thus, we are not fully confident of the temperature readings in this
second setup. In any case, all structural studies related to the synthesis and reaction

temperatures were performed in the VI-STM.
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Chapter 3

Growth and characterization of

graphene nanoislands on Ni(111)

Nickel is one of the most employed substrates for the growth of graphene. The study
of the growth of graphitic carbon layers on nickel dates longs before the isolation of
graphene [192]. As a consequence of the good lattice match and the strong chemical
bonding, graphene grows epitaxially on this surface: having a face-centered-cubic
lattice structure with a lattice constant of 3.52 A, its (111) facet has a triangular unit
cell with lattice constant of 2.49 A, differing by only 1.4% from the lattice constant of
graphene (2.46 A). The unstrained 1x1 stacking can lead to the growth of high quality,

large-area single crystal graphene layers.

However, the chemical and geometrical advantages contrast with the difficulties
arising from the complex growth mechanism, where different concurrent processes
lead to different structures [159]. As a consequence of the high carbon solubility
in Ni, graphene formation originates from both hydrocarbon decomposition at the
surface and carbon segregation from the bulk [193]. This often leads, in ambient
CVD growth processes, to multi-layer graphene structures [194-198], due to forma-
tion of graphene layers by carbon segregation under the grown layer, upon cooling
of the samples [196, 197]. Recently, multi-layer formation has been demonstrated
also after growth in UHV conditions, either attributed to bilayer [199] or to nickel
carbide [161, 162, 200] formation originating from segregation of C under graphene,
especially in weakly coupled rotated areas. The growth of the carbidic Ni,C phase is

another complication of the growth process, and has been subject of intense inves-
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tigation. Its formation can compete with graphene growth [188], but Ni,C can also
transform into graphene [159, 189, 201], or decouple graphene from the substrate
[159, 161].

The above mentioned features and issues have been studied for the growth of
extended graphene on Ni(111). Here, the edges do not play a role. In the case of
graphene nanostructures, instead, edge energetics have to be taken into account, as
they can be determinant. Previous work from our group has shown that the strong
interaction of graphene with the catalytic Ni(111) surface leads to a temperature-
dependent edge stabilization mechanism, by which graphene nanoislands (GNIs)
with selected geometry and edge morphology can be obtained [75, 202]. The nanos-
tructures thus grown reveal a particular interest because of the stabilization of graph-
ene quantum dots with zigzag edges, for which electronic and magnetic effects have
been predicted [40-42, 44] and observed [47, 76, 203].

During the course of this thesis, we have continued characterizing nanoislands
obtained by the above mentioned method. By high-resolution STM imaging we
identified and correlated the lattices of graphene and the underlying Ni, accessing to
information related to the stacking, the edge structure, and the domain and bound-
ary structures within the GNIs. This analysis has enabled a deeper insight on the
growth mechanism of GNIs on Ni, resulting in important discoveries such as GNIs
with non-equilbrium stacking symmetries, the coexistence of transparent and re-
flective domain boundaries, or the determination of the atomic structure of edge

reconstructions.

This chapter presents such results. First, in Sec. 3.1, we will introduce the growth
of GNIs on Ni(111), following the method developed in our group and the contri-
butions brought to it. Sec. 3.2 is dedicated to the morphology of nanoislands: the
stacking configurations, the morphologies of the edges, the energetics of these and
their relation to the nanoislands shape. Next, in Sec. 3.3, we present the newly ob-
served polycristalline nanoislands, the structure of the domain boundaries that we
found and their properties. Finally, the effect of temperature on the stacking, the
crystallinity and the shape of GNIs, entailing a controlled growth of graphene quan-

tum dots, is discussed in Sec. 3.4.

The work in this chapter has been carried out in collaboration with Dr. Sofia

Parreiras and Dr. Roberto Paniago from Universidade Federal de Minas Gerais (Belo

36



3.1. Growth by chemical vapour deposition

Horizonte, Brasil), and Dr. Maximiliano D. Martins from Laboratério de Nanoscopia,

Centro de Desenvolvimento da Tecnologia Nuclear (CDTN) (Belo Horizonte, Brazil).

3.1 Growth by chemical vapour deposition

3.1.1 Ni(111) preparation

Figure 3.1: a) Typical STM topographic image of Ni(111) after a series of preparations. V,=0.67V,
1;=0.3 nA. Scale bar 30 nm. b) Atomic resolution of the Ni(111) surface. V,=10 mV, I;=3.25 nA. Scale
baris 0.5 nm.

For the experiments of this and the following chapters, we used as substrates two
commercial Nickel single crystal with 99.9999% purity exposing the (111) surface.
The two substrates were equivalent, with negligible differences in purity and sur-
face order, so they will be referred to as "the substrate" with no differentiation. The
crystal surface was cleaned by repeated cycles of sputtering-annealing. Ar* sput-
tering was performed at energies of 1-1.5 kV for 10-15 minutes at Ar pressures of
~10"%mbar. Annealing was carried out at temperatures between 700 and 800°C for
times varying between 10 seconds and 2 minutes. Sputtering energies and times, as
well as annealing temperatures and times, were progressively diminished as the sur-
face conditions improved. A typical image of the Ni(111) surface after such cleaning
process is shown in Fig. 3.1a. Terraces have an average width of 35 nm, although flat
planes of up to 200 nm are seldom found. Atomic resolution of the hexagonal lattice

of the surface is shown in Fig. 3.1b.

Surface purity was ensured by controlling the abundance of adsorbed molecules

as well as by the coverage of surface carbides. Carbon dilutes in Ni bulk at high
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Figure 3.2: a) STM topographic image of Ni after few cleaning cycles with a base pressure of 2-10~° mbar,
showing a part of a very large carbide domain, covering a whole Ni terrace. The presence of carbide is
recognizable by the parallel lines, spaced 16 A. The bright spots are residual impurities. Scale bar 10 nm.
b-c) LEED of a Ni surface after few cleaning cycles, showing in b) an hexagonal pattern corresponding
to the Ni(111) surface (beam energy: 79eV) and in c¢) the two quadrangular patterns of Ni,C [161] (beam
energy: 40eV).

temperatures and segregates to the surface upon cooling, bounding to the atoms
of the surface to form monolayer Ni, C structures [204]. These form domains prefer-
entially at step edges and are recognized in STM by parallel stripes spaced 16 A apart,
given by their rectangular structure [160], as showed in Fig. 3.2a for a carbide domain
found on the surface after few cleaning cycles. In LEED, they appear as two rectan-
gular structures which are observed at low energy (~40 eV), as shown in Fig. 3.2c.
As the abundance and size of such domains depends on the C doping of the bulk
crystal, and especially the sub-surface region, sputtering-annealing cycles are re-
peated until few domains of relatively small size (<20 nm in longitudinal direction,
as arule of thumb) are found on the surface. This can take up to 30 cycles for mono-
layer graphene preparations [161], where carbon is continuously fed to the crystal at
a high temperature. The history of a Ni substrate highly influences the amount of C
diluted in bulk, and long and careful cleaning processes might be necessary on dif-
ferent crystals.In the experiments of this thesis, 4 to 10 cycles were generally enough

to obtain the desired surface purity.
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3.1.2 Growth of nanoislands

Previous work from our group has shown that it is possible to grow graphene nanois-
lands with selected geometry and edge structure on a Ni(111) surface by a modified
Chemical Vapour Deposition (CVD) process - introduced in Chap. 2 [75, 154, 202].

The original preparation process consists of three steps:

1. Exposition of the Ni(111) surface to a dose D of molecular precursor (propene)

atroom temperature

2. Decomposition of propene and formation of irregular graphene nanoislands
at reaction temperature 400°C < T < 500°C

3. Post-annealing of graphene nanoislands at temperatures 500°C < Tpy < 650°C

to select edge morphology and shape

The scheme of Fig. 3.3 illustrates the process graphically, with the necessary pa-
rameters. Ethylene has also been employed as a molecular precursor: though a sys-
tematic study of growth was not carried out, no difference in the resulting nanois-

lands was found, except that growth at temperatures <500°C was not possible.

The dose of molecular precursor fed to the surface affects the final yield of graph-
ene nanoislands. For a Tz = 500°C, the final graphene coverage rises linearly with
the dose until a saturation limit at around D =5 L [154]. The saturation limit can be
different at different temperatures, though. Also, the slower resistive annealing sys-
tems might require higher initial doses in order to obtain the same final graphene
coverage, to compensate for the material loss in desorbtion and carbide formation.

Doses of 2—50 L were generally used.

Fig. 3.4a shows typical STM topographic images of the surface after preparation
of the nanoislands at 400°C, while Fig. 3.4b-d show the effect of the post-annealing
process at different temperatures. At 500°C the favoured shape is triangular, Fig. 3.4b.
As the temperature raises the triangles evolve into hexagonal shapes: at 550°C, trian-
gles with truncated edges (or, equivalently, irregular hexagons with alternated long
and short edges) are preferred, Fig. 3.4c. At temperatures > 620°C, hexagonal islands
are stable, Fig. 3.4d. The reason of this evolution is the edge energetics at differ-
ent temperatures. The equilibrium shape of free-standing graphene nanoislands is

hexagonal, since the stable orientation for graphene edges is zigzag[49, 68, 205]. The
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Figure 3.3: Scheme illustrating the graphene nanoislands growth process. The precursor pressure is the
partial pressure of propene/ethylene. Once the dose is complete the sample is heated to a reaction tem-
perature T during a time ¢5. The surface reaction results in the formation of irregular graphene nanois-
lands. Post-annealing at a temperature Tp4 during a time ¢p4 induces changes of the size and shape of
the irregular graphene nanoislands.

stacking symmetry of graphene with Ni(111), though, groups the edges in three sta-
ble zz;, edges (i.e. zigzag edges having the outermost C atom in hollow adsorption
site) and three unfavourable zz, edges (where ¢ indicates a top site). Edge structures
differing from symmetric zigzag are favoured along the latter: the nature of these is
discussed in Sec. 3.2. However, since graphene flakes grow by carbon attachment
to the edges [154, 179], at low temperatures growth in zz, direction appears to be
kinetically limited as edges in this direction grow shorter than z z; edges, giving the
islands a triangular shape in the corresponding temperature regime. At tempera-
tures >620°C, instead, the growth rate for zz;, edges and edges in the zz, direction
is similar and equilibrium hexagonal shapes are formed. We therefore call the tem-
perature range between 500°C and 600°C a regime of kinetically limited growth, and
that above 620°C the equilibrium growth regime. Above ~ 600°C, though, diffusion
of C to Ni bulk is active and competes with nanoislands growth, and above 650°C all

surface carbon structures dissolve as carbon impurities into bulk Ni.

Along the latter, a reconstruction is energetically favoured, but is associated to

an energy barrier.

Graphene nanoislands often display point-like features or zones of a higher ap-
parent height. Profiles taken over these zones reveal a height of 2.1 A, coinciding

with the height of Ni steps on the surface (2.1 0.3 A in our measurements), and
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4

Figure 3.4: STM topographic images of graphene nanoislands after (a) preparation at 400°C and (b-d)
post-annealing at 500°C, 550°C and 650°C, respectively. The scale bar is 10 nm.

spectroscopic measurements display the features d orbitals of Ni [76]. Moreover, re-
cent work by Patera et al. [179] showed that, at growth temperature, Ni atoms from
the topmost layer can diffuse and bond to the graphene edges, where they catalyse
the growth. It is probable then that a part of such atoms is trapped during growth

and remains in the final graphene structures.

In the growth process, many different variables affect the final result. In the an-
nealing process, not only the final temperatures T; and Tp, count, but also the heat-
ing and cooling rates. The heating process should be as fast as possible from RT
to the final temperature, as different temperatures correspond to different growth
regimes which can affect the final morphology of graphene nanoislands. Precur-
sor molecules adsorbed by dissociation of only one hydrogen atom [206] can desorb

from the surface below reaction temperatures, during the first growth step. Also, the
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Figure 3.5: a) STM topographic image of a graphene nanoisland containing various Ni impurities, visual-
ized as spot-protrusions. Scale bar 3nm. b) Zoom on the bottom right edge of the island in (a), evidencing
the presence of Ni impurities in the graphene bulk as well as at the edge. Scale bar 1 nm.

carbide phase forming during Ni(111) preparation can form also during the graph-
ene growth process, especially as it is the only stable carbon structure at temper-
atures < 450°C. The formation of carbide competes with nanoislands growth, al-
though carbide can be converted into graphene over long time scales at reaction
temperature [159, 188, 201]. Cooling should also be fast, for similar reasons. In elec-
tron beam heating systems, the requisites of fast annealing ramps are easily satis-
fied, and heating/cooling rates of 12°C/s and 2°C/s are usually employed Resistive
annealing systems are generally characterized by a higher thermal inertia, result-
ing in slower rates. In the LT-STM, the heating and cooling rate are both 1.5-2°C/s.
Thus, it is evident how adapting growth to different systems can be difficult, as also

discussed in Chap. 2.

3.1.2.1 Single annealing growth

The growth process described above is composed by two heating stages: one for
nucleation and growth of nanoislands, and a second one dedicated to shaping. This
step-by-step method allows control of each process and the possibility to correct
the results by e.g. repeating some of the steps. This is especially necessary when
pursuing hexagonal islands, as these grow in a temperature regime where concur-
rent dissolution of C into bulk Ni occurs, resulting in a final coverage lower than that
obtained after growth of nanoislands. A coverage >30% before the shaping step is

often desirable in order to ensure a final coverage of hexagonal GNIs > 15%.

However, this multisequential method is highly time consuming, and a simpler

procedure is desirable. The growth and nanostructuring steps are not really differ-
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3.1. Growth by chemical vapour deposition

Figure 3.6: a) STM topographic image of GNIs grown on Ni(111) using D=25L of ethylene at a reaction
temperature of 600°C, displaying triangular shapes with corner truncation in few cases. The coverage of
graphene islands on the sample is 47% of the surface area. b) Another preparation of GNIs using ethylene
with D=25L and T=625°C, where the same triangular and truncated shapes are visible. A number of is-
lands with irregular shapes can be recognized as smaller triangular islands joined together. The coverage
on the sample is 25%. ¢) STM topographic image of the same surface of (b) after annealing to 650°C for
10 minutes. The coverage is now 20%. The stabilization of the zz, edge direction is recognizable. Scale
bars (a-c) 20 nm.

ent processes, since the graphene nanoislands grow also during the shaping step.
Therefore, in principle the two annealing steps can be merged in a single one. Al-
though a full, systematic study of growth of nanoislands with one annealing step
has not been carried out, this has been tested in more than 25 experiments, using
annealing temperatures of 600°C < T < 650°C.

In general, we observe structures similar to those grown with the 3-steps method.
However, the absence of a previous reaction step has to be compensated with longer
annealing times. This is seen for instance from Fig. 3.6a-b, where growth at 600°C
and 625°C for 2 minutes, respectively, yields triangular and truncated nanoislands
rather than hexagonal. After post-annealing to 650°C for 10 minutes, the triangular
nanoislands of Fig. 3.6b evolve in hexagonal nanoislands (Fig. 3.6c), but the coverage
is reduced from 30% to 20%. Therefore, for short annealing times triangular nanos-
tructures might persist, but for long annealing times C might dissolve into the bulk
of Ni.

A single-step annealing can be interesting not only for speeding up and simplify-
ing the method, butalso to avoid the formation of multiple domains at intermediate
temperatures, as will be discussed in Sec. 3.3. However, the growth of hexagonal is-
lands usually still requires (or benefits from) an intermediate reaction step where
irregular or triangular GNIs are formed in order to avoid excessive diffusion to bulk.

Since growth of graphene flakes happens preferentially by bonding of C atoms to
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3. Growth and characterization of graphene nanoislands on Ni(111)

clusters or between clusters [155], the presence on the surface of large clusters, i.e.

graphene nanoislands, can ensure a higher final coverage.

3.2 Stacking and edge morphology

The exact stacking of graphene on Ni(111) has been investigated for long time, and
many structures have been proposed: top-fcc, top-hcp, fcc-hcep, bridge-top, bridge-
fcc, etc [207-210]. For graphene monolayer the most abundant and therefore most
stable stacking was found to be top-fcc, followed by bridge-top and top-hcp [209,
211], although bridge-top was not identified until recently [207, 208]. For graphene
nanoislands, top-fcc and top-hcp stackings were identified [75], with top-fcc as the

most stable, as confirmed by DFT calculations [202].

In the following we present a comprehensive study of the stacking configuration
of GNIs. By simultaneously resolving the graphene and Ni lattices, we determine
several coexisting configurations and discuss their correlation with the particular
island shape. First, we present the 1x1 stacking family, which can be grouped in two
sets: i) the top-hollow stackings, namely top-fcc and top-hcp, which are the ones
where edge energetics enables their shape selection. ii) bridge-top stackings, where
pairs of atoms from the two sublattices bridge the Ni atoms of the top layer. Here we
find non-equilibrium shapes related to an unconventional growth mechanism. We
then describe rotational domains that lead to stacking configurations beyond the

simple 1x1 configuration.

A precise determination of the stacking of the islands was only possible after cor-
rection of thermal drift, fitting the atomically resolved graphene and Ni lattices into
rigid hexagonal models and examining their stacking relation. This was done by ap-
plying a compression in the slow-scan (y) direction together with a shift of one pixel
in the fast-scan (x) direction at each n line. The level of compression and the in-
terval n have been adjusted carefully to match the Ni atoms in the resulting image
with a Ni hexagonal lattice model. This same method has been applied also in the

following sections of this chapter.

3.2.1 1xI1 stacking

Fig. 3.7 shows three triangular graphene nanoislands on Ni(111), after growth at

470°C and post-annealing to 560-575°C. The three represent unrotated 1x1 stack-
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Figure 3.7: Graphene islands of top-fcc (a), top-hcp (b), and bridge-top (c) stacking. By adjusting bright-
ness and contrast we image either the graphene structures (d-f) or the underling Ni atoms (g-i), which
correspond to the zoomed areas indicated in (a-c). The triangular shapes of top-fcc and top-hcp config-
urations, with 60° of relative rotation, follow the three-fold symmetry of their zigzag edge stackings - see
labels schematics in (g) and (h). In contrast, the triangular shape of the bridge-top island is not consis-
tent with the two-fold symmetry of the corresponding edge stacking (i) for this configuration In (j-1) we
superimpose the Ni and graphene lattices. Green (red) marks represent the Ni top (fcc) sites. Image size:
16 x 16 nm? and 5 x 5 nm? for large and zoomed images respectively. Post-annealing temperature and
tunneling conditions, grouped as (T, I;, V},): a) 575°C, 16 nA, 83 mV, b) 560°C, 10 nA, 24 mV; ¢) 575°C, 15
nA, 83 mV.
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3. Growth and characterization of graphene nanoislands on Ni(111)

ing configurations that will be described in the following. A schematic of the main
stacking symmetries is shown in Fig. 3.8. We will start discussing top-fcc and top-
hcp stacked nanoislands, while the discussion of bridge-top stacking will be given
in Sec. 3.2.1.3.

Top-fcc Bridge-top Top-hcp Rotated

@ Ni 1st layer @ Ni 2nd layer O Ni 3rd layer

Figure 3.8: Scheme showing the stacking configurations observed for graphene on Ni(111). For the ro-
tated stacking, an angle of 30° has been used as an example, because it is the most frequent — as discussed
in Sec. 3.3.2.2

3.2.1.1 Top-hollow stacking

For top-fcc and top-hcp stackings, one sublattice of graphene sits on top of Ni atoms,
while the other sits in hollow fcc or hep positions, i.e. on top of Ni atoms of the 3rd
or 2nd topmost layer, respectively. Top-fcc stacking is reported in both theoretical
and experimental studies as the most favourable stacking geometry for graphene on
Ni(111) [202, 207-209, 211, 212], while top-hcp stacking is found to have a slightly
higher energy [202, 207, 211]. This is in agreement with the much lower abundance
of domains or single islands in this stacking, as found by STM (see also Fig. 3.23).
All top-hcp domains and single islands imaged by STM are small, below 15 nm?,
which can be explained by the increase of total energy difference with the number

of carbon atoms between this and the top-fcc ground state.

The appearance in STM of the two stacking symmetries is similar: in top-hollow
configurations, because of the different coordination of atoms adsorbed on top sites
from those in hollow positions, the sublattice sitting in hollow position is imaged as
bright protrusions, while the top sublattice is imaged with lower apparent height
and the Ni from the 2"¢ or 3" level appears as a dark pit in the center of the hexagon
[202, 211, 213]. The difference between top-fcc and top-hcp stacking in STM is only
given by the 60° difference of the two.
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3.2. Stacking and edge morphology

As noted from Fig. 3.7a-c, triangular nanoislands are defined and characterized
by three long zigzag edges, and three shorter reconstructed edges corresponding to
the corners (details on the atomic structure of the reconstruction will be discussed
later in this chapter). For a given substrate orientation, top-hollow stacked islands
in this shape are oriented the same way. Top-fcc nanoislands all point to the [112] or
equivalent direction in the plane. Top-hcp islands, instead, point to the opposite di-
rection. This is a direct consequence of the stacking energetics of the edges in each
case. As noted in Sec. 3.1.2, the most stable edge configuration for free-standing
graphene is zigzag, but top-hollow stacking with Ni(111) separates the six zigzag di-
rections in groups of three z z;, and three z z, edges, with 60° rotation between edges
in each group (see Fig. 3.10 for schematics of the edge configurations). The former
ones are the directions of minimum energy (see Fig. 3.9 and [202] for edge energetics
calculations), from which the triangular shapes. The orientation of the most stable
z zj, edges between top-fcc and top-hcp stacking is rotated by 60°, which results in

arelative rotation of the same angle of the islands between the two stackings.

3.2.1.2 Effect of edge energetics on shape selection
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Figure 3.9: Edge energies per unit length for different edge configurations as calculated by DFT [202],
evidencing the high energy cost of z z, edges compared to zz;, , and compared to the pentagon-heptagon
reconstruction zz;(57)

The shape selection mechanism is determined by the edge energetics and the
growth kinetics at the temperature of annealing (equally in the reaction or post-
annealing step). Fig. 3.9 shows a graph of the edge energies formation per unit of

length for different edge configurations explained in the following. In the most sim-
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3. Growth and characterization of graphene nanoislands on Ni(111)

ple scenario, considering equilibrium growth and the absence of residual hydrogen,
the triangular and hexagonal shapes observed at different temperatures can be ex-
plained in grounds of a 57 reconstruction of the zz, edges, the most stable in this
direction in the absence of H, and the energy barrier for their formation. If the ther-
mal energy is below this barrier, the zz;, and zz, energy difference is large enough
to inhibit the growth of the latter. Then, zz; grow long and triangular shapes result
from the stacking symmetry, as discussed previously. Above this thermal threshold,
zz, edges reconstruct into zz,(57). The energy is considerably reduced, and the
equilibrium ratio between the two edges increases: this gives rise to the hexagonal

shapes obtained for temperatures >620°C.
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Figure 3.10: a) STM topographic image of a zigzag hollow and a reconstructed edges in a hexagonal is-
land. V=23 mV, [;=1 nA, scale bar 1 nm. b) Profiles along the two edges (not displayed in (a) for sake of
clarity) evidencing the double periodicity of the reconstructed edge respect to the zigzag edge. c) Scheme
displaying zzj,, zz, and reconstructed zz,; edges for a graphene flake in top-fcc stacking. Edge atoms
are marked with a coloured border. The position of the atoms in the zz, ;. is approximated to DFT calcu-
lations [214].

But a more complex scenario has been recently proposed, where hydrogen pas-
sivation can determine different reconstructions at the growth and imaging tem-
peratures [214]. In this study, graphene edges are imaged in-situ at high T, showing
that at the growth temperature zz, edges reconstruct as 1x1 Klein (zz;) edges, i.e.
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3.2. Stacking and edge morphology

zigzag edges with an extra C atom bonded to each outermost edge atom, and not
as 57, the most stable at T=0 K according to DFT [202]. The authors do not find any
T-dependent transition of the edge structure that could be correlated to the shape
selection of islands we observe. In this case, the transition from triangular to hexag-
onal shape would be driven by kinetic arguments, rather than related to equilibrium
structures. The RT images of Africh et al. do show, however, a 2x2 reconstruction of
zz, edges when imaging at RT. They attribute it to H-passivation of zz; edges pair-
ing Klein edges into pentagons, that are labelled as reconstructed Klein rk. A STM
topographic image of the reconstructed edge and the proposed zz,; structure are
shown in Fig. 3.10

A A A A

d)E ogf ™ W W %

TATRTAT, 0000

Figure 3.11: a) DFT-optimized structure for the 57 edge structure in top-fcc stacking symmetry. b-c)
Constant LDOS maps at a distance of 0.95A from the bulk atoms of graphene of the structure in (a). Two
different limit LDOS are considered: in (b) the lowest LDOS at which the bulk C atoms are not saturated,
while in (c) the value is the minimum for saturation of the atoms of the "5". d) DFT-optimized structure
for the rk edge structure. e) DFT-simulated STM image of the rk edge structure. f)STM topographic
image of a reconstructed edge, from an island post-annealed at 575°C. (d-e) adapted with permission
from [214]. Copyright 2014 American Chemical Society.

The discrimination of the two RT reconstruction configurations is a difficult task,
since the STM appearance is very similar in both cases, Fig. 3.11. According to DFT
simulations, in the 57 reconstruction only the pentagon remains in the graphene
plane, the heptagon being bent towards the Ni surface in order to saturate the unco-
ordinated C bonds. We still believe that the most likely structure is the H-passivated
r k for two reasons: i) The heptagon could still be resolved slightly above the Ni plane
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3. Growth and characterization of graphene nanoislands on Ni(111)

at high enough setpoint currents, but we do not see any hint of it in our best images,
Fig. 3.11d. ii) the zz;, edges provide an indirect proof. There is a large difference
in the height of the outermost atoms depending whether they are H or Ni passi-
vated, the latter again being much closer to the Ni plane. From the fact that our
images show zz;,, edge atoms at the graphene plane, we conclude they must be hy-
drogenated, and correspondingly that the rk reconstruction is the most likely for

the zz, edges.

a)

Figure 3.12: a) STM image of a hexagonal island with alternated zigzag and reconstructed edges. The
effect of a double tip apexin diagonal direction is clearly recognizable at the top edge of the island. A green
square highlights the zone where the following scans are taken. V,=0.11V, I;=0.4 nA, scale bar 2 nm. b)
Zoom of the zone highlighted in (a). A double periodicity is here recognized. V;,=0.023 V,I;=1.1 nA c) Ata
closer tip-sample distance, the edge is nearly indistinguishable from a zigzag edge. V;,=0.023V, [(=1.9 nA.
d) When the tip is approached even more, the edge shows point protrusions with double periodicity,
resembling a Klein edge.V,=0.028 V, I[;=4.7 nA. Scale bar for (b-d) is 1 nm.

Finally, it is interesting to note the critical role of the tip conditions and scan-
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3.2. Stacking and edge morphology

ning parameters in the determination of atomically resolved structures, such as the
reconstructed edges. Fig. 3.12a shows a quasi-hexagonal island where the two type
of edges should coexist. Azoom in Fig. 3.12b-d shows atomic resolution images of an
edge where the 2x2 reconstruction is clearly visible. However, after an unintentional
modification of the tip apex occurring during a scan with high setpoint current, the
appearance of the reconstruction is drastically changed: the island termination ap-
pears as a 1x1 zigzag, and a much weaker 2x2 features appear close to the surface
apparent height. The 2x2 periodicity at the graphene plane can be recovered by in-
creasing the setpoint current from 1.9 to 4 nA, but now it appears as single points
instead of pentagons. This series of images are a good example of the care one has

to take when determining atomic structures with STM.

3.2.1.3 Bridge-top stacking

Graphene in bridge-top stacking appears different in STM from top-hollow stack-
ing: images display bright stripes along a single Ni(111) close-packed, as a conse-
quence of a reduced stacking symmetry. Dark dots are imaged in what is recognized
as the geometric center of the benzene rings[211]. As noted from Fig. 3.8, bridge-top
stacking is so that top Ni atoms are in bridge position with respect to the overlaying
graphene atoms; alternatively, it can be visualized as pairs of carbon atoms bridging

the Ni atoms.

@ Ni 1stlayer @ Ni2ndlayer (ONi3rdlayer @ Graphene

Figure 3.13: Schematic of the zz, and zz;, edges for the bridge-top stacking configuration.

This stacking configuration is quasi-degenerate with top-fcc, according to recent

DFT calculations [209], and is indeed the second most abundant stacking configu-
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3. Growth and characterization of graphene nanoislands on Ni(111)

ration found for extended graphene [211] and that we find as well, though much less
abundant than top-fcc (see Fig. 3.23). Some of the triangular single crystal GNIs we
found are in bridge-top stacking, as the one that was showed in Fig. 3.7c. The ob-
servation is surprising, as this is not compatible with the two-fold symmetry of this
stacking configuration. Bridge-top islands with zigzag termination exhibit one pair
of opposing a-type (zz,), and two pairs of opposing b-type (zz,) edges, or vicev-
ersa. The difference between them is that zz; edges can be seen as C-pairs bridg-
ing the Ni atom, whereas in zz, edges one atom of the pair is missing, as seen in
Fig. 3.13. This should give rise to uniaxially elongated hexagonal (truncated rhom-
bic) shapes, because the different edge structures are expected to have different sta-
bility and growth rates. This statement, solely based on symmetric arguments and
applicable both in the kinetically limited and equilibrium growth regimes, is how-
ever in stark contrast to the experimentally observed triangles. We attribute the ori-
gin of this non-equilibrium morphology to substantial differences in the stacking
energetics at growth and low temperatures. The triangular shape and orientation
of the bridge-top nanoislands we find (Fig. 3.7c is one example), together with the
2x2 reconstruction of the truncated edges (Fig. 3.7f), which are not expected in this
stacking geometry, suggest that the stacking configuration at the growth temper-
ature is top-fcc, and hence must have been shifted to bridge-top during cooling.
This scenario is supported by the DFT calculations, that reveal an isoenergetic path
connecting top-fcc and bridge-top configurations by a 0.7 A translation along the
armchair direction [209]. A shift of an entire island from top-fcc to bridge-top with
such a translation is depicted in Fig. 3.14, revealing a change from three- to two-fold

stacking symmetry.

The truncated edge structure of bridge-top islands might provide relevant infor-
mation about the sequential order of the processes occurring during the growth of
GNIs. As discussed in Sec. 3.2.1.2, zz, edges reconstruct as zz(57) or zz,; , depend-
ing on the hydrogenation of the edges. In both cases, both (i) the reconstruction
(either 57 formation or pairing of the Klein edge atoms in pentagons) and (ii) the
stacking shift from top-fcc to bridge-top take place at an intermediate temperature
between growth T and RT. In the case of zz(57) edges, the energetically unfavoura-
ble stacking of the outer C atoms on top of Ni is avoided by formation of heptagons
which bring two outer C atoms to a symmetric configuration respect to the Ni atoms

underneath, forming stable s p? bonds to them. Such symmetry is lost in bridge-top
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Figure 3.14: Schematic representation of the atomic stacking of top-fcc (a) and bridge-top (b) triangular
islands. The two are connected by a translation of 0.7 A perpendicular to a zigzag edge. According to
the stacking symmetry of edges, this morphology can only correspond to top-fcc islands. ¢) Equilibrium
morphology of bridge-top islands, for the case of zz;, being more stable than zz,. d) DFT-calculated
potential energy surface and distance to substrate for stacking configuration of graphene on Ni(111).
Adapted with permission from [209]. Copyright 2011 American Chemical Society.

stacking for zz;, edges, the 57 reconstruction would unlikely take place after the shift
has occurred, and as a consequence the order of processes must be (i) followed by
(ii). In the case of zz,; , instead, determining the order is not as direct, since Klein
edges grown at high T are stabilized by pairing of the protruding C atoms and the
dangling s p? bonds are saturated by H. Although the stacking symmetry argument
for zz;, edges still applies, it cannot be excluded that the r k reconstruction is more
favourable than the Klein edges also in this stacking.

Nanoislands can also shift from top-hcp stacking to bridge-top stacking; also, the
shift can take place for domains only, in mainly top-hollow stacking. This is shown in
Fig. 3.19 and discussed in the appropriate section, together with the corresponding

domain boundaries.
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3. Growth and characterization of graphene nanoislands on Ni(111)

3.2.2 Stacking superstructures in rotational domains

Figure 3.15: a) STM topographic image of a graphene nanoisland after preparation at 500°C, with a do-
main in top-fcc stacking and three rotational domains. b) STM topographic image of a graphene nanois-
land after post-annealing to 575°C mainly in top-fcc stacking with two rotated domains.

30°

Figure 3.16: a,b) STM topographic images for different rotated domains found in Gr islands on Ni, and
¢,d) corresponding ball-and-stick models. The unit cell and repetition of the Moire patterns resulting are
indicated in green, to guide the eye. The angle here is the rotation of graphene relative to the Ni(111)
substrate.

Although graphene on Ni(111) mainly grows in 1x1 unrotated stacking, a number
of rotated domains are found. Fig. 3.15 shows two examples of nanoislands where
1x1 and rotated domains are seen. As it is noticed, these domains are generally small

in size, and they always appear interfaced to other domains, never as isolated is-
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3.3. Domains and boundaries in polycrystalline nanoislands

lands on the surface, thus evidencing their instability on the substrate. In general,
in these areas 1x1 commensurability that breaks sublattice symmetry in graphene is
lost, so that the full honeycomb is imaged. Yet, as can be observed in large enough
domains, graphene keeps commensurate with the substrate with large stacking su-
perstructures giving rise to different Moiré patterns. This is shown in Fig. 3.16, where
two different rotated domains observed in STM are compared to the corresponding

stick-and-ball model, highlighting the supercell periodicity.

The rotation angles observed and their stability is discussed in Sec. 3.3, as they

are related to domain boundaries found in polycristalline islands.

3.3 Domains and boundaries in polycrystalline nanoislands

Figure 3.17: a) STM topographic image of an island after growth at 500°C, showing mainly one 1x1 stack-
ing and few areas with Moiré and different appearance. Scansize 11x11 nm?. b) Magnification of the area
highlighted in yellow in (a). Here a continuous stacking shift is recognized by following the white lines
from left, where they are aligned to the hollow sites of the bridge-top domain, to the right, where they
find no exact correspondence. c) Manification of the area highlighted in purple, displaying topological
defect boundaries between differently 1x1 and rotated stacked domains near the edge of the nanoisland.

The relevance of domain boundaries in polycrystalline graphene is well known,

since they can determine electron transport by the scattering of carriers [215] or by
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hosting 1D states [207, 216] and they also affect the mechanical stability of graphene,
with a dependency on the relative rotation of adjacent domains [217, 218]. The co-
existance of different stacking domains and the correspoding boundaries have been
reported for extended graphene on Ni(111) [207, 211, 219], but these do not neces-
sarily have to be the preferred ones in our GNIs, where the different growth method

and their nanometer scale can impose a different energy landscape and kinetics.

With the aid of a stable and very sharp STM tip, we imaged for the first time
polycristalline nanoislands with regular shapes, which were so far thought to be
monocrystalline. Simultaneous atomic resolution of nanoislands and the Ni sub-
strate, after drift correction was applied, also allowed recognition of bridge-top do-

mains.

Fig. 3.17ais a good example of a polycrystalline island. Though the overall trun-
cated triangular shape is determined by the dominating top-fcc matrix, the island
contains several other small domains. Some of them are delimited by a continuous
transition where the lattice is not interrupted by defects, such as the one shown in
the zoom in of Fig. 3.17b. In the absence of a clear boundary, the stacking transition
can be yet directly followed by a gradual change in the STM contrast. Other domains
show clear topological defect boundaries, such as the ones shown in Fig. 3.17c. We
note that the Ni impurities that appear as saturated bright protrusions tend to ag-
gregate in defect boundaries. As discussed in Sec. 3.1.2, these impurities seem to

play an important role in the growth of the islands.

In the following we describe each of the stacking domain and corresponding

boundaries one by one.

3.3.1 Continuous boundaries

Continuous boundaries, always separating top-fcc and bridge-top domains, are of-
ten found at the periphery of large islands. Fig. 3.18 shows one example found in a
hexagonal nanoisland. From our analysis, we find that graphene shifts continuously
from top-fcc stacking to bridge-top through a region of strained graphene with un-
defined stacking, Fig. 3.18b. DFT calculations of Fig. 3.14 indicate that there is an
energetic plateau of intermediate states between these two quasidegenerate stack-
ing configurations. A possible reason for the formation of these boundaries is that

the system prefers to relax the strain arising from the small Gr and Ni lattice mis-
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3.3. Domains and boundaries in polycrystalline nanoislands

Bridge

Figure 3.18: a) A continuous strained boundary is displayed between a top-fcc and a bridge-top stacked
domain in a hexagonal island. The different stackings can be recognized by the different appearance
both for the atoms in the 2D bulk of graphene as well as by the different contrast of the edges (zzj, edges
appear combed). b) Zoom in on the continuous boundary, where the lattice of graphene and the top
(green crosses) and fcc (red F) Ni sites are superimposed.

match by forming this low energy cost boundaries at the periphery of the islands, as
found in our experiments.. The orientation of the strain boundaries is slightly dif-
ferent than those reported in [211] for monolayer graphene. They can explain their
boundary by a transversal distortion, whereas we find a uniaxial elongation perpen-

dicular to the boundary, Fig. 3.18b.

It is important to note that continuous boundaries are only related to a strained

graphene and do not break its crystallinity.

3.3.2 Topological defect boundaries
3.3.2.1 558 defects

The two triangular islands joined in a rhomboidal nanostructure of Fig. 3.19a show a
complicated boundary structure: on the left side, a stripe of rotated domain 'bridges’
the two islands by the corresponding topological boundaries. These will be dis-
cussed later. On the right side, the two islands are directly connected by a topo-
logical line defect. The unit cell of this kind of boundary is composed of a heptagon

and a pair of pentagons (558). These have already been observed in graphene on

57



3. Growth and characterization of graphene nanoislands on Ni(111)

Figure 3.19: a) A bridge-top stacked island is joined to a top-fcc stacked nanoisland. The topological 558
boundary formed at the junction on the right side is displayed in a magnified image with superimposed
lattice in (b). On the left side, an elongated rotated domain has formed between the two islands.

Ni, at the boundary between top-fcc and top-hcp domains [207] as well as between
bridge-top and top-hcp [211].

In Fig. 3.19a, the bottom island is in top-fcc stacking, while the top island seems
to have grown in top-hcp stacking, given the triangular edge symmetry, and later
shifted to bridge-top upon cooling. This is consistent with the observations of 558
defects between top-fcc and top-hcp domains in monolayer graphene [207,211] and
with the stacking shift previously discussed. The shift results in a distorted structure
of the boundary, thus evidencing the formation of such boundary at growth temper-

ature, and the shear strain applied to it due to the shift.

The 558 defect boundaries are interesting because they can host 1D metallic

states [207], but we observed them only few times in our experiments.

3.3.2.2 57 boundaries in rotated domains

As opposed to non-rotated stacking domains, domains with relative rotation can
only be interfaced by topological defect boundaries. The minimum energy ones

have been described in theoretical studies by periodic arrays of pentagon-heptagon
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Figure 3.20: a) Example of angle analysis for arotated domains at the edge of a mainly top-fcc nanoisland.
An orange solid line marks the direction of the boundary, the dashed line its normal. b) Schematic of
the analysis of boundaries tilt angles, evidencing the angle measurement between zigzag directions. A
simple measurement of angle difference would result in a 30° symmetry. c) Histogram of the analysed
domain boundaries with respect to the tilt angle. d) Calculated topological defect boundaries energies as
a function of the angle for different defects morphologies. LAGBII corresponds to a continuous straight
line of 57 defects. Reprinted figure with permission from [220]. Copyright 2010 by the American Physical
Society.

(57) pairs in different configurations [221-224]. The calculated angle-dependent en-
ergetics predicts a metastable plateau spanning around 20-35 °with a particular pro-
nounced minimum around 28-32,° related to C-C bond relaxation around the topo-

logical defect.

We compared the experimental results to the above predictions by analysing the
relative angle between the lattices of rotated and top-fcc domains. This has been
done using the atomic resolution of real space images. Figure 3.20a shows an exam-
ple of such analysis, where the angle is taken as the sum of the angles of rotations
of the domains relative to the boundary, as in Ref. [220] (Fig. 3.20b shows schemat-
ically the measuring method). The resulting statistics of the angular distribution is

shown in Fig. 3.20c. Interestingly, all observed domains fall within the calculated
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3. Growth and characterization of graphene nanoislands on Ni(111)

metastable region, Fig. 3.20d [221, 223, 224]. We never observed small-angle rota-
tion domains (<15)°, as have been found for instance in extended CVD graphene on
Cu foils [225]. The inhibition of small-angle domains could reflect the strong inter-
action of Ni(111), where the preference for non-rotated stacking could shift them
into the top-fcc matrix.

At intermediate angles, however, boundary energetics seems to dominate over
stacking energetics, according to the coincidence of the statistical distribution with
the free standing calculations. The pronounced maximum at 30° agrees very well
with the local energy minimum predicted around this angle for boundaries in free

standing graphene, as reported in the graph of Fig. 3.20d.
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Figure 3.21: a) A 30° rotated domain with Type I boundary. Yellow and green arrows define the boundary
repetition unit on the two sides, white arrows mark the Moire periodicity for the rotated domain. The
atomic model of the domain has been reproduced in aside for a graphene sheet rotated 30° respect to
Nickel. Green hexagons are intended as guide to the eye. b) A 30° rotated domain enclosed by Type II
boundaries; forming a quantum dot. c) Irregular rotated domain mixing Type I and II boundaries.

Several arrangements of 57 units have been proposed for this angle, all of them

showing a local minimum in the angle dependence [221-224]. Our measurements
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3.3. Domains and boundaries in polycrystalline nanoislands

can help us discriminate which ones are stable in our Gr/Ni system. Atomically re-
solved images as the ones displayed in Fig. 3.21 are representative images of the
boundaries found in our experiments, always made of continuous 57 arrays. Here,
we divided them according to the direction of repetition of the 57 unit. Type Ibound-
aries (Fig. 3.21a) are linear and define ribbons of the rotated stacking domain, whereas
the type II structure (Fig. 3.21b) forms quantum dots. Most domains, however, are

limited by less symmetric boundaries that combine both types, as in Fig. 3.21c.

Type I has already been studied theoreticaly, classified as a stable linear bound-
ary[221, 223, 224]. The symmetric configuration of the two domains results in iden-
tical (1,3) translation vectors of its periodicity using the two different honeycomb
lattice orientations at each side of the boundary. This has important consequences

for the electron transport across the boundary, as described in the following.

Translation vectors are also important because they allow to determine the trans-
port properties of the boundaries. These depend not only on the relative rotation of
the adjacent graphene domains - i.e. by the coincidence, in k—space, of the Dirac
bands in the rotated Brillouin zones, but also on the boundary periodicity. This
folds the Dirac bands in the corresponding 1D Brillouin Zone defined by the bound-
ary, allowing for new matching conditions that open transmission channels [221,
226]. In other words, certain superlattice wavevectors can connect Dirac cones at
the two sides of the boundary allowing electron hopping between them by momen-
tum transfer at the boundary. The matching conditions can be obtained by using
the translation vectors of the boundary respect to left (n;, m; ) and right (ng, my) do-
mains, which account for both the relative rotation of the grains and the periodicity
of the boundary. Using the notations of [221], we can distinguish three cases. When
the relation between translation vector is (a) n —m = 3q or (b) n —m # 3q (where
q is an integer) for both L and R domain, the Dirac cones of the two domains over-
lap and transmission through the boundary is allowed: these are labelled class Ia,b
boundaries. Such is the case for Type I boundaries, for instance, which fall in the
second case.

In the third case, where n — m = 3q applies to only one of the two domains, no

matching occurs and a gap opens at the boundary.

A clear assignement to either class of boundaries is not possible for Type Il bound-

aries using the model of Yazyev and Louie [221], since here the boundary conditions
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3. Growth and characterization of graphene nanoislands on Ni(111)

are circular and the superlattice vector has no specific direction in reciprocal space.
However, similar quantum dots found in graphene grown on SiC indicate the pres-

ence of confined resonances [227].

3.4 Thermal evolution of domains

The temperature not only determines the edge stabilization and the shape of nanois-
lands. Fig. 3.22 shows images of two nanoislands after annealing at 500° and 650°,
respectively. As it is clear from the two representative images, the abundance of ro-
tated domains tends to diminish with the temperature: if for the special case of the
nanoisland of Fig. 3.22a rotated domains represent about 75% of the nanostructure,
at 650° the rotated domains represents only about 5% of the graphene flake. Heal-
ing of defects by thermal annealing was already observed for extended graphene [64,
219, 228], but few studies investigated crystallinity [229].

Figure 3.22: a) Atomic resolution STM topographic image of a polycristalline island grown at 500°C. Ro-
tated domains with angles 22°, 30° and 21° are highlighted in colours. b) Atomic resolution of an island
grown at 650° with hexagonal shape. A single 30° rotated domain is highlighted in pink.

We conducted a statystical analysis of the evolution of the stacking domains at
increasing temperatures, in the range 500-620°C. The graphs in Fig. 3.22a represent,
respectively, the average area and relative abundance of each domain type. At the
low annealing temperature of 500°C, all domains are similarly small, and their rel-
ative abundance is of 45% (top-fcc), 25% (bridge-top), 5% (top-hcp), and 25% (ro-
tated). As the temperature is raised the only domains that increase both in size and

relative abundance are the top-fcc. Bridge-top domains appear to be inhibited as
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3.4. Thermal evolution of domains

they grow in size for increasing temperature. On the other hand, the small top-hcp

and rotated domains decrease in relative abundance as the temperature is raised.
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Figure 3.23: a) Average domain area and relative abundance of the stacking domains as a function of
the annealing temperature. The temperature ranges for growth of irregular/triangular/hexagonal GNIs
is indicated by the background colour. b) Representation of the evolution from polycristalline to single-
crystal nanoislands.

The top-fcc to bridge-top ratio is at all temperatures higher than the 60/40 found
in extended graphene [209, 230] and does not reflect the quasidegeneracy found by
DFT either [209]. This can be related to the differences between our nanoscale is-
lands and monolayer graphene. The top-bridge domains we find here are either
small single domain islands or pheripheral domains in larger islands, both presum-
ably formed by a stacking shift during the cooling. The presence of bridge-top do-
mains in monolayer graphene, totally surrounded by the top-fcc matrix [211], can

be related to a different growth mechanism.

The significant presence of rotated domains found at low temperature, critical
for the crystallinity of the islands due to their topological boundaries, can be an-
nealed out to 5-7% at the regime where triangular islands are grown, and down to
2-3% in the regime of hexagonal islands. This agrees nicely with the observations
on extended graphene [219], suggesting that their non-equilibrium nucleation is re-

lated to the high migration rate of s p? carbon clusters in the initial stages of growth

63



3. Growth and characterization of graphene nanoislands on Ni(111)

at mild temperatures [155].

The combined morphological and structural evolution, summarized in Fig. 3.23b,
goes from ill-defined, polycrystalline islands for T<525°C, to triangular islands where
the average number of domains gradually reduces to 1.5 ( T=525-575°C ), and fi-
nally to single crystal hexagonal islands (T>600°C ). The most important conclusion
that can be grasped from the thermal evolution analysis is therefore that there is a
temperature regime where both triangular and hexagonal well-defined single crys-
tals can be formed. These represent ~90% of the graphene nanostructures in such
regime, since bridge-top domains, as noted, are predominantly interfaced by con-

tinuous strained boundaries.

3.5 Summary

The growth of graphene nanoislands on Ni(111) has been investigated. Based on the
preparation method described in [75, 154], the stacking domains, boundaries struc-
tures and energetics, edge morphology and the crystallinity of these nanostructures

has been disclosed by high resolution STM images.

Graphene nanoislands grow on Ni(111) by a three-steps method, where the last
annealing ensures control of the edge structure and shape of nanoislands. Stable
top-fcc stacked domains dominate, followed in order of abundance by bridge-top,
top-hcp and rotated domains. This isin agreement with the calculated energetics for
bulk stacking. Nanostructures with forbidden symmetries in bridge-top stacking al-
lowed to identify a multi-step growth mechanism for which nanoislands grow in 1x1
(top-fcc or top-hcp) stacking and isoenergetically shift to bridge-top after growth, at
alower temperature. Combined STM images and DFT calculations confirm a Klein
reconstruction for edges in zz, direction and the related hydrogen coordination of
the nanoislands dangling bonds, also during cooling. From our analysis, we cannot
determine in which order these two processes - stacking shift and edge reconstruc-

tion - take place.

Polycrystalline nanoislands identified by atomic resolution STM images were in-
vestigated. Domains in 1x1 stacking with Ni(111) and rotational domains are iden-
tified in the same nanostructures, and their boundaries analysed. A stacking shift
where graphene is strained but structurally perfect is found to be also possible be-

tween top-hollow and bridge-top stacked domains. 558 topological defect bound-
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aries are sometimes found at the frontier between unrotated nanoislands grown to-

gether to form a single nanostructure.

Small areas of rotated domains are found with small areas, and a variety of ro-
tational angles. Such domains are always interfaced by 57 topological defects to
unrotated domains. By analysing rotational domains and their angle to commen-
surate domains, we identify the role of topological defect boundaries energetics in
the selection of rotational domains. Stacking and boundaries energetics concur to
determine transparent, linear topological defect boundaries interfacing 30°-rotated
domains with top-fcc stacked domains. Circular repetitions of the 57 unit lead to

the formation of perfect quantum dots embedded in 1x1 graphene matrix.

Finally, we analyse the area and abundance of stacking domains at different tem-
peratures. We find a route leading from poli-crystal nanoislands in the lowest tem-
perature regime to predominant single-crystal nanoislands at temperatures >600°C.
Thus, thermal annealing allows to tune the nanoislands shape, univocally correlated
to the edge structure, and crystallinity, and to obtain single-crystal graphene quan-

tum dots with either triangular or hexagonal shapes.
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Chapter 4

Structural and electronic properties of

the intercalation system

The interaction with the underlying substrate is an effective way to tailor the elec-
tronic and magnetic properties of graphene. The interfacial interaction can dope
Dirac cones and induce band gaps [81], spin polarization [76, 77, 105-107] or spin-
orbit coupling [29, 104, 231-233]. The same interaction also controls the growth
morphology and edge atomic structure, as seen in Chap. 3. There, we have shown
that the interaction with the Ni(111) substrate determines the edge termination and
shape of graphene nanoislands, and that such interaction can be controlled by se-
lecting post-annealing temperature. Electronically, the linear dispersion of pris-
tine graphene bands is disrupted by hybridization with the Ni d bands. Instead,
gapped spin polarized bands are induced in graphene [76]. Lateral, spin- and edge-
dependent electron scattering was also demonstrated by combining STS and DFT
calculations. These properties can be used to engineer e.g. a vertical spin-filtering
effect [77].

The pristine electronic properties of graphene can be restored by intercalation at
the graphene-Ni(111) interface. In extended graphene, many intercalants have been
employed for this purpose: Cs [92, 234], K[235], Na [91] among the alkali metals, O,
[97,236], Al[89], Ge [93], transition metals like Cu [86, 90], Ag[85] and Au [83, 84, 237,
238]. In particular, ARPES measurements show that Au intercalation restores the lin-
ear dispersion of electrons around Ep in graphene with a very small p doping and

no gap opening [84]. Marchenko et al. [103] reported a giant Rashba-type spin-orbit
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4. Structural and electronic properties of the intercalation system

splitting of 100 meV induced in the 7 bands of graphene due to hybridization with
the d bands of Au. This is especially interesting because it fullfills the requirement
of inducing a sizeable spin-orbit coupling in graphene while preserving the Dirac
bands for applications in spintronics devices, such as spin filters [239]. However,
recent calculations combined with STM measurements attribute this effect to inter-
calation of Au clusters under limited areas of the graphene monolayer [240], thus

resembling a proximity effect as induced by adatom adsorption [22, 241].

At the nanoscale, the decoupling effect of Au is interesting in order to investigate
the electronic properties of graphene nanostructures and their edges. However, the
structural properties of these can be modified upon intercalation, and the dynamics
of this can behave differently from the case of extended graphene. Fewer studies are
available for intercalation of graphene nanostructures, all grown on Ir(111) only: O,
[110], Au[111, 112] and Ag[112] were used as intercalants. Leicht et al. [112] showed
by STM that quasi-freestanding graphene nanoflakes are obtained by Au interca-
lation, displaying signatures of the edge state predicted for zigzag edges. By QPI
mapping, they showed a doping of 240 meV [242]. By the same method, they were
also able to observe the Rashba splitting of the surface state of Au in GNRs [187].
Morgenstern et al. [111] also showed the recovery of the edge state by Au intercala-
tion on Ir using STM topographic imaging. The nature and properties of the edge
state on Au are a matter of discussion: while few STS studies showed a spin-split
edge state on this substrate [43, 47], Wang et al. [203] showed that such splitting is
observed in zigzag graphene nanoribbons only when transferring them from Au to

NaCl monolayers.

In this chapter, we will discuss the results on the intercalation of Au under the
graphene nanostructures grown on Ni(111). The experimental methods will be dis-
cussed in Sec. 4.1. As a complex metal surface results from the interaction of Au
with the Ni(111) substrate, the structure of this will be discussed in Sec. 4.2. Then,
the morphological and structural properties of the graphene nanoislands after in-
tercalation of Au will be introduced in Sec. 4.3. Here, a mechanism of intercalation
in the system will also be discussed. Finally, the electronic properties of the system

as investigated by STS methods are discussed in Sec. 4.4.
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4.1 Sample preparation

We pursued the characterization of the system of graphene nanoislands grown on
Ni(111) after intercalation of Au films of different thicknesses. We prepared graph-
ene nanoislands on Ni(111) following the recipe of Chap. 3. Though different prepa-
rations were used, we mainly aimed at hexagonal graphene nanoislands, because
these provide the perfect environment to characterize the system of intercalated

nanostructures and in particular the properties of the edges.

After GNIs growth, Au was deposited on the sample at room temperature. In or-
der to determine the Au coverage, Au evaporation was calibrated by depositing sub-
monolayer amounts of Au on the clean Ni(111) surface, which was then investigated
by STM. A relation between deposition time and Au coverage was thus extrapolated
and employed to deposit thicker Au films. This procedure was done for each exper-
imental run, to ensure repeatable measurements. The deposition rates employed
could vary, depending on the evaporator employed and the system in use, between
0.5 and 0.125 ML/min.

Post-annealing Gold Annealing
o deposition
=]
o
[}
g 500-625°C
}q__) 300-500°C
Time

Figure 4.1: Scheme of the intercalation process: after graphene nanoislands preparation and shaping,
gold is deposited on the surface at room temperature. By annealing, Au intercalates under graphene.
The temperature range indicated is the one explored during the experiments.

For the intercalation of Au in the GNI/Ni systems, Au was first deposited on the
surface. Amounts varying between ~0.9 ML and 10 ML of gold were deposited in the
first place. Intercalation was then achieved by annealing the sample at temperatures
in the range 380-500°C for few minutes. Depending on the temperature and the

amount of Au deposited, we explored annealing times ranging from few seconds
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4. Structural and electronic properties of the intercalation system

to 30 minutes. In order to obtain thicker films of intercalated Au, the deposition-
annealing process was repeated on the same samples: thisis the case for the samples

of >10ML in the following of the chapter.

Attemperatures <350°C, a uniform Au layer is not formed. This is in line with ex-
periments reported in literature for extended graphene [83, 84, 86, 103, 243]. Though
the solubility of Au and Ni is very low, a metastable solid alloy is formed at tempera-
tures >500°C [244]. A surface alloy is however formed already at room temperature,

upon deposition of Au. This will be discussed in further detail in Sec. 4.2.
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Figure 4.2: a) STM topographic image of a system of triangular graphene nanoislands grown on Ni after
intercalation of Au. A scheme evidences the Gr nanoislands and Au islands recognizable in the area.
Scan size: 100x100nm? b) Topographic image of a triangular graphene nanoisland on the same surface,
at the edge of an Au island. The pattern of the Au surface layer continues under the island, evidencing
the intercalation process. Scan size: 30x30 nm?

Fig. 4.2 shows as an example a sample surface after growth of triangular graph-
ene nanoislands on Ni(111) and intercalation of ~1.5 ML of Au. Triangular shapes
are recognized all over the imaged area, with different apparent heights, as indicated
in the inset of Fig. 4.2. These are triangular graphene nanoislands after the interca-
lation process. A corrugation appears in most parts of the surface: this is due to
a misfit dislocation network forming at the Au/Ni interface, proving the presence
of Au. A zoom on one of them is shown in Fig. 4.2b: as observed, the dislocation
network appears also under such triangular areas, thus confirming succesfull inter-

calation.

We will start discussing the structural properties of the system from the mor-
phology of the Au film. The morphologies and the structure of the nanoislands will

be discussed in Sec. 4.3.
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4.2 Structure and properties of the Au film

The structure and properties of the Au film are first presented, since the complex
evolution of Au on the Ni substrate is fundamental for characterizing the electronic

properties of graphene.

4.2.1 Dislocation network in the thin film regime

As observed in Fig. 4.2, a pattern of corrugations forms on the surface of the samples
after the intercalation process. As seen in better detail in Fig. 4.3, this pattern actu-
ally consists of a network of triangles. Such triangles are known to form on the Ni
surface upon deposition of Au already at RT [245]. They are lines of vacancy misfit
dislocations, forming as a consequence of Ni atoms of the top layer shifting from fcc
to hcp sites (inside the triangles), in order to increase the coordination number of
Au atoms from 1 to 3. Ni atoms are squeezed out of the topmost Ni layer and alloy in
the first Au layer. They can be recognized as bright protrusions in the first Au layer,
Fig. 4.3b. The following layers have little or no Ni alloyed. As observed in the atomi-
callyresolved topographic image of Fig. 4.3b, the size of the triangles is variable, with
a length of the vacancy lines of 3-8 Au atoms. We measure the average unit vector
of this network 2.36 £ 0.2 nm, 9.5 times the lattice constant of Ni(111), in line with
the 9.7x9.7 superlattice reported[245]). This network is important for graphene, as
itis can induce an exchange field giving rise to a giant gap at K (K’) points shown by
[108].

4.2.2 Thickness evolution of the Au surface

The corrugation due to the triangular misfit dislocations is repeated in the following
Au layers, as was observed in Fig. 4.3b for an Au island on top of an Au layer. With
a corrugation of ~20 pm in the first Au layer, dislocations are smoothed out at each
subsequent monolayer. Fig. 4.4 shows the appearance of the surface for increasing
thicknesses of the Au layer. After intercalation of 5 ML of Au, Fig. 4.4b, the dislocation
network is still recognizable. While a decreased corrugation is to be expected (10 pm
according to [245]), we were not able to measure this behaviour, as it requires a care-
ful measurement in repeatable conditions which was out of the scope of this work.
The dislocation network is visible up to a film thickness of approximately 10 ML:

Fig. 4.4c shows the sample surface after intercalation of 11+1 ML. The 2D pattern of

71



4. Structural and electronic properties of the intercalation system

3nm

Figure 4.3: a) An Au island on top of the first Au layer on Ni. The network of triangular dislocations is
seen on both surfaces. A double tip effect at the edge of the island is seen. b) Atomic resolution of the the
dislocation network. The triangles from the dislocation pattern have different sizes: of 3, 5, 6 atoms per
side

dislocations is not recognizable any longer. The surface displays a disordered cor-

rugation, which might be due to a lack of crystallinity in the film.

Increasing further the film thickness is expected to lead to a Au(111) surface.
Fig. 4.4d shows a sample after intercalation of 22+1 ML. Here, terraces still show
a corrugation of few pm, though no 2D order can be identified. However, pairs of
ridges are recognized on the surface. Fig. 4.4c-d show examples of them. These are
the domain boundaries between fcc and hcp regions characteristic of the Au(111)
surface, where they appear as a herringbone pattern [246]. As can be appreciated
in Fig. 4.4d, in our experiments a true "herringbone" reconstruction was not ob-
served: the pairs of lines displayed irregular shapes and variable direction. No long-
range order can be recognized. This observation and the persistent corrugation
point to a crystalline disorder in the Au film. Nevertheless, the presence of ridges
proves the formation of bulk Au with (111) orientation and a considerable purity
over the Ni(111) surface. This conclusion is confirmed by spectroscopic measure-
ments, showed later in this chapter, which also confirm that, at this thickness of the

Au film, the effect of the underlying Ni(111) is negligible.

4.3 Auintercalation

In this section, the morphology of the surface and the nanoislands after the interca-

lation process is first presented, in order to introduce the necessary concepts for the
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Figure 4.4: STM topographic images of the Gr/Au/Ni system with different thicknesses of Au film. a) Au
film of ~0.9 ML, where the dislocation network is seen all over the surface, with an average corrugation
of 20 pm. b) After intercalation of ~5 ML of Au, dislocations are still visible. c) At 11+1 ML, the disloca-
tions disappear, and the surface displays a corrugation with no 2D order. d) At 22+1 ML, though a slight
corrugation of the surface persists, the ridges of the Au(111) reconstruction are seldom observed. Scale
bar is 10 nm.

following of the chapter. Next, a proposal for the mechanism of intercalation un-
der nanoislands is explained. Finally, the atomic structure of the nanoislands and
of their edges is investigated.

4.3.1 Intercalation morphology

Aswas observed in Fig. 4.2, after Au deposition over GNI/Ni(111) and annealing, the
graphene nanoislands are recognizable by their shapes and sizes. Different apparent
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Figure 4.5: Representative STM images of graphene nanoislands after intercalation of 1.5 ML of Au in a)
embedded b) on top and c) partly on top configuration. Schemes representing each configuration are
included (2 ML of Au are here used for clarity).

heights are displayed by the nanoislands, though. While some islands display the
same height as the Au surface layer, others appear higher or lower, and many display
different heights. This is a consequence of the different configurations in which the
nanoislands can be found after the intercalation process is carried out. It was found

that GNIs can have three different configurations, shown in Fig. 4.5:

e Embedded: GNIs can be entirely embedded in the Au film, i.e. being sur-
rounded by Au, either in the topmost layer or in a lower one, when a multilayer
Au film was deposited, Fig. 4.5a. They appear as areas of the surface delimited
by hollow or high borders, displaying a height difference of only 0.2+0.1 A to
it.

* On top: GNIs can be found on top of the Au surface or Au islands, Fig. 4.5b.
They can have a lateral interface to Au islands or step edges, and can also ex-

tend across steps. Their apparent heightis 2.1+0.2 A A

* Partly on top: finally, GNIs extending over more than one Au ML can be partly

in on top configuration and partly embedded, as in Fig. 4.5c.

The origin of these configurations stems from the intercalation mechanism which,
at a first glance, seems to start from the edges of the nanoislands towards the bulk.

This will be discussed later in more detail in Sec. 4.3.
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b)) ¥

4 Au layers

Figure 4.6: a) Two large graphene flakes extending over the edge of an Au island composed of 4 mono-
layers and joined by an Au island, demonstrating the weak vertical bonding of graphene to Au. b) A mag-
nification of the top of the Au island, where the graphene flakes and the Au island bond together.

. ‘C) dd)
Figure 4.7: Series of subsequent STM topographic images showing the tip-induced diffusion of a hexag-
onal graphene on top nanoisland over a step edge and its rotation on a terrace. a) Initial scan, where
the nanoisland (circled in green) is observed on a wide terrace. b) Zoom of the yellow square marked
in (a). The nanoisland is now on the adjacent, higher terrace. c) After zooming on the island, this in a

subsequent scan (d) rotates again and diffuses near the next step edge. Scan parameters: a) V,=0.69 V,
1;=0.46 nA, b) V;,=0.33V, [[=0.2 nA, c) V;,=0.12 V, [(=0.3 nA, d) V,=0.12 'V, ;=0.2 nA

In all of the configurations, nanoislands can extend over steps. This is a first
proof of the weak interaction of the Au surface, and of the weak coupling of the
nanoislands to it. A particular case is shown in Fig. 4.6: two large graphene nano-
flakes extend from an Au terrace to the top of an Au island formed by 4 Au monolay-
ers and join together through an Au island, as in an inverted transistor configuration.
A second proof is given by the possibility to displace on top GNIs over the surface
while scanning at RT. Fig. 4.7 shows a series of STM scans representing a graphene
nanoisland displaced over a terrace step and rotated. The diffusion of the island is

solely driven by the interaction with the tip. The fact that islands can diffuse on the
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surface is not surprising by itself, as we could seldom observe a similar effect for
GNIs on Ni(111) at high setpoint currents and low bias voltages. A strongly interact-
ing tip was also necessary, as in the present case on Au. However, the possibility to
do this at "mild" tunneling conditions (0.1 <V, <1VandI; < 1nA) and the fact
that nanoislands can displace across step edges demonstrate a weak physisorption
and therefore a notable chemical decoupling after intercalation of Au. This effect
has also been observed for graphene nanoribbons and large nanoflakes on Au [112],

and is consequence of a nearly superlubric contact [247].
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Figure 4.8: Statistical analysis of more than 250 GNIs at different Au thickness regimes, for intercalation
temperatures of 380-500°C. a) Abundance of the nanoislands configurations for each regime. b) Relative
average size of the nanoislands, as a fraction of the highest value for each regime (see text), for each
thickness regime.

In order to better understand the intercalation system, a statistical analysis on
the configuration of the nanoislands has been carried out. The abundance and aver-
age size of nanoislands in each configuration have been measured for different Au

film thicknesses and annealing temperatures. The results are reported in Fig. 4.8.
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4.3. Au intercalation

Four thickness regimes have been defined, according to the evolution of the Au film
described in Sec. 4.2.2: a monolayer regime for Au film thicknesses 1 ML< ©<2 ML; a
dislocations regime for thicknesses ©<10 ML, where dislocations are recognized on
the surface; a disordered Au regime, for Au films of ©>10 ML, where a corrugated Au
surface with no 2D order is observed; and a Au(111) regime, for samples where the

ridges of the herringbone reconstruction are observed.

Fig. 4.8a reports the relative abundance of the three configurations, counted as
the relative number of nanoislands found in each of them. A clear evolution can be
observed. For thicknesses of Au up to 10 ML, the vast majority of nanoislands are
found in partly on top or embedded configurations (about 40% each), while only
10-15% on top nanoislands are found. As the thickness increases, though, the abun-
dance of on top islands also increases, until in the Au(111) regime the three configu-
rations are equally represented on the sample surface (36%, 30% and 34% for partly
on top, embedded and on top nanoislands respectively). A tendency favouring on
top nanoislands and reducing embedded ones with increasing Au film thicknesses is

therefore clear. The effect on partly on top nanoislands, instead, is less pronounced.

We also analysed the average size of nanoislands in each configuration. Since
the absolute size of the nanostructures highly depends on the specific preparation
on Ni(111) —partly on top islands, for instance, have average sizes varying from 58 to
1066 nm? —, we considered for each thickness regime the size relative to the nanois-
lands configuration displaying the greatest absolute value. As observed in the graph
of Fig. 4.8b, partly on top nanoislands are always the largest flakes on the surface. At
all Au film thicknesses, also, embedded nanoislands are the following in size, though
a great difference in the monolayer regime respect to the others. On top nanoislands

are the smallest at all points.

Before discussing the physical meaning of such analysis, the limits of the defi-
nitions have to be noted: on top nanoislands, in fact, have been defined as nanois-
lands with either all of the edges "free-standing" (i.e. not having any recognizable
lateral contact with Au), or those having a part embedded, but laying on a single ter-
race; while partly on top nanoislands must both have a part embedded, and lay on
multiple Aulayers. The definition of on top nanoislands then embraces nanoislands
in contact to step edges or Au islands, but also those which are partly embedded at

the step edges. For instance, as Au grows layer-by-layer until the first ML is com-
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4. Structural and electronic properties of the intercalation system

pleted, fewer nanoislands can be found embedded at step edges when intercalation
is completed, which can explain the low availability of on top nanoislands in the

monolayer regime.

Most importantly, the choice of definition helps explaining the behaviour of the
sizes of nanoislands, as itis quite obvious thatlarger nanoislands have a higher prob-
ability of "meeting" in lateral contact an Au island or step edge, and at the same time
are more hardly intercaleted uniformly (especially when considering samples where
the average size of nanoislands in partly on top configuration is >1000 nm?). Fur-
thermore, as will be discussed in more detail in Sec. 4.3.2, intercalation most likely
proceeds from the edges or from defects and vacancies of the graphene nanoflakes.
A uniform intercalation is therefore less probable for larger nanoflakes, which are
then more often found laying on different Au layers. These two considerations ex-
plain why partly on top and embedded nanoislands display larger sizes. As a result,

smaller nanoislands are the ones with the highest probability of being on top.

The most interesting result, however, is the increasing abundance on top nanois-
lands with the Au film thickness. Part of the explanation could reside in the decreas-
ing concentration of Ni alloyed in the Au layer, leading to a different interaction of
the edges and the bulk of graphene with the substrate. However, the concentration
of alloyed Ni is expected to be negligible already in the 2" Au ML, and therefore this

alone cannot explain the observed behaviour.

4.3.2 Intercalation mechanism

The intercalation processis widely studied for extended graphene on transition met-
als [83, 90, 235]. It is well established that in this system, the intercalant is first
deposited on the graphene layer and then, upon annealing, intercalates under it
through vacancies, defects and grain boundaries [248-250], though also a mecha-
nism of intercalant-aided vacancy formation in the graphene layer and healing after
intercalation has been proposed[251, 252]. The process is driven by the energy gain
in adsorbing over the metal surface rather than over graphene [251]. When grow-
ing graphene nanostructures, however, the metal surface is available, and therefore
different results and mechanisms might be expected for metal intercalation under
these. Edges must also be taken into account, as these can be an intercalation chan-

nel, but an energy barrier is associated to unbinding of them from the substrate [94]
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4.3. Au intercalation

A series of experiments of Au intercalation with thicknesses in the submonolayer
and monolayer range (0.9-1.6 ML) under graphene nanoislands on Ni(111) clarified

the mechanism of intercalation in this system.

The main features are shown in Fig. 4.9. Fig. 4.9a shows the surface of Ni(111) af-
ter growth of graphene nanoislands. The nanoislands display different shapes with
straight edges in the zigzag direction, and have an average size of 122 nm?. Fig. 4.9b
shows the same surface after depositing 1.6 ML of Au and annealing. Dislocations
cover the whole area of the terraces observed, as well as the islands on top of it, which
are recognized as Au islands. Hollow zones of different sizes and apparent regular
shapes are also observed. These display different heights in their inside. The magni-
fied STM topographic image of one of them is shown in Fig. 4.9c. As observed, dislo-
cations are visible in the surrounding Au layer, but not anywhere in the inside of the
hole. The deepest part of the island looks flat, except for a number of protrusions,
either point-like or irregularly shaped and distributed ("bubbles"). Two areas are
imaged high, and otherwise have the same appearance of the bottom part of the is-
land. Magnified scans displaying these features are shown in Fig. 4.9d-e. From these
last images, taken with atomic resolution, it is also possible to appreciate the hexag-
onal lattice both in the bottom area (Fig. 4.9d) and on the high parts, whether in the
"bubbles" orin the high flat area, where electronic interference gives rise to different
patterns (to the right of the area in Fig. 4.9e and less clearly on its other edges too).
The atomic lattice corresponds to that of graphene, and the electronic interference
is due to electron scattering, as will be discussed in more detail in Sec. 4.4. There-
fore, the hole doubtless corresponds to one of the graphene nanoislands grown on
Ni(111).

Fig. 4.9f-g show profiles evidencing the apparent heights of all of the presented
features respect to the Au/Ni surface. As observed, the bubbles display an apparent
height of 1.24+0.1 A with respect to the bottom of the nanoisland, similar to the Au
surface surrounding. The higher, flat areas display instead a height difference of
2.140.1 A to the bottom. Such height could in principle correspond to that of Gr on
Au (2.1+£0.2 A), but the height difference to the surrounding Au/Ni surface of 0.8 A

has no simple explanation.

The absence of dislocations in the whole of the nanoisland suggests that a dif-

ferent process is ongoing respect to the rest of the surface. As seen previously in
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Figure 4.9: a) STM scan of a GNI/Ni preparation (T =500°C and Tpy =650°C); the coverage of graphene is
17% of the surface area. b) STM scan of the same surface after deposition of 1.2ML of Au and annealing.
¢) Magnification of a Gr nanoisland seen in the top of (b), embedded in the Au overlayer. Point defects
and raised areas are seen in its interior. d-e) Magnifications of the areas highlighted in (c). In (d) graphene
is partly raised from the substrate, displaying atomic resolution. Its height is similar to the Au/Ni surface
as displayed in the profile in (f). In (e) an area is displayed where the bottom (blue) parts of the GNI have
the same appeareance as on top of an island (yellow), with raised parts both on the bottom - at the sides
of the intercalated island - and at the sides and on top of the island. g) The height of the island is greater
than the surrounding Au/Ni and measures 2.1+0.2 A as a Ni step.
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4.3. Au intercalation

the figures presented along this chapter, dislocations are observed under graphene
nanoislands after successful intercalation of Au. Moreover, intercalated nanoislands
in embedded configuration show a height difference of 0.240.1 A to the surrounding

surface, very different from the 1.2 A measured for these nanoislands.
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Figure 4.10: a) STM topographic image of a GNI after deposition of 0.9 ML of Au and annealing. The
island is embedded in the Au overlayer. V,=0.83 V, [;=0.5 nA, scale bar 5 nm. b) Height distribution of
the scan of (a). The surface of Au/Ni is normalized at 0. Only another peak is recognized at -1.3 A. c)
Magnification with atomic resolution of the squared area in (a). The lattice of graphene is resolved on
the raised parts of the island and displays some scattering effects near the defects. V,=5 mV, ;=13 nA,
scale bar 1 nm. d) Scan of an area on the sample, where some graphene nanoislands and some holes in
the Au overlayer are recognized. V,,=0.6 V, 1;=0.2 nA. e) The same area with V;,=2.5V, [;=0.2 nA. f) Profiles
across the two lines shown in (d-f). The island looking low and embedded in (d), shows a corrugated
profile in (f), with an average height similar to the Au surface.

Another example for a similar preparation is shown in Fig. 4.10. Fig. 4.10a shows
a graphene nanoisland surrounded by Au and 1.3 A lower than it, except for some
zones which display the same height of Au, as evidenced in the profile reported in
Fig. 4.10b. Fig. 4.10c shows a zoom on one of such raised areas with atomic reso-
lution: once more, the lattice of graphene is resolved and scattering effects are ob-

served. A larger scan area is displayed in Fig. 4.10d-e, at V,=0.6 V and 2.5 V respec-
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4. Structural and electronic properties of the intercalation system

tively. A starking contrast difference is observed in the bottom part of the nanois-
lands: graphene now seems to be raised, as eivdenced by the profiles reported in
Fig. 4.10f.

This is the same effect observed for graphene nanoislands grown on Ni(111), due
to the onset of an interface state (IFS) at E=2.45 V arising from the shift of the sur-
face state of Ni under graphene[76]. Furthermore, the apparent height of graph-
ene on Ni(111) is 1.4+0.1 A, and since an Au island on Ni(111) measures 2.5+0.1 A,
the observed depth of 1.240.1 A for the nanoislands of Fig. 4.9 and Fig. 4.10 is fully
compatible with the height difference of an Au ML on Ni(111) and a GNI/Ni(111).
Therefore, the bottom of GNIs is laying on Ni(111), and this part is consequently not
intercalated.

We next discuss the nature of the parts of nanoislands which are raised. As pre-
viously observed, the large flat areas displaying a height of 2.1+0.1 A (Fig. 4.9c and e)
respect to the GNI/Ni(111) parts, have also the same appearance as the bottom parts
of the nanoislands adsorbed on Ni(111). Since the height difference of2.1 Ais that of

a Ni step, these parts are recognized as Ni islands under the graphene nanoislands.

Finally, the "bubble" areas, raised by 1.2+0.1 A and showing scattering effects,
has to be explained. The observation of scattering effects at the bias voltages em-
ployed for these images (V<10 mV for the STM topographies with atomic resolu-
tion) can be related to a decoupled graphene, as discussed below in Sec. 4.4. Such
electronic decoupling could derive from a wrinkling of graphene due to strain, as in
Gr/Pt(111) [253]. But it is observed that such bubbles are here found always in the
vicinity of either a nanoisland edge or a vacancy defect, which are the preferential
sites for metal intercalation [94]. Therefore, we associate such scattering effect to

intercalation of Au.

Furthermore, an alloying-dealloying mechanism for Au on Ni(110) was reported
[254]. Atlow concentrations, Au is alloyed in the topmost Ni layer, and the "squeezed
out" Niatoms form 2D islands on the surface. Only at higher concentrations (>0.5 ML),

Au islands and patches start to form on top of the Ni surface.

The explanation of the whole appearance of the nanoisland of Fig. 4.9 is repre-
sented in Fig. 4.11 and could be as follows: Au atoms can intercalate under graphene
nanoislands only through vacancy defects or from the edges. As an energy barrier is

associated to intercalation through edges and the metal surface surrounding is an
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Figure 4.11: Proposed intercalation mechanism. a) Au atoms penetrate through the edges or defects
under GNIs. b) For low intercalated Au coverages, they are alloyed in the topmost Ni layer, and Ni atoms
squeezed out of it form 2D islands under Gr. ¢) Intercalation continues until completion. The Ni atoms of
the 2D islands diffuse and alloy in the Au overlayer. d) After completion of the first Au layer, more Au layers
can intercalate under Gr. e) STM topography showing the intercalation evolution in one frame: an island
adsorbed on Ni, two nanoislands intercalated by 1 Au ML (only one is indicated), a nanoisland where the
second Au layer is intercalating and one where this process is completed. 1.5 ML Au was deposited. Scale
bar 20 nm.

energetically favourable site of adsorption, this process is determined by kinetics,
and few atoms or clusters of Au are allowed to intercalate. These atoms alloy into the
topmost Ni layer, while Ni 2D islands form under graphene, Fig. 4.11b. The fact that
the total area covered by "bubbles" (120 nm?) and intercalated Ni islands (100 nm?)
is very similar seems to confirm this scenario. Intercalation then continues until
completion, Fig. 4.11c. The Ni atoms squeezed out likely alloy in the Au layer, either
under GNIs or in the surface around them, where a Au/Ni alloy is already present.
Intercalation can then continue for more layers, as more Au is available at the edges
of Gr, Fig. 4.11d. A frozen frame displaying the process is shown in Fig. 4.11e (see

also Fig. 4.2 for another example).

One could think that at sufficient high coverage of intercalated Au, the alloy-
ing process does not take place, as it happens with the Au deposited on the bare

Ni surface around the nanoislands. This, however, was not verified in our experi-
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ments. This can be attributed to the different energetic landscape given by the pres-
ence of Gr on top of Ni and/or to the intercalation routes (edges/defects) limiting
the Au availability under Gr. The effect would be similar to the "colander effect"
proposed for Co intercalation under Gr/Ir(111), where Gr limits the intercalated Co
cluster sizes, resulting in alloying-mediated stretched Co/Ir film, different from bare
Co/Ir(111) [255, 256].

4.3.3 Atomic structure of the graphene islands

Intercalation is an effective method of controllably modifying the electronic prop-
erties of graphene and realizing graphene/metal interfaces not possible by direct
growth on the intercalant or entirely novel, as is the case of Gr/Ni/Ir [101]. By CVD
growth, we can grow selected GNIs controllably on Ni(111); by intercalation of Au,
recovery of the pristine graphene electronic properties is expected [84], as will be
discussed in Sec. 4.4. However, as the structural properties of graphene depend on
the chemical and stacking interaction with its substrate, intercalation can lead to
structural modification of the as-grown graphene nanoislands. The strong interac-
tionwith Ni(111) induces a slight strain (by 1.2%) in the atomic lattice of graphene, in
order to provide a perfect match of its relaxed structure (lattice constant ag,=2.46 A)
to the almost coincident structure of the surface (lattice constant ay;=2.46 A). A dif-

ferent interaction with the weakly-interacting Au (as,11)=2.88 A) is to be expected.

Fig. 4.12 shows STM topographies with atomic resolution of two lateral inter-
faces of Gr to Au for embedded islands. In the two cases, the atomic lattice of both
Gr and Au are contemporarily resolved. As observed, the two lattices are completely
aligned, along the high symmetry directions of the Ni(111) substrate . After calibra-
tion, we measure ag,=2.43 A and a,,=2.82 A from Fig. 4.12a, which is taken in the
VT-STM system, and ag,=2.46 A and a,,=2.86 A from Fig. 4.12b, which was taken
in the LT-STM system. Both images are taken on Au thin films in the dislocation
regime, where the lattice constant of Au is reduced compared to Au(111) [245]. The

corresponding lattice mismatch is 13.8% and 13.9%, respectively..

The lateral interface shows also the commensurability of graphene to the sub-
strate. As seen from the coincidence lattice superimposed on Fig. 4.12a, commensu-
rability between Gr and Au lattices is found for Gr 8x8 cells to Au 7x7 cells. Marchenko

etal.[103] report a 8x8 superstructure together with a 9x9 supestructure forming for
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Figure 4.12: a) STM topographic of the interface between the embedded GNI of Fig. 4.5a and the Au
surface. The atomic networks have been superimposed. Though the direction of the Gr edge suggests a
zigzag perfect structure, the exact structure of it is not clearly resolved due to a strong interaction of the
tip. Nevertheless, the commensurability with Au can be extrapolated. b) STM topographic image of a
different embedded GNI and its interface to the Au overlayer.

low amounts of Au deposited and which, instead, we did not observe.

The long range commensurability does not induce a Moire pattern on graphene,
which is indicative of the weak interaction with the Au substrate. Instead, for Au
film thicknesses in the dislocation regime, the dislocation lattice is repeated under
graphene, as observed in Fig. 4.2b in the beginning of this chapter and along the

following figures.

4.3.3.1 Edge structure

As discussed in Sec. 3.2.1.2, on Ni(111) zz, edges reconstruct because of energeti-
cally unfavourable stacking of the outer edge atoms to top Ni atoms, and thus hexag-
onal nanoislands are characterized by alternated z z and reconstructed (z z, ) edges.
After intercalation of Au, though, the stacking and energetics of the edges are com-
pletely modified. Since the chemical interaction of graphene with Au is reduced
respect to Ni, it is interesting to investigate the behaviour of reconstructed edges
upon intercalation and the possibility for them to recover the zz symmetry corre-
sponding to free-standing graphene. We also expect different edge coordinations
for embedded or on top edges, which might induce different behaviours also for the

reconstructed edges.
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Figure 4.13: a) STM topographic images of a hexagonal nanoisland embedded in the Au topmost layer.
b) Magnification of the bottom part of nanoisland in (a). Atomic resolution is displayed on the edges,
and the atomic lattice is superimposed on the STM topography. Two zigzag edges are recognized, where
the one to the right also displays a kink. V=6 mV, [;=1.1 nA, scale bar is 1 nm. c) STM topography
of the termination of a larger graphene nanoflake, formed by the cohalescence of the hexagonal island
represented and another nanoisland not shown in the scan. d) Atomic resolution on the edges shows
a zigzag edge on the left and a curly structure with a periodicity double that of zigzag, identifying its
structure as a reconstructed edge. V,=0.3 V, I;=1.0 nA, scale bar is 1 nm. e) With a different tip, another
short edge displays regularly spaced protrusions. f) displays the same structure on a different GNI with
higher resolution.

Fig. 4.13 shows STM topographic images of the edges of two hexagonal nanois-
lands embedded in the Au layer with their corresponding edge structures, as extrap-
olated from the images with atomic resolution ( Fig. 4.13b,d ). Both nanoislands
display three long and straight edges, and two short edges — while the last edge is
in contact to a saturated step edge in (a), and the nanoisland in (c) is coalesced to a
larger graphene nanoflake. The corresponding surfaces are, in both cases, Au thin
films in the dislocation regime. The temperature of intercalation was 500°C for the
nanoisland of Fig. 4.13a and 380°C for the one of Fig. 4.13c. As it is observed, two dif-
ferent cases are represented. Fig. 4.13b shows a magnfied topographic scan of the
bottom edges of nanoisland (a). Atomic resolution reveala the honeycomb structure
of graphene, ending in a straight line to the left of the nanoisland. The edge to the
right/bottom, instead, displays straight lines of point protrusions at the two sides
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of a kink. As evidenced by the superimposed lattice of graphene, such protrusions

have the periodicity of one benzene ring and thus a zigzag symmetry.

Fig. 4.13d shows a different behaviour. Here, both edges have an apparent height
greater than both graphene and Au - the appearance of the edges will be addressed
in Sec. 4.4. The edge to the left displays a line of protrusions with the spacing of a
zigzag edge. The bottom edge, instead, displays larger protrusions. We observed this
appearance in many islands, at the short edges where reconstruction is expected on
the Ni surface, and measured an average periodicity of 5.2+0.3 A. This is compatible
with the 2x2 reconstruction observed for GNIs on Ni(111) (see Sec. 3.2.1.1).

Fig. 4.14 shows a series of STM topographic images of on top hexagonal GNIs
and the termination of the edges where reconstruction is expected to take place on
Ni(111), after intercalation of Au at 380-390°C. The three nanoislands represented
are all found in the proximity of a step edge: Fig. 4.14a has a part embedded in the
higher terrace. We note that, by our definition, this is considered on top. Fig. 4.14d is
actually a partly on top nanoisland, with a part embedded in the higher terrace and
a smaller portion extending over it, across the step edge; Fig. 4.14g is a nanoisland
with two edges in contact to a step edge. STM topographies with atomic resolution
of their bottom edges are shown in Fig. 4.14b,e,h (in h the full atomic lattice is not re-
solved, but the protrusions of the edges are visible), and the corresponding profiles
are reported in Fig. 4.14c,f,i together with profiles of their zigzag edges, for compar-

ison.

The three terminations show different behaviours. Edge 1 of Fig. 4.14b displays
a series of protrusions with the same zigzag periodicity of edge 2, as seen in the pro-
files. In the other two nanoislands, a clear periodicity is not recognized. The edge
of Fig. 4.14e displays a curvy shape, with point protrusions of different appearance
and oddly spaced. In Fig. 4.14h, the edge has a curly appearance, and though a pe-
riodic structure is not recognized, comparison to the zigzag profile of edge 2 shows
a near-to-double coincidence. The spacing of these protrusions measures 0.52 A,

0.40 A and 0.32 A. The exact structure, however, could not be resolved.

In conclusion, the edges grown in zz, direction in Ni(111) appear with diverse
structures after the intercalation process, and a unique final structure was not ob-
served. Perfect zigzag edges were observed in two cases along the short edges of

hexagonal islands; protrusions with different spacings were observed in others. These
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Figure 4.14: Left column (a,d,g): STM topographic images of on top hexagonal nanoislands after interca-
lation at 380-390°C. Central column (b,e,h): magnification of the bottom edges of the nanoislands, with
atomic resolution. Right column (c,f,i): Profiles along the two edges indicated in the images of (b,e,h). a)
Vp,=0.4V, [;=0.83 nA, scale bar 1 nm b) V,,=-50 mV, ;=7 nA, scale bar 1 nm d) V,=0.67 V, [;=1 nA, scale bar
2 nm e) V=10 mV, ;=8 nA, scale bar 1 nm g) V;,=284 V, [;=1 nA, scale bar 2 nm h) V;,=210 mV, [;=2 nA,
scale bar 1 nm.

are mostly compatible with the spacing expected for well-formed zz,;, edges.

It has to be noted that, on Ni(111), nanoislands can grow embedded in the Ni
layer, as also shown for extended graphene in [159]. Here, zigzag edges also in zz,
direction have been observed, and therefore one of the possible reasons of the ob-
servation of zigzag edges after intercalation is that the nanoislands grew embedded
in the Ni substrate. As the abundance of embedded nanoislands in Ni(111) is usu-

ally low, though, and these often display irregular shapes, this is unlike to be the
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main mechanism through with fully zigzag GNIs are obtained.Furthermore, given
the intercalation mechanism previously explained, it seems unlikely that nanois-

lands growing embedded in Ni would be on top in Au.

Overall, the presence after intercalation of edges displaying reconstruction, dis-
ordered structures and zigzag suggests that a recovery of the regular zigzag edges
is indeed the equilibrium situation, but that the process is hindered. Though the
equilibrium structure is zigzag, in fact, an energy barrier has to be overcome in or-
der for the carbon atoms of the edge to reorganize. The thermal energy provided
during the intercalation process in the range of temperatures allowed, might not
be sufficient to overcome such barrier. The observation of zigzag edges in the re-
construction direction after intercalation at 500°C does point to an energy barrier
limitation. Furthermore, either a carbon source or a loss of 1 carbon atom per unit
cell from the edges are necessary in order to transform the pentagons of the zz,,
edge into hexagonal benzene rings.. "Dereconstruction” of the reconstructed edges
into zigzag symmetry is then not a straightforward process, and a full control might
not be possible in the Gr/Au/Ni system due to the phase diagram of the two metals.

4.4 Electronic properties

As discussed in Chap. 2, the electronic properties of a surface can be probed with
spatial resolution by STS methods. In this section, we explore the electronic proper-
ties of the Gr/Au/Ni system and compare them with Gr/Ni from different perspec-
tives. 1) With field emission resonances (FERs) we access to work function variations
that can be used as chemical probe. ii) By studying surface states of Au we study the
effect of graphene on the underlying Au, which gives information on the relative in-
teraction. iii) The study of QPIs gives information on the scattering properties of the
lateral Gr/Au interface, another indirect way to probe the Gr/Au interaction. iv) The
final part is the direct study of the Gr electronic properties. Here we find difficulties
to access to bulk Gr properties, due to the fact that surface states are the preferred

tunneling channel. We do, however, detect states localized at the edges.

4.4.1 Chemical identification by field emission resonances

When an electron is placed in front of a conductive surface, an image-charge arises

in the substrate. This image-charge defines a potential in which a set of hydrogen-
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like (Rydberg) states known as image-potential state (IPS) arise. IPS can also be
viewed from the phase accumulation model proposed by Echenique and Pendry
[257]. In this model, bound states in the quantum well defined by the crystal band
gap and vacuum potential are obtained from the phase shifts at each boundary,
whenever the accumulated phase gives rise to constructive interference. The con-
dition for this can be written ¢ 3 + ¢ ¢ = 27 n, where ¢ is related to the crystal band
structure, and ¢ p to the vacuum barrier. In particular, image states arise from phase
changes in the reflection at the vacuum boundary (changes in ¢ ), , and are there-
fore related to details in the vacuum potential. For that reason, they carry important
information on the work function and any other surface property that shape the vac-
uum potential. We will see in Sec. 4.4.2 that states originated from phase shiftsin ¢

are called intrinsic surface states and are more related to the crystal band structure.

In STS, image states can be accessed when the bias approximates the work func-
tion, Vy2 @, i.e. in the field-emission (FE) regime. The vacuum potential is there-
fore strongly distorted by the electric field of the tip, hence in this regime the IPS
are Stark-shifted and become field-emission resonances (FERs) [180, 258-260]. Al-
though the absolute relation between the original IPS and FER energies cannot be
extracted, the relative changes in IPS energies due to local work function changes,
lateral confinement, etc. are reflected in FERs. In general, the lowest lying FER is
most sensititve to the details in the shape of the original image potential, whereas
the higher lying FERs feel more the region of the potential barrier distorted by the
tip [259, 261]. The width of the FERs additionally carries information on the life-
time, dominated by their coupling to bulk states above the surface projected gap
[262]. Because of the relevant information on the properties of a surface, the inves-
tigation of IPS/FERs has been widely used in graphene/metal systems [263] to e.g.
explore different interaction regimes [243], local variations in the Gr/metal interac-
tion [100], interfacial coupling and graphene thickness [264] or lateral confinement
in GNIs [265].

During the course of this thesis, we exploited FERs as chemical probes, identify-
ing the different species or structures on the surface. We also studied their evolution
with the thickness of the Au film and used them as an indipendent thickness cali-
bration, as will be discussed in the next subsection. Spectra were acquired in the
C.C. mode due to the high energies to be accesed (up to 10 V above the Fermi level).

This way the tip retracts as the voltage increases, thus reducing current and electric
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field induced processes.

GNI/Au 120nm°

Au/Ni 5 ML

dl/dV signal [arb.units]

2000 4000 6000 8000
Energy [meV]

Figure 4.15: Constant current d1/dV spectra of graphene nanoislands on Au/Ni and on the surface of
Ni(111) and of the corresponding surfaces. The spectrum of Au is the one corresponding to the surface
where the graphene nanoisland of the Gr/Au spectrum was measured.

Fig.4.15shows C.C. spectra acquired on graphene nanoislands adsorbed on Ni(111)
and on Au films, and the corresponding spectra on the bare metals. As can be ob-
served, the spectrum of Ni(111) shows its first peak at an energy of 5.10 eV, identified
as the n =1 FER. The spectrum of graphene on this surface shows its first peak at an
energy of 2.4 eV. This peak is not related to the n = 1 resonance, actually, but rather
to the onset of an interface state (IFS), which will be further discussed in Sec. 4.4.2.
The first resonance appears at 4.2 eV, thus at an energy difference of 0.9 eV from the
Ni one. This identification is verified by combined calculations and by observing
the continuous energy shift when going from Ni to Gr in a line of C.C. spectra as in
[76].

As a consequence of the very different spectra, identifying Gr on Ni is straight-

forward. In fact, this can be done easily even in topographic images. When the bias
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voltage exceeds ~2.3 eV, tunneling in the IFS over graphene flakes results in a much
enhanced apparent height compared to Ni, which displays a flat DOS at this bias. A
similar effect can in principle be obtained for bias voltages around the first Gr FER
at 4.2 eV, where the DOS of Ni is still much lower. In practice, the first method is
generally preferred.

—_— Au
— Gr

10 ML aws

dl/dV signal [arb. u.]

R M T FE AU PR NI AR AR A RRR A AN RN

2000 4000 6000 8000
VBias [mV]

Figure 4.16: Constant current d I/d V spectra on the Au surface and on Gr for two different Au film thick-
nesses, evidencing how the QWS peak marked in the Au spectra is not detected under Gr. The different
width of the peaks in Au and Gr is also noticed.

After intercalation of Au, differentiating graphene and Au is less direct. The spec-
trum of the Au surface for a film thickness of 5 ML shows the n =1 FER at an energy
of 4.8 eV. On Gr, such FER appears at 4.68 eV. Different energies can be found for
different nanoislands, with a negative shift in the range of 0.1-0.2 eV respect to Au.
However, in order to identify the materials, we further note that the peaks width is
considerably reduced from Au to Gr. This implies an enhanced lifetime of the FERs
[261], which we relate to the increased distance of the image states from the sur-

face due to presence of the graphene spacer. The graphene-induced energy shift
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of the n=2 FER is larger, of 0.6 eV. It has been shown that FERs for n>1 are better
suited to estimate work function changes due to the localization of the n=1 deep
in the potential well [266]. We can therefore attribute a work function reduction of
0.6 eV to the presence of the GNI on Au, a value smaller than the ~1 eV measured for
extended graphene on Au/Ni by inverse photoemission [243]. We note that quali-
tatively this effect seems more pronounced than for Gr/Ni, consistent with the re-

duced coupling.

The peak located between the n=1 and n=2 FERs on Au, labelled as QWS, does
not have its shifted counterpart on Gr. This is due to the fact that it is related to the
quantization of bulk Au states, which cannot be accessed when the tip is on top of
the graphene. This provides a more direct chemical fingerprint than the relatively
small energy shifts of the FERs. Fig. 4.16 shows spectra acquired on samples with
two different thicknesses, where the presence of QWS only on the Au spectra is clear.
The energy of QWS depends naturally on the film thickness, and can be used as a
calibration pattern, as shown in the following.

4.4.1.1 Thickness evolution

In metallic thin films, the reduced size of the system leads to the formation of quan-
tum well states (QWS) in the direction normal to the surface. Vertical electron con-
finement leads to quantization of the bulk bands [267], which leads to a subtle per-
turbation of the image potential in the vacuum outside the surface. Such small mod-
ifications are hard to be detected by the FERs. However, more important perturba-
tions arise from the interaction between QWS and FERs and the resulting hybridiza-
tion [268]. Furthermore, structural changes that evolve with thickness provide an-
other source of perturbation that can be explored by FERs and used to identify the

thickness of a given film.

We collected C.C. dI/dV spectra on the surface of Au at different film thick-
nesses, Fig. 4.17. Au was evaporated using the home made evaporator (see Chap. 2)
and keeping a constant power. The estimated deposition rate was 0.45 ML/min,
with an error of ~10%, as calibrated by imaging surfaces with submonolayer cover-
age. Asan example, after evaporation for 12’30” the estimated coverage is 5.6+0.6 ML.
The representative spectra on this surface is indicated as 5 ML. We note that the

spectrum corresponding to 7 ML was also acquired on this surface, on a large Au
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Figure 4.17: d1/dV spectra at constant current acquired on the surface of Au films of different thickness
and on the surface of a Au(111) crystal, showing the evolution of FERs with thickness. The first FER, when
identified, is marked with a black triangle. A blue dashed line marks the Au(111) bulk band edge.

island of 2 layers. We used a sample where graphene nanoislands were grown, and
intercalated increasing amounts of Au by repeating the deposition-annealing pro-
cess, for a total of 3 depositions (two of 12’30” and one of double time). Only the
point corresponding to ~1 ML belongs to a sample without graphene nanoislands

and where no annealing was carried out, so that Au/Ni intermixing is minimized.

A monotonic decreasing behaviour is observed for the lowest lying peak for in-

94



4.4. Electronic properties

Estimated Au coverage [ML]
0 2 4 6 8 10 12 14 16 18 20 22 24

6000 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
] Au(111) FER n=1
1 A
A + First peak in C.C. spectra
5000 — A FERn=1
. fit (first peak
- ] A (first peak)
()] -
£ -
3 - +
5 ] A
C
w -
4000 —
i +
i Au(111) band edge
3000 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 5 10 15 20 25 30 35 40 45 50 55
Deposition time [min]

Figure 4.18: Evolution of the lowest lying peak in the C.C. spectra of Au with film thickness. The data have
been fitted to an exponential E = Ey+A-exp(—7 x), where y0 has been fixed to the asymptote correspond-
ing to Au(111), indicated with a blue line at 3850 mV in the figure. The peaks recognized as the n =1 FER
are marked with a triangle, and the energy of this in Au(111) is indicated by a black line at 5550 mV.

creasing film thickness. At a film thickness of 22+1 ML, it appears at an energy of
3.85 eV, which is already the energy found for bulk Au(111). In Fig. 4.18 we plot the
energy of such peak as a function of Au thickness. The data fit quite nicely an expo-
nential curve of the type E(x) = E, + A-exp(—7 x), where E, was fixed to 3.85 eV. By
using this curve, we could consistently cross check the Au film thickness on different

samples and independently confirm the evaporation rate.

Regarding the physical interpretation of the nature of the tracked peak, we note
that this cannot be identified as the n = 1 FER for two reasons: the first is that a

decrease in energy of around 1.3 eV when going from Ni to thick Au films would

95



4. Structural and electronic properties of the intercalation system

not be consistent with the ~0.3-0.4 eV increase expected from the corresponding
work function difference [243]. Secondly, we know from previous work that the C.C.
spectraon Au(111) shows a sharp onset at 4 eV that is not related to FERs, but to the
upper boundary of the projected band gap and the onset of bulk states above this
energy. According to this, the second peak in the Au(111) spectra, at 5.6 eV, would
correspond to the n=1 FER. A 0.5 eV shift with respect to Ni would indeed be in
agrement with the work function differences. That means that at some point there
is a crossover between the n=1 FERs, i.e. the lowest peak for thin Au films, and the
Au QWS, which converges to the lowest lying peak in bulk Au(111). By comparing
spectra with and without graphene, we have identified the n=1 peak for thicknesses
where data was available (marked as triangles in Fig. 4.17 and Fig. 4.18), and we can

locate the threshold for the crossover somewhere above 11 ML.

We attribute the initial energy reduction and final recovery of the n=1 FER to the
presence of a substantial strain in the thin Au films that is gradually released as we
increase the thickness. This scenario will be further corroborated with the thickness

evolution behavior of surface states, as described in the next section.

4.4.2 Monitoring substrate interactions by surface states

a) — Ni b)
o £
S S,
7] 7]
3 3
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Figure 4.19: Typical dI/dV spectra at constant height of a) Ni(111) and GNI/Ni(111), Vi;,0q=10 mV,
v=3.5 kHz. b) Au thin films on Ni(111) (22 ML) and GNI/Au/Ni on the same surface. Onsets: -505 mV
and -320 mV for Au and Gr respectively. Vi;,,q=10 mV, y=3.3 kHz.

In the phase accumulation model previously introduced, surface states (SS) can

96



4.4. Electronic properties

be seen as the n = 0 (image) states. As explained before, they are originated from
phase shifts at the crystal boundary (¢ ), which is closely related to the crystal band
structure. Their wave function is mostly confined close to the surface plane, making
it sensitive to the presence of defects, impurities or adsorbates including adsorbed
layers. In the case of the nanoislands relevant to our case, if the interaction is not
strong enough to quench the surface state, it will only shift its energy at the inter-
face due to the new boundary conditions imposed by the island. This shift can be
measured directly in dI/dV spectra, where the onset of the SS band is seen as a
step-like increase of the (momentum integrated) density of states. A more accurate
determination of the shift can be carried out by momentum-resolved band struc-
ture information. This can be obtained via another consequence of the interaction
of SS with the adsorbed material: the scattering. The interference patterns arising
from the scattering of the surface state at the two sides of the boundary of the nanois-
land can be used to obtain the momentum of the scattered waves and map the band
structure. Fitting the latter with parabolic bands, as should correspond to nearly free
electrons, can allow an accurate determination of the band onset if the data point

density at the low k region is large enough to follow the maxium curvature.

In noble metals, the Gr-metal interaction is weak enough to induce only rela-
tively small energy shifts, and energy shifts have been obtained from the onset anal-
ysis in d1/dV spectra [269, 270] and quasiparticle interference anaylsis [242, 269,
270]. We will use both methods to analyze the effect of graphene on the surface
states of Ni(111) and Au(111).

Fig. 4.19 shows comparative d I /d V constant height spectra of graphene-covered
Ni and Au/Ni and of the respective metal surfaces. The spectrum of Ni shows a
prominent peak at bias about -500 mV, a weaker peak at negative bias near Ex and
a broad peak at positive bias. The first one is coming from majority bulk d bands,
convoluted with the minority band of a hole-like dispersing surface state labelled
as S, in previous studies [76, 271]. The next feature, at around -100 mV, is related to
the majority band of a electron-like dispersing surface state labelled as S;. At pos-
itive bias, the minority S; and bulk d bands overlap resulting in a broad peak with
onset at around 150 mV. These values are in qualitative agreement with other STS
measurements: Kronlein et al. [272] found the onset of majority S; at -165 mV, and
Garcia-Lekue et al. [76] at -110 mV, while Braun and Rieder [273] measured the bot-

tom of majority and minority S; at -225 mV and -165 mV respectively.
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A double peak structure around Eg. is also shown in the spectrum of graphene
on Ni(111). Ab-initio calculations assign these features to the = bands of graphene,
which are those forming the Dirac cone around the Fermi energy. The interaction
with the Ni d bands opens a gap around the Dirac point and spin polarizes these ©
bands into Gm bands [76]. This results in a spin-dependent alignment of the graph-
ene 7 and the Ni d peak that could explain the strong spin filtering effect observed
at this interface [77]. The coincidence of graphene 7 states at the energy of the Ni
surface states makes it difficult to conclude if the latter still remain at this energy
region. To check for surface state fingerprints we look at the interference patterns
that they should produce in spectroscopic maps. An example of such d1/dV map,
acquired at -100 mV, is shown in Fig. 4.20. The map shows clear inteference pat-
terns outside the GNI. In contrast, we find no features inside the GNI, indicating the
abscence of any SS at the GNI/Ni interface in this energy region. It is possible to un-
derstand what happened by looking back to the C.C. d1/dV of Fig. 4.15. According
to the theory, the peak there identified as IFS at around 2.4 eV can be assigned to
an interface state derived from the Ni(111) S, state [76]. The strong energy shift is
another indication of a substantial Gr-Ni interaction, in line with the perturbation

of the graphene Dirac cone described above.

After intercalation of Au, the situation is radically changed. Fig. 4.19b shows the
spectra acquired on a 22 ML Au film and a GNI found on top of it. In both cases a
pronounced step-like signal increase is the dominant feature. This is usually related
to the onset of a 2D nearly free electron band, in this case a surface state. In Au the
onset lies at -505 mV, which is the value corresponding to the Au(111) surface state
[274]. For the GNI the onset is shifted to -320 mV. This shift of 185 mV is larger than
the 90 mV measured for graphene flakes on intercalated Au films on Ir(111) [242].
Yet, the magnitude of the shift is much lower than that found for Ni, indicating a

weaker interaction with Au.

The energy evolution of the quasiparticle interferences (introduced in Chap. 2)
and the band dispersion obtained from it is an alternative way to analyze the surface
states. Fig. 4.21 shows an example of such analysis, using dI/d V maps at different
energies and the corresponding FFT images. Due to the small size of the GNIs, not
much larger than the QPI periodicities, obtaining clear signal in the FFT images is
challenging. We chose an area with many GNIs, in order to maximize the signal from

the small flakes. The resulting FFTs display a ring and a star-like feature in the center,
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Figure 4.20: STM topographic image of GNIs on a) Ni(111) and b) Au (22 ML) on Ni after intercalation.
¢) dI/dV map of the area in (a) at V,=-100mV, showing the standing waves of the S surface state of Ni
reflecting at GNIs edges. d) dI/dV map corresponding to (a) at V,=-150mV: in Au, the standing waves
propagate also under GNIs. Size (a-d): 37x29 nm?. (a) and (c) adapted with permission from [76]. Copy-
right 2014 by the American Physical Society.

which give maxima in the profiles as in Fig. 4.21d. We interpreted the ring as related
to the standing waves on the Au surface, while the star-like feature as resulting from
scattering at GNIs edges, displaying dominant triangular symmetry. To cross-check
such interpretation, we decoupled the two contributions by differentiating the Au
and the GNIs in separate images, as shown in Fig. 4.21e-f. The scattering vectors
were then obtained as the radius of the ring and the distance of the star’s vertices
from the center. We measured them in the comprehensive FFTs (Fig. 4.21c-d) and
checked that such measurements would be equivalent to those in differential FFTs

within an error of 8%, which is lower than the standard deviation.

Fig. 4.22 shows the resulting band dispersions. The graph also reports the curves
obtained by [112] for Au intercalated at the graphene nanoflakes/Ir(111) interface
using a similar method. Our data points were fitted to parabolas of the type E =
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Figure 4.21: a) STM topographic image of the area where QPI mapping was carried out. V=450 mV,
I;=1.2 nA, size 100x100 nm?. b) Corresponding dI/dV map (Vy,q= 10 mV). c) FFT of the d1/d V map.
A star-like feature results from scattering in Gr due to the islands symmetry. This is concentric to a ring
resulting from the standing waves on Au. d) Profile along the white line in (c) displaying the features
related to Au and Gr. e) The same as (b,c), showing only Au signal and its FFT after GNIs subtraction and
f) complementary map and FFT image of GNIs after Au subtraction.

Ey + G/mezq?, where G is a constant G = %1%/(2m,) with m, the electron rest mass.
The parameters E, and m.g represent the band onset and the effective mass factor
of the electrons, m* = mq;m,, respectively. Each set of data was fitted with both free
parameters and setting E, to the value found by d I/d V spectra analysis. The results
are shown in Table 4.1 together with those of [112].

Band onsetE, | Effective mass m =m’/m, Ref.
Au | -505 mV (fixed) 0.21 This work
-393 mV 0.25 ibi
-390 mV 0.26 [112]
Gr | -320 mV (fixed) 0.09 This work
-92 mV 0.12 ibi
-300 mV 0.26 [112]

Table 4.1: Parameters from the fits shown in Fig. 4.22. Here m’ represents the effective mass factor, meg =
m*myg, where my is the electron rest mass.

We found that the free curve interpolates quite well the Au data, with an offset
of -393 mV which is quite different from the -505 mV found by d1/d V spectra anal-
ysis but in excellent agreement with that found by Leicht et al. [112]. The effective
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Figure 4.22: Band dispersion for Au and GNI/Au 22 ML as found from QPI mapping at different energies.
Free parabolic fits and fits where the onset at I has been fixed at the energy found from dI/dV spectra
analysis are plotted in light and dark colour respectively. For comparison, the dispersion relations found
for Au/Ir(111) and Gr nanoflakes on it in [112] are shown as dashed lines. The error bars represent the
highest standard deviation, found for energy -200 mV in graphene, 0.15 1/nm.

masses of the free fits also agree quite well, and both are in the range 0.25-0.28 found
on Au(111) by STS and/or photoemission measurements [275-278]. Lowering the
band onset also lowers the effective mass by ~20%. However, in the case of graph-
ene, the results are very different. Free fitting results in a band onset at -92 mV, very
different from the -300 mV found by [112]. Though this is near the -320 mV we found
by spectra analysis, they find an effective mass similar to that on Au, while our m*
are smaller by more than 50%. A weaker interaction with the substrate of our small
GNIs is to be supposed, compared to the rather big graphene nanoflakes (400x160

nm? in the case of the relevant measurements) of [112]. It should be noted that al-
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though a tip interaction can not be completely excluded, such effect alone seems
unlikely to justify such a shift, particularly considering the consistency of it at all

energies (while the setpoint was adjusted to mantain a sufficient d1/d V signal).

4.4.2.1 Thickness evolution
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Figure 4.23: d1/d V spectra at constant height on the surface of Au films of different thickness on Ni and
on Au(111), showing a non-monotonic shift of the onset of the surface state.

The surface states are also affected by the particular conditions of a thin film. If

the thickness of the film is smaller than the intrinsic decay length of the surface state
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Figure 4.24: Evolution of the onset of the Au Shockley surface state for different Au film thicknesses.
The dashed line indicates the Au(111) asymptotic value of -495 meV, as measured on the corresponding
crystal surface in our system. A coloured area is delimited by two model E;,, curves for limit 3 values.

in the semi-infinite crystal, the presence of the interface and the penetration of the
wave function into the bulk material (in our case the Ni) modifies the boundary con-
ditions and shifts the energy [279-281]. The lattice structure of the film might also
differ from the bulk due to strain and the presence of difference surface reconstruc-
tions that release this strain. For Au/Ni, this differences from the nominal Au(111)
surface are very explicit, with the abscence of the herringbone reconstruction and
the presence of a dislocation network. The evolution of this structure and its conse-

quences on the surface state can be used to monitor the film thickness.

We measured the onset of the surface state of Au on different film thicknesses by
acquiring dI/dV spectra at constant height. The data are plotted in Fig. 4.23, where
a clear shift can be observed. It should be noted that, differently from FER analysis,

we do not have reliable data for 1 ML and therefore omitted it.
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The onset energy is plotted against the film thickness in Fig. 4.24. A non mono-
tonic behaviour is observed. This cannot be explained by only considering the crys-
tal potential variation across the interface, but one has to consider the chemical and

structural evolution of the film and the interface.

The presence of the Ni crystal potential below the interface itself cannot account
for the observed downshift of the SS onset below the values of the bulk Au(111) crys-
tal (dashed horizontal line in Fig. 4.24). A chemically pure (unmixed) heteroepitax-
ial system that could be described with the crystal potentials of the two components
with a smooth transition at the interface (see [282]), would lead to SS energies in be-
tween those of the corresponding components. In our case that would correspond
to avalue between the S onset on Ni(111) discussed in the beginning of this section,
around -100 meV and +150 meV for the majority and the minority band respec-
tively,and that of the Au Shockley state at -505 meV. The crossing of the SS energy
below the bulk value cannot be explained by the effect of the dislocation network
either, since this would contribute with a small upwards shift due to the superlattice
potential they provide [282]. Therefore, by exclusion, we temptatively attributed the
downwards shift to the strain of the film, that would compete with the contributions

originated by the presence of the Ni interface and the dislocation network.

In order to check such assumption, we constructed a model for the system in
the following way. The final energy of the surface state will be between that of the
Au film and that of Ni, the exact value depending on the extension of the SS wave
function across each crystal potential (i.e. on the "weight" of the crystal potential
on the SS). It is then modeled as Ey,; = Epy - fay + Eni - fai, where the weights fy, ni(X)
are the amplitudes of the SS wave function in each crystal potential. Since the SS
wave function decays exponentially away from the surface, we can write it as y(x) =
Ae™P*, where A is the amplitude at the surface and f is the (inverse) decay length
in bulk. For an Au thickness x, the weigths can then be written fi;(x) = e #* and
fau(x) = 1—eP*. As for the decay parameter 3, Kevan and Gaylord [275] found a
value of $=0.20 by ARPES measurements on Au(111), which is in agreement with the
similar values that can be derived from the surface state energy evolution measured
on Au films on Ag(111) [281]. An upper limit of $=0.33 can be obtained from the

two-band approximation within the nearly free electron model (Eq. 4.11 in [283]).

The contribution of strain is contained in the definition of E,,. An epitaxial
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growth of Au on Ni would imply a compression of 10%, but after relaxing by the for-
mation of dislocations the Au lattice is compressed by about 3% (2.80 vs 2.88A) [245].
A temperature-dependent study of the Au SS shift indicates that lattice compression
leads to a downwards shift as a result of the downwards shifting of the projected bulk
band edge [284]. A compression of about 2% (500 K range of study, thermal expan-
sion coefficient of Au 1.42-107% K1) leads to a shift of about 0.1 eV. Then a 3% of
compression would lead to a shift of about 0.15 eV, to an energy of -650 meV. We
therefore modeled E,,, as Ey,(x) = ES —150-e~*~1/* | Here the parameter 7 is a
strain constant or a strained film thickness, i.e. the thickness for which the potential
in the strained film is the same as Au(111), and thus tunes the "speed" of approxima-
tion to the asymptotic value in the graph of Fig. 4.24. Since we found that fora 10 ML
film the Au surface displays no dislocations, resembling the relaxed Au lattice, and
considering that each subsequent layer not only decreases the average strain but
also relaxes the strain in underlying Au layers, we tentatively assigned this thickness

to the relaxed potential of Au, setting 7 = 10.

For Ni, we considered the S; surface state as the one contributing to the final
surface state in the Au/Ni crystal, and used the average of the spin-split bands onsets
(-100 mV and +150 mV, see previous section) as the energy for this crystal, Ey; =
25 mV.

As observed from the graph in Fig. 4.24, such model approximates quite well
the behaviour of the energies found experimentally. We find that a decay length
B=0.3 could better approximate the real value in the Au/Ni crystal. We note, more
in general, that the contribution of strain in the Au film due to the lattice mismatch

with Ni can explain the observed behaviour for the energies.

4.4.3 Electronic properties of graphene nanoislands

Previous ARPES and STM studies showed that intercalation of 1 ML of Au under
graphene/Ni(111) yields a quasi-free standing graphene sheet where the linear dis-
persion of carriers characteristic of graphene is completely recovered. The effect of
the metal is to slightly p-dope graphene by shifting the Dirac point 100-200 meV
above the Fermi energy [112, 233]. The abscence of strongly interating d states near
the Fermi level in Au therefore results in a weaker interaction as compared to the

Ni(111) surface, where the strong 7w — d hybridization opens a gap and spin polar-
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izes the Dirac cone, as shown in Fig. 4.19a.

In the previous section we showed how the Au intercalation affects dramatically
the interfacial interaction between graphene and the underlying metal by tracking
its effects on the electronic properties of the metallic surface. In this section we will

show how the electronic properties of the graphene nanoislands are affected.

4.4.3.1 Quasi Particle Interference in nanoislands

Contrary to the pronounced maxima giving rise to dI/d V peaks at the edges of the
Ni-induced gaps in the spectra of Gr on Ni Fig. 4.19a, the smooth, linear DOS varia-
tion in graphene Dirac bands together with its reduction down to zero at the Dirac
point makes the direct detection of graphene states in dI/d V spectra challenging.
The difficulties are added by the fact that states far away from the I point are difficult
to access by STM. A final difficulty comes from the fact the larger decay length into
the vacuum of the underlying metallic surface states makes them the primary tun-
neling channel [285]. A sizeable contribution of Gr states is only achieved at reduced

tip-sample distances, where clean metallic tips interact strongly with Gr.

Due to all the above difficulties we did not succeed on having direct spectro-
scopic proofs of the graphene Dirac cone. However, we were able to capture ev-
idences from the QPI patterns (see Chap. 2) arising in the topography itself. For
small enough bias voltages the tunneling current, i.e. the integral of the DOS from
the Fermi level to the bias voltage energy, can be approximated to the DOS at the
Fermi level, making topographic images similar to d I /d V maps at this energy [186].
Fig. 4.25 shows one of this "topographic" maps obtained at RT with a bias voltage of
25 mV. The atomic resolution of the graphene lattice is clearly distinguishable, in
particular far away from edges and point deffects, where electron scattering gives
rise to interference patterns. Both the atomic lattice and interference paterns can
be identified in reciprocal space by performing a FFT transform to the topo image
(Fig. 4.25¢).

The FFT shows two hexagonal patterns, rotated 30° respect to each other: one
(blue circles in Fig. 4.25c¢) is made of sharp intense points, with a distance of k =
4.76 nm’! from the origin of the 2D-FT, corresponding to a real-space periodicity
of 0.243 nm. This pattern therefore fits with the reciprocal representation of the

atomic lattice of graphene; the other one, (green circles in Fig. 4.25c¢), is composed
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Figure 4.25: a) STM scan of the edge and bulk of a graphene nanoflake - the one shown in Fig. 4.6. The
atomic lattice of graphene is distorted by electron scattering near the edges, while far from the edges (at
the bottom) it is regularly imaged as a three fold structure. The inset shows a zoom of the highlighted area.
b) Representation of a cut in reciprocal space at energy Ep+AE, where the Dirac cones appear as circles
centered in K (K’). Possible g,y vectors are indicated. c) FFT map of the scan in (a). The features circles
in green have been filtered into d), where the modulations due to scattering at the edges and the defect
are seen as the only areas with amplitude. e) Inverse FFT after filtering out the scattering information
in (d). Now the whole atomic structure of graphene is visible, even in the areas where scattering was
observed, as shown in the inset.

of broader features, with an average distance from the origin of k = 2.66 nm, i.e.
0.434 nm in real-space. This corresponds, within a 3% error, to a (+/3 x +/3)R30° lat-
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tice respect to the first one (in k-space (1/+/3 x 1/4/3)),and can be attributed to in-
tervalley scattering vectors of graphene (see Fig. 4.25b and recall Fig. 2.4) [185, 186].
The origin of each pattern can be checked by applying specific filters to the FFT im-
age and inverting it back into a real space image. By filtering in only the first pattern
(blue circles), one obtains an image of an homogeneous atomic lattice of graphene
(Fig. 4.25d). On the other hand, filtering in the second pattern (green circles), the
inverted real space image shows only features close to the graphene edge and the

point defect nearby, which can be attributed to interfefrences (Fig. 4.25e).

The dominance of intervalley scattering processes has been confirmed in more
accurate studies, acquiring real d1/dV spectroscopic maps on extended Gr films
where large area maps increase the k resolution in the FFT images. The abscence of
first order intravalley scattering patterns around the center of the (0,0) vector of the
FFT image has been attributed to pseudospin conservation, a quantum number that
is related to the sublattice symmetry of graphene and resembles the spin quantum
number [185, 186]. Another consequence of pseudospin conservation is the sup-
pression of certain intervalley processes. This turns the rings that would arise from
scattering in the abscence of pseudospin to a highly anisotropic pattern with nodes
separating asymmetric sections of the rings [185-187]. Indeed, our FFT image does
show the presence of half sections around the R30°xR30° points. This confirms the
role of pseudospin in the scattering in our GNIs, but it is also a proof of a sizeable
doping of the graphene islands (scattering between K and K’ Dirac points should
give rise to a single point centered at R30°xR30° points). We can estimate the radius
of the ring section to be around 0.4 nm™!, which for the same Fermi velocity as that
found in graphene flakes and monolayers would result in a shift of the Dirac point
of 150 meV comparable to that found by ARPES [233], and slightly smaller than that
found by STM [242]. Our single point analysis is however far from ideal, and can-
not be used for conclusions further than saying that the Au intercalation modifies
the electronic properties of GNIs in a similar way as that found for larger flakes and

monolayer graphene, giving rise to the recovery of slightly doped Dirac bands.

4.4.3.2 Edge states

The graphene honeycomb structure is a bipartite lattice that consists of two inter-
twined hexagonal sublattices. This leads to intriguing bulk properties such as the

existence of the sublattice pseudospin coupled to momentum, as mentioned in the
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prevoius section, butalso to particular edge properties that are related to magnetism.

According to Lieb’s theorem [286], uncompensated bipartite lattices exhibit a fi-
nite total spin S=1/2(N,-Ng), N, and Ny being the number of atoms in each sub-
lattice. This can be understood by the fact that sublattice uncompensation leaves
N,-Ni nonbonding states at the Fermi level, localized at the uncompensated sites.
When switching electron correlations, the spins at these sites align ferromagneti-

cally obeying Hund’s rule, and a spin gap is opened in the energy spectrum.

Interestingly, zigzag terminated graphene nanostructures may show uncompen-
sated sublattices at the edges depending on the geometry. In particular, triangular
islands are terminated by a single sublattice and can therefore develop ferromag-
netism localized at the edges [44, 45, 287]. Hexagonal islands, on the other hand,
present edges with the two type of sublattices and therefore should exhibit a zero
magnetic moment. Yet, the overall nonmagnetic solution can be satisfied by po-
larized edge states of each sublattice that are coupled antiferromagnetically. Ac-
cording to theory such antiferromagnetic configuration can be stabilized above a
critical size, when the exchange interactions overcomes the sublattice mixing be-
tween adjacent edges [44]. A similar scenario can be found in zzGNRs, where the
edge-to-edge distance can be tuned by increasing the width. Here it is shown that
spin-polarized solutions become stable above a critical width where exchange in-
teractions take over, and above that value the antiferromagnetic coupling between
edges brings further stabilization [288]. As we increase the width further, the inter-
edge interaction decreases, and so does the stabilization effect as well as the total
energy difference between the FM and AFM configurations, reaching to negligible
values when the width turns larger than the decay length of the edge states [288,
289].

Experimentally, edge states have been detected in graphite zz edges [290], pat-
terned graphene stripes [291], zz sections of irregular graphene sheets [292], zzGNRs
[46-48], and termination of AGNRs [203], but not yet in graphene nanoislands. One
difficulty for the latter is that the reactivity required to grow GNIs by CVD can re-
sult in excessive interactions that quench the edge magnetism, as shown by STS
measurements on GNIs grown on Ni(111) [76], and a recent work of hexagonal GNIs
grown on Ir(111) [49]. This interaction could be minimized by the intercalation of

more inert metals such as Au. Thus the GNIs described in this chapter, with well-
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defined zz edges and separated from the reative Ni by a Au film, seem to be promis-

ing structures to explore edge magnetism.

Fingerprints of the presence of edge states can already be found in topographic
images of embeded islands, where edges can appear as bright protrusions for par-
ticular tunneling conditions. Fig. 4.26 shows a truncated triangular GNI embedded
after intercalation of 5.5 ML of Au, displaying bright edges 45+5 pm higher than the
Au surface around it. In spite of point defects observed at the edges, one can clearly
distinguish the three long edges corresponding to the favorable zig zag directions
during the GNI growth. The edges show contrast variations with a periodicity of
2.46 A. On the other hand, the short edges are more irregular, and only one of them
shows regular protusions with a periodicity about twice that of the long zigzag edges,
a reminiscence of the edge reconstruction ocurring during the nanoisland growth.
Knowing the atomic structure of the other two short edges is not possible from this
image. Yet, we note that the brigth appearance of the edges is independent on their

structure or orientation.

To discard any purely topographic effect that could give rise to an edge contrast,
such as a structural distortion of the edges, spectroscopic measurements are neces-
sary. In the same GNI, two series of point dI/dV spectra at constant height have
been recorded along and perpendicular to the zigzag edge at the bottom of the is-
land, which seems the most perfect according to the STM appearance.The full series
of spectra are plotted in Fig. 4.26¢-f as a function of the bias voltage (c-d) and as a 2D
color plot of the d1/dV signal as a function of bias voltage and position along the
lines (e-f). The main features are evidenced in Fig. 4.26b where the average of the
spectra recorded along the edge is plotted together with representative examples of
spectra acquired on the Au surface and the inner region of the GNI. Two prominent
peaks that are exclusive to the graphene edge can be clearly observed, at energies
of -800 mV and +380 mV. The two peaks are absent in the Gr and Au spectra, where
the main feature is the SS state, shifted upwards in energy in the case of graphene as
described in Sec. 4.4.2.

Both peaks are actually localized at different distances perpendicular to the edge
line, as evidenced by the plots of Fig. 4.26¢ and e: the intensity maximum of the un-
occupied state appears 4.0£0.1 A inwards the graphene with respect to the occupied

one. The intensity of the two peaks, measured as (I; — I))/ Iy, where I, is the ampli-
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Figure 4.26: a) STM topographic image of a hexagonal GNI embedded in 5 ML Au, and (inset) zoom on
the rectangular area marked in red. The arrows indicate the direction of line STS spectra taken along and
across the zz edge. V,,=0.2 V, [;=1.0 nA, scale bar 2 nm. b) Representative dI/dV spectra of the average
spectra on the Au surface, in Gr bulk and on the zz edge. c) Series of point dI/d V spectra perpendicular
to the zz edge of the GNI in (a). d) Series of point d1/dV spectra parallel to the edge. Blue dashed
lines evidence the energies of the d1/dV maps represented in Fig. 4.27. e-f) Edge profiles (top graph)
and colour plot of the spectra (bottom) represented in (c,d) respectively. The circles in (e) represent the
intensity of the peaks, the dots in (f) represent the fitted peak energies. An arrow marks the defect along
the edge in (f). The setpoint for the two line STS was V,=0.7 V, I;=0.11 nA.
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16.0 nv
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Figure 4.27: d1/dV maps at constant height of the embedded GNI of Fig. 4.26 at energies a) -0.81 V|
in correspondence of the occupied state, b) -0.305 V, in the gap and c) 0.35V, in correspondence of the
unoccupied state. The colour scale is reported in units of the recorded signal and is the same for the three
images, where the same point on Au has been set as the 0. Setpoint V;,=-0.305V, [;=0.22 nA.

tude of the d1/dV signal at the energy of the peak and I, the background signal
on Au, is represented as the size of the dots overlaid to the color plot for a better

visualization of the maxima.

From the spectral plots of Fig. 4.26d and f, it is evidenced that the energies of the
peaks are not constant along the edge. An oscillatory behaviour is observed, with the
energy of the occupied state varying between -887 and -716 meV and that of the un-
occupied one between 326 and 520 meV. An abrupt energy shift is observed at the
position of the protrusion, which we attribute to a point defect. Disregarding this
local deviation, the modulation of energy shows a wave-like behaviour with wave-
length of 2.4+0.1 nm. As this is equal to the superlattice constant for the dislocation
network, the modulation is assigned to a periodic interaction with the underlying
dislocation network. Unfortunately, a complete spectroscopic study on a low defect
density edge was only carried out in this edge, and the tip conditions here did not
allow for a direct identification of dislocations on the nearby Au, so we were unable
to correlate the energy maxima/minima with any specific point of the dislocation

network.

The edge states can also be detected in constant height d 1/d V maps, as shown
in Fig. 4.27 for the same GNI studied in Fig. 4.26. Here the different setpoint param-
eters makes the intensity of the unoccupied state significantly larger, but the edge
contrast can be found at both peak energies. At the energy region between the two
peaks, the edge contrast dissappears except at some points that can be assigned to
defects or impurities, which are either protruding from the graphene plane or ex-

hibit higher conductivity at this energy region Fig. 4.27b.
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Figure 4.28: a) Embedded GNI on 5 ML Au surface showing dislocations. Scale bar 3 nm. b) Average of
the d1/dV spectra along the line shown in (a). A peak at energy 340 meV is seen both on Au and on the
edge, where also a second peak is observed at 380 meV. Setpoint V;,=800 mV, [;=0.11 nA. c) Trapezoidal
GNI embedded on the topmost of 11 ML of Au, at a step edge. Scale bar 2 nm. d) The averaged spectra
recorded on the zigzag edge, at the point indicated in (a), and on Gr and Au. Both the unoccupied and
occupied state on the edge are convoluted in larger peaks belonging to tip states. Setpoint V,=0.8 V,
1;=0.3 nA, approaching 0.5 A. e) Triangular GNI embedded on the topmost of 22 ML of Au. Scale bar
1 nm. f) Average of the spectra recorded at the tip positions indicated in colour in (a) for the edge, and for
Gr and Au. Setpoint V,,=1.2 V, [[=3.6 nA. Spectra in (d) and (f) have been vertically displaced for clarity.
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Fig. 4.28 shows examples of other embeded GNIs where edge states have been
detected. One clear thing to note is that the peak intensity is very different in each
case. This can be an effect of the particular tip electronic structure in each case,
which could give rise to variations in the edge-to-surface state contrast, similar to
that found in extended graphene on Cu(111) [285]. Yet, any intrinsic relation be-
tween peakintensity and the particularlocal edge configuration cannot be excluded.
Strong resonances in the tip electronic structure can also hinder in some cases the

edge state signal. This is the case for the unoccupied state in Fig. 4.28f.
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Figure 4.29: a) STM topographic image of a truncated GNI on top of 22 ML of Au (scale bar 2 nm) and
b) zoom in the area marked in red, at the corner between a zigzag and a short edge. The coloured dots
indicate the positions where the spectra were recorded. c) Average of the d1/d V spectra recorded on the
zigzag and short (reconstructed) edges of (b), and that of Au as reference. Setpoint V,=1.4 V, [;=4.0 nA.

On top GNIs have also been explored, although with less statistics due to their
lower abundance. The majority exhibit edge states, as shown by the representative
case displayed in Fig. 4.29. In this example the presence of edge states is more ev-
ident in the short edges of the truncated triangular island, but seems to be present
in both.

Table 4.2 summarizes a statistical analysis of the peak energies and the corre-
sponding splitting for different type of edges, and both the embedded and on top
configurations. We can say that, despite all energy and intensity variations, the vast

majority of studied GNIs show at least a clear occupied edge state (in one case only
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Edge type Occupied (meV) | Unoccupied (meV) | Gap avg.(eV) | [N,0/u,g]
Embedded: zz -920--740 300-455 1.32+0.20 23,21,4
Embedded: zz,; -860 — -680 - - 3,2,0
Top: zz -925, -800, -745 - - 4,3,0
Top: zz,; -600 815 1.42 2,11

Table 4.2: Energies of the states and average size of the gap found for different configurations of the edge.
The vecor [N,u/o,g] indicates the number of samples measured (N), where only one of the states could be
seen (o/u) and where both were resolved (g). The short edges are indicated as z z,. for simplicity, though
the tip conditions never allowed to confirm the structure at the time of spectra acquisition.

the unoccupied state was observed). We attribute the difficulties on finding the un-
occupied one to the presence of the Au surface states at this energy region, which
does not only contribute by increasing the d1/dV background, but could also af-
fect the edge state itself by hybridization, resulting in a broader, weaker resonance
as compared to the decoupled unoccupied peak. This selective hybridization could
also explain the different spatial localization of the two peaks, as shown in Fig. 4.26¢

and e.

Several main conclusion can be obtained from the above analysis. The first ob-
servation is that the values of the energy splitting of the peaks measured in our GNIs,
ranging from 1.10 to 1.39 eV, is considerably larger than those below 0.3 eV found
for zzGNRs on Au(111) [43, 47]. An energy splitting close to the 1.7 eV obtained by
GW for free-standing GNRs was only obtained by intercalating a NaCl film between
the GNR and the substrate to minimize screening and hybridization with the metal
electrons [46]. We note that hereafter we will compare our values to the maximum
splitting of the theoretical edge bands (A, in [38, 39, 46]), located at the BZ boundary.
This is a value that does not depend on edge-to-edge interactions due to the short
decay length of edge states at this k value. In contrast, the minimum splitting (A; in
[38, 39, 46)), occurring at 2/3 of the BZ, where edge states are much more extended
into the ribbon, gradually goes to zero for increasing GNR width [38, 39]. In our anal-
ysis we do not observe any size effects, as shown by the uncorrelated dispersion of
peak energy and splitting values plotted as a function of edge size and island area in

Fig. 4.30. Hence, we conclude that our splitting is related to that of the BZ boundary.

Differences in the energy splitting can be directly attributed to the critical role of
the interaction with the substrate in the edge magnetism. For zzGNR, a decrease in
the C-Au distance as small as 0.2 A can lead to a two-fold decrease in the magnetic

moments of edge atoms according to DFT [293]. The quenching of the magnetic
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Figure 4.30: Graphs of the energy of the occupied state as measured on different GNIs embedded in Au
as a function of a) the length of the edge where the spectra were measured, and b) the GNIs surface area.

moment, correlated to a decrease in the energy splitting, is attributed to screening
and hybridization effects by the substrate. In reality, the distance to the substrate
of a given nanographene can critically depend on its size and the particular atomic
structure. For instance, the emergence of edge states on zzGNR on Au(111) has been
attributed to minute adsorption configuration differences induced by functionaliz-
ing the edges by indene groups [46, 293]. In our case, a more decoupled adsorption
configuration of GNIs as compared to zzGNRs could therefore account for the larger
splitting observed in the former. This could be related to the intrinsic geometry of
the GNIs, but also to the particular, corrugated structure of the Au films on Ni, which
could lead to a more efficient decoupling. The lack of any size and shape effect on
the observed energy positions and splitting of edge states suggest a dominant role
of the surface structure.

A different possible contribution of our particular substrate on the observed en-
hancement lies in the screening reduction that could result from the vertical quan-
tization of Au states in the film. Such thin film to bulk transition in the screening
behaviour has been observed of Ag films on Ni(111) by tracking the plasmonic re-
sponse [294]. One would expect a similar transition in Au films but, in contrast, we
observed similar values of the splitting in the range of 5-22 ML, as shown by the ex-
amples of Fig. 4.28. Thus we discard any film thickness effect on the screening of

edge states.

Another clear conclusion of our analysis is that edge states are very robust, in the
sense that different embedded and on top configurations, as well as edge length and

atomic structure do not seem to affect dramatically the peak energies and splitting .
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On the one hand, this striking result implies again a dominating role of the surface
structure in the interaction, minimizing the effect of different edge structure and
coordination configurations. We note that intrinsic magnetic edge states have al-
ready been predicted for different type of reconstructed edges, including Klein and
zz57 ones [295, 296]. Secondly, assuming that the edge states are related to mag-
netic 7-bands implies that C edge atoms in embedded and on top configurations
have both the same sp? coordination. This can be achieved by either Au or H pas-
sivation. However, recent calculations show that the strong hybridization with Au
states quench the edge magnetism of zzGNRs upon metal coordination [297]. Based
on that, and on the assumption that the edges of the original Gr islands on Ni(111)
are passivated with H during cooling (see Sec. 3.2.1.2 and [214]), we conclude that
both embedded and on top GNIs on Au remain H-passivated. This could explain the
presence of similar edge states in both configurations.

4.5 Summary

In this chapter, we investigated the morphological, structural and electronic prop-
erties of the GNIs on Ni(111) after intercalation of Au films of different thicknesses.

We first discussed the structure of the Au film, showing that a network of trian-
gular dislocations forms at the Au/Ni interface due to the interfacial interaction and
the lattice mismatch of the two metals. The resulting corrugation is repeated and
smoothed out in the following layers, until a flat surface is achieved. Here, ridges

corresponding to the Au(111) herringbone reconstruction are observed.

We then turned to graphene nanoislands on this surface after Au intercalation,
finding that they display different topographic configurations respect to the Au layer,
with island mostly found embedded in the Au layer, and a fraction on top of it. By a
statistical analysis, we showed how the final configuration of nanoislands could de-
pend on their size and on the thickness of the Au film. In particular, on top nanois-
lands are found to be small, and their abundance increases with the film thickness.
At submonolayer coverage of Au, GNIs are mostly embedded, and the observation
of Ni islands under them lead us to conclude that at this coverage intercalation is
mediated by Au alloying to the topmost Ni layer. We then analised the atomic and
edge structure of GNIs on Au, finding that the edges reconstructing on Ni show a

tendency to recover a zigzag structure after Au intercalation. This is related to the
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reduced interaction with Au.

We then explored the electronic properties of the Gr/Au/Ni system by STS, and
compare them with those of Gr/Ni. We showed how field emission resonances mea-
sured in d1/dV spectra can reveal variations of the work function that can be used
as chemical probes, and how the behaviour of the Ni and Au/Ni surface state under
graphene can evidence the reduced interaction after intercalation. The latter was
studied by measuring the onset energy of the surface state band in the tunneling
spectra, but also by mapping the quasiparticle interferences to obtain direct infor-
mation of the band dispersion. We further studied the complex thickness evolution
of both FERs and SS, finding that this can be explained by a gradual strain relief in
the Au film with increasing thickness. In graphene nanoislands, by analyzing the in-
terference patterns we find signature of intrinsic intervalley scattering in the Dirac
cones, deducing recovery of the pristine graphene bands with a slight doping. At the
edges, we consistently detected energy-split peaks, with a large energy separation
independent of the size and the structure of the edges. We relate this observation to
the predicted spin-split edge states of graphene.
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Chapter 5

Lateral heterostructures of graphene

and hexagonal boron nitride

Since the isolation of graphene, two-dimensional materials have attracted increas-
ing attention, both for their physical properties and for applications in future elec-
tronics. Their applicability relies on the capacity to form lateral and vertical het-
erostructures with controlled final properties for technology applicationsin e.g. tran-

sistors, light and gas sensors, quantum emitters, etc. [4, 19-21, 298].

Among the 2D materials, single layer hexagonal boron nitride (hBN) was brought
to the spotlight for being structurally equivalent to graphene but with very differ-
ent electronic properties. It shares with graphene the layered honeycomb structure,
with a lattice parameter of 2.51 A differing by only 2% from that of graphene, entail-
ing high in-plane mechanical strength [124], chemical stability and thermal conduc-
tivity [125]. It is formed by alternated boron and nitrogen atoms in a s p? network,
the polar bond between the two species being the main difference from the purely
covalent C-network of graphene. Electronically, hBN is an insulator with a very wide
bandgap of ~6 eV [127]. Due to this and to the morphological similarity, it has been
explored as a substrate for graphene for e.g. vertical metal-insulator heterostruc-
tures [300-303]. Lateral heterostructures of graphene and hexagonal boron nitride
(GBN) are interesting for applications in future electronics and optics due to the pre-
dicted unique electronic properties as the controllable bandgap size [133, 137, 138,
298, 304-306] and the predicted magnetic effects [137, 139, 307-309].

119



5. Lateral heterostructures of graphene and hexagonal boron nitride

Particularly interesting are the electronic properties of the interfaces. One di-
mensional electronic states are predicted at the zigzag interface between 2D honey-
comb materials independently of the conductive properties of these [310]. More in
general, the interface between polar materials has interesting electronic and mag-
netic properties [311, 312]. At the lateral zigzag interface of graphene and boron ni-
tride, a one dimensional electronic state is predicted, with a spin polarization [132,
133] originating from charge accumulation at the boundary rather than to the in-
trisic chemical composition of the interface [135]. This state might be at the origin
of the 100% spin-polarized current in layer of Gr and hBN nanoribbons [309], which,
together with other predicted magnetic effects [139], make these hybrid materials

interesting for applications in spintronics.

Heterostructures composed of boron nitride and graphene have been produced
by top-down patterning and re-growth [53, 145], but precise interfaces were hardly
obtained. Sequential growth, occasionally including an etching step, is preferred.
This was demonstrated on e.g. Cu foil [149, 313, 314], Ir(111) [150], Ni(111) [152],
Ru(0001) [151], Rh(111) [147].Signatures of a localized electronic state on such in-
terface have been observed by STM/STS on Cu [314] and on Au/Ir [153], though the

magnetic properties could not be unravelled with this technique.

With the acquired knowledge on the growth of graphene nanoislands with pre-
cise edges on Ni(111), we investigated the growth and electronic properties of 2D
heterostructures of graphene and hexagonal boron nitride. In this chapter, Sec. 5.1,
we first describe the growth of boron nitride on Ni(111). In Sec. 5.2 we discuss het-
erostructures growth, first by seeding hBN from graphene nanoislands, and vicev-
ersa afterwards.We then discuss the electronic properties of the 2D materials inter-

face to Ni(111) and of the 1D interface of the planar heterostructure, Sec. 5.3.

Part of the experiments were conducted at the Materials Physics Center (Donos-
tia/San Sebastian, Spain), under the supervision of Prof. Enrique Ortega and in col-
laboration with Dr. Jorge Lobo Checa, Dr. Jens Brede and Dr. Mikel Abadia.

5.1 Growth of hexagonal boron nitride on Ni(111)

Hexagonal boron nitride was grown on Ni(111) from purified borazine (B3N3Hg) as
described in Sec. 2.1.1. After Ni(111) preparation (see Sec. 3.1.1), the surface was

brought to the growth temperature, in the range 600-750°CWe used doses of bo-
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5.1. Growth of hexagonal boron nitride on Ni(111)

Figure5.1: a-c) STM topographic images of hBN after growth at different temperatures a) 600°C, b) 650°C,
¢) 700°C. Scale bars 20 nm. d-e) Topographic images of triangular hBN nanoislands on Ni(111) d) on top
of the surface and e) embedded at a step edge. Scale bars (d) 0.5 nm, (e) 20 nm.

razine of 1-30 L, resulting in hBN coverages from 0.3 to the self-limiting coverage of
1 ML.

Fig. 5.1 shows an overview of the grown structures at different temperatures. As
the growth temperature increases, fewer defects are observed in the hBN. At all tem-
peratures, hBN grows mainly embedded in the Ni layer or at step edges: a substitu-
tional growth mode displacing Ni atoms has been proposed [152], similar to that
observed for graphene on the same substrate [159]. It must be noted that due to the
low solubility of B and N in Ni, here the mechanism of dilution to Ni bulk and seg-
regation/precipitation to the surface typical of C atoms can be excluded [166, 315].
Triangular structures are favoured, with the edges aligned to the close-packed di-
rections of the surface, as evidenced by the alignment to the step edges, similarly to

what observed for GNIs in the kinetically limited regime (Sec. 3.1.2). As observed,
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5. Lateral heterostructures of graphene and hexagonal boron nitride

Fig. 5.1d, truncated edges are seldom observed. These are always short, and we ob-

serve them only at the lateral interface with Ni (or graphene, see Sec. 5.2).

Figure 5.2: a) Topographic image displaying a hBN triangular island embedded at a step edge. Scale bar
10 nm. An arrow indicates the effect of a second tip apex several nanometers away from the main one.
The effect of it is minimal at close tip-sample distances. b) Zoom in with atomic resolution on the area
highlighted in (a). The zigzag alignment of the edge is evidenced, though impurities (saturated) impede
resolution along the whole of it. The proposed atomic structure assigning high-imaged atoms to B in
hollow position and low-imaged atoms to N is also drawn. Vacancies are all of one kind, corresponding
to B vacancies for the proposed structure. Scale bar 0.5 nm.

We could not acquire topographic images with simultaneous atomic resolution
of the hBN layer and the Ni(111) and cannot therefore determine the exact stacking.
However, the similarities in imaging in our STM topographies between hBN and 1x1
graphene, Fig. 5.1b, where one sublattice of atoms is imaged as point protrusions
while the other is imaged lower, suggests that a top-hollow stacking is favoured. This
is supported by the matching with the graphene lattice in heterostructures, as will
be discussed in Sec. 5.2. The most stable stacking configuration according to DFT
calculations [316-318] and combined XPD/STM analysis [319, 320] is a 1x1 structure
with N atoms on top of Ni atoms and B atoms in hollow fcc sites, (N,B)=(top,fcp),
with a small energy gain respect to the other stable configuration, (N,B)=(top,hcp).
As a consequence, triangular hBN nanoislands must point preferentially to one di-
rection, similarly to triangular GNIs on Ni(111) (see Sec. 3.2.1.1) which is confirmed
by our experiments. The same was observed on this surface by Auwérter et al. [320]
and on Co(0001) by Orofeo et al. [321].

From Fig. 5.2b, we note that the zigzag edges of hBN islands are terminated by
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5.1. Growth of hexagonal boron nitride on Ni(111)

the atoms imaged high. Due to the triangular symmetry, only one species composes
the zigzag edges termination, and the stability of either termination is determined
by the chemical environment, which in turn depends on the concentration of B and
N on the surface [152, 299, 322]. The assignment of either N or B atoms to the ter-
minations and to the atomic positions revealed by STM is a subject of discussion.
Simulated LDOS maps in the Tersoff-Haman approximation suggest that on this
surface the main contribution to the current comes from top N atoms [316], and
combined XPD and STM analysis found that triangular islands on Ni(111) are ter-
minated by these [320]. In principle, this is in agreement with the higher stability
of N-terminated zigzag edges found by DFT calculations [152, 299] and observed by
transmission electron microscopy [323] for free-standing hBN. The same termina-

tion was assumed for triangular hBN nanoislands on Cu foils [324].

However, on Ni(111) different energetics might apply: recent DFT calculations
show that on this surface N-terminated edges are stable only in N-rich chemical en-
vironment[152, 322], and that B terminations are favoured otherwise. We tentatively
assign this configuration to the observed hBN nanoislands, i.e. (N,B)=(top,fcc) with
the latter imaged high and B-terminated zigzag edges. Further motivation for this

will be discussed in Sec. 5.2.

We note from the atomically resolved STM topographies that only one type of
vacancy forms in the hBN structures. This is in agreement with previous obser-
vations on exfoliated hBN, though the assignment to either species is not univocal
(323, 325].

5.1.1 Tubular corrugations

A peculiar feature found in the hBN layer is shown in Fig. 5.3. These are long lines
mainly aligned to the three-fold symmetry in chain direction of the substrate, ap-
pearing higher than the hBN layer. We observe them in nanoislands with side-length
of >50 nm, and never in smaller ones, and thus relate their formation to a critical
size of the hBN flakes. They display a width of 2.5 nm, corresponding to 10 unit cells
of the layer, while their apparent height depend on the bias voltage: it is 40 pm at
0.3V, and 60 pm at -0.3 V. At bias >1.85 V, they appear lower than the hBN layer, as
a consequence of the electronic properties of hBN/Ni(111), which will be discussed
in Sec. 5.3.
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5. Lateral heterostructures of graphene and hexagonal boron nitride

Figure 5.3: a) Tubular folds in a hBN ML sheet and b) in a hBN nanoisland. Here, graphene was grown at
the sides, see Sec. 5.2. Scale bars (a-b) 20 nm.

We relate these structures to tubular corrugations of the hBN layer. Fig. 5.2 shows
their structure with atomic resolution. They display an hexagonal lattice with the
same unit cell as that of hBN. We compared the stacking configuration of hBN at the
two sides of them, Fig. 5.2b: as observed, this doesn’t seem to change. However, it
must be noted that the stacking could not be resolved directly, so that we needed
to filter by FFT only the frequencies resulting in hexagonal patterns. Such method
is not safe from artefacts. We note that near the corner of a tubular fold, its lattice
displays a rotational angle of 2+1° respect to plane hBN. For a width of 10 unit cells,
this results in a shift of 0.9 A in the armchair direction. Top-fcc and top-hcp stackings
are shifted by 1.44 A, corresponding to 3.3° rotation, which falls within the error of
measurement. However, since the folds do not define closed domains, and we didn't
find indications of topological defects in the vicinity of them, we cannot relate them
to stacking domain boundaries, and we propose that they instead result from a stress
release due to the small mismatch between hBN and Ni lattice. This is supported
by the fact that they are often distributed parallel to each other, with a spacing of
between 20-30 nm.

We occasionally observed a displacement of these folds in consecutive STM to-
pographic scans, and we were able to controllably manipulate them by applying
voltage pulses through the STM tip. In Fig. 5.5 two examples of this are shown. The
series of Fig. 5.5a-c shows the effect of manipulation through a voltage ramp from

0.7 to 1.2 V at constant height. After the mild voltage pulse, a flat hBN layer appears
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5.2. Heterostructures growth

Figure 5.4: a) Topographic STM image of the corner of a tubular fold. V,,=32 mV, [;=2.9 nA, scale bar 2 nm.
b) The same image after FFT filtering of the dominant hexagonal pattern (highlighted in the inset FFT).
Black lines follow the lattice of flat hBN, red lines that of the tubular fold, displaying a 2° tilt direction.

in the subsequent STM scan, but the fold appears again before the end of it. As seen
from Fig. 5.5¢, the tubular corrugation is here restored to its original position. This
is not always the case, as seen in the series of Fig. 5.5d-f. Here, a constant voltage of
5 V under the tip for 20 s was necessary for the manipulation. In the following STM
scan, the fold appears broken apart in smaller units, Fig. 5.5e. In a later scan, some
of these are joined again. The fragmentation of the folds does not help to reduce the

overall stress and consequently coalesce again.

One further hint not to associate this folds with domain boundaries is the fact
that occasionally they are displaced far from the scanning area rather than flattened

out.

5.2 Heterostructures growth

Knowing the growth properties of graphene and hexagonal boron nitride, lateral
heterostructures can be grown. While graphene nanostructures embedded in hBN
are in principle more interesting for applications in electronics [133, 137, 139, 308],
the constructrion of a hybrid 2D material with e.g. controllable gap size can rely on
hBN nanostructures in a graphene matrix [306, 326-328], thus the two heterostruc-
tures are to be investigated. Furthermore, zigzag interfaces can be obtained by se-
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I}pulse
[}

t=0 ' t=1' t=2'20" t=3'20"

e)

pulse

t=0 t=1' t=2'34" t=10'12"

Figure 5.5: Two examples of folds manipulation with STM tip: a-c) After a moderate voltage pulse at
constant height (Vramp:0.7—1.2 V, t=7 s, I;¢=0.5 nA), the hBN flattens out, but the corrugation is formed
in the same position (reappearing while scanning image (b) ). d-f) The termination of a fold is disrupted
by a tip pulse (V=5V, t=20 s, [;c=0.5 nA). Smaller corrugations form (e), which are "ironed" together by
the tip (f). A star marks a defect in hBN serving as a placeholder.

quential growth, taking advantage of the edge-seeding growth of one material from
the previously grown nanostructures of the other [145, 148, 149]. We therefore grew

heterostructures with both orders of growth, and report the results in this section.

5.2.1 Embedding graphene nanoislands in hBN

We first tried growing graphene nanoislands and afterwards hBN on the same sur-
face. This is a challenging task, because of the reduced stability of graphene at the
hBN growth temperatures. This is especially important when considering that the
reported growth temperatures of >800°C for hBN on Ni are far above the limit of
650°C of graphene nanostructures stability[315, 319, 329], and at least a temperature
of 700°C seemed to be necessary for complete dehydrogenation of borazine [125].
As reported, we could partially grow hBN on Ni(111) at 600°C and above, though

only from ~650°C a sufficient purity was obtained.

We carried out three different experiments of hBN growth at the sides of GNIs,
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5.2. Heterostructures growth

Figure 5.6: a) STM topographic image of disordered hBN grown on Ni(111) at 550°C from the edges of
GNIs. The graphene islands are evidenced for clarity. Scale bar 10 nm. b) STM topography of a GNI
surrounded by disordered hBN with Ni impurities and presumably C. Scale bar 5 nm.

which were grown on Ni(111) following the method exposed in Chap. 3. After nanois-
lands growth, the preparation quality was checked with the STM. We later grew hBN
by exposing the GNI/Ni(111) surface to borazine during the heating ramp of the
sample to growth temperature. This was done in an intent to stabilize the graph-
ene nanostructures, since we expected that the graphene edges would be a reactive
site for borazine bonding and reaction, while being passivated by it. Three different
temperatures were used: 700, 650 and 550°C. Only in the latter experiment we could
observe graphene nanoislands after preparation. Preparations at higher tempera-
tures revealed a hBN layer with similar properties, where GNIs could not be found
though.

Fig. 5.6 shows STM topographic images of the GNI+hBN surface. As noted, GNIs
are found embedded in a disordered layer. We note that a general preservation of
the shape of GNIs is maintained after the hBN growth process. Point protrusions
following the 3-fold symmetry directions of Ni(111) are found ubiquitously around
the graphene. We attribute such protrusions to Ni impurities because of their ap-
pearance similar to those in graphene, Fig. 5.6b. Although a phase separation be-
tween B-N and C-C bonds is energetically favoured [131, 330, 331], the diffusion of
C atoms from either the edges of graphene or the bulk of Ni in the hBN layer cannot
be excluded. While from STM analysis we cannot identify the chemical composi-

tion of the layer, we speculate that the surface layer is formed by a mixture of C, B, N
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5. Lateral heterostructures of graphene and hexagonal boron nitride

atoms with Ni impurities, due to the high mobility of C and Ni atoms at the growth
temperature. This is consistent with the substitutional doping of C in hBN layers on
Ru(0001) originating from unreacted C on the metal surface [151]. The authors prove
that removal of such residual C results in undoped hBN structures. However, due to
the constant presence of C in the bulk and sub-surface Ni, depletion of carbon from

this surface is a far more complex process.

In order to obtain the desired heterostructures of hBN and graphene with zigzag
interfaces we inverted the growth order, since the growth temperatures on Ni(111)
favour this method. We show this in the next section. Nevertheless, we note that
we still do not hold sufficient experimental evidence to exclude that hBN seeding at
GNIs edges can form an ordered heterostructure with a careful optimization of the
method.

As a final note, we report that a different growth method for Gr seeding at hBN
edges was also tried, by creating holes in monolayer hBN by Ar" sputtering. The
surface was then annealed in order to recover order in the hBN layer, before growing
graphene. Also in this case a GBN layer with segregated GNIs was obtained, although
these had irregular shapes and edge structures as a consequence of the amorphous
holes sputtered in hBN. We suggest that further effort in this method and in partic-
ular in the production of hBN holes with precise edges, though out of the scope of
this thesis, could provide an effective method to obtain regular GNIs embedded in

a hBN lattice with zigzag interfaces.

5.2.2 Embedding hBN nanoislands in graphene

As noted from Sec. 5.1, triangular hBN nanoislands with zigzag edges can be readily
grown on Ni(111) in a similar way to GNIs. In order to obtain regular Gr-hBN inter-
faces, we grew hBN islands at 700°C and graphene at 550-580°C after these. Fig. 5.7
shows some examples of the results. As noted, after growth the surface looks flat
and generally regular. The triangular shapes of hBN nanoislands are preserved, and
can be recognized as embedded structures in the graphene layer - see Sec. 5.3 for
the identification of the phases using the electronic structure.. A height difference
of only 30 pm is measured between graphene and hBN. As noted from Fig. 5.7b, the
interface between hBN nanoislands and the Gr layer displays an enhanced appar-

ent height. We could only observe this at the edges of few nanoislands, while mostly
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5.2. Heterostructures growth

they present a flat or sunken interface (as discussed in the following). As noted from
Fig. 5.1, this is a feature related to hBN edges rather than to Gr-hBN interfaces. We

do not hold sufficient evidence to state the origin.

During the course of the experiments, the work published by Drost et al. [152]
showed that perfect zigzag hBN-Gr interfaces can be grown on Ni(111), using a sim-
ilar method. In the following, we discuss the structure of the hBN-Gr interface we
obtained.

Figure 5.7: a) STM topographic image of (highlighted) triangular hBN islands embedded in a Gr matrix.
Scale bar 10 nm. b) Zoom in of a hBN island with enhanced apparent height at the edges, surrounded
by Gr. ¢) STM topographic image of a different preparation of hBN truncated nanoislands embedded in
defective graphene. The scan is taken at V,=2.5V, where the contrast between hBN and Gr is enhanced
(see Sec. 5.3.1)
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5. Lateral heterostructures of graphene and hexagonal boron nitride

Figure 5.8: Two STM topographic images of the zigzag interface between hBN nanoislands and defect
rich Gr. In (a) interference patterns parallel to the edge prevent full resolution of the edge, though the
zigzag direction is clearly deduced. V,=15 mV, [;=3.1 nA. b) The Gr-hBN interface is fully resolved,
showing a zigzag morphology with one defect (bottom). The proposed atomic structure is indicated.
Vp=10 mV, I;=1.0 nA. Scale bars (a,b) 1 nm.

Fig. 5.8 shows two examples of the interface between zigzag hBN edges (the long
sides of the triangular nanoislands) and defect rich graphene grown at the side. The
presence of Ni impurities and defects is attributed here to the growth temperature
employed for graphene, since a healing effect of temperature is known for both GNIs,
as discussed in Chap. 3, and for monolayer graphene [219, 228, 229]. . As observed,
the zigzag symmetry of hBN edges is preserved upon formation of graphene, which
grows continuously from the side of hBN islands. While intermixing of B and N in
the graphene layer might still take place due to unreacted borazine or local etching
of the edges, the growth at different temperatures [332] seems to provide an atomi-
cally sharp interface with a high degree of purity. Fig. 5.8b shows the interface with
atomic resolution. As noted, the interface appears dumped, with a height difference
of 10 pm to hBN. The interface shows few vacancies and a wider kink, likely related
to intermixing at the edge or single vacancies, which are energetically stable and
near the energy of a perfect zigzag interface [333].

We note that the atoms imaged high form a continuous hexagonal lattice across
the interface, thus confirming a top-hollow stacking for hBN because of the match-
ing with graphene. This also corroborates the top-fcc preferential stacking predicted
by calculations for hBN seems, as a consequence of the graphene stacking energet-

ics favouring this configuration. Furthermore, the identification of the hollow (fcc or
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5.3. Electronic properties of the heterostructure

hcp) stacked atoms of graphene as protrusions implies the same in hBN. This iden-

tifies the high-imaged atoms as B in hollow sites according to stacking energetics.

The proposed atomic structure of the interface is also drawn in Fig. 5.8b. The
assumption of (N,B)=(top,fcc) stacking configuration for hBN implies a B-C inter-
face at the boundary with graphene. This is in agreement with DFT calculations for
GBN on Ni, showing that N-C interfaces are energetically stable only in N-rich con-
ditions, and otherwise a reconstruction would be favoured [152]. Similarly, Drost
et al. [153] found that on intercalated Au/Ir the GBN interface is composed of B-C
bonds. We conclude that C-B interfaces form at the graphene-hBN boundary, in
agreement with the B terminations assigned in Sec. 5.1 to the hBN zigzag edges on
Ni(111).

The observation of zigzag edges is also important because a reconstruction is of-
ten expected at the interface between polar and non polar materials due to charge
accumulation and screening, an effect known as "polar catastrophe’ [334-336]. Fur-
thermore, misfit dislocations were observed on Ru(0001), and related to relaxation
of the strain due to the 2% mismatch between graphene and hBN [337]. This might
be the origin of the defects we observe at the hBN-Gr interface, Fig. 5.8. On the other
hand, the lack of periodicity points to a local intermixing of B, N and C at the inter-
face, with the strong interaction and the lattice match to Ni(111) stabilizing a zigzag

morphology.

5.3 Electronic properties of the heterostructure

5.3.1 Chemical identification by field emission resonances

Image potential states, the related field emission resonances in STS and their utility
in chemical identification of the materials on a surface were introduced in Sec. 4.4.1.
This method provided especially useful in the identification of hBN and Gron Ni(111),
since just using the topographic information is not enough due to the similar mor-
phology and the absence of Moire superstructures deriving from the lattice match

of the materials.

Fig. 5.9 shows a line of C.C. spectra acquired across the interface between a hBN
island and graphene. The first peak appears in hBN at ~1.8 eVand on Grat ~2.4 eV. A

transition zone is observed at the interface, where the two peaks appear with differ-
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Figure 5.9: a) Constant current d1/dV spectra along a line from hBN/Ni to Gr/Ni. Setpoint V,=0.3V,
1;=0.5 nA b) STM topography with the tip position for the spectra of (a). c) Profile and colour plot of
the spectra represented in (a). d-e) DFT calculated spin majority band dispersion of (d) hBN/Ni and (e)
Gr/Ni. The IFS, marked in blue, have their onset at I at (d) 1.70 eV and (e) 2.24 eV. Graphs (d) and (e)
courtesy of Aran Garcia-Lekue.
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Figure 5.10: STM topographies at different bias voltages on the same 100x100 nm? area of hBN- and Gr-
covered Ni(111) surface, showing a) flat terraces when the bias is lower than the IFS energies, b) higher
contrast for hBN islands for V},,>1.8 eV ¢) both hbN and Gr appearing high for V},>2.4 eV, with enhanced
contrast at their interface.

ent relative intensities. As discussed in Sec. 4.4.1, the peak there observed in graph-
ene at ~2.45 eV is related to the evolution of the surface state of Ni into an interface
state (IFS) between the Ni surface and the Gr layer, as a result of the strong electronic
interaction of the two materials [76]. The same effect is at the origin of the peak ob-
served in hBN. This is evidenced by the calculated band structures of hBN/Ni(111)
and Gr/Ni(111) of Fig. 5.9d and e, both displaying a band with parabolic dispersion
and surface character having energy onset at 1.70 eV and 2.24 eV, respectively. This
is in agreement with our experimental STS measurements, and similar values were
found in the same system by STS [152] and DFT calculations [316]. The interface
state predicted for the hBN/Ni(111) layer is not to be confused with the hBN inter-
layer state defined between hBN planes in multilayer crystals [338, 339].

In STM topography, scanning at V,>2.4 eVresults in an enhanced apparent height
of the graphene areas, with a dendritic appearance [76]. A similar effect can be ob-
served for hBN when V,>1.8 eV. Fig. 5.10 shows how the two effects can serve for
rapid chemical identification. The areas covered by hBN are enhanced in STM by
scanning the surface with 1.8<V,<2.4 eV (the actual range might be slightly lower,
since the IFS has a finite energy width due to the modification of the vacuum po-
tential with the bias voltage [174, 260]) and can thus be unequivocally identified. At
Vp=>2.4 eV, both Gr and hBN appear higher, Fig. 5.10c, with an enhanced contrast at

the interface.
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Figure 5.11: a) Forward and backward C.C. spectra acquired on top of a tubular corrugation which is
flattened out at high voltage (see Sec. 5.1.1), as demonstrated by the corresponding topographic images
taken just before and after the acquisition, appearing as insets. The indicated defect in the hBN layer
is used as a place marker. Setpoint: V,,=0.3 V, [(=0.5 nA b-c) STM topographic image displaying two
tubular folds on hBN appearing b) high at V;,=0.3 V, and c) with inverted contrast for V,=2.0 V, above the
onset of the hBN/Ni IFS. d) DFT calculations displaying the energy of the interface state as a function
of the distance to Ni(111) for unrelaxed hBN in top-fcc and top-hcp stacking. The value for the relaxed
structure at the equilibrium distance is also shown. (d) courtesy of Aran Garcia-Lekue.

5.3.2 Tubular corrugations

With the same method of the previous section, some information can be grasped on
the tubular corrugations we found in the hBN layer. Fig. 5.11 shows C.C. the forward
and backward spectra acquired with the tip placed on top of one such corrugation in
the hBN layer. The difference between the two spectra is given by the manipulation
operated by the tip at high voltage, as discussed in Sec. 5.1.1, resulting in (i) acqui-
sition of the STS spectrum of the tubular fold in the forward scan, (ii) manipulation
(displacement) of the fold, (iii) acquisition of the backward spectrum on flat hBN.
As it is evident from Fig. 5.11a, the first peak on tubular folds appears at a higher
energy (~1.90 eV) and is characterized by different width and DOS respect to the IFS
of hBN/Ni. The shift to higher energy is in apparent contrast with a rippling of hBN,
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5.3. Electronic properties of the heterostructure

as an increase of hBN-Ni distance would result in a lower energy of the IFS state, as
also shown by calculations reported in Fig. 5.11d and [340]. However, little is known
so far about the coupling to hBN states of the electronic states in such tubular folds.
The width of the peak suggests a shorter lifetime of the state observed, and thus
possibly a hybridization with bulk states [262] or with local states.

5.3.3 Graphene-hexagonal boron nitride interface
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Figure 5.12: a,d) STM topography of hBN-Gr zigzag interfaces. b,e) C.H. dI/dV spectra at the positions
marked in the topographic image. c,f) Edge profiles along the lines and colour plots of the spectra repre-
sented. Setpoints for the STS measurements: (a-c)V,=-0.5V, [;=0.5 nA, (d-f) Vy=-1V, ;=2.1 nA.

Alocalized 1D state is predicted [131] at the zigzag interface between hBN and
Gr, and it was observed by STM/STS on weakly interacting substrates such as Cu
[314] and intercalated Au [153]. We therefore investigated such interface by STS on

the strongly interacting Ni surface, in view of Au intercalation experiments.

We were able to only collect few sample spectra in this system. Fig. 5.12 shows
a line of C.H. STS spectra taken across a hBN-Gr zigzag interface. The series shows
no features peculiar to the interface. Only the characteristic features of Gr/Ni (see
Sec. 4.4) and peak at -200 mV related either to the tip or to Ni d states are recognized.
Similarly featureless spectra were registered in at least one other case. An enhanced

intensity of the dI/dV signal is observed on the hBN side at positive bias voltages .

135



5. Lateral heterostructures of graphene and hexagonal boron nitride

L o o e e e R — 99 T
b) 9E o]
S 98- -
hBN g 974 -
I
1000 . -
>
3
E
>
<
5
—_ 2
5 w
£
8
5
c
=l
>
2
3

01 2 3 4 5 6 7 8
Position [nm]

Gr

e b v b b 1
-1000 -500 0 500 1000

VBias [mV]

Figure 5.13: a) Topographic image and b) C.H. line STS across a hBN (left) to Gr (right) interface, at the
points indicated. Here, a (double) feature around Epappears on the spectra around the interface. c)
Profile along the line and colour plot of the spectra of (b). Scale bar in (a) is 5 nm. Setpoint for STS:
Vp=-0.5V, I,=0.5 nA.

Fig. 5.13 shows a different example. Here, a series of spectra are acquired across
a hBN edge imaged high and its interface to Gr. The series clearly shows a dou-
ble feature around Eg, displayed as a broad peak at +300 mV and a sharper peak at
—210 mV. The spatial resolution for this series doesn’t allow to determine if peaks
are localized on the hBN edge or on the interface. However, dI/dV spectra on the

high-imaged hBN edge alone didn’t reveal such features.

These features are very unlikely to be due to the predicted interface state [131]
around Eg and to a spin splitting of it [135, 299]. As noted in Sec. 4.4.2 for graphene,
the interaction of both hBN and Gr with the Ni substrate is very strong, so that the
band dispersion calculated for pristine graphene/hexagonal boron nitride nanorib-
bons [130, 132] is heavily modified and hybridized with the d states of Ni. Under-
standing the origin of these depends on the identification of the nature of the en-

hanced height at the border, which we could not determine in our experiments.
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5.4. Summary

5.4 Summary

We investigated the growth and morphology of lateral 2D heterostructures of graph-
ene and hexagonal boron nitride on Ni(111), and showed preliminar results on their

electronic properties and on Au intercalation.

Submonolayer growth of hexagonal boron nitride was carried out at different
temperatures, showing increasing purity for higher temperatures. The energetically
favourable (N,B)=(top,fcc) stacking leads to preferential growth of triangular nanos-
tructures with zigzag edges, as for GNIs. We find that stress-induced tubular corru-

gations form in the hBN layer, and that they can be manipulated with the tip.

Seeding of hexagonal boron nitride from graphene nanoislands is found to be
challenging: GNIs are dissolved at high temperatures, and the hBN layer is highly
defectuous in the whole growth range. Purging C from the surface and sub-surface
of Ni or sputtering of antidots in the hBN layer are indicated as possible routes to
obtain GNIs embedded in hBN.

Oppositely, graphene is successfully grown on the hBN nanoislands precovered
Nisurface. Nearly perfect zigzag interfaces are obtained. Though the chemical com-
position of the terminations cannot be resolved, we compared STM topographic im-
ages of hBN to calculated LDOS, and the appearance of the laterally matched Gr and
hBN layer. We propose that zigzag edges of hBN nanostructures on Ni(111) are B-
terminated, contrary to the preferential N-terminations predicted for free-standing

hBN, and that C-B bonds form at the heterostructure zigzag interface.

Electronically, we identify an interface state between the Ni surface and hBN,
similar to that found for Gr/Ni(111), and we show how they can be used for chem-
ical identification. A different FER spectrum is found on tubular corrugations. Fi-
nally, we investigated the zigzag interface of Gr and hBN, showing the absence of a

confined electronic state on the surface of Ni(111).
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Chapter 6

Conclusions and outlook

The challenge behind the experiments in this thesis was double. From one side,
this work is inscribed in the effort of current research to find methods and strategies
to synthetize nanostructures, particularly of graphene, with control over the atomic
and edge structure of them, and to simultaneously manipulate their electronic prop-
erties. This is an essential condition for the realization of devices at the nanoscale.
From another side, we pursued the accomplishment of this goal by using exclusively
bottom-up methods, which take advantage of the intrinsic interactions of matter at
the atomic level to drive the formation of nanostructures with the desired proper-

ties, bringing unprecedented levels of control on fundamental, natural processes.

We combined STM and STS methods, because they are surface-sensitive tech-
niques which allow the structural as well as electronic characterization of nanos-
tructures on a surface with atomic resolution. The whole growth and characteriza-
tion process was carried out in UHV conditions in order to maximize the purity of
the grown structures and of the system to be analyzed, additionally running selected
experiments at low temperature to perform atomically resolved spectroscopic mea-

surements that probe the fundamental properties of the system.

For the achievement of our goal, we used three bottom-up methods: i) CVD
growth of graphene nanostructures, with control of the edge structure and shapes
ii) intercalation of metal films at the graphene/metal interface to control the final
properties of the graphene/metal system and iii) interfacing graphene with other

2D materials in lateral heterostructures. The first two methods rely on the control
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of the interfacial interaction with the substrate, while the third one includes the in-

plain combination of two-dimensional materials with differing properties.

Growth of the nanostructures was conducted on a nickel substrate because it
provides areactive growth surface with an epitaxial match to graphene, which allows
unstrained growth of it. By an adapted CVD process shape-selected nanostructures

can be produced with an exquisite control over the edge structure.

Gold was chosen as the metal intercalant, because the reduced interaction en-
tails the possibility of inducing structural changes to graphene by the modified sub-
strate coordination and of decoupling graphene to recover its quasi-freestanding

properties.

We further tried to produce atomic layers with controlled electronic properties
by producing heterostructures of graphene and two-dimensional hexagonal boron
nitride. The latter was chosen because of its structural homogeneity to graphene
combined to the electronic properties of a wide gap insulator, meaning that planar
layers with tunable bandgaps could be obtained, with interesting interfacial proper-
ties. With the knowledge acquired from the growth of graphene, we hoped to obtain
a precise control on the growth of boron nitride nanostructures on Ni, and to com-

bine these and graphene nanostructures in hybrid layers.

We have shown that the intrinsic complexity of the processes involved in the
growth of graphene on nickel challenges the assumed simple picture of the forma-
tion of perfectly epitaxial graphene (nano)structures. We found that, depending on
the growth parameters used, the internal structure of regularly shaped nanoislands
can be far less than perfect when observed with atomic resolution. However, char-
acterizing precisely the stacking symmetries and domain boundaries of the grown
nanostructures led us to identify strategies for the formation of quantum dots with

controlled crystallinity, shape and size by controlling the growth.

Throughout our experiments, intercalation of Au on such Gr/Ni system was shown
to be an effective way to tailor both the structural and electronic properties of the
as-grown graphene quantum dots. While we could not track changes in the internal
structure, we found that, by intercalation, the edge structure of the graphene can be
modified, recovering purely zigzag structure. Thus, the interfacial interaction with
the underlying metal, first Ni and then the intercalated Au, can be used as a method

to finely control the edges of graphene nanoislands. Furthermore, the effect of such
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interaction on the electronic properties was shown to be detrimental: while on Ni a
strong interaction leads to the opening of gaps, and induction of spin polarization
of the former Dirac cone, we showed by STS that on Au the freestanding properties
of graphene are recovered. Interestingly, we found that our graphene nanoislands
display a different interaction with Au than that previously observed for other graph-
ene nanostructures. Not only areduced interaction with Au is measured, but also we
find solid, reproducible signatures of a pair of occupied and unoccupied states con-
fined at the zigzag edges, which we attribute to the spin split 7z bands. This finding,
combined to our control on the structure of nanographenes, could lead to the real-
ization of triangular graphene quantum dots on Au that, due to the entanglement
between their unbalanced bipartite lattice and the spin alignment on their edges,

would have ferromagnetic properties.

From the growth of 2D heterostructures of Gr and hBN, we learned that the com-
plexity of a system does not always allow the realization of the desired structures
(sometimes 141 does not sum 2!), although new materials with interesting proper-
ties can be obtained. While the graphene quantum dots can not be embedded in an
insulating hBN lattice due to the different growth and stability temperatures on Ni,
we could fabricate planar heterostructures by embedding hBN triangles in graph-
ene, obtaining precise zigzag interfaces. We propose that Au intercalation could lead

to the observation of electronic states localized on such interfaces.

Outlook

The greatest teaching of a thesis is that research might have a clear beginning but
knows nothing about the ending. However, if research was a line (or an entangle-
ment of crossing lines), a PhD thesis would be only the part visible through a high-
resolution lens. The points that follow are unknown, but a few suggestions can be
made. However, each PhD does need to end, hopefully providing suggestions for

another beginning.

The most relevant result of this thesis is doubtlessly the observation of energy-
split edge states in graphene quantum dots, and the consequent possibility to realize
magnetic GQDs. Probably the following step with highest importance would then be
to magnetically investigate such quantum dots, in particular those showing lattice

imbalance (triangular GNIs). The first and most obvious thought is towards scan-
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ning probe microscopy (STM/AFM) measurements with spin sensitivity (SP-SPM),
to assess the presence of spin-polarized states on their edges and the magnetic align-

ment between them.

The quantum dots could be transferred to a different substrate, especially an
insulating one, as it is currently done in many laboratories — including ours — for
nanoribbons grown on Au surfaces. However, the general preference of the nanois-
lands for the (partly) embedded configuration might pose alimitation to such method.
Our statistical analysis suggests that thick Au films could maximize islands on top,

and this could provide a way to overcome such limitation.

Finally, though in this thesis the intrinsic band structure and the opening of a
gap in graphene quantum dots could not be unraveled, we expect that a sizeable gap
(0.2 eV for 3 nm wide GNIs) could be found in these GQDs, thus displaying photolu-
minescence in the infrared spectrum, thus making them interesting for applications

in optoelectronics.
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