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Abstract

Graphene nanoribbons (GNRs) are promising for applications in nanoelectronics due to their
unique properties. Therefore, achieving the controlled and high-quality synthesis of GNRs is
anticipated to be of great importance. One of the methods which shows great potential is the
growth of GNRs on surface facets of SiC(0001) by the surface graphitization method. The depen-
dency of the GNR width on growth temperature and SiC substrate miscut angle (or initial step
height) is first investigated. Monolayer GNRs were synthesized on SiC(0001) substrates with two
different miscut angles at temperatures ranging from 1 410 to 1 460 °C. The structural character-
ization of the samples was performed by means of atomic force microscopy, scanning electron
microscopy, transmission electron microscopy, and Raman spectroscopy. The GNR growth in
lower step heights is best described by an exponential growth rate with regards to the growth
temperature, which is correlated with the energy barrier for Si out-diffusion. On the other hand,
a non-exponential rate is observed as a function of temperature for substrates with higher steps,
which is associated with the formation of few-layer graphene on the step edges. The thicker layers,
which act as an effective diffusion barrier, constrict Si diffusion.

The direct growth of isolated graphene nanostructures by using concepts of self-assembly and
intercalation without further lithography and transfer processes is beneficial for their integration
into device applications. Therefore, oxygen intercalation of epitaxial GNRs is investigated next by
air annealing ribbons grown in different SiC(0001) substrates. Besides the conversion of mono-
layer into bilayer graphene near the step edges of SiC, the oxygen intercalation also leads to the
formation of an oxide layer on the terraces of the substrate, leaving the bilayer GNRs electronically
isolated from each other. Furthermore, the oxide layer formed underneath graphene can locally
thicken at different spots, expanding the GNRs upward and eventually leading to the formation of
holes on them. A lateral etching of the ribbons has also been observed, which differs depending on
their width and miscut angle of the SiC substrate, offering an additional parameter for their con-
trolled fabrication. Additionally, the oxygen intercalation of GNRs and complete graphene layers
reveal a similar intercalation mechanism for both systems. Electrical characterization of bilayer
GNRs, which is performed by means of a 4-tip scanning tunneling microscopy system, reveals
that the ribbons are electrically decoupled from the substrate by the oxygen treatment. A robust
hole concentration of around 1× 1013 cm−2 and mobilities up to 700 cm2/(V s) at room tempera-
ture are measured for GNRs whose typical width is 100 nm. The transport is not limited by the
step roughness; thus, this scalable process can be easily extended to arbitrarily shaped structures.

The study of natural steps demonstrates the difficulty in finding suitable substrates for the
growth of GNRs directly on etched SiC(0001) surfaces. The surface morphology of different sub-
strates after hydrogen etching is varied. As a consequence, after GNR growth, the shape of the
ribbons changes with substrate, leading to a non-standardized morphology, which hinders pos-
sible applications. As a solution to this issue, well defined mesa structures patterned by electron
beam lithography on the surface of SiC(0001) substrates is lastly researched. However, the direct
fabrication of GNRs on the patterned structures after the lithography process leads to unstable
facets, that may decompose during the growth, or to parasitic ribbons. To circumvent such mat-
ters, vacuum annealing subsequent to the patterning of SiC substrates stabilizes the facets and cre-
ates smooth terraces. The resulting intercalated graphene is observed on the sidewalls of the mesa
structures as well as patches throughout the terraces, whereas a defective graphene is detected on
the suddenly rough trenches. Transport characterization of GNRs grown on the sidewalls of the
patterned terraces shows a mobility in the range of 1 000 – 2 000 cm2/(V s), which is homogeneous
for various structures throughout the sample, indicating the reproducibility of this fabrication
method and its potential for implementation in future technologies based on epitaxially grown
GNRs.





Zusammenfassung

Graphen-Nanobänder (GNR für engl. graphene nanoribbons) sind auf Grund ihrer einzigarti-
gen Eigenschaften vielversprechend für Anwendungen in der Nanoelektronik. Daher wird er-
wartet, dass die kontrollierte Synthese qualitativ hochwertiger GNRs von großer Bedeutung sein
könnte. Eine der Methoden, welche hier großes Potential zeigt, ist das Wachstum von GNRs auf
Oberflächenfacetten von SiC(0001) durch die Methode der Oberflächengraphitisierung. Zunächst
wird die Abhängigkeit der Breite der GNRs von der Wachstumstemperatur und von dem Fehl-
schnitt des SiC-Substrats (bzw. der ursprünglichen Stufenkantenhöhe) untersucht. Einzelschich-
ten von GNRs wurden auf SiC(0001)-Substraten mit zwei unterschiedlichen Fehlschnitten bei
Temperaturen von 1 410 bis 1 460 °C synthetisiert. Die strukturelle Charakterisierung erfolgte
mittels Rasterkraft-, Rasterelektronen- und Transmissionselektronenmikroskopie sowie Raman-
Spektroskopie. Das GNR-Wachstum lässt sich bei niedriger Stufenkantenhöhe am besten durch
eine exponentielle Wachstumsrate in Bezug auf die Wachstumstemperatur beschreiben, welche
mit der Energiebarriere für die Ausdiffusion von Si korreliert ist. Anderseits wird bei Substraten
mit höheren Stufenkanten eine nicht-exponentielle Rate als Funktion der Temperatur beobach-
tet, was mit der Bildung von mehrlagigen Graphen an den Stufenkanten in Verbindung gebracht
wird. Die dickeren Schichten, welche als effektive Diffusionsbarriere fungieren, behindern die Si-
Diffusion.

Das direkte Wachstum von isolierten Graphen-Nanostrukturen mittels Ansätzen der Selbstor-
ganisation und Interkalation, ohne zusätzliche Lithographie- oder Transferprozesse, ist für deren
Integration in Geräteanwendungen vorteilhaft. Von daher wird als nächstes die Sauerstoffinter-
kalation von epitaktischen GNRs mittels Ausglühen an Luft von Bändern untersucht, welche auf
unterschiedlichen SiC(0001)-Substraten gewachsen wurden. Neben der Umwandlung von mono-
lagigem zu zweilagigem Graphen in der Nähe der Stufenkanten von SiC, führt die Sauerstoffin-
terkalation zusätzlich zu der Bildung einer Oxidschicht auf den Terrassen des Substrats, was die
zweilagigen GNRs elektrisch isoliert voneinander zurücklässt. Außerdem kann die Oxidschicht,
welche sich unter dem Graphen bildet, an verschiedenen Stellen lokal dicker werden, wodurch
sich die GNRs nach oben ausdehnen, was schließlich zur Bildung von Löchern in ihnen führt.
Es konnte auch ein laterales Ätzen der Bänder beobachtet werden, welches in Abhängigkeit von
deren Breite und des Fehlschnitts des SiC-Substrats variiert, was einen zusätzlichen Parameter
für deren kontrollierte Herstellung bietet. Darüber hinaus zeigt die Sauerstoffinterkalation von
GNRs und von vollständigen Graphenschichten einen ähnlichen Interkalationsmechanismus für
beide Systeme. Die elektrische Charakterisierung der zweilagigen GNRs, welche mittels eines 4-
Spitzen-Systems innerhalb eines Rasterkraftelektronenmikroskops durchgeführt wurden, zeigten
dass die Bänder durch die Behandlung mit Sauerstoff elektrisch voneinander entkoppelt sind. Ei-
ne robuste Lochkonzentration von etwa 1× 1013 cm−2 und Mobilitäten von bis zu 700 cm2/(V s)
wurden für die GNRs mit einer typischen Breite von 100 nm bei Raumtemperatur gemessen. Der
Ladungsträgertransport wird nicht durch die Stufenrauhigkeit beschränkt und somit kann dieser
skalierbare Prozess einfach auf beliebig geformte Strukturen ausgeweitet werden.

Die Untersuchung von natürlichen Stufen veranschaulicht die Problematik ein geeignetes Sub-
strat für das direkte Wachstum von GNRs auf geätzten SiC(0001)-Oberflächen zu finden. Die
Oberflächenmorphologie verschiedener Substrate ist nach dem Wasserstoffätzen unterschiedlich.
Somit ändert sich die Form der Bänder nach dem GNR-Wachstum, was zu einer uneinheitlichen
Morphologie führt, welche deren Anwendungsmöglichkeiten beeinträchtigt. Eine Lösung die-
ses Problems, wohl definierte Mesastrukturen gebildet mittels Elektronenstrahllithographie auf
SiC(0001)-Substraten, wurde zuletzt untersucht. Die direkte Herstellung von GNRs auf die der-
maßen gebildeten Strukturen führt jedoch zu instabilen Facetten, die sich während des Wachs-
tums zersetzen können, oder zu parasitären Bändern. Um solche Probleme zu umgehen stabili-



siert ein Ausglühen in Vakuum nach der Strukturierung der SiC-Substrate die Facetten und führt
zu glatten Terrassen. Das resultierende interkalierte Graphene wird an den Seitenwänden der
Mesastrukturen sowie an verschiedenen Stellen überall auf den Terrassen beobachtet, während
ein fehlerhaftes Graphen in den unerwartet rauhen Gräben nachgewiesen wird. Die Charakte-
risierung des Ladungsträgertransports von GNRs die auf den Seitenwänden der strukturierten
Terrassen gewachsen wurden, zeigt eine Mobilität im Bereich von 1 000 bis 2 000 cm2/(V s), wel-
che für verschiedene Strukturen auf der gesamten Probe homogen ist, was die Reproduzierbarkeit
dieses Herstellungsverfahrens hervorhebt, sowie dessen Potential für die Implementierung in zu-
künftigen Technologien, welche auf epitaktischgewachsenene GNRs basieren.
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1 Introduction

1.1 Graphene

Graphene is a hexagonal structure consisting of sp2 hybridized carbon atoms [1]. It is a single
atomic plane of graphite, which is sufficiently isolated from its environment to be considered
free-standing [2]. Described as the "mother" of all graphitic carbon materials [3], its honeycomb
network is the building block for zero-dimensional (0D) fullerenes (wrapped up in buckyballs),
one-dimensional (1D) carbon nanotubes (rolled up sheets), and three-dimensional (3D) graphite
(stacked graphene sheets held together by van der Waals forces).

Graphite, its most famous allotrope, has been known for nearly 500 years, given that it is abun-
dant and naturally occurring. Thanks to its layered morphology and weak forces between adjacent
layers, it was used initially as a marking instrument in a way analogous to nowadays pencils, and
more recently as dry lubricants [4].

Although atomic planes are known constituents of bulk crystals, one layer thick materials like
graphene remained unknown until recently due to a natural prohibition to grow low-dimensional
crystals [3]. High temperatures, which are necessary for crystal growth, are also synonym of ther-
mal fluctuations that are detrimental for the stability of macroscopic 1D and two-dimensional (2D)
objects. This means that 2D crystallites are forced to morph into a variety of stable 3D structures
[2].

Even though atomically thin crystals cannot be naturally grown, they can be artificially fabri-
cated and there are two main routes to do so. The first path is to mechanically split layered mate-
rials like graphite into individual atomic planes, also called mechanical exfoliation. This method
was first used in the seminal work of Novoselov et al. in 2004 [5], which established this new
research field by presenting an easy way to produce and identify graphene [6]. This technique
provides crystals of high structural and electronic quality, which can reach millimeter sizes. Be-
sides manually cleaving graphite by using, for instance, a scotch tape, it is possible to automate the
process by employing ultrasonic cleavage [7], which leads to stable suspensions that can be used
to make polycrystalline films and composite materials, allowing graphene production on an in-
dustrial scale. The successful isolation of graphene by mechanical exfoliation from highly oriented
pyrolytic graphite [5] as well as its unconventional properties [8, 9], which opened the possibility
for amazing physical and technological potential, lead to an increase in graphene research.

The second main way to produce graphene is by epitaxially growing it on top of other crystals.
This route does not require to search for and manipulate individual flakes, instead it offers the
possibility to scale up graphene towards wafer sizes which can be easily investigated afterwards.
Graphene samples can be grown on metal surfaces by catalytic reaction or by chemical vapor
deposition [10, 11, 12, 13], a generally self-limiting growth which often produces a monolayer
of graphene, but that requires transfer to other substrates for technological applications. In this
regard, epitaxial graphene grown by thermal decomposition of SiC surfaces [14] by annealing SiC
substrates at high temperatures is a promising way to fabricate large area graphene directly on
semi-insulating substrates.
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1. Introduction

1.2 Short history of graphene

Graphene has been studied for seventy years [15, 16, 17] and experiments on graphite have been
utilizing progressively fewer layers [18], but none of them were able to unambiguously isolate
or to identify any of graphene’s unique properties [19, 15]. Graphene oxide, for instance, was
independently synthesized in 1958 [20], in 1898 [21], and previously in 1859 [22]. Even synthesis
of monolayer graphene (MLG) using silicon carbide substrates was achieved by 1975 [23], though
no unique properties had been reported at the time. Graphene was then described as an academic
material and believed not to exist in the free state [24], since it was considered unstable.

Therefore, the successful isolation and subsequent characterization of graphene by Geim and
Novoselov at Manchester University [5] in 2004 was essential for the establishment of graphene
as a research field. The researchers isolated and characterized pristine graphene for the first time
exploiting the Scotch Tape method, a process in which an adhesive tape removes flakes of graphite
from a piece of highly ordered pyrolytic graphite (HOPG) and deposits them on an appropriate
substrate, in this case a SiO2 surface. This process is repeated until a one atom thick layer of
graphite, i. e. graphene, is left isolated on the substrate [5].

Other free-standing 2D atomic layers, such as boron nitride, were later discovered [25], gen-
erating an increase in research, since 2D crystals were considered thermodynamically unstable at
finite temperatures [26]. Studies demonstrated that the 2D crystals were continuous and exhibited
high crystal quality [5, 25, 8, 9, 27, 28].

The theory of Landau and Peierls claimed that strictly 2D crystals were thermodynamically
unstable and could not exist [29, 26], since, at any finite temperature, contributions of thermal
fluctuations should lead to displacements of atoms comparable to interatomic distances. The idea
behind this theory is that as film thickness decreases, their melting temperature rapidly decreases,
destabilizing a film at dozens of atomic layers [30, 31]. Consequently, atomic monolayers were
solely know as part of 3D structures, generally epitaxially grown [30, 31]. However, thanks to
crumpling and wrinkling in free layers [28] and to van der Waals bonding to the substrate in
quasi-free standing layers [32], graphene and other 2D materials have been successfully isolated
experimentally.

Due to its exceptional electronic qualities, including charge carriers that behave as massless
Dirac fermions and travel thousands of interatomic distances without scattering [5, 25, 8, 9],
graphene was initially more studied than other 2D materials. A particular turning point was the
discovery that graphene could be observed by an optical microscope if placed on top of a Si wafer
with a SiO2 film of a specific thickness (300 nm) [25]. The fact that a 5 % difference in film thickness
makes graphene invisible grants this discovery an important place in the early graphene research,
when finding appropriate monolayer was essential. More recently, Raman spectroscopy has also
been found a useful tool for determining the number of layers in graphene samples [33, 34] (see
Section 2.3).

The combination of a simple isolation method and the discovery of unique properties ensured
the Nobel Prize for physics in 2010 to Geim and Novoselov for groundbreaking experiments re-
garding the 2D material graphene [35].

1.3 Crystalline structure

The hexagonal structure of graphene is formed by sp2-bonded carbon atoms that are separated by
the interatomic distance a = 1.42 Å. The unit cell of a graphene monolayer consists of two carbon
atoms, A and B, each forming a triangular 2D network (Figure 1.1 a). The first Brillouin zone in
the reciprocal lattice is presented in Figure 1.1 b.
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1.3 Crystalline structure

Figure 1.1: (a) Honeycomb lattice structure of MLG with two inequivalent atoms A and B, lattice
unit vectors a1 and a2 and the unit cell (shaded orange), besides the distance between
neighboring atoms a. (b) Reciprocal lattice of MLG with the first Brillouin zone (BZ), in
shaded orange, and its high symmetry points, the two primitive vectors b1 and b2, and
the reciprocal space coordinate axes. In the center of the first BZ is the Γ point, in its
two inequivalent corners the Dirac points (K and K′) and the three crystallographically
equivalent points M, M′ and M′′ are situated in the middle of the corners.

The stacking of graphene layers perpendicular to the plane of each layer corresponds to a 3D
graphite structure. If carbon atoms from one layer are positioned in the center of the hexagons
of the adjacent layer, then the stacking is called Bernal, or AB. In this case, the unit cell consists
of four carbon atoms, A1, A2, B1 and B2, on the two layer planes. It has been shown that bilayer
graphene (BLG) on SiC(0001) exhibits this type of stacking [36], therefore also possessing four
carbon atoms in its unit cell (Figure 1.2).

Figure 1.2: A top view of the real space lattice of BLG. The orange and brown lines denote the
upper and lower lattices, in which the inequivalent atoms A1, B1 and A2, B2 belong to
the different planes. The lattice unit vectors are a1 and a2.
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1. Introduction

1.4 Graphene’s properties

Carbon, the elementary constituent of graphene, has 6 electrons in the configuration 1s2 2s2 2p2,
i.e. 2 electrons fill the inner shell 1s, which is close to the nucleus and therefore irrelevant for
chemical reactions, and 4 electrons occupy the outer shell of 2s and 2p orbitals. In the presence of
other atoms, such as H, O, or other C atoms, it is favorable to excite one electron from the 2s to
the third 2p orbital, in order to form covalent σ bonds with the other atoms. This process leads
to a gain in energy which compensates the invested energy to excite the electron in the first place.
Therefore, in the excited state, four quantum mechanical states | 2s > and n | 2pj >, which are
called spn hybridization, are superposed [37]. If the superposition occurs between one 2s and
two 2p orbitals, one obtains the planar sp2 hybridization. The sp3 hybridization is obtained by
superposing one 2s and three 2p orbitals, which consists of a tetrahedron. The carbon atoms in
graphene condense in a honeycomb lattice due to their sp2 hybridization.

Carbon has therefore four valence electrons, three of which form tight covalent σ bonds with
neighboring atoms in the plane and are responsible for the toughness of the lattice structure in
graphene [6], and one conduction π electron, which is the one responsible for most electronic
properties of graphene [38]. Wallace developed a "tight binding" method to calculate the band
structure of graphene (at the time called simply a single layer of graphite) [15], which is now
widely used to study the energy bands of graphene. The energy dispersion of π electrons in the
honeycomb lattice is shown in Figure 1.3 a, as well as a close-up of the energy bands near to one
of the Dirac points (Figure 1.3 b) and a cut along the characteristic symmetry points (Figure 1.3 c).
The valence (or π) band is completely filled, whereas the conduction (or π∗) band is completely
empty. The Fermi level is therefore situated at the points where the two bands touch each other,
which are called the Dirac points (or K and K′ points). Because the valence and conduction bands
are touching each other, graphene can be seen as a zero-gap semiconductor or as a zero-overlap
semimetal [6].

Figure 1.3: Energy dispersion of MLG obtained within the tight-binding approximation. The va-
lence (π) and conduction (π∗) bands touch at the Dirac points (K and K′), where the
Fermi level is positioned. (a) Energy dispersion as a function of the wave vector com-
ponents kx and ky. Adapted from [37]. (b) Enlargement of the band structure close to
the K and K′ points showing the Dirac cones. Adapted from [39]. (c) Cut through the
energy dispersion along characteristic lines (connecting the points K → Γ → M → K).
Adapted from [37].

While for most materials in condensed matter physics the Schrödinger equation, which charac-
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terizes quantum systems, fully describes their electronic behavior, in graphene this is not the case.
Its charge carriers are the only ones to mimic relativistic particles and are, therefore, best described
by the Dirac equation [24, 40, 41, 42, 43, 44, 45, 46, 47] (which takes into account both quantum
mechanics and special relativity). Electrons propagating through graphene’s honeycomb lattice
completely lose their effective mass, resulting in new quasiparticles that, at low energies, are ac-
curately described by massless Dirac fermions [3, 48, 49].

The π bonds formed by the unaffected pz orbital oriented perpendicular to the planar structure
result in the π band, which is responsible for the astonishing electrical conductance in graphene
[6, 50]. Because of graphene’s two equivalent C sublattices, quantum mechanical hopping of
fermions between the two sublattices forms two energy bands that intersect at the Dirac point
(K and K′) [51]. As a result, quasiparticles in graphene exhibit a linear dispersion relation, behav-
ing as if they were massless relativistic particles with the speed of light c replaced by the Fermi
velocity vF ≈ c/300 [51]. The quasiparticles behave differently from conventional metals and
semiconductors (which have a parabolic energy spectrum), and, due to their band dispersion,
they can reach a mobility of 2.5× 105 cm2/(V s) at room temperature [52, 53], a value that exceeds
the theoretical limit [∼ 2× 105 cm2/(V s)] [54]. Depending on the quality and fabrication method
of the graphene sample, the charge carrier mobility will range from 2 000 to 200 000 cm2/(V s)
[55, 56, 57, 1, 58] (with the best samples measured for graphene exfoliated from HOPG). The
mobility is rather unaffected by temperature and upon changing the carrier concentration by
both electrical or chemical doping [6], which shows how robust the transport properties are in
graphene.

Besides extraordinary mobilities, another exceptional feature in graphene is the ambipolarity of
its charge transport. Graphene’s charge carriers can be tuned continuously between electrons and
holes in concentrations as high as 1013 cm2 when subject to an ambipolar electric field [5, 3]. Both
extremely high carrier mobility and an ambipolar field-effect had been predicted theoretically for
graphene [15, 17]. Another indication of graphene’s extreme electronic quality is the quantum
Hall effect, which can be observed even at room temperature [59, 60, 61, 9, 62, 63].

Graphene’s mechanical stiffness, strength and elasticity, as well as very high electrical and ther-
mal conductivity, which have long been the interest of many theoretical studies and more re-
cently became an appealing area for experimental researchers, are supreme [3, 2]. A monolayer
of graphene displays a low optical absorption of 2.3 % [64], or an extremely high optical trans-
parency of up to 97.7 % [19]. Thermal conductivity in graphene had initially been measured above
3 000 W/(m K) [65], which is already very high, but record values of ∼5 000 W/(m K) were also
determined [66]. Furthermore, unlike any other material, it shrinks with increasing temperature
for all temperatures [67]. A high Young’s modulus of ∼1 TPa and an intrinsic strength of 130 GPa
[68] (very close to the value predicted by theory) were determined for graphene. Additionally,
complete impermeability to any gases including helium [69] (for defect-free graphene), extraordi-
narily large specific surface area of 2 630 m2/g [70], and the first ever detection of single molecule
adsorption event [71] are equally unprecedented. Finally, it can be stretched by 20 %, more than
any crystal [72, 68], and its breaking strength reaches the theoretical limit of ∼ 40 N/m [68].

1.5 Possible applications

Because of its unique structure and excellent electrical, thermal, and mechanical properties, graphene-
based smart devices are expected to be superior than its counterparts, for instance in energy
conversion materials and device systems that convert energy from different forms (e.g., electric,
chemical, photonic, thermal) to mechanical actuators and electrical generators [73]. Graphene
composites and macroscopic graphene assemblies are also expected to be promising for energy
storage applications [27, 74, 75, 76, 77, 78]. As a consequence of its high optical transparency,
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potential applications like transparent electrodes in solar cell [79] and holographic data storage
[80] are foreseen. Graphene is also recognized as one of the most promising candidates for future
applications in nanoelectronics due to its high carrier mobility [52, 81]. Due to its transparency,
conductivity and elasticity, graphene could additionally be used as flexible electrodes [50].

In general, graphene’s high intrinsic carrier mobility, large specific surface area, high mechan-
ical strength, and light transparency, as well as superior flexibility, shows extensive potential for
applications in a variety of fields [73]. In particular, field effect transistors (FETs) could operate at
frequencies as high as 100 GHz as of 2010, whereas graphene FETs operate at terahertz frequen-
cies [82], therefore expanding their operational range. However, the absence of a bandgap makes
it difficult to switch off a graphene FET, leading to a rather small on/off ratios [81]. In order for
all of those applications to become a reality, graphene sheets need to be modified to tailor their
intrinsic physical and chemical properties [27, 74, 83, 75, 84, 85]. Therefore, two things are neces-
sary: large-area growth and modification of graphene’s intrinsic properties. Those points will be
discussed in the next sections.

1.6 Large-area epitaxial graphene on SiC

For graphene to be attractive to industrial applications, it must offer similar outstanding proper-
ties in samples prepared in large scale as it offers for the state-of-the-art samples. The latter are
prepared by graphite exfoliation [5] followed by µm-sized transfer[53, 86] , which are not scal-
able methods. The properties and performance of future graphene devices also depends on the
number of layers and the overall quality of the crystal lattice [54, 87, 88, 89], therefore the progress
of new applications will depend on the development of precise and scalable fabrication methods
that will permit the synthesis of graphene with high structural quality.

Among the different methods to produce graphene, the surface graphitization of SiC is certainly
one of the most promising large-scale ones [90]. Graphene samples have been fabricated on SiC
substrates with a diameter as large as two inches [91]. With this approach, the direct fabrication
of a graphene monolayer on an insulating material can be accomplished; which is ideal for device
processing and alleviates the need for transfer to another substrate (as is required for graphene
synthesized on metals) [14, 92]. However, the cost of a SiC substrate, about $375 for a two-inch
wafer [93], is considered a limiting factor in the utilization of this method.

The graphitization of SiC crystals and SiC surfaces was first studied in 1962 by Badami [94] and
in 1975 by Van Bommel et al. [23], respectively. The crystal structure of different SiC polytypes, i.e.,
particular stacking arrangements, is shown in Figure 1.4, as well as the notation of such systems.
The basal plane surfaces, perpendicular to the c-axis, exhibit two different surface terminations:
the Si-terminated SiC(0001) surface, or Si-face, and the C-terminated SiC(0001̄) surface, or C-face,
both of which are polar surfaces. The group of de Heer at the Georgia Institute of Technology was
the first to investigate the transport properties of epitaxial graphene grown on the Si-face in 2004
[14], whereas graphene fabricated on the C-face was studied in 2006 [95].

At the polar surfaces, Si and C atoms, which have each four valence electrons, make three bonds
to the underlying atoms. The fourth unsaturated bond, which points outwards, is filled by a single
electron, and is called a "dangling bond" [6]. Because dangling bonds are energetically unfavor-
able for the surface of the crystal, they are either saturated by foreign atoms like hydrogen [96] or
the surface atoms rearrange themselves forming new bonds, a process that happens naturally in
the absence of foreign atoms and that is called "reconstruction". Both these processes may induce
a change in the periodicity at the surface.
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1.6 Large-area epitaxial graphene on SiC

Figure 1.4: Crystal structure of hexagonal (a) 4H-SiC and (b) 6H-SiC. Large violet spheres corre-
spond to Si atoms, whereas small green spheres to C atoms, and the thick black line in-
dicates the stacking sequence. (c) the direction of the Si-face, or (0001), and the C-face,
or (0001̄), for both systems as well as (d) the hexagonal notation are also illustrated.
Taken from [6].

The growth of graphene on SiC substrates is based on the thermal decomposition of the sur-
faces. Since Si has a higher vapor pressure than C, when heated at high temperatures the Si atoms
sublimate first and leave behind C atoms, which recombine and form graphene layers at the sur-
face [97]. However, the growth, oxidation, surface reconstruction and graphitization behavior
occur in a different manner for the Si- and the C-face of SiC, since those surfaces are quite distinct
from each other. A stronger localization is detected in the SiC(0001̄) surface in comparison to
the other polar face due to charge densities of the dangling bond states [98], for instance. In fact,
the surface orientation is the parameter responsible for the nature of the reconstruction, whereas
polytype (4H or 6H) does not play a role [99].

Growth of epitaxial graphene on SiC(0001) is characterized by the first carbon layer, which is
covalently bound to the substrate and therefore does not behave like a graphene layer. This in-
terface layer is the carbon rich reconstruction

(
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3
)

R30°, commonly called "buffer layer"
(BL). To understand the notation, one considers substrate unit vectors a1 and a2 (Figure 1.1) and
reconstruction unit vectors b1 and b2, so that the surface reconstruction is usually denoted as
(p× q) Rφ [100], where p = b1/a1, q = b2/a2 and φ is the angle between the reconstruction and
substrate unit vectors (if φ = 0, the angle is omitted). By counting the number of C atoms in the BL
or, likewise, in a graphene layer, it is clear that three SiC bilayer are necessary to form each carbon
layer. New carbon layers are formed by the desorption of Si atoms and each new layer entails
the reformation of a

(
6
√

3× 6
√

3
)

R30° reconstruction [101], so that the previous BL is released
from its covalent bonding to the substrate and is therefore transformed into a graphene layer. In
this sense, the BL acts as a precursor phase for graphitization and is responsible for the ordered
growth of graphene layers. Because the reciprocal unit cell of the BL is rotated by 30° with respect
to the substrate, all graphene layers have the same 30° rotation in regard to the SiC(0001) surface.

Slightly less than a third of the C atoms in the BL are bounded to a Si atom of the SiC surface
and to three other C atoms from the interface layer. The other two thirds are sp2-bonded to other C
atoms in the BL [101, 6]. This generates a spatial dependence of the electronic distribution, which
influences the graphene layers above. The BL has been considered the responsible for a reduced
mobility in epitaxial graphene grown on the Si-face. Density functional theory (DFT) calculations
have shown that charge transfer between Si dangling bonds of the SiC(0001) surface and the
BL creates an electric dipole in the BL that is responsible for n-doping the epitaxial graphene
[102, 103]. For an increasing number of graphene layers, the electric field is screened and the
upper layers are less doped. In general, epitaxial graphene on SiC(0001) shows a high structural
order and a well defined number of layers on a large scale [92]. Mobilities up to 29 000 cm2/(V s)
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were measured in epitaxial graphene on SiC(0001) [104].

In contrast, epitaxial graphene on SiC(0001̄) grows with rotational disorder and limited thick-
ness control [105]. Additionally, no covalent bonding of graphene to the SiC substrate is observed
upon graphitization [105]. Graphene grows more rapidly on the C face, which typically leads
to the formation of multilayer thick graphene films that may offer exceptionally high electronic
quality [µ ≈ 250 000 cm2/(V s) at room temperature] [52].

1.7 Bandgap opening

Graphene is considered an ideal candidate for nanoelectronic applications due to its unique prop-
erties, such as scalability, high mobility, and even room temperature ballistic transport [14, 106].
However, the lack of an electronic bandgap restricts its use in several applications such as FETs.
When used as the conducting channel in a FET, the main result of the gapless nature of graphene
are small on/off current ratios [107]. An electronic bandgap is a necessary attribute for a high
on/off ratio in a digital switching device such as a FET. More generally, electronic devices con-
sist of semiconductors which exhibit small yet significant bandgaps [108], however large area
graphene shows no bandgap. Therefore, graphene-based devices are virtually impossible to be
turned off at any reasonable temperature because large carrier populations are easily produced
in graphene by thermal energy and fluctuations. This results in a high "leakage" current which is
unsuitable for implementation in real devices [4].

There are many ways to induce a bandgap in graphene. One possibility is to apply uniaxial
strain to a graphene sheet, though extremely high strain would be necessary to provide use-
ful gaps for electronic applications, which is not realistically achievable [109, 72, 110]. Chemi-
cal methods such as doping and functionalization by atoms or molecules can also open an in-
trinsic bandgap, in hydrogenated graphene, for instance [111]. By intentionally incorporating
heteroatoms with different sizes and electronegativities when compared to C atoms, the atomic
configuration on the graphene plane can be rearranged. This in turn induces a polarization of
the electronic density at the honeycomb lattice, opening its intrinsic bandgap [73]. However, be-
cause of the nature of such processes, disorder leads to a degradation of the mobility [112]. An-
other path is offered by engineering graphene into nanostructures such as quantum dots (GQDs)
[113], nanomeshes (GNMs) [114, 115], and nanoribbons (GNRs), as can be seen in Figure 1.5
[116, 117, 118, 119]. When the size of a material approaches the length of the motion of electrons
(inside it), the properties of this material depend strongly on its size and shape [81]. Therefore,
by changing its shape and size it is possible to induce quantum confinement and edge-related
effects [73]. The lateral confinement of charge carriers in GNRs leads to the formation of an elec-
tronic bandgap (Figure 1.6 a) , the magnitude of which increases with decreasing ribbon width
[120, 121, 116, 122]. Because the bandgap can vary with the geometric structure of the ribbon,
GNRs can be tuned from semimetal to semiconductors. GNR transistors with large on/off current
ratios at room temperature were already demonstrated [123], though an additional complication
of this approach is that the electronic properties are also strongly affected by the edge termination
(armchair, zigzag or mixed) of the GNR [120, 121].

Another method is to apply an electric field on a BLG. A bilayer of graphene, whose valence
and conduction bands around the K point have a parabolic shape, is gapless (Figure 1.6 b). If,
however, an electric field is applied perpendicular to the bilayer, a bandgap opens around the K
point (Figure 1.6 c), an effect predicted by theory [87, 124] and verified experimentally [125, 126].
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Figure 1.5: Illustration of graphene nanostructures: (a) GQDs, (b) GNMs, and (c) GNRs.

Figure 1.6: Band structure around the K point of (a) GNR, (b) BLG, and (c) BLG with an applied
electric field. Adapted from [127].

1.8 Fabrication methods of graphene nanoribbons

GNRs can be synthesized by top-down or bottom-up methods. In the former, a large area graphene
sheet is modified (e.g., patterned) to a desired nanometric size and shape. In the latter, small build-
ing blocks are assembled to construct a larger object.

1.8.1 Top-down

The most widely employed method to fabricate GNRs is oxygen-assisted lithography of graphene
sheets (e.g., exfoliated graphene, graphene on metal by chemical vapor deposition or epitaxial
graphene on SiC) with different masks [81]. This approach combines a lithography method, such
as electron beam lithography (EBL) [128], nanosphere [129], block copolymer [130] or nanowire
[131, 132] as a mask patterning technique, with oxygen plasma etching. GNRs patterned by EBL
display the narrowest widths (∼ 10 nm [133]) and are the most widely adopted approach for
graphene nanostructures, but electronic properties are degraded because the edges are passivated
by O- or HO- after etching [116]. Block copolymer as a template lithography method produces low
quality GNRs due to a doping effect and impurities. Nanowires with few nanometers in width
(∼ 1 – 2 nm) and smooth edges can be used as a mask patterning, potentially fabricating narrow
GNRs. For all these lithography templates, plasma etching is used to remove unmasked areas,
leaving behind narrow stripes of graphene, which, due to quantum confinement, display sizeable
bandgaps. However, GNR edges tend to exhibit disorder due to the violent nature of oxygen
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plasma etching, which greatly reduces the carrier mobility in GNRs produced by this method
[81].

A technique that aims to produce smooth and well-defined edges is scanning probe lithogra-
phy. The edges are tailored with atomic force microscopy (AFM), scanning tunneling microscopy
(STM) or transmission electron microscopy (TEM), so that control over the crystallographic ori-
entation as well as the structure is achieved down to the nanometer scale. AFM-based local an-
odic oxidation lithography fabricates GNRs but is limited by the tip radius and the edge chirality
[134, 135, 136, 137]. GNRs with widths as narrow as 12 nm can be obtained by heated AFM tips
[138]. STM lithography can pattern GNRs with specific edge chirality by applying a potential
bias and moving the tip along the desired crystallographic direction in unwanted graphene areas.
With this method, widths down to 2.5 nm and energy gaps up to 0.5 eV are obtained [139, 140].

Another top-down fabrication technique that does not uses patterning masks is hydrogen-
assisted etching. At elevated temperatures, particles of a catalytic metal such as Ni, Fe, and Co
deposited on a graphene flake cut out graphene nanostructures in the presence of a hydrogen
atmosphere by dissociating C-C bonds [141, 142, 143]. When the cutting paths of the particles
run parallel to each other, GNRs as narrow as 10 nm with well defined edges are produced [141].
GNRs produced by this method have residues of metal particles, which results in lower electrical
performance [81]. This technique can also occur without the assistance of catalytic nanoparti-
cles. Anisotropic etching of graphene via facile H-plasma etching produces GNRs with widths
down to 6 nm and high carrier mobility [up to ∼ 3 000 cm2/(V s) for monolayer GNR on h-BN]
[144, 145, 146].

A large degree of control over large quantities of GNRs with defined size distribution can be
obtained with chemical methods. Graphite or carbon-based molecules undergo chemical reactions
when placed in appropriate solutions, producing GNR in a powder or a dispersed solution with
a low size distribution around 1 nm [147]. Although high mobilities up to 15 000 cm2/(V s) are
obtained, GNRs are organized in a network [112]. Alternatively, dispersing carbon nanotubes
(CNTs) in a solution with specific chemical agents can unzip their walls [112]. The width of the
GNRs produced by this method is determined by the circumference of the CNTs. Narrow width
distributions with smooth edges yield high quality samples, but it is difficult to obtain GNRs
with well-defined edge structures, since the structure depends on the raw CNT, which has many
different chiralities [81].

1.8.2 Bottom-up

One of the bottom-up methods to form GNRs is the molecular precursor-based growth, in which a
monomeric precursor reacts at the surface of catalytic metals to form GNRs. This approach usually
requires two thermal activation steps, which are achieved by annealing the sample at different
temperatures [148]. Initially, the precursor is sublimated onto a slightly hot metallic surface to
stimulate the production of polymeric chains, a process which was alternatively performed at
room temperature [149], then annealing at a higher temperature dehydrogenates the polymer
chains resulting in the GNRs. The organic molecules could also self-assembly using a solution
mediated method, which yields GNRs longer than 200 nm (the longest GNRs for self-assembly
molecules) [150]. However, because GNRs are fabricated in metal substrates, this method requires
a post-synthesis transfer to other substrates for device fabrication.

Chemical vapor deposition (CVD) is a powerful approach to grow MLG on catalytic metal sub-
strates, such as Co, Cu, and Ni [? ? ]. Steps or twin boundaries on the metal substrate stimu-
late GNR growth. A metallic template acts as a catalyst for the decomposition of hydrocarbons
that, at high temperatures (between 700 and 1 000 °C) break C-H bonds and form graphene [112].
The size and shape of the GNRs is limited by the template, and transfer methods are required
for subsequent transport measurements. One example of a template is a Ni nanobar evaporated
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on a SiO2/Si substrate [? ]. By exposing the substrate to a hydrocarbon at high temperature,
GNRs are formed on the nanobar. Ribbons as narrow as 20 nm with high carrier mobility up to
1 000 cm2/(V s) are obtained with a similar method [? ]. When using a h-BN substrate, widths be-
tween 15 and 150 nm were obtained [? ]. Because of the atomically smooth h-BN surface, an effec-
tive reduction of charge impurities and phonon scattering leads to ultra high quality of the GNRs,
which exhibited carrier mobility up to∼ 20 000 cm2/(V s) at low temperature or∼ 4 000 cm2/(V s)
at room temperature [? ].

It is a challenge to combine control over the precise location of the GNRs, over the width, di-
rection and edge smoothness of the ribbons, and direct growth on an insulating substrate. The
epitaxial growth of sidewall GNRs on crystalline 4H/6H-SiC(0001) substrates represents a so-
lution to those issues [90]. The direct synthesis of GNRs on an insulating template is beneficial
for fundamental investigations of their properties, as well as for applications, in particular due
to the possibility to tailor the dimensions of the GNRs [151]. Artificial trenches are etched with
photolithography at predetermined locations and, at a high annealing temperature, the trenches
sidewall crystallize into stable SiC facets due to SiC step flow. When heated in a vacuum or in
an inert gas atmosphere, graphene grows selectively on the sidewalls, since Si sublimates prefer-
entially at the SiC steps and the remaining C atoms rearrange as a graphene layer [23, 14]. The
resulting sidewall GNRs have smooth edges that merge into SiC or into the BL. The self-organized
growth of GNR on a templated SiC substrate was first demonstrated by Sprinkle et. al in 2010 [90],
in a method which did not require damaging post-processing (Figure 1.7). In the study, 10 000 top-
gated graphene transistors were fabricated on a 0.24 cm2 SiC chip, the largest density of graphene
devices reported at the time. GNRs as narrow as 40 nm were obtained at specified positions on
the substrate, and mobilities up to 2 700 cm2/(V s) were measured at room temperature. This fab-
rication method has shown exceptional ballistic transport properties, with electronic mean free
paths up to 15 µm in a single electronic channel [106], surpassing the theoretical predictions for
perfect graphene by at least one order of magnitude [48]. Additionally, bandgaps of up to 1.3 eV
indicate that the GNRs are electronically isolated, which corroborates their potential for future
graphene-based nanoelectronics [152].

Figure 1.7: Self organized GNRs form on the SiC facet. Adapted from [90].

The morphology of the epitaxial graphene grown by this method is influenced by the SiC struc-
ture underneath it. The SiC substrate miscut angle originates a stepped surface which is main-
tained during standard growth conditions [95, 153, 154, 92, 155]. The preferential sublimation of
Si from the step edges [156] allows a selective growth of the GNRs on the SiC nanofacets that does
not require any further post-processing [90]. Due to its appealing transport properties and the
scalability of the fabrication method in a wafer scale, GNRs grown by self-assembly stands out as
potential candidates for graphene devices of high electronic performance [152]. The growth and
characterization of monolayer GNRs will be addressed in Chapter 3.
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1.9 Bilayer graphene nanoribbons

As established in Section 1.7, the lack of a bandgap in graphene sheets makes them unsuitable
for room temperature transistors with sufficient on/off ratios for digital electronic or photonic
applications [157, 158]. Among the strategies to solve this challenge is the aforementioned lateral
constriction and confinement of charge carriers achieved in GNRs, GNMs or GQDs, in which the
transport gap is inversely proportional to the conducting channel width. Typical on/off ratios up
to ∼ 100 were achieved with this approach [159, 114, 113]. Another method to induce a bandgap
in graphene is to apply a vertical external electric field in a BLG. It has been demonstrated that
BLG films exhibit a tunable bandgap under an external electric field [125, 87, 160, 126], and that
BLG FETs achieve an on/off ratio up to ∼ 100 at room temperature [161].

Typical on/off ratios are larger than 1 000, so each of these strategies alone are not large enough
for logical applications. Therefore, by combining the properties of BLG with the ones of GNRs,
it is possible to fabricate new devices that explore the features of this system, such as improved
on/off current ratio [162] or strong electrical noise suppression [163]. Theoretical studies initially
predicted that a vertical electric field could further modulate the bandgap in bilayer GNRs, due
to the combination of the lateral carrier constriction and the vertical inversion symmetry breaking
in bilayer GNRs [164, 165, 166]. On/off ratios up to 3 000 were obtained at room temperature
by applying a vertical external field [162], 30 times higher than the maximum value of ∼ 100
previously reported for BLG devices [161].

Following the pioneer work of Sprinkle [90], the fabrication of bilayer GNR in SiC was also
demonstrated. The growth and characterization of bilayer GNRs will be addressed in details in
Chapter 4.

1.10 Possible applications for graphene nanoribbons

Graphene is an ideal material for sensors, due to its ultrathin thickness, large specific surface
area, extremely high electron mobility, and high sensitivity to electronic perturbations from for-
eign molecules [107]. In fact, simulation results for DNA and gas sensing applications anticipate
that FET sensors with a single GNR will have higher sensitivity as well as spatial resolution in
comparison to other structures [167]. Graphene-based FET biosensors can be used for quantita-
tive measurements of biomolecules, achieving a good low limit of detection. It is therefore an
ideal candidate for rapid detection of biomolecules with low concentration or real-time detection
of biomolecules [107].

Because of its semiconductor characteristics, GNRs could also compliment semiconducting Si
for transistors and other photoelectric devices [127, 168]. Charge transport is favored in GNRs due
to its excellent conductivity and tunable bandgap, creating a good solar light response. Therefore,
photoelectrochemical devices are another potential application [169, 170].

To integrate ribbons into devices requires junction and heterojunctions [112]. An example of
an all-graphene p-n junction assembled different molecular precursors and connected GNRs with
p- or n-doping in a continuous GNR [169]. Since epitaxial graphene is conducting and GNRs
are semiconducting, regions with a bandgap at the top of curved, sidewall GNRs connected to
the conducting facets are another example of an all-graphene semiconductor-conductor junction
[171, 172].
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2 Experimental procedures

This chapter presents the growth and characterization methods employed to fabricate and analyze
the samples studied in the following chapters. It is useful to have a general knowledge of such
techniques before exhibiting the results themselves so that a better understanding of the study can
be achieved.

2.1 Graphene growth by surface graphitization of SiC(0001)

The equipment as well as the different procedures involved in the fabrication of GNR on SiC are
described in this section. More details about the growth mechanisms of GNRs on SiC will be
explained in Chapter 3.

2.1.1 Components of the furnace

The fabrication of graphene samples takes place in a radio-frequency (RF) induction furnace (de-
picted in Figure 2.1), whose designed was based on another system described elsewhere ([173]). It
consists of a quartz tube in which a graphite crucible holds the sample in the center of the tube. A
graphite fiber acts as thermal insulation between the heated crucible, which reaches temperatures
up to 1 600 °C, and the walls of the tube. The crucible is inductively heated by a RF coil externally
positioned around the tube. A power supply produces up to ∼12 kW of heating power, which
translates into heating ramps of ∼ 8 °C/s. The temperature inside the crucible is measured by a
pyrometer pointed toward a hole in the crucible, in an attempt to obtain the temperature closest
to the surface of the sample. A controller that uses the difference between a setpoint and a mea-
sured value to apply a correction based on proportional, integral and derivative terms is called a
PID controller. This device allows the pyrometer to adjust the output from the power supply and
therefore the temperature in the crucible. Two ventilators placed underneath the RF coil secure
the tube from being damaged by the high temperatures.

Figure 2.1: Schematic of the furnace used for the synthesis of epitaxial graphene on SiC. The
dashed lines correspond to the automated processes. Adapted from [174].
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Two different pumps provide control over the pressure during the distinct processes and allow
a vacuum of down to ∼10−5 mbar. A turbo molecular pump is used for high-vacuum processes,
whereas a membrane pump reaches a rough vacuum and is used in higher pressure processes. A
control valve connects the membrane pump to the reactor and allows for the adjustment of the
pressure inside the tube when there is a constant gas flow. The two gases that can be flushed
through the furnace are pure argon and forming gas (FG, a mixture of 5 at. % H2 and 95 at. %
Ar), whose fluxes are controlled by mass flow controllers (MFC). When loading or unloading a
sample from the furnace, the system is vented with nitrogen. A computer program controls all the
components of the system.

2.1.2 Hydrogen etching

Initially, each SiC sample is chemically cleaned with n-Butyl acetate (10 minutes), acetone (5 min-
utes) and isopropanol (5 minutes) under ultrasonication in order to remove the protective pho-
toresist layer and any other organic residues from the SiC surface. They are afterwards dipped in
deionized water and blow-dried with high-purity nitrogen.

The subsequent procedure, namely H etching, removes surface contaminants and irregularities,
and results in step bunching. For this, the sample is loaded in the furnace (described in Section 2.1
on the preceding page) and pumped until a pressure in the order of 10−4 mbar is reached. To
ensure that water and contaminations are desorbed from the sample surface, the graphite crucible
is heated to 800 °C for 10 minutes.

The H etching process takes place by initially filling the quartz tube with Ar at a flux of 500 sccm
(standard cubic cm per minute) until the pressure reaches 900 mbar, at which point, the temper-
ature is raised from 800 °C to 1 400 °C. Once the final temperature is reached, the gas is switched
to forming gas (5 at. % H2 and 95 at. % Ar) while pressure and flux are kept constant for 15 min.
By the end of this period, the gas is switched back to Ar and the furnace is turned off, until the
temperature reaches room temperature (about an hour later), when the system is pumped again
and the sample can be removed after N2 venting.

After two etching processes the furnace is cleaned in order to avoid an excess of Si in the sample
holder, which may contaminate the subsequent growth of GNRs. The cleaning is performed by
outgassing the system in vacuum at 800 °C for 10 minutes, followed by another 10 min at 1 600 °C.
After this period, the tube is filled with Ar at a flux of 500 sccm until a pressure of 900 mbar
is reached, at which point the temperature is kept constant for 50 minutes. The furnace is then
turned off until room temperature is reached.

2.1.3 Growth of graphene

The fabrication of graphene itself occurs in a similar fashion as the H etching process, but instead
of forming gas, the whole growth takes place in an Ar atmosphere. The sample is likewise loaded
in the furnace, which is pumped to ensure no contaminations interfere with the growth process,
and subsequently filled with Ar. However, once the desired growth temperature is reached, there
is no switch of gas and a constant Ar flow of 100 sccm is kept for 15 minutes, when the furnace is
then turned off. Once the system reaches room temperature, the sample can be removed.

2.1.4 Air annealing of graphene samples

In a resistive oven, different from the oven used for graphene growth, oxygen intercalation of the
graphene and GNR samples was performed in air for different durations of time at 600 °C, with a
preceding heating ramp of 50 °C/min. A hood placed on top of the sample isolates the area being
heated, so that there is no flux of air during the annealing.
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2.2 Patterning of samples

The growth of graphene on SiC(0001) natural steps highly depends on the morphology of the
substrate (which in turn alters from wafer to wafer), as will be shown in Chapter 5. In an attempt to
obtain more control over the growth of GNRs, templated SiC(0001) substrates were also utilized.
As previously described in Section 1.8, Si sublimates preferentially from the fabricated sidewalls,
offering a more selective growth of the GNRs on SiC. The fabrication of such templated samples,
performed by Dr. Abbes Tahraoui and Walid Anders, occurred by means of EBL, which will be
described next.

In a cleanroom ISO 4, the procedures for patterning of the SiC(0001) are as follows:

1. Samples are clean with 2-Propanol in an ultrasonic bath for a few seconds, followed by N2
blow to dry any droplets.

2. In order for the resist to be fixed onto the sample, 2 droplets of hexamethyldisilazane (HMDS)
are placed on top of the surface of the sample, which is then spun for 45 seconds at 4 000 rpm,
followed by a 1 min exposure to a hotplate at 150 °C.

3. Once the sticking layer of HMDS covers the sample, a negative electron beam resist (AR-
N 7520-18 1:9) is dropped on top of the surface of the sample, which is again spun for 45
seconds at 8 000 rpm, followed by a 1 min exposure to a hotplate at 85 °C.

4. At this point, the sample is placed on the electron beam system, which is coupled to an
SEM to locate the sample. For the electrons to locally remove the resist in accordance to the
pattern of our mask, an electron beam energy of 30 kV with 20 µm aperture and an area dose
of 80 µm/cm2 was used.

5. Once again, the sample is positioned on the hotplate for 1 min at 85 °C to get a better profile.

6. An aqueous developer (AR 300-40 1:5) removes the non-exposed resist after 45 seconds,
when the sample is rinsed with water.

7. An inspection in the microscope shows whether it was enough or not, and the sample may
be additionally developed for another 10 seconds.

8. Oxygen plasma for 30 seconds in a O2 pressure between 0.4 – 0.6 mbar removes the resist
from other undesired areas of the sample.

9. An exposure to plasma treatment of SF6 (75 W at 1 Pa for 1 minute at 10 sccm) is used to etch
the sample.

10. Finally, the sample is cleaned with acetone for 10 minutes, followed by an oxygen plasma
treatment for another 30 minutes.

An example of a sample after the patterning process can be seen in Figure 2.2, in which three
different magnifications are shown.
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Figure 2.2: SiC sample after the patterning process.

2.3 Raman spectroscopy

Raman spectroscopy is a fast and non-destructive characterization method, which offers high res-
olution, gives structural and electronic information, besides being suited both at laboratory and
mass-production scales [175]. In the study of graphene, it is used to determine the number and
orientation of layers, as well as the quality and type of edge [33, 176]. Even though all carbon-
based materials show only a few prominent features in their spectra, the position, intensity and
shape of each peak gives great insight into these carbon allotropes [175]. This section will present
a brief introduction to Raman characterization, followed by a more specific analysis of the Raman
spectrum of graphene.

2.3.1 Principles of spectroscopy

Atoms in a crystal lattice always possess some motion around their lattice point, even at absolute
zero, due to Heisenberg’s uncertainty principle. The fact that there is a motion, even if incredibly
small, is what determines thermal and electrical properties of a crystal. If considered isolated,
the motion of an atom about its equilibrium position is approximately the same as that of a sim-
ple harmonic oscillator [177]. However, since atoms in a crystal are connected, the vibration is
disseminated throughout the crystal by means of bonds. The entity in quantum mechanics that
represents these vibrations in solids are called phonons and due to their quantum mechanical
nature, they can be though of as either waves or particles. Like photons, they can only possess
certain values of energy, which are h̄ω apart from each other, where ω is their frequency of vibra-
tion. Because they are considered quantized packets of vibratory energy, regions of a solid with
larger amplitude of atomic vibrations contain more phonons [177]. Due to their particle nature,
phonons can be scattered by point defects, dislocations, other phonons, or the surface of a solid.

Physical matter responds in a unique way when exposed to specific frequencies of electromag-
netic radiation, i.e., when light interacts with a material, it is absorbed at specific frequencies,
depending on the chemical characteristics of that material. This general principle is what allows
for most spectroscopic measurements to take place. Unique energetic states in different atoms,
molecules, or crystals, create distinct spectral transitions between those states that are responsible
for the series of lines observed in a spectrum.

2.3.2 Raman scattering

When using Raman spectroscopy, a laser is focused on the sample and the intensity of scattered
radiation is measured as a function of its wavelength. In a Raman spectrum, the intensity is
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plotted as a function of the Raman wavenumber ω, which is the difference in frequency (in cm−1)
between scattered light and incident electromagnetic radiation (Raman shift frequency) [178]. A
measurement gives an estimate of the fundamental vibration modes from different materials and
Raman spectroscopy is used therefore to provide a measure of the inelastic scattering of each
sample [179].

The Raman scattering effect was discovered in 1928 by C.V. Raman and K.S. Krishnan [180].
The first experiments used the brightest source available, sunlight, or a quartz mercury emission
lamp, since lasers did not yet exist. The sources were filtered for specific wavelengths and were
used to excite the newly discovered scattering effect. Initially, the necessary exposure time would
range from several hours to almost 200 h [179]. Nowadays, laser excitations are able to provide a
high density flux of photons in a short period, dramatically reducing the acquisition time.

The Raman effect can be generally understood as the inelastic scattering of electromagnetic radi-
ation. The energy transfer between photons of the radiation source and phonons from the crystal
leads to a difference in energy between the incoming and the scattered photon [178]. Once the en-
ergy levels of a system are known (or its Hamiltonian), the scattering in this structure can be better
understood. Because the laser energy is large compared to the phonon energy for light in the in-
frared to ultraviolet spectral range [181], the main scattering mechanism does not involve direct
photon-phonon coupling, but rather electronic excitations as intermediate states. When a photon
collides with a sample, it creates a time-dependent perturbation of the Hamiltonian, which, due to
its fast changing electric field, are only answered by electrons. Therefore, how electrons move, in-
terfere and scatter considerably determines Raman scattering on phonons. Consequently, Raman
spectra can shed light on the behavior of electrons [182, 183].

To better understand the process of Raman scattering, it is useful to consider a crystal that is
illuminated by a photon. The energy of the system, initially in the ground state E0, is increased by
a photon of energy h̄ωL, resulting in E0 + h̄ωL, which in general does not lead to a stationary state
[184]. Consequently, the system goes to a virtual level, i.e. the electrons are forced to oscillate with
a frequency ωL. Once the photon recognizes that there is no stationary state of energy E0 + h̄ωL,
it leaves the unstable situation. The photon is then emitted by the perturbed system, falling back
to one of its stationary states. Figure 2.3 shows the possible scattering processes.

Figure 2.3: Rayleigh and Raman scattering in resonant and non resonant conditions. Based on
[184].

The system may return to its initial state in an elastic scattering, or Rayleigh scattering. In this
case, the frequency of the emitted photon remains the same as the incident one, changing only its
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direction of propagation. When the photon loses or increases part of its energy in the interaction
with the system, then the scattering is called Raman. It is an inelastic scattering of photons by
phonons [180] and has a much lower probability than Rayleigh scattering. If the transition starts
in the ground state and finishes at an excited state, that is, if it loses energy, the process is called
Stokes. The photon exits the sample with a lower energy of h̄ωSc, and the energy loss of the system
corresponds to a phonon energy of h̄ωL − h̄ωSc = h̄Ω. If the system is in an excited vibration state
and, after the interaction with the photon, it returns to its ground level, the process is called Anti-
Stokes. The photon leaves the system with energy h̄ωSc = h̄ωL + h̄Ω. When E0 + h̄ωL does not
correspond to a stationary state, the scattering is called non-resonant. If the excitation matches a
specific energy level, the intensities are strongly enhanced and the process is said to be resonant
[185].

Because in room temperature most systems are in the ground state, anti-Stokes transitions are
less likely [185]. Consequently, a Raman spectrum usually plots the intensity of the Stokes scat-
tered light as a function of the difference between incident and the scattered photon energy, or
Raman shift, which is historically plotted in cm−1.

2.3.3 Raman spectrum of graphene

The Raman spectra of graphite was first reported in 1970 in the seminal work of Tuinstra and
Koenig [186]. Therefore, by the time graphene’s spectra was measured in 2006 [33], Raman spec-
troscopy was already one of the most popular techniques for the characterization of carbon al-
lotropes, such as fullerenes, nanotubes and diamonds [187]. Graphene differs from usual semi-
conductors in several aspects, one of which is its linear gapless electronic dispersion around the
Dirac point (see Figure 1.3) that implies resonances for any wavelengths of incident radiation
[184].

To comprehend the Raman spectra of graphene, it is useful to first understand its phonon dis-
persion. A dispersion relation, which is the energy or frequency of a photon as a function of its
wave vector, ω = ω

(−→
k
)

, allows one to obtain the optical and acoustic modes of phonons. The
dispersion relation of a crystal with at least two atoms in its primitive cell exhibits two kinds of
phonons, namely acoustic (A) and optical (O) modes. Since graphene has two atoms in its primi-
tive cell (as previously shown in Section 1.3), it exhibits the two types of phonons in its dispersion
relation. A crystal with more than one atom in its primitive cell will display three acoustic modes,
one longitudinal (L) and two transverse (T) [188]. The number of optical modes can be obtained
from the equation 3N – 3 . Considering that graphene has two atoms in its primitive cell (N = 2),
there are also three optical modes, similarly one longitudinal and two transverse. The atomic vi-
brations can occur perpendicular to the graphene plane, i.e. out-of-plane (o) phonon modes, or
they can take place parallel to it, or in-plane (i) phonons. In this case, if they are parallel to the A – B
direction (Figure 1.1 b), they are classified as longitudinal (L). Similarly, if they are perpendicular
to this direction (but still in-plane) they are called transverse (T) [189].

The reciprocal space of MLG and BLG exhibits four high symmetry points within the first Bril-
louin zone. As can be seen from Figure 1.1 b, those points are: Γ point at the zone center, M points
in the middle of the hexagonal sides, and K and K′ points at the corners of the hexagons (they are
inequivalent since they are not connected by the unit vectors of the reciprocal lattice). Thus, along
the high symmetry directions ΓM and ΓK, the six phonon dispersion curves are named oTA, iLA,
iTA, oTO, iLO and iTO (Figure 2.4) [189]. However, only a few phonon modes are Raman active
and are involved in the creation of the features in the Raman spectra of graphene [188].
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Figure 2.4: Calculated phonon dispersion relation of graphene showing the iLO, iTO, oTO, iLA,
iTA, and oTA phonon branches. Adapted from [189] (which was taken from [190]).

Vidano and Fishbach proposed in 1977 the first nomenclature for the Raman spectrum of graphite
[191]. Since they observed strong lines in ∼ 1 580 cm−1 and ∼ 2 700 cm−1 in pristine graphite,
while another band at ∼ 1 350 cm−1 only appeared in defected graphite, they called the former G
and G’ (from Graphite), and the latter D (from Disorder). The G’ band has later been renamed 2D
band [33] (not to be confused with two-dimensional). In this regard, the most notable features of
the Raman spectrum of MLG are the G band, which appears around 1 582 cm−1, and the 2D band,
at 2 700 cm−1, for a laser excitation of 514 nm (Figure 2.5) [188]. The so-called disorder induced D
band can also be seen in disordered samples, at about half the frequency of the 2D band (around
1 350 cm−1 for the same laser excitation). Other bands have also been attributed to the Raman
spectra of graphene but, since they are not as pronounced, they will not be described in details
here. Information can be found elsewhere [175].

Figure 2.5: Raman spectrum of MLG. Adapted from [188].

The Raman scattering in graphene involves the excitation of an electron into the conduction
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band by the absorption of a photon, then scattering of this electron by a phonon or a defect, and
finally de-excitation of the electron back to the valence band accompanied by the emission of a
photon. The energy difference between the incident and emitted photon is equal to the energy of
the Raman active phonon scattering of the electron, which corresponds to a peak in the Raman
spectrum. A Raman process may be classified according to the number of scattering events that
the photoexcited electron goes through before returning to its initial state [192]. An inelastic scat-
tering process can be originated, for instance, from vibrations of the lattice (phonons), whereas an
elastic scattering may arise from defects [188]. Figure 2.6 plots the possible elementary steps of
the Raman processes that contribute to each peak of graphene.

Figure 2.6: Elementary steps of the Raman processes for MLG. Adapted from [188].

The only band that comes from a single scattering process in graphene is the G peak (only one
phonon is involved) [188]. It is associated with the double degenerate (iTO and iLO) phonon
modes at the Brillouin zone center (Γ point) and it occurs due to the stretching of sp2 pairs in
both rings and chains of the hexagonal carbon lattice [184]. The physical steps involved in this
scattering mechanism can be seen in Figure 2.6. An electron with wave vector k in an initial state
i is excited by an incident photon with energy EL from i to an excited state m. If the m state is a
real electronic state, the light absorption is a resonant process. The photoexcited electron will be
inelastically scattered by a q ≈ 0 phonon with frequency ωq to a virtual state m′, and decay back
to the initial state i by emitting scattered light [193].

Both the 2D and the D peaks originate from a two scattering process that involves either one
iTO phonon and one defect (D band) or two iTO phonon modes near the K point (2D band) [188].
The physical steps can be seen in Figure 2.6. A photon with incident energy EL excites an electron
from an initial state i to an excited state m. Because graphene has no energy gap around the K
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point, electrons always have a resonant condition for any laser energy. The photoexcited electron
with wave vector k is inelastically scattered by a defect (D band) or by a phonon (2D band) with
wave vector q ( 6= 0) to a state k – q around the K′ point. The electron is scattered back by emitting
a (second) phonon with wave vector – q. Finally, the electron returns to the initial state i as it
recombines with a hole at the k state [193].

In the D band, the first scattering process is an elastic event by defects of the crystal, while the
second is an inelastic that emits or absorbs a phonon. The D peak occurs due to the breathing
modes of six sp2 atoms in rings [186, 194] and therefore requires a defect in the crystal lattice
for its activation [186, 194, 195]. Since the 2D mode originates from a process where momentum
conservation is satisfied by two phonons with opposite wave vectors, no defects are required for
its activation, and this peak is thus always present on the Raman spectra of graphene [33, 182]. It
is characterized by two inelastic scattering events in which two phonons are involved.

Both the D and 2D bands exhibit a dispersive behavior, which means that, depending on the
energy of the incident laser, their frequencies in the Raman spectra change. When the laser energy
is increased (relative to the Dirac point), the resonance vector k moves away from the K point. In
a double resonance process, as is the case for the D and 2D bands, the corresponding q vector for
the phonon increases with increasing k (measured from the K point) [188]. Thus, by changing the
laser energy, the phonon energy can be observed along the phonon dispersion relations.

2.3.4 Spectra of buffer layer, monolayer and bilayer graphene

As previously explained in Section 2.1, the samples prepared for this study were fabricated on SiC
substrates, which has Raman active modes in the area where the spectra are collected (between
1 050 and 3 000 cm−1) [196]. Figure 2.7 exhibits the spectrum of a SiC substrate used in this work,
where the two-phonon modes of the SiC substrate can be seen in the region between 1 000 and
2 000 cm−1 [197]. Because Raman spectroscopy is a technique sensitive not only to the surface, but
it also probes beyond the graphene sheet itself, features from the substrate are also present in the
spectra of graphene films grown on SiC [197].

Figure 2.7: Raman spectrum of a SiC(0001) substrate.

As formerly explained in Section 1.6, graphene grown by thermal graphitization of SiC surfaces
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exhibits a BL interface. The fabrication of BLG, which was introduced in Section 1.9 and will be
described in details in Chapter 4, converts the BL into a second graphene layer, eliminating the
contribution from the BL to the Raman spectrum. Therefore, the samples studied in this work
contained areas with either only BL, MLG on top of the BL, or BLG (without the BL contribution).
Figure 2.8 shows the spectra of the BL, a MLG and a BLG with the background from the SiC.
Although the 2D peak is clearly visible around ∼ 2 700 cm−1 for the MLG and the BLG samples,
the spectrum of the underlying SiC substrate is much stronger than the intensity of the the G and
D peaks from the graphene films.

Figure 2.8: Raman spectra of BL, MLG and BLG with SiC(0001) substrate background.

To study the graphene spectra without the background contribution, it is necessary to subtract
the SiC spectrum. Figure 2.9 shows the spectra of the BL, the MLG and the BLG after the back-
ground removal. The BL spectrum contains two broad features, one centered around 1 355 cm−1

and the other around 1 570 cm−1. Ab initio phonon calculations have revealed that these features
can be attributed to the vibrational density of states of the BL [197]. The spectrum of MLG also
shows the characteristic BL bands, whereas the spectrum of BLG is free from them. Those results
are consistent with the fabrication method utilized in this work, since the growth of monolayer
GNRs entails the presence of the BL, whereas the fabrication of BLG removes the BL. Additionally,
both the spectra of MLG and BLG exhibit the G and 2D band. The 2D band for MLG at room tem-
perature is well described by a single Lorentzian [198] with a full width at half maximum (FWHM)
of ∼ 40 cm−1. For BLG with Bernal AB layer stacking, both the electronic and the phonon bands
split into two components. In this case, four different scattering processes give rise to four Raman
peaks in the spectrum of the 2D band. The spectra is therefore fitted with four Lorentzians, each
with a FWHM of ∼ 24 cm−1 [199].

The relative intensity of the 2D to G bands, (I2D/IG), is decreased in epitaxial graphene (Fig-
ure 2.9) when compared to the spectrum of pristine graphene (Figure 2.5). This occurs as a conse-
quence of the intrinsical n-doping of epitaxial graphene on SiC(0001) due to the BL [200]. While
the G band intensity is independent of the doping level, the 2D band intensity decreases as the
doping level increases (both for hole and electron doping) [201]. Accordingly, (I2D/IG) changes
as the doping level is altered.

A laser excitation wavelength of 473 nm and spatial resolution of ∼ 1 µm was used in all the
Raman measurements throughout this work. All the spectra which will be later shown had the
SiC background signal subtracted. For this, spectra collected from a bare SiC sample from the
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same wafer were used as a reference.

Figure 2.9: Raman spectra of BL, MLG and BLG on SiC(0001) without the background from the
substrate.

2.4 Atomic force microscopy

Although a useful technique to study the structure of the surface of samples, Raman spectroscopy
is not suitable to obtain information about the surface morphology and individual growth features
of the graphene layers. AFM, in contrast, is a more appropriate technique for that.

The first technique to rely on the electron tunneling phenomenon for imaging a conducting
surface on atomic scale was the STM, which was built in 1982 by Binnig et al. [202]. The trans-
ference of electrons from tip to sample surface involves only a few atoms, thus granting STM
sub-angstrom resolution. A real space image on an atomic scale is then built from spatial varia-
tions of the tunneling current as the tip scans the sample. Additional features, such as atomic scale
defects, which are not seen by diffraction and spectroscopy techniques, are also observed. Those
mechanisms make of STM a powerful tool for examining metallic and semiconducting surfaces,
which is the reason why it was awarded a Nobel Prize in physics. One of the disadvantages of
this technique, however, is that it is unsuitable for insulating surfaces.

As a solution to this limitation, AFM was developed based on the repulsive force between tip
and sample surface, which is valid for insulating as well as conducting materials [203]. Unlike
other microscopes, AFM does not form an image by focusing light or electrons onto a surface, but
rather "feels" the sample surface with a sharp probe [204]. Initially developed for the contact mode,
this method forms images by measuring the spatial variation of the tip-sample repulsive force
(or their height), producing a high-resolution surface profile. A feedback look keeps a constant
deflection (and therefore a constant force) between the tip and the sample by vertically moving
the tip. As a limitation, this method may modify the topography of samples with softer surfaces.

The modification of the sample surface induced by the tip can be reduced when using the tap-
ping mode, in which the cantilever vibrates and allows the tip to make intermittent contact with
the sample [205, 206]. In tapping mode, the tip oscillates vertically at its resonance frequency
[205]. As the sample is approached, intermittent contact is established with the tip, lowering the
vibrational amplitude and this drop is used on the feedback. The feedback loop keeps a constant
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oscillation amplitude by maintaining a constant root mean square of the oscillation signal. This
mode is better for soft surfaces when compared to contact mode because the lateral force between
the tip and the sample is greatly reduced and because the short tip-sample contact time prevents
inelastic surface modifications. The main elements of an AFM are illustrated in Figure 2.10.

Figure 2.10: Schematics of an AFM.

One of the images obtained with a tapping mode configuration is the phase shift signal. It is one
of the most commonly used techniques for characterization of sample surfaces. It measures the
energy dissipation involved in the contact between tip and sample [207, 208, 209], which depends
on several factors, including viscoelasticity (i.e., the stiffness or softness of a surface), adhesion
between tip and sample, and contact area [204]. Since the contact area is altered by slopes on the
sample, it also reflects topographic differences of the surface. The phase shift can be understood
as a delay in the oscillation of the cantilever, when it moves back and forth towards the surface
of the sample (Figure 2.11). As the tip experiences regions of different compositions, the phase
signal changes. Brighter and darker areas indicate the various phase shift contrasts in this types
of images [210]. In this way, a phase image maps out areas with different materials, since each
material is chemically distinct. By capturing both height and phase contrast simultaneously, it is
possible to compare topographic structures with material domains.
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Figure 2.11: Illustration of a tip oscillating (above) and the corresponding response (below) in free
oscillation (blue) and on the surface of the sample (orange), exemplifying a phase
shift. Adapted from [204].

For graphene samples, the different surface compositions correspond to the SiC substrate, the
BL, or graphene layers. An example of a graphene film grown at 1 475 °C for 10 minutes is rep-
resented in Figure 2.12 (from [211]). The topography image in Figure 2.12 a shows two pits of
similar area on the same terrace. The inset images reveal that the pits have heights of 0.5 nm (b)
and 1.0 nm (c) deep, respectively. The phase analysis in Figure 2.12 d exhibits no phase contrast
for the 0.5 nm deep pit in comparison to the terrace (e), indicating that both areas display the
same material. The 1.0 nm deep pit (f), on the other hand, shows a darker phase contrast, im-
plying that this represents a different material. By combining the information obtained by height
and phase contrast, one can conclude that four SiC bilayers were consumed to fabricate graphene.
This example illustrates how the phase contrast is extremely useful for the graphene analysis.

Figure 2.12: Two terrace pits highlighted on the AFM height (a-c) and phase (d-f) contrast images.
Taken from [211].

2.5 Transmission electron microscopy

To understand the working principles of a transmission electron (TE) microscope, it is useful to
first recall the concept of diffraction. Diffraction occurs when light is allowed to pass through the
spaces in an object, similar to the way in which water waves pass through the spaces in between
reeds [212]. If a gap is smaller than the wavelength of light the waves cannot pass through, and
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therefore diffraction does not occur. According to the calculations from physicist Ernst Abbe’s in
1872 on the wavelength of light, this limitation means that the size limit in a light microscope is
about 0.5 micrometers, and so the magnification factor cannot be much higher than 1 000 [212].

Electron microscopy was therefore initially developed due to the limited image resolution in
light microscopes (imposed by the wavelength of light) and to the need to image detail down to
the atomic level in order to better understand the properties of a material. Since electrons are
smaller than atoms, researchers wanted to use electrons to built a microscope that could "see"
details below the atomic level [213]. The TE microscope operates on the same basic principles as a
light microscope, but instead of light, it uses electrons. The limitations imposed by the wavelength
of light in a light microscope do not apply to TE microscopes, since electrons have a much lower
wavelength, improving the resolution of such microscopes by a factor of up to a thousand. (For an
electron with 1 eV of kinetic energy and a rest mass energy of 0.511 MeV, the associated de Broglie
wavelength is 1.23 nm, about a thousand times smaller than a 1 eV photon [214].)

The working principle of a TE microscope is similar to a slide projector. In a projector, a beam
of light shines through a slide and, as light passes through the structures on the slide, it is affected
by them. This results in a selective transmission of light through only certain parts of the slide,
which is then projected onto the viewing screen and forms an enlarged image of the slide. In a TE
microscope, instead of light it is a beam of electrons that is emitted from the top of the microscope
and travels through vacuum towards the sample to be studied [215]. If glass lenses were used
to focus the beam, they would impede electrons, therefore magnetic fields are used to converge
electron rays into a very thin film and focus them on a sample (instead of the slide projector). The
electron beam then shines through the sample and illuminates only the area being examined.

As electrons travel through the specimen, depending on the density of the material, they are ei-
ther scattered by a variety of processes or they may remain unaffected. Although some electrons
are scattered and deviate from the main beam, there is generally less scattering at higher angles so
that they are mainly scattered parallel to the incident beam. The TE microscope is constructed to
gather the electrons that do not deviate far from the incident beam and, in that way, give informa-
tion about the internal structure and chemistry of the specimen [215]. The transmitted electrons
are projected onto a phosphorescent or fluorescent screen, which is placed at the bottom of the
microscope. This screen records a shadow image of the sample, based on the non-uniform dis-
tribution of electrons. In the image, different densities are displayed in varied darkness, due to
differences in the diffraction conditions of the features on the electron path.

When radiated towards an atom, electrons are capable of removing tightly bound core electrons
from the nucleus, thus producing a wide range of secondary signals from the specimen, as illus-
trated in Figure 2.13. Those signals give chemical and structural details about the sample. Since
electrons are (negatively) charged particles, when they interact with the local electromagnetic field
of a sample, they are strongly scattered by both the electrons and the nuclei in the material. Be-
cause the scattering process varies with the structure or composition of the specimen, it is possible
to either image a structure, collect a diffraction pattern, or record a spectrum. Images of the spec-
imen are obtained through investigation of the spatial distribution of scattering, while diffraction
patterns are obtained by the angular distribution of scattering. The interaction between the elec-
tron beam and the sample results in a change of energy and/or trajectory without altering its
kinetic energy.

High-resolution TEM images of typical graphene layers formed on a stepped 6H-SiC(0001) sub-
strate observed along the [112̄0] direction (electron incidence direction) are shown in Figure 2.14.
In all the images, graphene layers (including the BL) appear as a dark line contrast, whereas the
SiC substrate appears as a bright dotted contrast. Terraces covered by either one or two graphene
layers on top of a BL are exhibited in Figures 2.14 a-b, whereas the initial growth of graphene
layers can be observed starting from the step edges in Figures 2.14 c-d.
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Figure 2.13: Signals emitted from different parts of the interaction of the primary electron beam
with the sample. Adapted from [216].

Figure 2.14: High-resolution TEM images of (a) monolayer, (b) bilayer, and (c-d) few
layer graphene on top of a BL grown on SiC(0001) at different temperatures
(1 350 °C – 1 450 °C) for 30 min. The image in (d) is an enlargement of part of (c).
Taken from [217] and [218].

Cross-sectional TEM was conducted by Dr. Katja Berlin and Dr. Achim Trampert in a JEM-
2100F operated at 80 kV equipped with a field emission gun. The samples were prepared using
standard procedure of mechanical grinding and dimpling. Afterwards they have been thinned
by argon ion beam milling with an energy of 4 keV under an incident angle of 4° using a Gatan
precision ion polishing system.

2.6 Scanning electron microscopy

Scanning electron microscopy (SEM), like TEM, also relies on electrons to map the object of study,
i.e., they’re both electron microscopy techniques. Unlike TEM, which measures the electrons that
travel through the sample, SEM analyzes electrons that travel back after interacting with the sam-
ple. This means that, while in TEM the specimen needs to be thin enough to avoid most electrons
to be scattered or absorbed within the sample rather than transmitted, in SEM the specimens can
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be relatively thick (what has stimulated the development of this technique in the first place [215]).
SEM scans a focused beam of electrons over a surface to create an image. By interacting with the
sample, the electrons in the beam produce a variety of signals that give information about the
sample, including surface morphology, chemical composition and crystalline structure [219].

The incident electrons are accelerated and focused on the sample, where they go through sev-
eral scattering processes before leaving the sample. Because they have a lot of kinetic energy, as
they interact with the sample they are slowed down and their energy is dissipated as different
signals. Besides X-rays, three kinds of electrons are emitted from the interaction, namely primary
backscattered electrons (BSE), secondary electrons (SE) and Auger electrons [220]. The main scat-
tered electrons are sketched in Figure 2.13. As the incident electron beam encounters the sample, it
is inelastically scattered and ejects electrons from the atoms of the sample. Those are the so-called
SE, which are commonly used for SEM. The SE produced from the first scattering processes, SE1,
are the ones that offer most information about the sample surface. As the electron beam is further
scattered by the sample, it produces more SE, called SE2. There is a third type of SE, SE3, which
are generated by the interaction of BSE with other materials in the SEM chamber.

Electron guns, which produce a steady stream of electrons (incident electrons), are located either
at the top or bottom of the microscope (so that micromechanical movements of the components
due to the gravitational force do not affect the alignment with time). Like optical microscopes,
SEM uses lenses that, instead of glass, are made of magnets which focus and control the electron
beam. The sample to be examined is placed in a sample chamber insulated from vibrations. The
position of the electron beam on the sample is controlled by coils that allow the beam to scan the
surface of the sample. Different detectors register the various types of interactions of the electron
beam within a defined area of the sample. As the electron beam traces over the sample and in-
teracts with its surface, it penetrates a few microns, depending on the accelerating voltage and
density of the sample. SE are removed in a unique pattern, and, depending on the number of
electrons that reach the secondary electron detector, different levels of brightness are registered.
Additional sensors detect BSE (reflected from the sample’s surface) and X-rays (emitted from be-
neath the sample’s surface). An image of the original object is created dot by dot, row by row,
giving information about the collected area. In order for the electron beam not to be obstructed
from the path towards the sample, it is important that all those elements of the microscope be
immerse in vacuum [215].

Two detectors are responsible for the detection of the SE [221]. One is called Everhart-Thornley
and is placed outside the lens system with an inclined angle relative to the incident electron beam.
As a positive bias is applied to this detector, SE1, SE2, and BSE are attracted. Those emitted
electrons offer information about the depth and topography of the sample. The incident elec-
tron beam has a higher penetration depth in materials that are extra-thin and have a low atomic
number (like graphene), which results in electrons (SE1, SE2 and BSE) escaping the surface from
a larger area. This in turn generates blurry images recorded by this detector. The other detec-
tor, called In-Lens, is placed inside the lens column, perpendicular to the incident electron beam.
This detector effectively captures electrons from the SE1 type due to its position and the electro-
static/electromagnetic lenses that select only SE1 toward it. By using a In-Lens detector combined
with a low acceleration voltage, it is possible to reduce the depth of penetration, which implies a
higher surface sensitivity [221]. Accordingly, this combination is suitable for imaging of 2D mate-
rials like graphene. The SEM measurements were performed with the assistance of Dr. Uwe Jahn
and Dr. Carsten Pfüller. The In-Lens secondary electron detector of a Carl-Zeiss-ULTRA 55 SEM
operating at an acceleration voltage of 3 kV was used throughout this study.

An example of an In-Lens detector SEM image of a graphene sample is shown in Figure 2.15, in
which graphene (darker contrast) differs from a bare Ni substrate (brighter contrast). Opposed to
this image, the substrates utilized along this study were either semi-insulating or doped SiC. To
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avoid the contamination promoted by the electron beam in semi-insulating substrates, which hap-
pens for long acquisition times or when the selected area is too small and the beam is, therefore,
more focused, a silver paste was used on those substrates.

Figure 2.15: In-Lens detector SEM image of a graphene film on Ni-MgO(001). The dark regions
are graphene, while the lighter areas are bare Ni. Taken from [222].

2.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis technique, since can
be applied to a broad range of materials and provides useful information from the surface of the
studied material, such as composition, chemical state of the elements and chemical bond strengths
[? ]. The technique is based on the photoelectric effect, in which the surface to be studied is
exposed to light (in this case, a beam of x-rays) and, as a result, electrons are emitted from the
material [? ]. The energies of the photoelectrons that leave the sample, characteristic of each
element, are then measured and the peak areas can be used to determine the composition of the
surface of the material [? ]. Initially, a survey (or wide) scan is performed from binding energies
between 0 and 1200 eV to inform about the elements present in the sample by counting the number
of photoelectrons over this wide range of energies. The obtained intensity is typically plotted as
a function of electron binding energies [? ]. Narrower scans focusing on a specific peak or set
of peaks elucidate the chemical state or environment at the surface [? ]. The binding energy of
the photoelectron peaks identify the elements and their chemical state on the surface, whereas the
intensity of the peaks quantifies the composition ratio of the surface elements [? ].

An example of an XPS measurement from a pristine monolayer graphene on SiC(0001) is shown
in Figure 2.16, which displays the C 1s and the Si 2p core level spectra of this sample. The spectrum
in the C 1s region exhibits four components, one at 284.8 eV related to the carbon bonded within
the graphene layer, the SiC bulk component at 283.9 eV, and the BL components S1 (285.0 eV) and
S2 (285.7 eV) [223]. The lower energy component S1 is related to the covalent bonds between the
BL and the SiC surface, while S2 is due to the sp2 bonded carbon within the BL [101]. The spectrum
of the Si 2p region was fitted with two components, labeled SiC bulk and SiC, corresponding to
silicon in the SiC bulk and silicon at the SiC surface bonded to carbon within the BL, respectively.

The XPS measurements presented in this work were obtained in collaboration with Dr. Muham-
mad Y. Bashouti, from the Ben-Gurion University of the Negev. They were aquired in UHV using
an x-ray photoelectron spectrometer with an Al Kα x-ray source and a monochromator. The x-ray
analytical spot diameter was ∼ 500 µm and survey spectra were recorded with a pass energy of
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20 eV.

Figure 2.16: (a) C 1s and (b) Si 2p core level spectra of pristine monolayer graphene. Taken from
[223].

2.8 Transport characterization

Electronic transport of the bilayer GNRs were measured in collaboration with Johannes Aprojanz,
Dr. Ilio Miccoli, Dr. Timo Lichtenstein and Dr. Christoph Tegenkamp from the Leibniz Univer-
sität Hannover. This characterization technique can give information about mobility and carrier
concentration on bilayer GNRs. Their 4-tip STM/SEM system, in which the samples are degassed
for several hours at 700 °C, operates at a base pressure of 1× 10−10 mbar. The high resolution
of a scanning electron microscope allows a precise control over the position of the tips for trans-
port measurements. Ohmic contact with the samples is established by tungsten tips, which are
made by electrochemical etching with NaOH. The measurements were made either in a two-point
probe (2PP) or a co-linear 4-point probe (4PP) configuration, the former due to its simplicity and
the latter to verify how clean the tips were, giving rise to negligible contact resistances [224]. If the
contact resistance exhibited too much fluctuation, the 4PP system was preferred.

The following procedure was adopted to obtain the mobility and carrier concentration of the
samples. The SEM system is first used to search for the best areas of the sample to measure.
Then either four or two STM tips are approached, depending on the configuration to be used,
and brought into tunneling contact above the SiC substrate and in between the ribbons. Once
tunneling occurs, to ensure that the distance between the tips and the sample is kept constant and
the tips don’t collide, the current between them varies as the tips are positioned on a ribbon. At
this point, the feedback loop was turned off and I(V) curves were recorded. By moving the tips
along the ribbons and performing I(V) measurements on different points, it is possible to learn
whether the ribbon is diffusive or not, and if it has a 1D or a 2D behavior.

Figure 2.17 shows the two configurations used throughout the transport characterization of our
samples, i.e., 2PP and 4PP. A GNR is illustrated on a step edge of a SiC(0001) substrate and the
probe spacing, L, is shown for each geometry, as well as the corresponding probes. In the 2PP
setup (a), both probes serve as a current (i) source and as a voltage (V) probe. When the linear
fit of the resistance as a function of the probe spacing intercept the origin, the contact resistances
of the tips are negligible and this configuration can be employed. If the 4PP geometry (b) is used
instead, while two probes drive the current through the sample, another two probes measure the
voltage drop simultaneously [225]. In this case, the current flowing through the voltage probes
is practically zero due to the high input impedance of the voltmeter. Hence, the voltage drop
over probes and contacts can be neglected and the measured resistance corresponds only to the
resistance of the sample.
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Figure 2.17: Schematic representation of the setup of (a) 2PP and (b) 4PP geometries. Adapted
from [225].
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3 Monolayer graphene nanoribbons

3.1 Introduction

As previously reported in Chapter 1, one of the proposed methods to induce a bandgap in graphene
is to fashion it into quasi-one-dimensional nanoribbons. Therefore, the development of a scalable
method that allows the production of GNRs with tailored dimensions and edge termination, di-
rectly on a technologically compatible substrate, would be ideal for device applications. Among
the different approaches which have been reported [116, 139, 226, 227, 148] – spanning from the
lithography patterning of mechanically exfoliated graphene [116] to the unzipping of CNTs [226] –
the direct synthesis of GNRs by surface graphitization of SiC is certainly one of the most promising
methods to fulfill the above requirements. Controlled, epitaxial growth of GNRs on SiC allows,
in principle, the tailoring of both lateral dimension and edge termination [151]. Additionally, it
avoids any post-growth process for "cutting" graphene into ribbons, which frequently results in
structural damage.

Sprinkle et al. [90] pioneered this method by fabricating GNRs via self-organized growth on
well-ordered, non-polar facets created by the surface patterning of the SiC prior to graphene
growth. Baringhaus et al. [106, 152] later measured single-channel ballistic transport in mono-
layer GNRs prepared on the same type of SiC templates. Selective growth of GNRs on non-polar
facets of vicinal SiC surfaces has also been achieved by employing chemical vapor deposition and
molecular beam epitaxy [227, 228]. Alternatively, as it will be shown in this chapter, natural facets,
formed due to step bunching promoted by H-etching, can be used as nucleation centers for rib-
bons that grow laterally on top of the (0001) terraces. A potential advantage of this approach is
more precision in the control over the final width of the GNR, as the formation of MLG on the
(0001) surface has been shown to be more readily achieved than on the non-polar (1–100) and
(11–20) planes [229, 230]. In fact, the unintentional formation of few graphene layers on the non-
polar facets of the SiC surface is a general challenge for GNRs grown on SiC, independently of
whether step facets are designed as the active region for selective GNR growth, or only as nucle-
ation centers.

In this context, investigating the growth process of GNRs on a stepped SiC surface and the
mechanisms through which control may be exerted over the final size of the ribbons is very im-
portant to the fundamental understanding of this interesting – and potentially useful – material
system. Thus, in order to obtain a direct correlation between fabrication temperature and final
ribbon width, samples were grown at temperatures ranging from 1 410 °C to 1 460 °C for a fixed
time of 15 min, which was sufficient to form monolayer GNRs close to step edges but without
promoting a complete MLG coverage. Two SiC substrates with different miscuts were employed
to also evaluate the influence of step height and terrace width on the formation of GNRs.

3.2 Sample preparation

Epitaxial monolayer GNRs were synthesized on n-type 6H-SiC(0001) substrates (1 cm× 1 cm). In
order to study the effect of step height on growth behavior, two main series of samples employed
as substrates nominally on-axis (low-miscut, 0.1°) and off-axis (high-miscut, 2.0°) SiC(0001). After
each sample was chemically cleaned (as previously described in Section 2.1.2), a process of H etch-
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ing removed any surface contaminants and irregularities (e.g. scratches), and led to step bunching
and thus the formation of non-polar facets on the SiC surface [231]. The stepped surface is a re-
sult from the wafer miscut, which prevents the formation of a perfectly flat surface with a single
crystalline face (this happens due to the unintentional miscut of the surface, even for nominally
on-axis surfaces [231]).

AFM analysis reveals that, after GNR synthesis, the mean height of the surface step facets
ranged from 1 to 3.5 nm for the low-miscut SiC, whereas for the high-miscut samples this value
varied between 7.5 and 18 nm. Figure 3.1 shows AFM images which illustrate the overall surface
morphology of the SiC(0001) samples used in this work after GNR growth at 1 450 °C for 15 min.
No dependence on the GNR growth temperature was observed in either case. Note that some
steps are actually formed of several smaller mini-steps with small terraces in between (see arrows
in Figure 3.1).

Figure 3.1: AFM height images for a low- (a) and high-miscut SiC (c) and their cross section pro-
files (b, d), respectively. The arrows in (b) and (d) indicate step edges where the ex-
istence of mini-steps separated by small terraces can be seen. The images were taken
after GNR growth at 1 450 °C for 15 min.

The fabrication of graphene occurred in a similar fashion as the etching process, but instead of
forming gas, the whole growth took place in an Ar atmosphere (as also previously described in
Section 2.1.3).

3.3 General concepts of surface graphitization

The growth of epitaxial graphene on SiC(0001) is known to proceed in a layer-by-layer "inversed"
mode when sublimation of Si atoms from the SiC surface takes place at high temperatures. Even
though the graphitization of SiC surfaces had been observed in 1975 by Van Bommel et al. [23],
de Herr and coworkers [14] were the first to produce graphene layers utilizing this method and
to show, via transport measurements, the potential of epitaxial graphene as an electronic material.

44



3.4 Results

Because Si has a higher vapor pressure than C [232], as the SiC substrate is heated, Si atoms desorb
first from the sample surface [156, 233]. The C atoms left behind at the surface rearrange to form a
layer that is isomorphic to graphene with a 6

√
3× 6

√
3 R30° periodicity [23, 234, 101, 200, 235, 236].

The R30° denotes the 30° angle between this surface reconstruction and the SiC substrate, whereas
6
√

3 stands for the size of the new lattice vector, when compared to the SiC [100]. This layer, the
one usually referred to "buffer layer" [103], or also zero-layer [237, 32], differs from a single layer
of graphene because ∼ 1/3 of its atoms are in a sp3-configuration and covalently bound to Si
atoms in the SiC substrate [101, 6]. As more Si atoms continue to escape from underneath the
BL, a second BL layer is formed below the initial layer. Since the atoms are more weakly bound
to the substrate close to the step edges when compared to the terraces, Si atoms desorb more
rapidly from such areas [90, 156, 233]. This sequence leads to the decoupling of the first BL from
the SiC, which is then converted into a graphene monolayer. The more the new underlying BL
grows laterally, the broader the topmost decoupled MLG area becomes. This area is defined as a
monolayer GNR. More details on the growth process will be described in more detail later.

3.4 Results

3.4.1 SEM

SEM images for some of the samples are shown in Figure 3.2. The darker contrast is in general
related to the monolayer GNRs, whereas the brighter contrast is due to the SiC surface covered by
the single 6

√
3 BL. Due to the low-miscut angle, the first series of samples possesses surfaces with

1 – 2 µm wide terraces (Figures 3.2 a-c), which makes it easier to distinguish individual ribbons
in comparison to the case of the high-miscut substrates (Figures 3.2 d-f). The latter has terraces
that are usually narrower than 1 µm. Due to this, it is possible to observe areas where the MLG
is covering the whole terrace. These areas were not regarded as GNRs and therefore not con-
sidered in the statistical analysis shown next. Finally, it can also be seen that the steps of the
low-miscut samples are not as straight as the ones in the SiC substrate having higher miscut. This
is probably related to a higher misalignment in the (0001) basal plane from both the < 1–100 >
and < 11–20 > directions [238]. There is also a clear increase in the spread of the GNR widths
observed as the temperature is increased. In order to better quantify this change, a statistical anal-
ysis was performed on several SEM images as those shown in Figure 3.2. The statistical analyses
were obtained based on 250 measurements of the GNR width for each sample.

The mean value and the standard deviation of the monolayer GNR widths for each sample
are plotted in Figure 3.3 a. The larger standard deviation observed in the 1 440 – 1 460 °C temper-
ature range for GNR ensembles in the low-miscut SiC is probably related to the misalignment
in the (0001) basal plane leading to a larger width variation and edge disorder as the temper-
ature increases. GNRs synthesized on the high-miscut SiC are on average narrower than those
prepared on the low-miscut substrate for every growth temperature. Interestingly, two regimes
are observed for the width variation as a function of the growth temperature, one between 1 400
and 1 430 °C, and another for the 1 440 – 1 460 °C range. For the latter, the width shows a weaker
dependence on the synthesis temperature.

In order to gain more insight into the mechanisms involved in the growth process, the activation
energy required to form monolayer GNRs on both types of substrates was estimated using the
Arrhenius equation:

ln k = ln A− Ea

kBT

in which for a given temperature T, the expansion rate of individual GNRs k (in nm/min) depends
on the activation energy Ea. A is a prefactor, and kB the Boltzmann constant. When plotting
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ln k × 1/T, a line with a slope corresponding to −Ea/kB intersects the ln k axis at ln A. As k is the
ratio between the mean width of the GNRs and their growth time, it was possible to determine
the activation energy of the rate limiting step in the reaction from this value. Since the prefactor
does not offer any important physical information for this work, it was not considered in this
analysis. Figure 3.3 b shows the results obtained. For GNRs grown on the low-miscut substrate,
Ea is 6.1± 0.3 eV. For the high-miscut case, the two growth regimes observed yielded two Ea
values, 9.2± 0.1 eV at lower growth temperatures and 2.0± 0.9 eV when a growth temperature
near the top of the range was used.

Figure 3.2: In-Lens detector SEM images from monolayer GNRs (darker contrast) grown at differ-
ent temperatures on low- (a-c) and high-miscut (d-f) SiC substrates.

Figure 3.3: (a) The mean width of the GNRs as a function of the synthesis temperature for each
type of substrate. (b) An Arrhenius plot of the rate of expansion of monolayer GNRs
versus temperature. The activation energies obtained (Ea) are given.
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3.4.2 TEM and AFM

TEM and AFM analysis of the step edge regions have provided additional information that illus-
trate the origin of the variations in the Ea values. It is anticipated that the main difference between
the two cases studied here is the unintentional formation of few-layer graphene at the high step
facets (7.5 – 18 nm) that are present on the surface of the high-miscut SiC samples. Figure 3.4
shows cross sectional TEM image of GNRs grown at 1 450 °C for 15 min in a low- (a,c) and a high-
miscut (b,d) substrate. The influence of the step height is clear; while the same number of layers is
seen at the edge and upper terrace of the small step facet, the same region of the high step reveals
the existence of few-layer graphene. These results are in agreement with other TEM results from
other groups [156, 218]. The AFM data corroborate these findings.

Figure 3.4: Cross sectional phase contrast TEM images of GNRs grown from a low-height step
edge (a) and from a high step edge (b). (c,d) Close up views of the step edge area for
the images shown in (a) and (b), respectively.

As previously explained in Section 2.4, the phase contrast can provide information about re-
gions of the SiC surface covered by different number of graphene layers, as well as height varia-
tions from the step edges. This is illustrated in Figure 3.5, in which the phase contrast of a step
edge with a GNR grown at 1 470 °C for 15 min followed by air annealing (a) is compared to one
without (b), where only contrast due to the height difference is seen. The profile in Figure 3.5 c
contrast the two cases and indicates the phase shift that is induced by the step edge alone due to
the height variation.

Figures 3.6 a-b show AFM phase contrast images of single GNRs prepared on low- and high-
miscut SiC substrates, respectively. The corresponding height profiles are plotted in (d) and (e).
While the small step (∼ 1.1 nm high) of the low-miscut surface only contributes with a sharp,
bright line in the phase contrast image due to the height variation (Figure 3.6 a), a broader (∼
100 nm) and somewhat rough step edge is clearly seen for the high-miscut case (Figure 3.6 b). The
observed roughness can be associated with the existence of mini-steps, which are a product of the
formation process of few-layer graphene at this region [156, 239]. In addition, both surfaces show
an additional small step (∼ 0.4 nm high) at the upper edge of the step where it transitions to the
terrace. It delimits the monolayer GNR from the rest of the terrace which is still covered only by a
single BL. Considering the interlayer distances between SiC, BL, and MLG, as well as the fact that
the formation of a BL will consume half c6H−SiC, a step height of about 0.4 nm is indeed what is
expected for the formation of MLG (see discussion below and Figure 3.7). Finally, only for the sake
of comparison, results obtained for a GNR prepared on an off-axis SiC(0001) sample possessing
an even higher degree of miscut of 4° are shown (Figure 3.6 c). One can clearly see that in this case
the∼ 50 nm high step is much broader (∼ 200 nm) and rougher than the other cases (Figure 3.2 f).
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The latter is a clear indication of few-layer graphene growth at this region. Interestingly, the height
of the transition to the "upper" terrace is ∼ 1.2 nm in this case. Considering the same arguments
utilized to explain the 0.4 nm step, it can be concluded that the GNR formed in this case is actually
composed of three graphene layers (on top of the BL). As will be discussed later, this effect is also
directly related to the "parasitic" formation of few-layer graphene at the step facet.

Figure 3.5: (a) Phase contrast image taken from a single bilayer GNR (growth at 1 470 °C for 15 min
followed by air annealing). Scale bar, 0.5 µm. (b) Phase contrast image of a step edge
without a GNR. Scale bar, 0.5 µm. (c) Phase shift profiles taken from images (a) (red
dashed line) and (b) (yellow dashed line).

Figure 3.6: AFM phase contrast images for a single monolayer GNR formed on a step edge of a (a)
low- and (b) high-miscut SiC sample. The corresponding height profiles are shown in
(d) and (e). For comparison, (c) and (f) shows the phase contrast and height profile of
a GNR prepared on off-axis SiC(0001) with a miscut of 4°. All GNRs were prepared at
1 430 °C for 15 min. The scale bars in (a-c) correspond to 200 nm.

The height difference between graphene layers and the substrate is depicted in Figure 3.7. Each
bilayer of SiC is represented by a green line and every six bilayers compose one unit cell c6H−SiC
of 1.5 nm height (Figure 3.7 a). The formation of each graphene layer occurs at the cost of half
a c6H−SiC of the substrate (i.e., three SiC bilayers) [240, 101]. The height difference between a
graphene layer on top of a BL and the BL on top of three SiC bilayers is illustrated in Figure 3.7 b.
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Figure 3.7: (a) Illustration of a 6H-SiC substrate with each bilayer represented by a different green
line. One unit cell is formed by six SiC bilayers. (b) Depiction of the height difference
between a monolayer GNR on top of a BL and a BL on top of three SiC bilayers.

3.4.3 Raman spectroscopy

Figure 3.8 shows representative Raman spectra obtained from measurements performed at step
edges of the SiC(0001) sample having (a) low- and (b) high-miscut. The spectrum of the single
BL from a measurement performed on a surface terrace is also plotted for comparison (c). The
spectra in (a) and (b) contain the typical G (∼ 1 590 cm−1) and 2D (∼ 2 730 cm−1) peaks expected
for the GNRs formed at the step edge region. The G peak overlaps with the BL-related signal,
which shows up in the spectra as two broad bands located between 1 200 and 1 650 cm−1 [197].
The D peak, also expected to appear in this region, cannot be distinguished due to the BL signal.
This BL contribution originates from the BL present beneath the monolayer GNR as well as from
the BL covering the terraces. The latter signal is detected in the measurement due to the laser spot
of ∼ 1 µm that is larger than the GNR lateral width. By comparing the results in Figures 3.8 a-b, it

Figure 3.8: Raman spectra of monolayer GNRs (grown for 15 min, at 1 430 °C) at a step edge of
the low- (a) and high-miscut (b) SiC substrate. A spectrum taken at a terrace of the
high-miscut sample (c) confirms that only a single BL is formed at this region. The
background signal originated from the SiC substrate was subtracted from all spectra.
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is possible to identify two features in the spectrum of the GNR formed on the high-miscut SiC that
confirms the formation of few-layer graphene at the step facet: (i) the stronger intensity of the G
peak – which accounts for the quantity of sp2-bonded atoms captured in the laser spot – in respect
to the background BL signal, and (ii) a broader 2D peak (FWHM equals to 68 cm−1) in comparison
to what is measured for the low-miscut case (FWHM ∼ 38 cm−1, as expected for epitaxial MLG
on SiC(0001) [92, 241]). This broadening can be attributed to an overlapping of the Raman signals
originating from the monolayer GNR area and from the few-layer graphene formed at the step
facet [242, 243].

3.5 Our model for surface graphitization

Based on the obtained results, the mechanisms involved in the GNR growth on both types of
substrates are described here (and illustrated in Figure 3.9) according to their explicit dependence
on growth temperature, and take into account the formation of few-layer graphene at high steps.
Once the SiC(0001) surface is smooth and step bunched (which occurs during hydrogen etching,
Figure 3.9 a), the sample is heated to a temperature above Si sublimation (exploiting the fact that C
has a lower vapor pressure than Si and will, therefore, desorb only at much higher temperatures).
As described in Section 3.3, the steps act as nucleation centers from where Si first desorbs leaving
behind a C-rich surface.

For GNRs prepared on the low-miscut substrate, C atoms reorganize to form the BL, which
then "advances" from the step edge towards the upper terrace (i.e. the SiC outmost layer retreats
as Si atoms leave and the BL is formed), ultimately covering the entire SiC(0001) terraces [218]
(Figures 3.9 b-c). Please note that the BL growth behavior was not investigated in detail, and, as
a result, it cannot be excluded the fact that the BL may also nucleate and grow directly on the
terraces. Simultaneously, Si atoms continue to leave the SiC surface underlying the BL (again
from the step edge), which leads to the formation of a new BL below the preexisting one. The
latter becomes detached (i.e. it is no longer covalently bound to the SiC surface) and turns into
MLG. Thus, as the new BL expands laterally, the MLG region also propagates, increasing the GNR
width (Figure 3.9 d). A cross-sectional illustration of a monolayer GNR formed on a low-miscut
substrate is shown in Figure 3.9 e. Even for the low-miscut case the carbon layers formed at non-
polar facets are illustrated as graphene and not BL. The reason for this is based on previous results
from Nicotra et al. [229], who have shown that naturally decoupled graphene layers form at the
non-polar step facets without BL.

The activation energies quoted previously were determined on the implicit assumption that the
GNR width increases as a function of the temperature. Therefore, they are related to the formation
of the new BL taking place underneath the uppermost one. The obtained energies are possibly "ap-
parent activation energies" which contain contributions from the following processes: (i) breaking
of Si-C bonds, (ii) lateral diffusion of the Si "adatoms" at the interface between the upper BL and
the SiC surface prior to their desorption at the step edge region, (iii) Si out-diffusion (i.e. des-
orption). Note that direct Si out-diffusion through defects (periodic pentagon-hexagon-pentagons
inclusions, for example) existing in the upper BL – which reduces the relative importance of lat-
eral adatom diffusion – have been proposed as an alternative diffusion path [244, 245]. However,
the existence of such defects in the BL have been ruled out in other works [240, 246], and, as it
will be discussed, our results also do not support this hypothesis. For GNR growth on the low-
miscut SiC substrate, the obtained Ea value is close to 6.1 eV. A comparison with previous works
in literature, which report energy barriers in the range of 4.5 – 6.1 eV [247, 248] for Si adatom des-
orption from an exposed SiC(0001) surface, indicates that Si out-diffusion is the process limiting
the lateral growth of GNRs on this substrate.
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Figure 3.9: Schema for the growth of monolayer GNRs on low (a-e) and high (f-j) steps of a
SiC(0001) surface. Note that the figures are not to scale.
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The questions that arise at this point are: why is the activation energy for GNR growth on the
high-miscut sample higher than in the low-miscut one, and why does the GNR lateral growth rate
saturate for temperatures higher than 1 430 °C? In addition to the BL layered growth, the formation
of few-layer graphene at the non-polar step facets – prior to and also during the expansion of
the BL towards the upper terrace – takes place at high steps (like those observed on our high-
miscut substrates) [239]. The higher the step is, the more enhanced will the few-layer growth be
due to a higher number of mini-steps acting as nucleation centers. This behavior is portrayed in
Figure 3.9. Starting from the bare SiC surface (Figure 3.9 a), the initial BL growth close to the step
edge follows the formation of few-layer graphene at the step surface (Figure 3.9 f). The BL will
further expand laterally (Figures 3.9 g-h) while new BL growth will also start from the step edge,
finally resulting in the formation of a monolayer GNR (Figure 3.9 i). Eventually, as modeled by
Ming and Zangwill [239], some of the layers formed at the facet will coalesce, at the upper part
of the step, with the BL and graphene layers formed on the terrace. This effect is considered in
Figure 3.9 j, which illustrates a cross section of a monolayer GNR synthesized on a step of a high-
miscut substrate. Note that in addition to the coalescence, Ming and Zangwill also predicted that
some of the layers formed at the facet might "climb over" the terrace, in which case lateral growth
will proceed further. This effect, which is expected to be more likely as the dimensions of the
non-polar facet increase, is probably the origin of the formation of three-layer thick GNRs on the
4° off-axis SiC(0001), as observed in the AFM results shown for comparison in Figures 3.6 c,f.

The few-layer graphene formation are interpreted as the origin of the higher activation energy
found for GNR growth on the high-miscut substrate. The results suggest that, after a certain
GNR width is reached, sufficient few-layer graphene has already been formed on the step facets
for it to act as an effective diffusion barrier to the subsequently desorbing Si. This increases the
apparent energy required for Si adatoms to desorb from the SiC. The practical consequence is that
an increase of temperature will not directly lead to an increase in the nanoribbon width unlike
during growth on the substrate with low-miscut.

3.6 Summary

In this chapter, the growth rate of monolayer GNRs synthesized via the surface graphitization of
stepped SiC(0001) surfaces was studied. The final width of ribbons as a function of annealing
temperature and SiC substrate miscut-angle was investigated, and the apparent activation energy
for the formation of monolayer GNRs were identified. In this way, it was possible to gain insight
into the influence of the substrate step height on the energy barrier for GNR formation. In par-
ticular, an additional energy barrier was observed for a substrate exhibiting a high-miscut, which
was also correlated with the formation of few-layer graphene on the non-polar step facets. Such
growth behavior was not observed on substrates with a low-miscut angle, where formation of
few-layer graphene at the low steps does not take place.

Samples of monolayer GNRs were synthesized by the graphitization method on SiC(0001) with
temperatures ranging from 1 410 to 1 460 °C in order to elucidate the connection between growth
temperature and final ribbon width. Two substrates with different miscut angles, namely 0.1° and
2.0°, were used to determine the influence of initial step height on final GNRs size. The samples
were then examined by AFM, SEM, and Raman spectroscopy.

Based on these analyses, an exponential lateral expansion rate was observed for ribbons grown
on the low-miscut substrate. In particular, an apparent activation energy of 6.1± 0.3 eV was ob-
tained for the expansion rate of individual GNRs on this substrate and correlated with the energy
barrier for Si out-diffusion. For ribbons grown on the high-miscut substrate, on the other hand, a
nonexponential expansion rate was observed. In the temperature range below 1 430 °C, a higher
activation energy of 9.2± 0.1 eV was determined, whereas for higher temperatures it seemed to
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saturate at 2.0± 0.9 eV. The origin of the two growth regimes can be attributed to the formation
of few-layer graphene on the step facets. These thicker layers act as an effective diffusion bar-
rier, constricting Si diffusion and therefore explaining the initial increased Ea. It also explains the
saturation, because when enough layers are formed, an increase in temperature no longer leads
to a corresponding increase in width. This also contradicts the idea of direct diffusion through
periodic defects in the BL, since in that case the Eawould not depend on the substrate step height
and no difference in growth would be observed between the two substrates examined here.
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4.1 Introduction

Despite being regarded as a promising material for electronic applications [3], one of the main
drawbacks of graphene is the lack of a band gap, which inhibits its utilization. In this respect, BLG
is of high interest because, unlike MLG, it offers a tunable band gap under a transverse electric
field [125, 160, 126]. In addition to BLG, the tailoring of MLG into nanoribbons also induces a band
gap, the magnitude of which increases with decreasing the ribbon’s width [172, 120, 121, 122, 116].
Therefore, the combination of the properties of BLG with the ones of GNRs is anticipated to be of
great utility for the realization of graphene-based nanoelectronics devices with enhanced features,
such as improved on/off current ratios [162] and strong electrical noise suppression [163].

The growth of monolayer GNRs on the step edges of SiC(0001) substrates with different miscut
angles was studied in the previous chapter. Depending on the growth temperature, either com-
plete graphene layers (1 600 °C) or GNRs (1 410 – 1 460 °C) will be formed. Figure 4.1 shows the
growth of MLG (b,g) and monolayer GNRs (d,i) on a low- and a high-miscut substrate (respec-
tively). The formation of few-layer graphene on the higher step edges is also illustrated.

After growth of monolayer GNRs or MLG, a straightforward annealing in air can be used to
fabricate of bilayer GNRs or BLG. At first, our group has studied the production of quasi-free-
standing BLG on SiC(0001) by oxygen intercalation upon thermal annealing performed in air
[223]. The study revealed the decoupling of the epitaxial MLG due to the formation of a thin oxide
layer on the SiC surface, and the conversion of the BL into a graphene layer. The resulting BLG,
which is p-doped, was also shown to be of high structural quality and uniform throughout the
entire sample area. A schematic view of these process is shown in Figures 4.1 b-c for a low-miscut
SiC and in Figures 4.1 g-h for a high-miscut substrate. This work has also demonstrated that air
annealing a BL-covered sample at the same temperature would result in a complete etching of the
BL.

Therefore, when the same air annealing procedure is applied to monolayer GNRs, a similar
behavior is observed. This method removes the bare BL from the terraces, while it promotes the
decoupling of the BL underneath the monolayer GNRs, leading to the formation of isolated, quasi-
free-standing bilayer GNRs. This evolution can be observed in Figures 4.1 d-e and Figures 4.1 i-j
for a low- and high-miscut substrate, respectively.

The intriguing selective removal of the BL from the terraces might have its origin on the different
atomic corrugation that this layer exhibits when it is bare or covered by a MLG. While the C
atoms from sublattice A of a bare BL are on average 0.36 Å closer to the SiC surface than the
ones from sublattice B, when the BL is covered by a MLG, this difference amounts to only 0.09 Å
[249]. The bare BL therefore exhibits a higher pyramidalization of the sp2-hybridized C atoms,
which increases their chemical reactivity [250]. As a result, in GNRs samples, the bare BL on the
terraces strongly reacts with oxygen-containing species during the air annealing. The removal of
the BL thus probably occurs due to the formation of volatile species such as carbon monoxide
and hydrocarbons. At the step edge regions, where the GNRs grown on top of the BL, oxygen
precursors react preferentially with the SiC surface, since the BL underneath has a higher stability.
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Figure 4.1: Illustration of the growth and air annealing of graphene on a low-miscut (a-e) and a
high-miscut (f-j) SiC(0001) surface. Both graphene layers (grown at 1 600 °C, d-e and
i-j) and GNRs (1 410 – 1 460 °C, b-c and g-h) are depicted. Note that the figures are not
to scale.

A similar effect has been recently demonstrated by Wang et al. [251] for a mixture of oxygen and
argon: it removes the exposed BL from the terraces, but, unlike other oxygen-based intercalation
schemes for epitaxial graphene films and GNRs [252, 253, 254, 223, 255, 256, 241], it does not
decouple the BL underneath graphene, so that instead of isolated bilayer GNRs, one can obtain
isolated monolayer GNRs.

Hence, these results serve to illustrate the potential offered by annealing in oxygen-containing
atmospheres for performing controlled post-growth intercalation and modifications in epitaxial
GNRs. The relative simplicity [223] and compatibility with standard oxidation schemes for semi-
conductor processing [257] are also important aspects regarding future applications. However,
differently for instance from the most widespread method for modification of epitaxial graphene,
namely H-intercalation achieved by thermal treatment in a pure hydrogen atmosphere [32, 258,
259], the generation of defects in the graphene lattice, which has an impact on the transport
properties [224], is anticipated to be a side effect of oxygen-based treatments that might hinder
a broader use of this method. In this context, understanding the stages of oxygen intercalation
and how different parameters lead to distinctive changes in the morphology related to the forma-
tion of defects is highly relevant. This chapter reports a systematical investigation on the influence
of the duration of air annealing treatments, substrate miscut angle, as well as GNRs’ width, in the
process of oxygen intercalation. The samples are characterized by different techniques to fully
understand the stages that comprise the process of oxygen intercalation upon air annealing.

4.2 Sample preparation

Epitaxial monolayer GNRs were fabricated on SiC(0001) substrates by the surface graphitiza-
tion method (previously described in Section 3.2 on page 43). To study the effects of post-grown
air annealing in various conditions, three different substrates were employed, namely A, semi-
insulating and with a low-miscut of 0.1°; B, doped and with a slightly higher miscut of 0.2°; and
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C, doped and with a high-miscut of 3.6°. All samples were grown in a RF-induction furnace and
subsequently annealed in air in another furnace at 600 °C for various times (see Section 2.1.4), as
mentioned below. A series of monolayer GNR samples was fabricated with the same growth time
and temperature (15 min at 1430 °C) on substrate A, and subsequently annealed in air for differ-
ent times, ranging from 15 to 240 min, to study the effect of the duration of air treatment in the
ribbons’ morphology. Two monolayer GNR samples were synthesized on substrate B for 15 min
at different growth temperatures (1410 °C and 1450 °C), followed by the air annealing treatment
(for 50 min), in order to study the effect of the oxygen intercalation in ribbons possessing different
widths. Finally, nanoribbons with similar dimensions were grown for 15 min at a lower temper-
ature (1390 °C) on substrate C, and afterwards thermally treated in air (for 50 min) to analyze the
correlation between oxygen intercalation and the substrate miscut. The structural characterization
of the samples was performed by means of AFM, SEM, TEM, XPS, and Raman spectroscopy.

Substrate Miscut angle Conductivity Growth temperature Air anneal duration
A 0.1° semi-insulating 1430 °C 15 – 240 min
B 0.2° n-doped 1410 °C and 1450 °C 50 min
C 3.6° n-doped 1390 °C 50 min

4.3 Series of GNR samples annealed in air for different periods of
time (0 – 240 min)

The influence of air annealing time on the morphology of the bilayer GNRs was studied by prepar-
ing a series of identical monolayer GNRs samples on substrate A, which were then intercalated in
air for different durations. Height and phase contrast AFM images of the pristine (0 min) and an-
nealed samples (15 – 120 min) are presented in Figure 4.2. For this growth temperature (1430 °C),
it is expected that, before thermal treatment in air, the monolayer GNRs appear close to the step
edges and the BL covers the terraces (see previous chapter). This is verified by the dark and bright
contrast observed in the phase contrast images, which are due to the GNRs and the BL, respec-
tively. After air annealing, the GNRs exhibiting a dark contrast are still observed close to the step
edges, indicating that they endure the thermal treatment up to 45 min. It is expected that after
40 min the air annealing process removes the BL from the terraces [241]. It is not clear from the
AFM images whether this process can occur prior to this period, but this should be the case for
the samples thermally treated for longer than 40 min. From the phase contrast images, there is no
significant change in the GNRs until 45 min of air annealing, however after 1 hour the ribbons are
almost entirely gone and only some areas where graphene is still present can be observed. The
stripes observed in the middle of the step edge indicate those areas (shown in the inset). After
2 hours of treatment, the dark contrast has completely vanished, indicating that all graphene is
removed from the sample. Even in this sample it is still possible to observe some phase contrast,
which correspond to the height difference between the terraces and the areas previously occupied
by the GNRs.

Even though AFM indicates morphological changes in the GNRs, it does not reveal at which
point the conversion of monolayer into bilayer GNR occurs, or when the removal of the BL from
the terraces takes place. A technique which is better suited to distinguish between BL, MLG and
BLG is Raman spectroscopy. Raman spectra of four samples measured in the areas correspon-
dent to the GNRs are presented in Figure 4.3 a. Before the intercalation treatment, the BL-related
signal (two broad bands located between 1200 and 1650 cm−1 [197]), as well as the typical G
(∼ 1590 cm−1) and 2D (∼ 2730 cm−1) peaks for MLG can be detected, confirming that both GNRs,
which are observed close to the step edges, and the BL (on the terraces) are present. The BL-
related signal is no longer observed after the air annealing treatment, suggesting that the BL has
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been removed from the terraces even after 15 min of air annealing. Instead, a small D peak is
noticed around 1365 cm−1. Additionally, a broadening of the 2D peak from 39.5 to 56.5 cm−1 is
noticed after 15 min of air annealing (Figure 4.3 b) and, instead of only one, four Lorentzians are
necessary for the 2D peak fit, indicating that the monolayer GNRs turned into bilayer ones [33].
After 30 min of treatment, the Raman spectrum is very similar to the 15 min sample, however
after one hour the graphene signal completely vanishes, indicating a removal of the GNRs and in
agreement with the AFM findings. Please note that, because the signal that arises from SiC sub-
strate around 1500 – 2000 cm−1 is considerably higher than that of the surroundings, the removal
of the SiC background from each spectrum leads to a higher noise in this region. This is due to the
larger difference between the subtracted background signal and the originally measured spectra
around this area.

Figure 4.2: AFM height (upper) and phase contrast (lower) images from GNRs before (0 min) and
after different periods of air annealing (15 – 120 min). Scale bar corresponds to 5 µm.
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Figure 4.3: (a) Raman spectra of GNRs samples before (0 min) and after (15 – 60 min) air annealing.
(b) Raman spectra of the 2D peak of GNRs samples before and after 15 min of air
annealing with fitting.

To understand how oxygen interacts with the graphene/SiC system, core-level spectra of the
C 1s and Si 2p from a reference SiC substrate (out of the box) and the GNR samples were collected
before and after air annealing processes for different durations (Figure 4.4). Possible charging
effects were eliminated by applying a silver paste around the samples and by verifying that the
position of the spectra did not change with the exposure of a flood gun (a device that provides a
steady flow of low-energy electrons to the sample area).

The SiC bulk component of the C 1s spectrum of a p-type 6H-SiC(0001) substrate is located at
∼ 281.9 eV [260], whereas for a n-doped SiC substrate the same peak is placed at 283.4 eV [261].
The SiC substrate used in this study, whose SiC bulk component is centered around 282.8 eV
(Figure 4.4 a), is semi-insulating. A shoulder at higher binding energies centered around 284.8 eV
is attributed to a surface contamination [262], possibly a natural oxide layer from the sample out of
the box. Once GNRs are fabricated on top of the substrate, the SiC bulk component exhibits a shift
of ∼ 0.7 eV to higher binding energies. In addition, new components centered around 284.8 eV
with a shoulder at higher binding energies are related to the formation of graphene and the BL,
respectively [223]. After 15 minutes of the air annealing treatment, distinct components associated
with the formation of C-O-related species at the surface are observed at higher binding energies
in the C 1s region [? ]. As the duration of the air annealing process increases, the intensity of the
contributions related to graphene and the BL decreases in comparison to the SiC bulk component,
evidencing the etching of the BL from the terraces and the GNRs (in agreement with Raman and
AFM data). Finally, after 120 minutes the spectrum of the GNR sample resembles the one from
the SiC standard sample, before any graphene growth, indicating that a similar surface, composed
of the SiC bulk component and residual C-O components, is observed. Seemingly, the difference
between the two spectra is due to the difference between the native oxide layer observed in the SiC
standard sample (out of the box) and the oxide originated from the intercalation process, which
lead to a shift.

The Si 2p core level spectra of the standard SiC surface (Figure 4.4 b) features the components
corresponding to the SiC bulk [223], as well as a shoulder to higher binding energies, which is
assigned to a natural oxide layer [260]. After GNR growth, a shift to higher energies of ∼ 0.6 eV is
observed when compared to the SiC standard, similar to the one noticed in the C 1s region. Such
peak shifts indicate a band bending [32, 252, 223], which could be caused by a charge transfer
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between the newly formed BL and the SiC substrate to adjust their Fermi energies at the same
height. The band bending made the components of the SiC substrate shift to higher binding
energy. After air annealing, new Si-O-related species, represented by a shoulder at higher binding
energies, are formed.

Figure 4.4: Normalized XPS (a) C 1s and (b) Si 2p core level spectra of SiC standard, and GNRs
before and after air annealing treatment at different times.

To observe the evolution of the decoupling of the BL in the monolayer GNR areas (leading
to bilayer GNR), the AFM height profile at the steps edges containing ribbons was studied next
(Figure 4.5). Due to the formation of an oxide layer during the air annealing treatment [223],
it is difficult to assess what is the real height difference between the ribbons and the terraces.
Nonetheless, a qualitative analysis has proven useful. Before air annealing, the GNRs have a lower
height when compared to the terraces, because three bilayers of SiC (0.75 nm) are consumed to
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Figure 4.5: Cross section and corresponding AFM image (insets) for GNRs before (0 min) and after
different periods (15 – 60 min) of air annealing.

form each graphene layer (∼ 0.35 nm). Up to 30 min of air annealing there is no pronounced dif-
ference between the cross sections of the ribbons. After 45 min, a small valley between the ribbon
and the terrace appears, a first indication that a lateral etching of graphene takes place. After one
hour of treatment, the lateral etching of the remaining ribbons increases and takes place on both
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edges, and the cross section reveals the removal of graphene at the border with the terrace as well
as at the edge of the step. This means that the width of the GNRs also decreases as the time of
air anneal increases. Finally, after two hours of thermal annealing, as judged from AFM analysis,
there is no graphene left on the step edge region and the cross section displays the consumed SiC
region that was originally covered with the GNR.

Figure 4.6: Mean width and standard deviation of GNRs as a function of air anneal time.

Figure 4.7: TEM images of the bilayer GNRs on SiC after air annealing, showing the process of
lateral etching at the borders of the ribbon.

To better quantify the lateral etching of the GNRs (i.e., the decrease in their width), a statistical
measurement of their lateral width was performed (Figure 4.6). As already seen on Figure 4.5, up
to 30 min of air annealing there is no noticeable lateral etching, and, accordingly, the mean width
of the ribbons remains nearly the same. After 45 min, a significant reduction of the width is seen,

62



4.4 Additional effects observed for different substrates

which then further decreases for the sample treated in air for one hour. After two hours, the mean
width is zero, i.e., graphene has been fully removed from the sample.

Figure 4.7 a shows a TEM image of a GNR on SiC from the substrate B (fabricated at 1440 °C)
after air annealing for 50 min. There is no graphene covering the substrate both at the SiC step
edge and at the border with the terrace any longer (where SiC has been consumed to form the BL),
an evidence of lateral etching. Figure 4.7 b shows a different GNR from the same sample, in which
lateral etching also occurs at the borders of the ribbon, exposing the step edges. Additionally, in
comparison to the previous ribbon, this one crosses a few steps edges, an effect that can also be ob-
served in the higher magnification image from Figure 4.7 c. This image also shows two graphene
layers covering the SiC surface, confirming again the decoupling of the BL and conversion into
BLG.

4.4 Additional effects observed for different substrates

To gain more insight into the effects of air annealing on the GNRs, other substrates (i.e., with dis-
tinct miscuts) were also used, which lead to different widths of the GNRs. Accordingly, monolayer
GNRs were fabricated on a high-miscut SiC wafer (substrate C) at 1390 °C. This was followed by
an air annealing treatment for 50 min for O2 intercalation and thus formation of bilayer GNRs.
Because of the high-miscut, the terraces are quite narrow for this sample (approx. 200 nm), result-
ing in areas which are mostly covered with graphene (dark contrast of the phase image inset in
Figure 4.8 a) before air annealing. The GNRs on the terraces undergo a severe lateral etching upon
air annealing (Figure 4.8 a), disconnecting them from the few-layer graphene at the step edges,
leading to isolated bilayer GNRs. This enhanced etching is probably a result of the different step
facet in this sample, which reacts differently with oxygen during the intercalation.

Besides the lateral etching effect, additional features were investigated in this sample. Fig-
ure 4.8 c-d shows the height profile of an elevation of 0.24 nm, a phenomenon which has been
observed previously [? ]. This can be understood as a slight localized expansion of the oxide
layer underneath the suspended bilayer graphene, which pressures the later and results in the
elevated height profile. Additionally, depressions were observed in Figure 4.8 e-f, whose cross
section shows a depth of 0.68 nm, which corresponds to the height of the graphene layers sur-
rounding it. This means that such holes reach the oxidized substrate, and are therefore expected
to originate from the expanded oxide spots, in a process which started from bellow and evolved
to burst the graphene layers to such holes. By considering the green dashed line on the phase
image in Figure 4.8 a, it seems clear that the same phase contrast, i.e. both inside the hole and on
the terraces, is an additional indication that both areas have the same material (namely silicon ox-
ide). A previous study has reported similar effects for the etching of the BL by oxygen annealing
[251]. Wang et al. observe the lateral etching starting from the step edges as well as etched spots
on the BL, suggesting that it occurs at defective sites of the BL. However, in their study the BL
underneath the monolayer GNRs was not decoupled and was therefore preserved.

GNRs were also grown in a low-miscut, doped SiC substrate (B) at different growth tempera-
tures (namely 1410 °C and 1450 °C), and then submitted to air annealing at 600 °C for 50 min (Fig-
ure 4.9). Unlike the high-miscut substrate, the large terraces from this substrate result in (mostly)
isolated GNRs. The 40 °C difference resulted in wider ribbons for the sample fabricated at higher
temperature (as previously reported in Chapter 3), which allowed the observation of the influence
of different widths on the thermal treatment. By comparing the samples grown at different tem-
peratures, it seems clear that both the lateral etching and the oxidation holes are more pronounced
for wider ribbons. Once again, the fact that the same phase contrast is seen inside the holes and
on the terraces indicates that the same material (i.e., silicon oxide) is present on both.
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Figure 4.8: AFM (a) phase and (b) height contrast of a high-miscut GNR sample after air anneal-
ing. Inset in (a) shows the phase contrast before air annealing. (c) and (e) are leveled
height AFM from (b). (d) and (e) are cross sections from the dashed lines in (c) and (e),
respectively. The same dashed lines also appear in the phase contrast in (a).
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Figure 4.9: Phase and height images from samples grown at 1410 °C before (a-b) and after (c-d) air
annealing. Similarly, phase and height images for samples grown at 1450 °C before (e-f)
and after (g-h) intercalation, with a higher magnification in (i-j) and (k-l), respectively.

Another set of samples was grown on substrate B and annealed in air for 2h, 3h and 4h. Fig-
ure 4.10 shows SEM images before and after air annealing. The as grown sample (a) still contains
BL on the terraces, whereas after air annealing (b-c) Raman measurements show that the BL is
removed. Therefore for Figures 4.10 b-c the bright contrast is attributed to the SiC surface. After
2h of treatment (b), a lateral etching effect can be observed, though it does not remove graphene
completely. Unlike what was observed for the ribbons grown on substrate A at a lower temper-
ature, the GNRs have not yet been removed. The appearance of holes in the ribbons, similar to
what has been shown for substrate C (see Figure 4.8), is also noticeable. After 3h (c), the effects are
even more pronounced and, after 4h no more graphene is observed in this sample (not shown).
The inset in (c) shows AFM height contrast from one of the holes of the sample that was thermally
treated for 3h. In Figure 4.10 d, the cross section corresponding to this inset shows that the depth
of the hole is once again equal to the height of the bilayer graphene.

Figure 4.10: SEM image of GNRs (darker contrast) before (a) and after 2h (b) and 3h (c) air anneal-
ing. The inset in (c) shows an AFM image of a hole, whose dashed line corresponds
to the cross section in (d). The scale bar corresponds to 1 µm.
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4.5 Transport characterization

Bilayer GNRs prepared in a similar fashion as the ones described above for a n-type SiC sub-
strate with a nominal 2° miscut angle were probed by electronic transport by the group of Prof.
Christoph Tegenkamp from the Leibniz Universität Hannover. The results were published in an
article entitled "Quasi-free-standing bilayer graphene nanoribbons probed by electronic transport"
[224] and will be shortly summarized in this section.

Epitaxial graphene ribbons with typical widths in the order of w ≈100 nm were obtained by
growing at 1420 °C for 15 min, and subsequently annealing in air for 50min at 600 °C. Two bi-
layer GNR structures were mapped by STM (Figure 4.11 a) and exhibit roughness on the edges.
The electronic properties of such ribbons, as well as the substrate, were probed by I(V) curves
measured by scanning tunneling spectroscopy (STS). I(V) curves taken on top and next to the
GNRs show fundamentally different behaviors (Figure 4.11 b), which can be further quantified by
the local density of states (LDOS), which is the normalized dI/dV signal (Figure 4.11 c). While
the spectrum taken on the GNR exhibits the characteristic parabolic shape expected for a BLG
[263, 264], a large bandgap of ∼ 3 eV reflects the 6H-SiC substrate in between the ribbons [265].
Since at zero bias the LDOS of the ribbons is finite, they are expected to be metallic [266, 267]. Pre-
vious ARPES measurements showed that oxygen intercalation causes p-type doping with a hole
concentration of pS = 1.3× 1013 cm2 [223], which corresponds to a Fermi energy of EF ≈ 550 meV
below the Dirac point. The minimum seen at V ≈ 550 mV, which is attributed to the position of
the Dirac point ED and small gap in AB-stacked BLG, indicates p-type doping (in full agreement
with ARPES measurements [223]).

Figure 4.11: (a) Large scale STM image (600× 600 nm2, VB = +2 V, IT = 500 pA) of two bilayer
GNRs. (b) I(V) curves taken on the GNR (red line, setpoint +1 V, 0.5 nA) and in
between (black line, setpoint −2 V, 0.3 nA). The positions are marked in (a). (c) Nor-
malized (dI/dV) / (I/V) spectra showing the density of states, with different energy
scales for each spectra.

2PP measurements taken on the ribbons indicate a linear behavior (in red), whereas a Schottky-
diode like behavior is observed if one of the tips is placed besides the ribbon (in black), on the
substrate (Figure 4.12 a). The absolute current value also increases in about three orders of mag-
nitude for the GNR in comparison to the substrate, indicating that the ribbons are indeed elec-
tronically well decoupled from the substrate. Figure 4.12 b shows the resistance as a function of
probe spacing (which is large, compared to the width w), for different GNRs and probe geome-
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tries, measured at 300 K. The squares denote 2-point probing, whereas the stars designate co-
linear 4PP geometry, in which the current between the outer probes varies from −10 µA to 10 µA,
while the voltage difference between the inner probes is measured. The good agreement of the
4-point geometry when compared to the 2-point one indicates the good agreement between the
techniques, and demonstrate the low contact resistance of the tips. The resistance curves (squares)
increase linearly with the probe spacing, a behavior expected for 1D diffusive transport [268].
Since the linear fits intercept the origin, the contact resistances of the tips are negligible. The resis-
tance per length R/l corresponding to the two ribbons measured in this geometry are around 12
kΩ/µm (w ≈ 70 nm) and 8 kΩ/µm (w ≈ 100 nm), which yields comparable sheet resistances of
RS = (R/l)× w ≈ 800 Ω/�. Considering the hole concentration obtained by STS and confirmed
by ARPES, a hole mobility of around µ = 700 cm2/(V s) was obtained. The values are compara-
ble to other intercalated graphene systems (e.g., microwave-induced oxygen plasma intercalated
graphene [? ]) and are only marginally lower compared to epitaxial graphene without interca-
lates [? ]. Since ARPES shows two bands crossing EF, the bilayer GNRs are close to a regime of
multiband transport [269], for which a mean free path length of λe ≈ 3 nm is estimated [270]. This
indicates why the atomic roughness of the edges is irrelevant for the transport along the ribbons.

Figure 4.12: (a) Characteristic 2PP I(V) curves taken on the GNR (red) and with one of the two tips
on the SiC substrate (black). (b) Resistance as a function of probe spacing for various
GNRs measured at 300 K both with the 2PP and co-linear 4PP geometries. Upper in-
set: SEM image showing a 2-terminal setup. The arrows show the direction of probe
movement. Lower inset: SEM image showing a co-linear 4PP arrangement to estimate
contact resistances. (c) The resistance per length R/l of various BL-GNRs with com-
parable widths, as a function of temperature (in black). The same data points are also
plotted on the logarithmic scale against the inverse temperature (in red). The solid
curves show the best-fits to the points, while the shaded bands denote one standard
deviation.

Temperature dependent measurements of the resistance per length are summarized in Fig-
ure 4.12 c for ribbons of slightly different widths, which is responsible for the scattering of the data.
The resistance per length is reduced by a factor of four as the ribbons are annealed from 100 K to
room temperature. In comparison, single layer graphene on SiC typically shows a metallic behav-
ior induced by the weak electron-phonon interaction [271, 57] with an increase of the mobilities
by only around 40 % due to remote phonon scattering [270, 272]. Bilayer GNRs, in contrast, show
a much stronger effect with opposite trend. Figure 4.12 c also shows a plot of log(R)× 1/T, i.e.,
the Arrhenius plot, with a clear temperature activated transport behavior. An activation energy
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of around 17± 3 meV is deduced from it. This characteristic activation energy already indicates
that various defects along the channels, such as holes and lateral roughness promoted by the etch-
ing during oxygen intercalation, do not dominate the transport, since several activation energies
would be expected otherwise.

The electronic transport in MLG is restricted to the π-orbitals of graphene, which are sym-
metrically extended with respect to its hexagonal plane. In contrast, propagation in BLG occurs
along the π-bands located around each of the two layers, turning interlayer hopping viable [273].
Phonon-assisted interlayer tunneling determines the conductivity across basal planes in graphite
[274], and the interlayer hopping of the charge carriers is helpful to circumvent in-plane defects.

In summary, the STS results reveal a strong p-type doping due to charge transfer into the oxide
underneath. The process of oxygen intercalation is robust and effectively decouples the GNRs
from the substrate. The transport properties are not limited by the edge roughness promoted
by etching due to air annealing. Although transport channels in nanostructures can be easily
suppressed by defects, phonon-assisted tunneling in bilayer GNRs is an effective mechanism to
overcome such issue.

4.6 Summary

In summary, the stages that make up the process of air annealing were investigated in this chapter.
Oxygen intercalation starts with the formation of an oxide layer on the SiC surface, which then
decouples the BL. This in turn results in the complete removal of the bare BL from the terraces
and in the conversion of the monolayer GNRs into bilayer ribbons, since the graphene layer on
top acts as a protecting layer. This curious selective removal of the BL is associated with a higher
chemical reactivity of the bare BL, due to a higher corrugation in comparison to the BL covered by
a MLG. Subsequently, a process of lateral etching starts to develop on the GNRs from both edges,
namely the SiC step edge and the border with the terrace. As the duration of the thermal treatment
increases, oxide spots are formed under the graphene layers, leading to their local expansion. This
process may evolve until the graphene layers burst and form holes, which expand in size over
time. The combination of the lateral etching mechanism and the formation of these increasingly
large holes on the graphene layers results in their complete elimination, given enough time for
these processes to evolve. Although the GNRs have shown low stability under air annealing for
prolonged times, this method enables the modulation of their width when using shorter durations
of thermal treatment, offering an additional parameter for their controlled formation.

Diffusive 1D-transport was confirmed by probe distance dependent measurements. Despite the
edge roughness of these BL-GNRs, charge carrier mobilities up to µ = 700 cm2/(Vs) were mea-
sured at room temperature. Such values are comparable to other intercalated graphene systems
and only marginally lower compared to epitaxial graphene without intercalates. Defects across
the ribbons can be effectively circumvented by interlayer hopping of the charge carriers. In addi-
tion, the strong p-type doping in consequence of intercalation by oxygen was confirmed by local
spectroscopy.

The oxygen intercalation process is robust and effectively decouples the nanoribbons from the
substrate. The transport properties are not limited by the edge roughness. Although transport
channels in nanostructures can easily be suppressed by in-plane defects, phonon-assisted tunnel-
ing seems to be an effective mechanism to overcome such issues. The potential to generalize this
fabrication method of bilayer graphene nanostructures over large areas to patterned SiC surfaces
is very promising for different applications in nanoelectronics.
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patterned substrates

5.1 Introduction

In general, commercially available SiC substrates, once etched with hydrogen (as described in
Section 2.1.2), exhibit several kinds of steps. If the substrates are tilted towards the 〈1− 100〉
direction, straight steps run along the 〈11− 20〉 direction [238]. As the miscut angle towards the
〈1− 100〉 direction increases from nominally on axis to higher angles, the width of the terraces
(after growth) decreases whereas the step heights increase. If, on the other hand, the substrates are
tilted towards the 〈11− 20〉 direction, the step edges acquire a zigzag shape [238]. Therefore, when
it comes to natural steps, not much control can be exerted over the substrate morphology. The
utilization of templated substrates is an alternative path to obtain more control over the growth
of GNRs, something fundamental for future applications. The patterning of substrates makes the
process of fabrication of GNRs not dependent on natural steps, and therefore on the features of
each substrate.

Figure 5.1: Diagram of the different paths to produce monolayer and bilayer GNRs on natural
steps or on mesa steps.

Figure 5.1 illustrates a diagram of the sequence of processes that produce GNRs either on nat-
ural steps or on patterned mesa steps. The standard hydrogen etching procedure, previously de-
scribed in Section 2.1.2, precedes both the direct growth of GNRs on natural steps or the patterning
of the substrates. After this process, the sample can be directly grown on the SiC(0001) natural
steps, producing monolayer GNRs (whose growth mechanism was explored in Chapter 3), and
subsequently air annealed, generating isolated bilayer GNRs on the natural steps (whose proper-
ties were explained in Chapter 4). Alternatively, the SiC substrate can first be patterned following
the hydrogen etching, which leads to the formation of mesa structures on the SiC surface. After the
patterning, GNR growth and air annealing produce monolayer and bilayer GNRs, respectively, on
the steps of the mesa structures. This chapter will start by briefly discussing our results regarding
hydrogen etching and the influence of the substrate morphology on the formation of monolayer
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GNRs, followed by a more detailed analysis of the patterning process and the morphology and
transport properties of the samples after GNR growth on the mesa structures.

5.2 Hydrogen etching

The preparation of the substrates consisted of a standard hydrogen etching procedure (previously
described in Section 2.1.2). Figure 5.2 exhibits AFM height images after the etching of substrates
of distinct miscut angles and orientations. For each substrate, different kinds of steps are ob-
served, while some are more ordered with occasional defects (a), others exhibited an overall wave
pattern throughout the sample (b). Similarly, both larger (c) and narrower (d) terraces were ob-
served. Such effects may be a consequence of different miscut angles that lead to various terrace
widths and step heights [231], as well as different alignment between the miscut direction and the
〈1− 100〉 direction for each substrate [238].

Figure 5.2: AFM height images of different SiC(0001) surfaces after hydrogen etching, with lower
(a,c) and higher (b,d) miscut angles, aligned parallel (b-d) to the 〈11− 20〉 direction
and and slightly misaligned (a) with regards to this direction.
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5.3 Natural steps

For the sake of comparison, a few examples of GNRs grown on natural steps will be first examined.
The influence of the SiC substrate on the morphology of the GNRs can be observed in Figure 5.3.
AFM height (first and third row) and phase contrast images (second and fourth row) are shown for
six different substrates after GNR growth. Figures 5.3 a-c show the same semi-insulating SiC and
indicate how different areas of the same wafer can result in diverse smoothness. Another semi-
insulating substrate was used for the growth of samples presented in Figures 5.3 d-f, where the
width of the terraces has significantly changed. Some SiC substrates were very uneven even after
H-etching, as is the case of Figure 5.3 g. Finally, doped substrates were also utilized, as is the case
of Figures 5.3 h-j, in which different substrates yield distinct terrace widths, as well as different
alignment of the terraces. It is important to note that for the studies presented in the previous
chapters (3 – 4), only samples from SiC wafers that provided high-quality stepped surfaces over
large areas, similar to the one shown in Figures 5.3 i-j, were considered.

Figure 5.3: An overview of different samples fabricated under the same growth conditions (T =
1 440 °C) for GNR synthesis on various substrates.

5.4 Patterned substrates

The patterning of the structures was performed by EBL (as previously described in Section 2.2),
producing well defined edges with∼ 25 nm height. In contrast, previous use of conventional pho-
tolithography had produced rough edges of similar height. A comparison is shown in Figure 5.4.
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Figure 5.4: AFM height images of the SiC(0001) surface after (a) conventional optical lithography
and (b) EBL.

Figure 5.5: In-Lens detector SEM images of the patterns created by EBL on the SiC(0001) surface.
The width of the structures is, from left to right, 3 µm, 1 µm, 500 nm, 100 nm and 50 nm,
respectively.

The mask designed for EBL is shown in the SEM images of Figure 5.5. In the first row, mesas
parallel to the natural steps are seen, whereas perpendicular mesas are observed in the second
row. The width of the mesas decreases from 3 µm to 50 nm from left to right, with a constant
separation of 3 µm between them. The goal of such structures was to analyze how mesa steps
parallel and perpendicular to natural steps would differ from each other, and whether graphene
growth would start from the sidewalls of the mesas and be limited to its immediate surroundings
on the terraces (in a similar fashion as the one observed in Chapter 3). The third row displays
other shapes patterned in the SiC surface, such as filled or outlined squares, circles and hexagons.
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The lateral size of those structures varies from 3 µm to 50 nm from left to right, with a constant
separation of 3 µm in between them. The idea behind designing those different shapes is to grow
graphene quantum dots, circles or other shapes, and determine what is the minimal size in which
graphene can be grown before the original shape is decomposed during graphene growth e.g., via
SiC step bunching. However, this topic has not been investigated in the present thesis. Higher
magnification images are shown in Figure 5.6, where the shapes can be more easily distinguished.

Figure 5.6: Everhart-Thornley detector SEM images of the patterns created by EBL on the
SiC(0001) surface.

Bilayer GNRs were fabricated close to the step edges of the mesa structures after growth of
monolayer GNRs and air annealing of the samples (as previously illustrated in Figure 5.1). The
direct growth of graphene on the templated substrates often produced unstable facets that would
decompose or parasitic ribbons that would connect the GNRs formed at the mesa steps from
different facets. Such examples can be observed in Figure 5.7, in which AFM height in lower
and higher magnifications, as well as phase contrast are exhibited in the first, second and third
row, respectively. Figures 5.7 a-c show mesas with rough edges and decomposed terraces. The
natural steps in Figures 5.7 d-f, which have a 90° angle in comparison to the mesa structures, are
responsible for the instability of the mesa structures. A similar phenomenon is observed in the
narrower mesa structures of Figures 5.7 g-i. Finally, Figures 5.7 j-l, which do not exhibit a high
degree of roughness in the edges or decomposition of the mesa structures, show parasitic ribbons,
originated from the SiC(0001) natural steps, that connect both edges of the mesa structure.

In order to stabilize the facets and to eliminate parasitic ribbons, different methods were pur-
sued, such as Ar annealing or graphene growth followed by hydrogen etching and subsequent
GNR growth. The most promising method, though, was vacuum annealing, which was suggested
by Sprinkle et al. [90]. They have shown that the step bunching induced by vacuum annealing
can eliminate the steps on the terraces. An enhancement regarding the stabilization of the mesa
non polar facets could be obtained, as observed by SEM analyses (Figure 5.8) for samples where
bilayer GNRs were fabricated.

AFM images of the sample after vacuum annealing at 1 200 °C for 30 min (Figure 5.9) exhibit a
distinct roughness in the trenches between the mesas and at the edges of the mesas, whereas the
mesa terraces offer a smooth surface with no apparent natural steps.
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Figure 5.7: AFM height (first and second column) and phase (third column) contrast of mesa struc-
tures after GNR growth with unstable facets (a-i) and parasitic ribbons (j-k).
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Figure 5.8: In-Lens detector SEM images of the bilayer GNRs fabricated on the templated
SiC(0001) substrate. The width of the mesa structures is, from top to bottom, 3 µm,
1 µm, 500 nm, 100 nm and 50 nm, respectively.75
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Figure 5.9: AFM height (left column) and phase (right column) contrast images of 1 µm wide mesa
structures after the process of vacuum annealing at 1 200 °C for 30 min.

However, after GNR growth on these structures (Figure 5.10), natural steps can still be observed
on the mesa terraces. The darker phase-contrast close to them indicates the formation of patches

76



5.4 Patterned substrates

of MLG.

Figure 5.10: AFM height (left column) and phase (right column) contrast images of 500 nm mesa
structures after the process of monolayer GNR growth (T = 1 400 °C).
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Finally, the air annealing treatment for 50 min seems to partially etch the graphene patches, as
indicated by the reduction of AFM phase-contrast (Figure 5.11). Nevertheless, high magnification
SEM images from Figure 5.12, in which 1 µm mesas parallel (a) and perpendicular (b) to the
natural steps are shown, exhibit a weak contrast suggesting that graphene patches are still present
on top of the mesa structures. Due to the air annealing, they are probably composed of bilayer-
thick graphene due to O2 intercalation.

Figure 5.11: AFM height (first row) and phase (second row) contrast images as well as the cross
section (last row) of bilayer GNRs grown on 1 µm mesa structures after the process of
air annealing for a mesa perpendicular (left column) and one parallel (right column)
to the natural steps.
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Figure 5.12: In-Lens detector SEM images of the bilayer GNRs prepared in 1 µm wide mesas
aligned (a) parallel and (b) perpendicular to the orientation of the natural steps of
the SiC(0001) substrate.

The formation of bilayer GNRs was further investigated by Raman spectroscopy. The intensity
of the 2D peak of a structure with 3 µm wide mesas parallel to the natural steps is shown in the
Raman map of Figure 5.13 a, as well as three representative spectra of the different areas of the
mesa structure, i.e., one from a terrace, one from a side wall and one from a trench (Figure 5.13 b).
The first feature to be observed is the clear distinction (color) between the spectra from areas that
belong to the terraces and areas in the trenches, as well as areas close to the step edges, which
points out to the reproducibility of the growth over a large surface area. By analyzing the spectra
from the different regions (Figure 5.13 b), besides the variation in the intensity of the 2D peak,
other differences can be observed. The clear D peak from the trenches indicate that graphene from
this area is very defective, as confirmed by the roughness of the AFM images (Figure 5.11).

Although a very narrow G peak and the presence of a 2D peak in the terraces indicates that
there is graphene everywhere in the sample, it must be considered that the laser spot size from
the Raman equipment used is ∼ 1 µm. By combining these evidences with the images from
AFM and SEM (Figures 5.11 – 5.12), it is reasonable to assume that the graphene patches in the
terraces, even if reduced after the etching caused by air annealing, lead to a continuous graphene
signal in the Raman map. Considering the context of parasitic ribbons (Figures 5.7 j-k), despite the
improvement of the patterned SiC(0001) surface by the vacuum annealing step, the formation of
graphene growth in the mesa terraces still occurs, though no longer connecting ribbons formed
on the step mesas of different facets.
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Figure 5.13: (a) Raman mapping of the 2D mode intensity from a structure with 3 µm wide mesas.
(b) Representative Raman spectra of an area on top of a mesa (light green), on the wall
of a mesa (dark green), and in between mesas (blue).

5.5 Transport characterization

The electronic characterization of GNRs fabricated on templated substrates occurred once again
in collaboration with Johannes Aprojanz and Prof. Tegenkamp in Hanover. Figure 5.14 shows an
I(V) curve from an area in the trenches, corresponding to the substrate, and from a ribbon. Once
again the quality of graphene from the ribbons is contrasted with the quality of graphene in the
mesa terraces/trenches, since a metallic-like, or linear, behavior is only observed when measuring
close to the step edges. The non-linear behavior from the mesa terraces/trenches indicates that
graphene is not continuous in this region, as also previously indicated in Figures 5.11 – 5.12.

Next, the resistance of different ribbons was measured in a linear configuration with 4 tips.
Figure 5.15 shows the resistance for bilayer GNRs prepared on mesas aligned parallel to the
natural steps of the substrate, whereas Figure 5.16 shows the resistance for GNRs prepared on
mesas which are perpendicular to the natural steps. Probe spacing dependent measurements
reveal a characteristic 1D diffusive transport behavior with resistances per length in a range of
R/l = 4 – 8 kΩ/µm.

The average width of the ribbons was determined by analyzing height and phase contrast AFM
images and taking into account that the GNRs are only present on the mesa sidewalls (since no
phase contrast is observed in the area close to the mesa steps on the terraces). The size of the mesa
sidewalls was obtained by considering a right triangle whose height corresponds to the height
of the mesa structures, the width to the size of the phase contrast in the AFM images, and the
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hypotenuse to the width of the ribbons. Considering the resulting average width of 60 nm, the
sheet resistance RS for these structures corresponds to 240 – 480 Ω/�. The mobility µ is related to
the sheet resistance RS in the following way [? ]

µ =
1

qpSRS

where q = 1.6× 10−19 C is the elementary charge and pS = 1.3× 1013 cm−2 the hole concentration
(obtained by ARPES, see Section 4.5). From this equation, the mobility obtained for these GNRs
is within the range of 1 000 – 2 000 cm2/(V s). Equivalent measurements performed in GNRs from
other structures reveal a similar behavior, indicating that the GNRs are homogeneous all over
the sample and therefore confirming the reproducibility of this fabrication method. Although not
significantly improved in comparison to the hole mobility obtained for bilayer GNRs fabricated
on natural SiC(0001), which was µ = 700 cm2/(V s), the fact that the GNRs grown on patterned
SiC(0001) exhibit electronic transport in a homogeneous fashion is of high importance to large
scale applications.

As previously described in section 2.8, the combination of an SEM system with a four-tip STM
setup allows a precise control over the position of the tips for transport measurements. The effect
of the electron beam from this SEM system on the transport measurements was also studied.
For this purpose, time dependent 4PP measurements with a fixed probe spacing of ∼ 2 µm was
performed in two different conditions: after turning the electron beam on and after blocking it.
The results are shown in Figure 5.17. The influence of the exposure to the electron beam is clear,
the resistance increases with time if the electron beam is turned on, and decays exponentially once
the electron beam is blocked. Such behavior indicates a charging effect that can be understood
when considering the formation of an interfacial layer of SiO2, product of the O2 intercalation
(already introduced in Chapter 4), after the air annealing process.

Figure 5.14: Characteristic I(V) curves taken on the trenches, corresponding to the substrate (dark
grey curve), and on one GNR (orange line).
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Figure 5.15: (a) In-Lens detector SEM image of the 4PP configuration in a structure with mesas
aligned parallel to the natural steps of SiC(0001). (b) Resistance as a function of probe
spacing for various ribbons measured on ribbon grown on mesa structures parallel to
the natural steps.
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Figure 5.16: (a) In-Lens detector SEM image of the 4PP configuration in a structure with mesas
aligned perpendicular to the natural steps of SiC(0001). (b) Resistance as a function
of probe spacing for various ribbons measured on ribbon grown on mesa structures
perpendicular to the natural steps.
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Figure 5.17: Resistance as a function of time after the electron beam used for imaging is turned on
(navy blue) or blocked (grey).

5.6 Summary

The study of natural steps demonstrates the difficulty in finding suitable substrates for the growth
of monolayer GNRs directly on etched SiC(0001) surfaces. The surface morphology of different
substrates after hydrogen etching is varied. As a consequence, after GNR growth, the shape of
the ribbons changes with substrate, leading to a non-standardized morphology, which hinders
possible applications. As a solution to this issue, well defined mesa structures can be patterned
by EBL on the surface of SiC.

When GNRs are fabricated directly after the patterning process, unstable facets may decompose
during the growth. Even if the mesa structures are not decomposed, parasitic ribbons may still
be observed crossing the terraces. To avoid such matters, vacuum annealing emerged as an inter-
mediate route to stabilize the facets and create smooth terraces. If the GNR growth is preceded
by vacuum annealing, the resulting intercalated graphene is observed as patches throughout the
mesas, whereas a defective graphene is detected on the suddenly rough trenches.

Transport characterization of intercalated GNRs grown on the sidewalls of the mesas show a
metallic behavior that contrasts with the non-linear I(V) curve from the substrate. Hole mobilities
in the range of 1 000 – 2 000 cm2/(V s) were determined for those ribbons, which, although a slight
improvement when compared to bilayer GNRs grown on natural steps, exhibit high reproducibil-
ity throughout the sample, a promising feature for large-scale implementation.
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The first focus of this work has been to understand the mechanisms behind the formation of mono-
layer and bilayer GNRs via the surface graphitization method and oxygen intercalation by air
annealing, respectively. A second aim of the study was the morphological and electrical char-
acterization of monolayer and bilayer GNRs fabricated either on natural steps or on patterned
substrates.

As a way to accomplish such purpose, the growth of monolayer GNRs synthesized via the sur-
face graphitization of stepped SiC(0001) surfaces was initially studied. Samples of monolayer
GNRs were synthesized by the graphitization method on SiC(0001) with temperatures ranging
from 1 410 to 1 460 °C in order to elucidate the connection between growth temperature and final
ribbon width. Two substrates with different miscut angles, namely 0.1° and 2.0°, were used to
determine the influence of initial step height on final GNRs size. The investigation of the width of
GNRs as a function of annealing temperature and SiC substrate miscut-angle allowed to estimate
an apparent activation energy for the formation of monolayer GNRs. Based on these analyses,
it was possible to learn about the influence of the substrate step height on the energy barrier for
GNRs formation. In substrates with a low-miscut angle, which do not exhibit few-layer graphene
on the low steps, an exponential lateral expansion rate as a function of growth temperature was
observed for the GNRs. In particular, an apparent activation energy of 6.1± 0.3 eV was obtained
for the expansion rate of individual GNRs on this substrate and correlated with the energy bar-
rier for Si out-diffusion. On the contrary, a different growth behavior was identified for ribbons
grown on the high-miscut substrate, where non-polar step facets exhibited few-layer graphene.
Two regimes were detected, one for temperatures below 1 430 °C, in which an activation en-
ergy of 9.2± 0.1 eV was determined, and another one for higher temperatures, that saturates at
2.0± 0.9 eV. The origin of the additional energy barrier was attributed to the formation of few-
layer graphene on the step facets. The thicker layers, which act as an effective diffusion barrier,
constrict Si diffusion and therefore justify the higher activation energy for lower temperatures.
Nevertheless, when enough layers are formed, an increase in temperature no longer leads to a
corresponding increase in GNR width, a result in line with the observed saturation of the activa-
tion energy. However, these findings contradict the idea of direct diffusion of Si through periodic
defects in the BL, for which an activation energy independent on substrate step height, as well as
no divergent growth behavior, would be observed between the two substrates.

The following study focused on the steps that comprise the process of air annealing. It has been
observed that the oxygen intercalation starts with the formation of an oxide layer on the SiC sur-
face, which then decouples the BL. This in turn results in the complete removal of the bare BL from
the terraces and in the conversion of the monolayer GNRs into bilayer GNRs (the graphene layer
on top acts as a protecting layer). Subsequently, a process of lateral etching that initiates on both
edges of the GNRs, namely the SiC step edge and the border with the terrace, was observed. As
the duration of the thermal treatment was increased, oxide spots were formed under the graphene
layers, leading to their local expansion. This process could evolve until the graphene layers burst
and formed holes, which expanded in size. The combination of the lateral etching mechanism and
the formation of these increasingly large holes on the graphene layers resulted in their complete
elimination, given enough time for these processes to evolve. Although the GNRs have shown
low stability under air annealing for prolonged times, this method enabled the modulation of their
width when using shorter durations of thermal treatment. Diffusive 1D-transport was confirmed
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by probe distance dependent measurements on the bilayer GNRs. Despite the edge roughness
of such ribbons, charge carrier mobilities up to µ = 700 cm2/(Vs) were measured at room tem-
perature. Defects across the GNRs can be effectively circumvented by interlayer hopping of the
charge carriers. Moreover, the strong p-type doping in consequence of intercalation by oxygen
was confirmed by local spectroscopy.

Since the study of natural steps demonstrated the difficulty in finding suitable substrates for the
growth of GNRs directly on etched SiC(0001) surfaces, the final focus of this work was the fabri-
cation of GNRs on patterned SiC(0001) substrates. The investigation of the surface morphology of
different substrates after hydrogen etching indicated varied outcomes, which, after GNR growth,
lead to diverse shapes of the ribbons. This non-standardized GNR morphology for different sub-
strates hinders possible applications. An alternative to such issue, well defined mesa structures
were patterned by EBL on the surface of SiC(0001). GNRs fabricated directly after the pattern-
ing process suffered from unstable facets that decomposed during the growth process or from
parasitic ribbons that connected GNRs from different mesa steps. Vacuum annealing emerged
as an intermediate step to stabilize the facets and create smooth terraces. GNR growth preceded
by vacuum annealing resulted in intercalated graphene observed as patches throughout the mesa
structures, whereas a defective graphene was detected on the suddenly rough trenches. Trans-
port characterization of GNRs grown on the sidewalls of the mesas showed a metallic behavior
that contrasted with the non-linear I(V) curve from the substrate. Hole mobilities in the range
of 1 000 – 2 000 cm2/(V s) could be determined for measurements performed in several ribbons,
which indicates the robustness of the process over large-areas. Even though further improvement
in the overall morphology of the graphene nanostructures has to be achieved, these results helps
in paving the way for the implementation of epitaxially grown GNRs in future technologies.
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Nomenclature

0D zero-dimensional

1D one-dimensional

2D two-dimensional

2PP 2-point probe

3D three-dimensional

4PP 4-point probe

AFM atomic force microscopy

BL buffer layer

BLG bilayer graphene

BSE backscattered electrons

BZ Brillouin zone

CNTs carbon nanotubes

CVD chemical vapor deposition

DFT density functional theory

EBL electron beam lithography

FETs field effect transistors

FG forming gas

FWHM full width at half maximum

GNMs graphene nanomeshes

GNRs graphene nanoribbons

GQDs graphene quantum dots

HMDS hexamethyldisilazane

HOPG highly ordered pyrolytic graphite

LDOS local density of states

MFC mass flow controller

MLG monolayer graphene

RF radio frequency

sccm standard cubic cm per minute

SE secondary electrons

SEM scanning electron microscopy

STM scanning tunneling microscopy

STS scanning tunneling spectroscopy
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TE transmission electron

TEM transmission electron microscopy

XPS X-ray photoelectron spectroscopy
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