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Abstract

High temperature treatment of SiC surfaces is dasthblished technique for producing
graphene directly on top of an insulating substdatéhis domain an important question is the
influence of the substrate on the atomic and eaddrstructure of the graphene layers. This reguare
detailed investigation of the interactions at thaphene-SiC interface. Surface science techniqueis a
ab initio calculations are well suited for that pose. In this article, we present a brief reviewhef
recent investigations performed in this domain dgnsing tunnelling microscopy (STM) and ab initio
simulations. It is largely based on the work parfed in our group, but it also provides a survethef
literature in these fields. Both the so-called18i & face of the hexagonal 6H(4H)SiC{0001}

substrates will be considered, as they show maylditferent behaviour.

PACS numbers : 73.20._r, 73.22.Pr, 81.05.ue, 6B{388.65.Pq, 71.15.Mb

Introduction

Graphene is the name given to a single atomicepbéugraphite, or equivalently to a two-
dimensional (2D) system made of carbon atoms wiaich a honeycomb structure. Although this
material has been studied theoretically for moamthixty years [1], the measurement of the physical
properties of graphene had to wait for the develamnof suitable fabrication techniques [2, 3]. Soon
afterwards outstanding transport properties —higbihty, long phase coherence length or chiral

quantum Hall effect- were reported [4-6]. This héggered an enormous activity on this topic, aimed



either at understanding the basic physical progedf the material or at looking for applicatioriis o
this original 2D system, especially in the fieldnoiicro/nano electronics (for reviews see [7-9]).

Various strategies exist for preparing graphemngpsas. The popular micromechanical
exfoliation technique [2] produces flakes with tatisize of the order of 1m [7], lying on an
insulating substrate and which can thus be gafefemical vapour deposition (CVD) techniques
yield large size¥ cm) graphene layers on metallic substrates (sge[£0, 11]). The transfer of such
CVD grown films on insulating substrates can baeaad after etching away the underlying metal
substrate [11]. The technique we focus on in #yort is the high temperature decomposition of SiC
crystals [3]. It can in principle lead to waferesizsamples directly formed on an insulating sutestra
The large sample size is an advantage not onlyeipérspective of large scale device fabricatidn bu
also for characterizing the system with “wide bedathniques such as optical spectroscopy [12],
angle resolved photoemission (ARPES) [13,14] oa¥dliffraction [15]. The insulating substrate
allows the straight realisation of transport expenits and of electrical devices in the graphenerlay
(semi-insulating SiC wafers are available, althotigdy are quite expensive). One major issue -for al
preparation techniques- is to control the homodgrdithe graphene thickness across the whole
sample and to maximize the size of the (grapheomaéhs. For the process we consider here —i. e. the
high temperature decomposition of SiC crystals-giteaevth of homogeneous graphene samples with
coherent domains larger than 1 micrometre has 8emmnstrated recently [48, 49, 51, 52, 92, 93].

Graphitization of polar faces of SiC substratesrupigh temperature treatment has long been
known [16]. The films formed in this way are usyalhlled few layers graphene (FLG), since carbon
films with different thickness can be formed depagdn the temperature and duration of the thermal
treatment [16-18]. The mechanism leading to then&dron of the FLG is thought to be the
preferential sublimation of silicon atoms from B substrate, followed by a collapse of the excess
surface C atoms to form the graphitic film [16-1Bhrly experiments using surface science techniques
have revealed that FLG showed the structural aextrehic signatures of graphitic layers [16-18,.20]
More recently the group of Walt de Heer has dematesd that this technique could yield high quality
samples with physical properties similar to thaogeeeted for ideal graphene [3, 6, 8, 12]. Thislkds
to a renewal of interest for this system in thdeste science community. Modern spectroscopy and
microscopy techniques indeed allow the analystb@ftructural and electronic properties of this
material with an unprecedented level of resolution.

In this article we shall present a review of teeant contribution of scanning tunneling
microscopy (STM) and of ab initio calculations b@ tunderstanding of the properties of FLG on SiC.
It is largely based on the work performed in owuy, but it also provides a survey of the literatur
these fields. We shall focus on the early staged & growth; this is on monolayer (ML) or bilayer
(BL) graphene samples. In this thickness rangeimpertant issue is the possible influence of the

substrate on the atomic or electronic structuthefgraphene layers. We shall therefore pay péaticu



attention to the nature of the interface betwee® lahd the SiC surface. It will be shown that the
interaction with the substrate generates soft eippt the graphene layer. This substrate induced
warping has a different origin from the spontanemsling which would stabilize the —otherwise
unstable- free standing graphene [7, 9].

The paper is organised as follows. In the firstise we shall give a brief account of the
structure and electronic properties of ideal graph&Ve shall also summarize the basic properties of
the substrate surfaces and we shall give a bitiefdaction to the experimental techniques. In a
second part we shall consider the work made omitv@ and bilayer graphene formed on the so-
called Si face of the substrate. The third padeigoted to the investigations made in the monolayer

(ML) range on the so-called “C-face” of the subigtra

1. Basic presentation of the material and of the tdniques

1.1. Electronic structure of ideal graphene

The atomic structure of ideal graphene is showfigimre 1-a. This 2D crystal has a hexagonal
Bravais lattice with two C atoms (labelled A and@) unit cell. This gives rise to a honeycomb
structure composed of C hexagons. In this mateZiatoms are in the Spybridisation state, with one
p, orbital -pointing perpendicular to the crystalmgaper atom. The sp2 orbitals on neighbouring C
atoms form strong (in-plane) covalent bonds.bonds are formed by the lateral overlap of the
remaining p orbitals.

The band structure of ideal graphene, obtained fb initio calculations [21], is shown in
figure 1-c. It is shown along specific directiorfdtte 2D Brillouin zone (BZ) depicted in figure 1-d
Two points called K and K’, located at the cornkthe BZ, are of particular importance as shown
below. The band structure (figure 1-c) shows at#ireec bands located rather far in energy (more
than 3 eV) below the Fermi level. The low energgctbnic states are derived from tiler* bands.
These bands touch only at the K and K’ points efB&Z. Around these points, tié* bands have a
linear and isotropic dispersion in an energy rasfggpproximately +0.5 eV, with a Fermi velocity
ve=10° m/s. A sketch of the low energy band structurg) Ef being the wave vector measured from
the K/K’ points- close to the K (or K’) point is gtvn in figure 1-e. This structure is called the rdu
cone” in the literature, and the point wherandrm®* bands meet is called the Dirac point (its enasgy
noted k afterwards). Consequently, the density of state fasiction of energy is linear close tg,E
being zero at the Dirac point. For neutral (undgggedphene the Fermi energy is at the Dirac point
since thatando bands are fully occupied whereas ttieand o* bands are empty. The isoenergy
contour computed at +0.5eV above the Dirac poish@wvn in figure 1-d (black lines). It reveals tiny
pockets centred at the BZ corner. They show atsfighiation from the circular shape known as

“trigonal warping”. The band structure of figurechhas been reported by many groups. It has been



computed for the first time in 1947 [1] using ahtidpinding technique. It turns out that a simpgghti
binding technique including only the prbital and a nearest neighbour interaction ifigaht to
describe the important features of the band straatiose to the Dirac point [10].

Apart from the linear dispersion, another fundarakecharacteristics of the low energy
electronic states of graphene —i. e states ctofeetDirac point- is the so-called “electronicrality”
[10, 22]. It results from a specific symmetry o tblectron wave-functions, which originates from th
presence of two identical (C) atoms per unit delis property can be understood in the simple tight
binding scheme quoted above [10, 23]. For a givamewectok, the Bloch wavefunction®,(r) of
the low energy states can be decomposed on a{ig), Wo.(r)}, where WA (r) (WE(r)) is a
linear combination of jstates centred on C atoms which belong to the)A(Blattice (see [23] for
details):

Wi(r)=Ca(K)W (1) +Ca(k)Wok(r) 1)

One has|Ca(K)|= |Cs(K)|, which means that for any eigenstate (and thusarygy) the Local Density
of States (LDOS) should be identical on the A andh& B atoms.

For states close to the Dirac points at K (K’), cae write:.k=FK+q (k=K’ +q), whereq is the wave
vector measured from the K (K’) point in the copasding valley. Performing a low energy
expansion to the first order jg| one obtains the linear and isotropic band dispersi the vicinity of
the Dirac point(s). Moreover, with a proper chaié¢he basis (and of the axis), see [23], a simple
relationship betweengaand G is found. For example, for states with energy Efdtectron states) in
the vicinity of the K point:

Ca(q)= Ca(a)€” (2)

wheref is the angle between tlgevector and the x axis. Similar relations are fotorchole states (E<
Ep) and in the other valley (close to the K’ poiriijuation (2) implies thatgchanges sign (with
respect to &) wheng is changed intog-in the valley at K, which occurs in the case tfawalley
backscattering (the same is true in the valley’atKis leads to the so-called absence of
backscattering by long range scatterers [24] andBosymmetric potentials.

The notions of pseudo-spin and of electronic dikyrare related to the symmetry property of
the wavefunction given by Equation (2) [10]. Thie¢éronic) chirality manifests in several
outstanding properties of graphene such as thalguantum Hall effect [4, 5], the Klein tunnelling

[22, 25, 26] or the weak antilocalisation [27-28]s thus a fundamental property of the material.

1.2. Ideal bilayer graphene

The structure of bilayer graphene is depictedgaré 1-b. It is shown in the so-called “Bernal
stacking” which is usually found in graphite. Irettop layer, the “A type” atom is located right abo
a "B type” atom in the bottom layer. The “B typdbm in the top layer is located above a hexagonal

“hollow” site of the bottom layer. The (weak) injglane interaction (similar to the one in graphite)



breaks the equivalency between the A and B atorbstimlayers. The computed LDOS is different at
low energy (in the rangepkE v1, wherey; is the interlayer hopping parameter) on the A Bnd
sublattices within each layer [30]. The LDOS igjlron the B site in this energy range. For ensrgie
larger than B+ y; (smaller than E- y1) the LDOS on A and B sublattices becomes similae typical
value ofy; is 0.4 eV [30].

The electronic structure of bilayer graphene imBéstacking is fairly different from the one
of (monolayer) graphene (for a review see [31])e Bands have a parabolic dispersion at low energy,
and the electronic chirality is different from tbiee found in the monolayer. As a consequence,
backscattering is no longer forbidden in this syst®oreover a gap can open at the Dirac point ifior a
asymmetric bilayer, that is for different on-siteeegies on the top and bottom layers. This poifit wi
be considered in section 2 for the case of epittayar.

Notice that the results summarized in this subigeanly apply to the case of a Bernal

stacked bilayer and that they should not be gemerhto an arbitrary stacking (see section 3).

1.3. SC substrate surfaces and graphitization techniques

Graphitisation is usually performed on the poarels of commercial hexagonal 4H or 6H-SiC
wafers. To our knowledge, no significant differesibave been found between these two different
polytypes for the purpose of the discussion in thésuscript. Due to the polar nature of the SiC
material these substrates have two different fades 4H(6H)-SiC(0001) is called the “Si face”, and
the 4H(6H)-SiC(000-1) is called the “C face”. Thtandard denomination refers to ideal (bulk
truncated) surface. The actual chemical composidapends on the reconstruction of the surface (for
brief reviews of the reconstructions of these sigfasee [32-34]). It turns out that genuine
reconstructions of the SiC surface may survivewdhe first few graphene layers, and thus are
relevant for interface properties. These are t8x6v31(30°) reconstruction — 6R3 in short notation-
for the Si face [16, 17, 35, 36], and the (3x3) &®). reconstructions for the C face [18, 36-39].
The 6R3 of the Si face has long been recognisedrassting in a graphitic layer on top of the SiC
substrate [16, 17, 40], but it is only recentlyéda the renewal of interest for this system in
connection with epitaxial graphene) that the natiirde interface bonding has been investigateel (se
section 2 for discussion). The structure of the8f3rconstructions of the C face remains largely
unknown although a model has been proposed [4¥ sTiucture of the (2x2yeconstruction of the C
face has been established by quantitative low greagtron diffraction (LEED) analysis [42]. It Wil
be presented in section 3. Since the structureeniinterface between the first graphene layer aed t
substrate is markedly different for the Si and@hace of the substrate, we prefer to present the
results in two different sections.

The formation of graphene layers starting fromujjee SiC surface reconstructions is

obtained by high temperature annealing. The whalegss —SiC surface preparation and



graphitization- is usually performed under ultrgthivacuum (UHV) conditions for STM
investigations, a common practice in surface s@elidhas been shown however that preparation
under UHV results in a rather poor morphology & ¢ginaphene layers [19, 35, 36, 38, 43-50]. The
films are not homogeneous since patches with areifit number of graphene layers coexist on the
surface. Moreover the typical size of the (homogeisg terraces is small, typically 100 nm or less.
Although this is not an issue for STM studies -aad even be advantageous since several phases can
be investigated with the same tip-, the heterogemeay be detrimental for transport propertiesoor f
investigations using non local techniques. Non Ugtbwth techniques have been shown to give
samples with much more uniform morphology [15,4%,51, 52]. However, when surface science
techniques such as LEED or photoemission have bssthfor non-UHV monolayer graphene
samples grown on the Si face [48, 51], no obviatisrénce with UHV grown samples were found.
This indicates that the atomic and electronic $tmecof the interface is similar for both prepavati
techniques for the Si face, and that STM invesbgaton UHV grown samples are therefore relevant
for non-UHV ones.

The situation may possibly be different for théaCe of the substrate. Most of the pioneering
experiments by the group of Walt de Heer [6, 9,28},have been made on samples grown in non-
UHV conditions on this C face. The samples werécblly several layers thickt9] which has
hampered a direct investigation of the interfac&bi and other surface sensitive techniques. The
STM data on the interface structure -and the reélateinitio calculations- that we present in sato
of this review have been obtained on samples peegarUHV, using a significantly lower growth
temperature. Whether the characteristics of trerfiate of UHV grown samples -which are largely
determined by the reconstructions of the bare satiessurface- are preserved using non-UHV

preparation techniques remains to be established.

1.4. Experimental techniques

The main experimental technique considered he®d M. This technique is now well
established. It has been reviewed in a numbemxtbdeks [53] and will not be described in this
article, which focus on the properties of the mateAb initio calculations are usually performed
within the density functional theory (DFT), for tasce the VASP code [54]. For technical details
(supercell geometry, choice of the functional ahthe pseudo-potential) the reader can refer to the
original papers [21, 66-69, 94, 95].

2. Graphene on the Si face of SiC substrates
As mentioned in section 1.3, the graphitizatioocgss leads to heterogeneous samples which
contain FLG regions of different thicknesses. Mergothere is no unambiguous and easy way to

know “a priori” how many graphene planes are presarthe average on a sample prepared “in-situ”



(the most readily available surface characteripadeghniques such as LEED [35, 36] and Auger
spectroscopy [49] are only helpful after a calilamat. Thus we need a criterion to identify monolaye
graphene areas in situ by STM. This is the sulgieparagraph 2.1. The structure of the interface
derived from ab initio calculations, including @eat model for the 6R3 (or buffer layer) phasel wil
be presented in section 2.2. For convenience thétseof the band structure calculations are also
included in section 2.2. In section 2.3 we shaltdss the electronic structure of monolayer and
bilayer graphene on the Si face from the pointiefwof STM experiments. In particular, it will be
shown that one specific —and important- featurthefelectronic structure of graphene, namely the

electronic chirality, can be probed by STM.

2.1. Identification of monolayer (ML) graphenein STM images

2.1.1. Atomic contrast. In principle the identification of ML graphene by is straightforward. As
shown in section 1, the low energy LDOS is simiarA and B sublattices and thus STM images at
small sample bias V should reveal a honeycomb qpafidnis is exactly what we observe in figure 2-a,
and thus we identify this sample area as ML graplemthe Si face [55].

As discussed in section 1.2, the LDOS on the ABusdblattices of the top carbon layer is
different for Bernal stacked bilayer graphene (BIh)is should lead to a “triangular” contrast in low
bias STM images, where every second C atom (th@bAdype) seems to be missing. This
corresponds exactly to the observation made ogianrédentified as BL graphene on the Si face, as
shown in figure 2-b [55].

Although the identification of the phases by meaiiew bias STM images seems
deceivingly simple, some points of caution neellda@onsidered. They are listed below:

i) The triangular (AB asymmetric) contrast is Bpecific to the bilayer: Bernal stacked
multilayers [56] and finally graphite [57] qualitagly have the same contrast at low bias.

ii) Conversely, non Bernal stacked multilayergiiding bilayers) can show a honeycomb
contrast very similar to ML graphene. This has besaribed to a translation or shift [56, 58], a
rotation [59] or a decoupling [60] between the tagi carbon planes.

iii) Even in a regular situation (low bias imagBgrnal stacked bilayer) the contrast on BL
has been shown to depend on the bias [61] : usouenate positive sample bias{%).5 V) one may
observe a honeycomb pattern. This is due to thedaoted in section 1- that the LDOS on A and B
sublattices of the top plane become equal a fractieV above E

From these considerations, it would seem usefgétesome auxiliary means to identify
faithfully the monolayer phase (at least) using STMe interface contribution to the images can be
used for this purpose, and it also allows a ragéahiification of ML and BL regions in large scale

images [55]. This point is developed in paragrafgh22 We mention here an alternative technique,



which consists in counting the number of nodes -tdwgdectron scattering at buried interfaces- @ th
field effect resonances which appear at high biab V) in Z(V) spectroscopy [62]

For completeness let us say a few words aboudttraic contrast observed in other
realizations of monolayer graphene. Exfoliated bes@ on silicon dioxide exhibits the honeycomb
contrast expected for the ideal material [63]. fi@phene on metals the situation is more intricate
since the local interaction of the C atoms withghbstrate influences the contrast in the STM irmage
[10]. For instance, in the strongly interactingeca$ graphene on Ru(0001), the atomic contrastlof M
graphene changes from honeycomb to triangular svithim, as a consequence of the local registry —

and interaction- with the surface metal atoms [10].

2.1.2. Long range (6x6) modulations. The images in figure 2-a show more than the graghen
honeycomb contrast. One can see a long range heaiagigperstructure with periedl.9 nm which
modulates the apparent height of the plane [55F fifodulation comes from the underlying 6R3
surface reconstruction of the substrate surfacéctwh thus the interface plane). The 6R3 substrate
reconstruction commonly looks like a (6x6) (inste@fé 6R3) superstructure of the SiC surface in
most high bias STM images [20, 35, 40, 55, 56 664, The expected period of the (6x6) modulation
is 1.85 nm which corresponds quite well to the gdhund in figure 2-a. Thus the superstructure
observed for the first graphene layer is generbyetthe underlying (6R3) interface. This statemsant i
confirmed by the ab initio calculations presentedection 2.2.2. This super period also shows up,
although with reduced amplitude, for the bilayégyfe 2-b) [55]. Indeed, it has been proposed that
the measurement of the roughness induced by tbddoe in the top layer could be used as a
fingerprint of the thickness of the FLG sample [56]

As mentioned previously, the 6R3 substrate recoctsbn of the Si face involves a graphitic
plane on top of the substrate [16, 17, 40]. Howaxegraphene or graphite signal -similar to the one
of figure 2- has ever been reported on this sudigc8TM, even in low bias/high resolution images
[35, 55, 56, 64, 65]. This discrepancy will be expéd in the next paragraph where we present the

current model for this reconstruction, as derivedf ab initio calculations.

2.2. Atomic and electronic structure of the interface from ab initio calculations

2.2.1. principles of ab initio calculations of the interface structure. Due to the large size of the unit
cell, ab initio computations on the 6R3 are quitalienging. However, such results have been
reported by two groups [66, 67]. The initial configtion was a flat graphene layer laid above an
unreconstructed (ideal) SiC surface. After relaxathe C honeycomb lattice is distorted by an
interaction with the substrate, see figure 3-ahinfollowing, we detail the data of Ref. [67],haltigh

essentially similar results were found for the dtostructure of the interface in [66].



Calculations were made for one and two C layerwoprof SiC in this cell. In the first
(second) case, the slab contained four bilaye®&®f(two) and then 1310 atoms (1216). Onlythe
point was used. Although in the second case osipal number of substrate bilayers was used, it was

checked that this had no effect on the relaxatfdhefirst C layer.

2.2.2. Thefirst C layer on SC : the buffer layer (or nanomesh). Images of the total charge density
after relaxation of the system are shown in figdeand 3-c. The first C layer is strongly distdriey
the formation of covalent bond with the substratéhe region where the graphene and SiC lattices ar
in registry. This inhomogeneous bonding results aomplex mosaic pattern and in an apparent 6x6
periodicity of the C layer (red diamond of Fig. Bvizhile the actual periodicity remains the 6R3 cell
(blue diamond in Fig. 3-b) used for the calculatiGovalent bonds are formed between the Si atoms
of the last SiC layer and the C atoms of the Crlag® shown in the cross-section view of the total
charge density of figure 3-c. This prevents anylitec electronic properties for this layer. Indedee
computed band structure does not exhibit the lidesrersion of thetband characteristic of graphene
[66] confirming preliminary calculations [68, 69] & simplified geometry. In agreement with these
theoretical findings, ARPES data have shown that'irac cones” typical for the band structure of
graphene were absent on the 6R3 phase but thatlthrds were fully developed [37]. C atoms
bonded to Si are closer to the substrate as shoWwgure 3-c, which leads to a strong corrugation
(0.12 nm) of the surface layer [67]. We called fivit C layer (6R3 phase)tmffer layer since it
decouples the following C layers from the substeag it allows them to behave like graphene mono
or multilayers as shown below. Recent investigatioy transmission electron microscopy [70, 71]
have confirmed the existence of this buffer layssrgly bonded to the Si surface atoms of the SiC

substrate.

2.2.3. abinitio calculations for two and three C layer: monolayer and bilayer graphene. The graphene
nature of the film is recovered for the secondy@taThis second C plane follows the morphology of
the buffer layer - like a carpet- and as a consecgipresents a honeycomb atomic lattice with a
superimposed 6x6 periodicity (Fig. 4-a and 4-b), [&H. This is consistent with the aforementioned
STM experiments. The band structure computed ferstinucture shows theebands characteristic of
graphene with a Fermi level that lies around 0.5ab®ve the Dirac point [21, 66]. Again these result
confirm the preliminary calculations performed imimplified geometry [68, 69]. The second C plane
is thus actually the first graphene layer. It iscélon doped by a charge transfer from the sulesinat
agreement with ARPES experiments [13, 14]. Goimthér into details, the band structure
calculations in the full 6R3 structure [66] revda opening of a small gap (250 meV wide) at the
Dirac point, in agreement with one set of ARPE&idad]. The gap has been ascribed to a residual

coupling between the graphene plarfé @layer) and the buffer layer. Conversely, comioita in



the simplified geometry -as well as our own compatss in the full 6R3 structure- do not show this
gap [21, 68, 69], in agreement with another s&RIPES data [13]. It is not the purpose of this pape
to comment further on this controversy. Anyway, thenplex geometry of the first carbon layer
(buffer layer) generates soft ripples (with amm@l0.04 nm) in the honeycomb lattice of the graphen
- second C- layer. The calculated corrugationsraagphologies of the two first C layers are in very
good agreement with the STM images [67]. On thifa&e, the interaction with the substrate thus
disturbs at least the two first C layers. On theeohand, all experiments demonstrate that the
graphene is epitaxial on this face. The long rasrggntation of the graphene planes is then imposed
by the substrate.

Calculations of a third C layers on the Si faceehlagen performed in the simplified geometry
only [68]. The Bernal -graphite-like- stacking ofplaines was considered since it was found from
experiments on the Si-face. The results are in ggordement with ARPES spectra [72] and show the
opening of a gap at the Dirac point. The threey@rgbehave as a buffer layer plus a graphene
bilayer. The gap comes from the asymmetry of theyer and is due to a different doping level of the
two layers: indeed charge transfer is larger fgeta closer to the interface [73] for as-grown §lm

The gap closes when the two carbon layers are e@qagalent by external doping [72].

2.2.4. Beyond the buffer layer model, STM experiments. One feature of STM imaging of graphene on
SiC is that the buried interface can be directlyastied at high bias [264], although with a reduced
contrast compared to the bare 6R3 reconstructibis. “Transparency” at high bias has been ascribed
to the energy dependence of the density of stéfgs-{wvith a large interface DOS at high energy- or
to the short attenuation length perpendicular ¢ostirface of the states of graphene (due to the high
value of the parallel wave vector close to the Kgidints) [20, 55]. Anyway, this feature gives the
opportunity to investigate the structure of theifdce plane below the graphene layer, which,
according to the results presented in section 21208ld be the buffer layer. It has generally been
found [35, 55, 56, 65, 74] that this interface glavas somewhat disordered, as shown in figure 5.
Moreover, unexpected features -with respect tdtiter layer model of section 2.2.2- show up in the
high bias images (see e. g. the arrow in figurdSeries of variable bias STM images reported by
Rutter et al. indicates that such structures ldakpyramids or tetramers, and that they are lacate
below the raised regions of the graphene surfae [85]. It thus appears that the actual interface
structure is significantly more complex —and disvedl- than the theoretical model shown in section
2.2.2. However, as quoted above, this model captheessential characteristics of the interface.
Additionally, the STM images of figure 5 show tliraterface electronic states give a significannhet
dominant [65]- contribution to the tunnelling curtén the bias range where the Dirac point is
expected, this is around -450 mV. This remark igartant to understand the results of scanning

tunnelling spectroscopy (STS) discussed belowi(seet3.1).



2.3. Electronic structure of monolayer and bilayer graphene from STM experiments

The theoretical band structure computed for mgrsland bilayer graphene, as well as the
corresponding ARPES data have been presentedtinors@c2. In this section we consider results
which are more specific to the STM technique. Wat fariefly discuss tunnelling spectroscopy data in
section 2.3.1, and then we describe the analystseaftanding wave patterns generated by defects on
graphene. We show that the chiral nature of thetreleic states is reflected in theses quantum
interference patterns.
2.3.1. Scanning tunneling spectroscopy. As discussed in section 2.2.2, both theoreticautations
and photoemission data demonstrate that the baradisie of the first graphene layef{Z plane)
closely resembles the one of free standing graptlese to the Dirac point. Thus we could naively
expect that STS experiments on the first graphayer would exhibit V shape spectra at low energy,
with a minimum located at the Dirac point, thisigroximately 450 meV below:Ht turns out that
this is definitely not the case. Features relatettié Dirac point are hardly observed in the spectr
taken on monolayer graphene [56, 65, 74], excagh®data reported in [75]. The absence of a clear
signature of the Dirac point in STS for monolaysgiene is thought to be due to the large
contribution of the interface states to the tummeturrent around -450 mV [56, 65], as quoted above
(section 2.2.3). For multilayer graphene, the faie contribution to the total current decreases an

the data show minima at biases where the Dirad g#&xpected from ARPES data [56].

2.3.2. Quantum interferences patterns, wavefunction symmetry and electronic chirality. In a two
dimensional (2D) system such as graphene, disbiakea strong impact on the electronic properties,
because of the high efficiency of scattering phesmemn Quasiparticle elastic scattering generates
quantum interferences (QIs), i.e. periodic modafaiof the LDOS, which are known to affect the
macroscopic electronic-transport properties ofsystem. Such QIs, which are related to the well
known Friedel oscillations in 2D metals, can bebeaat the nanometer scale using an ST8}.[

This can be achieved in the standard topographaerby recording constant current images at low
sample bias, or in the spectroscopic mode by raupidl/dV images at higher bias V. The former
(latter) mode roughly corresponds to LDOS maps-daEE+eV). Both modes have been widely
used in the past for analysing QIs on noble metidases or on metallic 2D systems on semiconductor
substrates [76-82].

In a simple picture, any point defect embeddea 2D system allows elastic scattering
between two statds: andkg’ of the 2D Fermi surface (FS). This leads to Qlhwiavevectokg'-K g,
with a weight depending on the topology of the F&. a standard 2D system with a single circular
FS, LDOS modulations at-Eare dominated by backscattering processes, ugliog between

opposite stateskr and—kg. The corresponding period of the modulationg/ks, which is for



instance the value reported from low bias congtarent images on noble metal surfacéd 81].
Following the same argument, the backscatteringgases between statdsand—k of any energy E
lead to LDOS modulations of periadk, which can be directly measured on conductaragsnat
sample bias eV=E. This gives a unique opportunityrobe the dispersion relation E(k) of the 2D
system [76, 78, 82].

In the following, we present the analysis of the @easured by STM on monolayer and
bilayer graphene on SiC(0001). The main purpose éxtract from such analysis a clear picture ef th
scattering mechanisms occurring in these systemasalso an evaluation at the nanometer scale of
fundamental quantities such as the Fermi wave véatal thus the electronic doping), the dispersion
relation, and also the electronic chirality.

As a starting point, let us mention that monolayed bilayer graphene on SiC(0001) show a
very similar FS, despite a markedly different elewcic dispersion as discussed in paragraph 1. The
common schematic FS for both systems is depict&iginé-a. It is derived from ARPES
measurements, performed separately on monolaydsiyer graphene on SiC(0001) [13, 72]. The
FS consists of two tiny circular pockets of radigs: 0.6 nmt*, surrounding the K and K’ points of the
first Brillouin zone. Depending on the disordergaet in the system (sharp impurities, long range
ripples, curving of the graphene layer at subsstgps, localized interface states...), we expeat fro
the shape of the FS two different scattering meishas1 Intervalley scattering, which couple staties o
the two non-equivalent pockets of the FS (as ilatstl on Fig. 6-b), and intravalley backscattering,
which couple opposite states of the same FS pdakethown on the left picture on Fig. 6-d).

The STM image displayed in Fig. 6-c demonstratas ®ls associated to intervalley
scattering processes are indeed observed on mengegphene on SiC(0001) [55]. The image,
recorded at +0.1V, includes one sharp defect ofetheAs previously explained, the image is
strongly affected by the interfacial 6x6 modulatiand by possible interface states. In additiony ve
clear fringes are found surrounding the defecthaitateral extension of a few nms. The fringes are
tilted by an angle of 30° with respect to the gexphlattice directions (which show up at the right
bottom corner of the image), and are separatedshye period of B.7A. This value is close to
21TK, in agreement with the intervalley scatteringga®s depicted in Fig. 6-b. Because of the
symmetry of the FS, the fringes pattern forms'2x{/3) R(30°) superstructure with respect to the
(1x1) graphene lattice. This superstructure haslaen reported on bilayer graphene on SiC(0001)
[55, 83] and is commonly observed on HOPG surf§@éls Actually, any atomic-sharp impurity in
contact with (or included in) a graphitic atomigda s likely to induce this superstructure, beeaois
its associated short-range impurity potential whiah couple states of different (K and K’) vall®fs
the FS. The STM observation of areas witBx\3) R(30°) superstructures is a clear evidence that
such scatterers are present in our system, eitheramolayer or bilayer terraces (most of thesealefe

are probably generated by the graphitisation psoitsslf). We also conclude from such observations



that the electronic structure at the surface isisbent with the FS shown in Fig. 6-a, built on
electronic states with wave vector close to K ahg@dints.

We now focus on the possible intravalley backsgatigorocesses, which can be generated by
any (long or short range) potential associateddorder. From the FS depicted on Fig. 6-a, the
corresponding Qls should have a wavevecter &ad thus a period/g: ~ 5.2 nm. This is more than
an order of magnitude higher than the period ofQieassociated to intervalley scattering.
Accordingly, high resolution STM images of largent@geneous terraces have to be achieved in order
to capture such large period QIs. This is the casEig. 6-d, showing a 50x 50 Arpnstant current
image with two neighbouring bilayer and monolayepiene terraces (respectively on the left and on
the right) [85]. The image was recorded in the grotiProf. K. Kern in MPI Stuttgart. It was acqudre
at 4K and very low sample bias (+1mV), and thukeot$ the surface LDOS at the Fermi level with
negligible energy broadening. A clear long-rangalulation, of wavelength 52 0.3 nm, is found on
the the graphene bilayer terrace (left terracemage 7-d). Such modulation has also been repoyted b
Rutter et al. 3], and it is attributed to the Qls with wavevecqr associated to intravalley
backscattering (as illustrated in the left boxeshaof Fig. 6-d). Surprisingly, we do not find such
LDOS modulation on monolayer graphene (right termaicFig. 6-d), which is puzzling if we keep in
mind that the two systems have almost the same FS.

The absence of 2¢.DOS modulation on monolayer graphene is a coressepiof the
electronic chirality —or pseudo spin- quoted intisecl. The honeycomb structure of graphene leads
to a specific symmetry of its low energy statesaA®nsequence, intravalley backscattering —i. e.
scattering between states with waveveckorgr andK-gr (or equivalentlyk’+q  andK’-q ¢)- can
not occur for slowly varying potentials [24], narfshort range potentials with the AB sublattice
symmetry [88]. It was recently shown that for sharige potentials breaking the sublattice AB
symmetry, intravalley backscattering is restoreowklver, the related 24 DOS modulations are
phase shifted by between the A and B sublattices [86]. Thus the ¢amtributions cancel each other
when averaged on the lattice unit cell, drasticadlyucing the (coarse grained) amplitude of the 2q
LDOS modulations, which display a 4lecay instead of the characteristic 1/r decayddnn
conventional 2D systems [87-89]. As a consequeheei-ourier Transform (FT) of low bias images
of monolayer graphene —in presence of point defectss not display a ring with radius:2 the
origin [85, 87, 88]. This behaviour results frone thlectronic chirality (pseudo spin) of monolayer
graphene. Although we do not precisely know if médithe atomic-size defects in our system do
locally break the AB symmetry, we can conclude fribim non-detection of Qls of period 5.2 nm that
the electronic chirality of monolayer graphene d@(8001) is the one predicted for free standing
graphene. The observation of such Qls on bilayaplggne (left terrace of Fig. 6-d) is also in perfec
agreement with theory. Indeed, as mentioned ingpaph 1, the symmetry (electronic chirality) of the

low energy states in Bernal stacked bilayer graplerables the intravalley backscattering, and the



associated Qls decay following the standard 1/r[&&}. Hence a ring with radius 2ghows up at the
origin in the FT of low bias images of bilayer gnape in presence of point defects [83, 85, 87]s Thi
is similar to the situation for normal 2D electrgases [81], but quite different from the case of
monolayer graphene.

To conclude this section, we make two remarkstlyir(incomplete) circles with radi®og
actually show up in the FT of low bias images sumding the K(K") points in reciprocal space for
both monolayer and bilayer graphene, their shapglie agreement with the theory [85, 87]. The
value of the Fermi wavevector obtained from thesasurements fits with ARPES data. Secondly, the
FT of conductance maps recorded at different biabews for an estimate of the dispersion ofthe
bands in the vicinity of the Fermi level, for bditayer [83, 90] and monolayer graphene [83], as fo

usual 2D electron gases.

3. Graphene on the C face of SiC substrates

It has long been known that the graphitizatiorcpeses of SiC substrates in UHV are
different on the C face and on the Si face [16, G8aphitization is faster on the C face, and more
importantly the graphitic layers show a significamount of rotational disorder, which results in
“streaks” or “rings” in the LEED patterns [16, 1&ome preferential orientations of the graphitic
layers are nevertheless found in the LEED pattdnisthey apparently depend on the preparation
procedure [36-38, 49, 52, 91]. In the following gkl focus on the first graphene layer grown @n th
C face. Until recently the growth of one layer abhk controlled only in UHV conditions, but recent
reports show that it can also be produced in nol @rvironments [92, 93]. To our knowledge no
detailed investigation of the structure of the iifstee has been made yet by STM on such non UHV
samples.

Section 3 is organized as follows. In the firstgomaph we present STM data on UHV
prepared samples which demonstrates, in agreenigmotier techniques such as photoemission, that
the first graphene layer grows directly on genugeonstructions of the SiC surfaces, thus without
any buffer layer. Two different interfaces are fduoorresponding to two different SiC surface
reconstructions. In the second paragraph a bregfiatt of the structure of one kind of interface is
given, and in the third paragraph ab initio caltales on the second kind of interface will be
presented. We do not discuss the case of multdsgemnples in this paper which is devoted to
interface studies. Let us only mention that thelstay of successive C planes is generally not ef th
Bernal (graphite) type, at variance with the sitrafor the Si face. Adjacent planes are frequently
rotated [49, 59], which results in an “electronécdupling” of the layers [52]. This decoupling
explains why the physical properties typical for ilaphene have been observed [6, 8, 12] even for

FLG samples grown on the C face of SiC substrates.



3.1. Structure of the interface

A typical LEED pattern of a slightly graphitizedraple (less than one graphene layer) is
shown in figure 7-a. It displays the characterifgatures of UHV prepared samples [18, 36-39, 91].
The circles indicate the (1x1) spots of the sulstrBhe other spots are related to the (3x3) ar@){2
surface reconstructions of the SiC surface, withves pointing to the faint (2x@)structures. The
“streaks” or “arcs” indicated by the dashed (quartécle are due to the graphene layer. Obviously,
although preferential orientations exist, the draéinn of the first graphene layer with respedii®
surface is not unique. This suggests some “rotatidisorder”, which persists for multilayer samples
as reported by several groups [9, 15, 18, 37,9R, 5

A large scale STM image of the same sample, takemsingle terrace of the substrate
surface, is displayed in figure 7-b [38]. Atomigalesolved images [45] reveal that the lowest
(darkest) level marked “3x3” is the bare (3x3) mestoucted substrate surface, as shown by
comparison with previously published data [32, #L]G denotes multilayer islands. Most of the area
is covered with two types of islands, hereaftelechG_2x2 and G_3x3, which consists of monolayer
graphene islands on the (2¥2nd (3x3) reconstructions of the SiC surface retspay, as shown
below. Their typical lateral size is about ten maetres. Their apparent height with respect to dre b
(3x3) surface is 2.6 A (G_2x2) and 3.1 A (G_3x3ljigure 7-b, which is indeed consistent with one
graphene layer.

Figure 8 displays images taken at a boundary atweG 2x2 (on the right side of figure 8-a)
and a G_3x3 island (on the left side of figure §28). Zoomed-in variable bias images were taken in
boxed areas of figure 8-a. Due to the “transpareatthe graphene mentioned in section 2.2.4, high
bias images are used to reveal the structure afrilerlying interface. Both negative (figures 8rd a
8-c) and positive (not shown) high bias imageshenG_3x3 and G_2x2 islands are similar to the one
reported for the bare (3x3) [32, 41, 45] and (2432, 42] reconstructions of the substrate
respectively. Low bias images (figures 8-d and 8xiibit an ordered lattice with the periodicity of
graphene (and at least locally with a honeycomitrasty see insets). This establishes the struofure
the islands quoted above. Essentially similar STHeeovations have been reported in [36].

Low bias STM images (figure 8-d and 8-e) demonstitzat the pstates of graphene are
present close to the Fermi level on both G_3x3@nax2 islands. In detail, the honeycomb contrast
of graphene appears almost unperturbed on the Gsléx®ls whatever the orientation of the C layer
with respect to the substrate [38, 39, 45]. Thisfsao a very weak electronic coupling between the
graphene plane and the underlying SiC(3x3) surflice.graphene layer seems to be slightly more
influenced by the underlying SiC(2x2)econstruction on G_2x2 islands since triangutarcsures

(arrows in figure 8-e) arranged with a (2x2) peidtg -which look like “missing atoms? show up at

!t is likely that these atoms are not really niigsithey appear darker due to a LDOS effect, seritid
calculations in section 3.3 where these structaresalled « switch off » atoms.



the boundary of patches where the honeycomb caigrabserved. This indicates a non negligible
local interaction between graphene and the undherli2x2). reconstruction [38] (this statement will

be made more quantitative by means of ab initiowtations in section 3.3). However, the graphene
contrast remains visible in the patches of the @ i&ands (Fig. 8-e), and the observation of
structures with the atomic spacing of graphite éaghe perturbed areas demonstrates that this
interaction is not strong enough to remove all@hg states from the vicinity of the Fermi level.

These observations are at variance with the STMrxgnts made on the Si face of SiC quoted in
section 2: in this later case the coupling betwerfirst graphitic layer (buffer layer) and the
substrate is strong. The graphene,Gtates (ortbands) are removed from the vicinity of the Fermi
level (the Dirac cones are destroyed) and subséguengraphitic or honeycomb contrast is observed
in low bias images. STM experiments thus indicatatlaer weak coupling at the interface between the
first graphene layer and the SiC substrate foCli@ce, especially for the G_3x3 islands.

The conclusions derived from STM data are supgddsieindependent observations, which
however do not discriminate between G_2x2 and G igaBds. The “rotational disorder” seen in
LEED patterns suggests that the graphene-substtataction is not strong enough to impose a
definite orientation to the C layer [36-38]. Coesdl photoemission data do not provide any evidence
for a covalently bound C layer at the graphenesatesinterface, at variance with the case of the S
face [36, 37]. Moreover, ARPES data reveal thattbands of graphene (Dirac cones) are formed
even for submonolayer graphene coverage, indicatiwngak graphene-substrate coupling [37]. The
picture which emerges from this set of data is, taleast for UHV grown samples, the first graghen

layer is weakly perturbed by the underlying recargded SiC surface.

3.2. The G_3x3interface

In figure 8-a a superstructure with period 4.1 (mmdicated by the double-sided arrow) shows
up on the G_3x3 island. Different superstructuréh periods in the nm range were observed on a
collection of G_3x3 islands [39, 45]. They corresgdo different orientations of the graphene layer
with respect to the underlying SiC substrate, addtailed analysis has shown that these
superstructures were actually Moire patterns (MB38). The MP’s were attributed to small
undulations —typically 0.02 nm peak to peak- ofgn@phene layer from bias dependent
measurements. Thus the corrugation of the graplagee on the SiC(3x3) reconstruction of the C
face is comparable to (and even smaller than) tidellations of the first graphene layer (second C
plane) on the Si face, and should thus bring mihgaeurbation to the electronic structure of the
material [39].

A G_3x3 island with graphene layers rotated by @@dth respect to the SiC substrate) is
shown in figure 9. The MP observed on this islandtesponds to a 6R3 unit cell (dashed line in figur

9) with respect to the SiC(1x1) surface [39]. Timgeit shows that the honeycomb contrast of graphene



is observed at low bias on this island. This ialtptdifferent from the situation encountered foe t
buffer layer —first C plane- on the Si face (alstated by 30°) where an apparent (6x6) supercell is
observed and where no graphene signal can be eldiadbw bias STM images. This is also at
variance with ab initio computations performeddagraphene layer rotated by 30° and interacting
with the unreconstructed (ideal) C face of SiC §®1- In these calculations, the stable structure wa
close to a buffer layer phase: strong covalent bdodn between the SiC surface atoms and the
graphene layer, and subsequentlyrgiates are found in the vicinity of the Fermi leVénis would
prevent the observation of a honeycomb contrdstaabias. This comparison indicates that the (3x3)
reconstruction of the C face of SiC efficiently paates the substrate surface, leading to a weak
coupling with the graphene layer [39].

Spectroscopic investigations were performed in B8 (not shown). They indicate that the
bare (3x3) surface exhibit a low DOS in an energydaw extending from -1.4 to +0.1 eV (and thus a
surface gap or pseudogap since a residual derisitygap states is observed). The Fermi level of
graphene is located just below the top of this tagrefore there are very few substrate statesitohw
themtbands of graphene can couple in a large energergnleV) below the Fermi level. These
findings are in general agreement with photoemisdita for the bare and lightly graphitized
SiC(3x3) surfaces [37].

3.3. The G_2x2 interface

A structural model has been proposed previougiyttfe SiC(2x2) reconstruction [42]. This
allows ab initio calculations to be performed irder to investigate in detail the nature of the
substrate-graphene interaction on G_2x2 islandsul truncated (2x2) surface presents 4 dangling
bonds (DB) per unit cell, one for each C surfacematin the model proposed for the reconstructed
(2x2)c surface, a Si adatom saturates three DB and oa®1@ (the rest atom) remains unbounded
[seubert], see figure 10-a. Furthermore, a chamg®ster occurs from the adatom to the restatom so
that all DB are either filled or empty [94]. Thibarge transfer has been verified in STM image$ief t
SiC(2x2), reconstruction observed at high bias through tta@lgene layer [95]. The SiC surface is
thus passivated, and it is semiconducting. Intevadietween graphene and SiC should then be much
smaller than on the unreconstructed Si face (se@i@.2). In the model calculation of the G_2x2
interface (figure 10-b), a 5x5 graphene cell isesipposed without rotation to a 4x4 SiC cell witie t
(2x2). geometry presented above [94] These two cellsnasgly commensurate. The total energy
remains nearly unchanged when the graphene — $f@csurelative position is shifted laterally: the
energy variation is smaller than 15 meV for the lehtx4 cell [94]. Thus there is no preferred regist
of the graphene layer with respect to the substidies result is consistent with the existence of a

rotational disorder observed experimentally forfitst layer (section 3.1).



Band structure calculations for the fully relaxeteiface are shown in figure 10-c [94]. The
results for the graphene-(2x2nterface (resp. free standing graphene) are alispl as black (resp.
red) lines. The band structure of the interfacell@shthe characteristit bands of graphene (Dirac
cones) in the vicinity of the Dirac point. This demstrates that the graphene-substrate interaction
hardly modifies the low energy electronic structofegraphene on the SiC(2x2%urface. Together
with the rather large graphene adatom distancel (0r8) found for the fully relaxed structure, this
confirms a rather weak graphene-substrate coupAngmall interaction is nevertheless observed
between the SiC (2x2purface and the graphene layer. It gives risentardgicrossing of the graphene
and Si adatom bands at about 0.75 eV above the paiat in the dispersion curve of Fig. 10-c. But a
variance with the case of the unreconstructed &, fhere, the low energy dispersion for the first C
layer is already linear in agreement with ARPE Seeixpents [37].

Theoretical maps of the integrated LDOS computethé plane just above the surface [94]
(not shown) show fair overall agreement with SThagas recorded for a G_2x2 island with the same
geometry, i. e. for a graphene layer aligned with 8iC(2x2} substrate [95]. In particular, the
calculations reveals “switched-off” C atoms in the@phene layer, which would correspond to the
“missing atoms” in the STM images (section 3.1)isTiswitching-off” is an electronic effect: the 2D
electron gas of graphene interacts with the dagdiond of the substrate Si adatom, creating ardip i
the graphene LDOS [94].

4 Summary and conclusions

The combination of STM and ab initio calculatidras allowed a quite accurate description of
the atomic and electronic structure of the grapfgigeinterface for the two polar faces (Si and C
face) of the substrate. Specifically, on the Sefdbe presence of a strongly bound graphene plane
(buffer layer) has been established from ab imélulations, while STM data have revealed that
more complex features, leading to a disorderedfate, could also be present. The graphene
electronic properties (linear dispersion and chifpare recovered for the second C plane. The Gext
layer, being Bernal stacked as in graphite, doéexiubit the characteristic signatures of graphene
For the C face the coupling of the first C plané¢hi reconstructed surfaces of the substrate ifimuc
weaker (although reconstruction dependent), wheelds$ to graphene-like properties at low energy
and to a rotational disorder. This weak couplingnast probably due to the persistence of the bare
substrate reconstructions below the graphene |&gerboth surfaces, these results are largely

supported by independent measurements such asephiegion spectroscopy.
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Figure 1

Figure 1: (a): schematic (top) view of the atontiacture of monolayer graphene
highlighting the two atomic sublattices (A and B)): top view of the atomic structure of
bilayer graphene with Bernal stacking. (c) bandcitire of monolayer graphene obtained
from ab-initio calculations. The nature of the baf@lor 1) is indicated. (d): green dashed
lines: first Brillouin zone (BZ) of graphene; blakkes: isoenergy contours for an energy
+0.5 eV above the Dirac point. (e): « Dirac conespresenting the low energy

band structure of graphene close to the K (K") goof the BZ. From [21].



Figure 2: Low bias images of graphene monolayeai(d)bilayer (b).
Size of the images: 4x4 nm?; sample bias: +200 Fm¥in [55].
Copyright 2007 by the American Physical Society.

Figure 2



Figure 3

Figure 3: (a) Relaxed 6R3 cell for 1 C plane onabphe SiC surface. The atoms of the last Si
plane of SiC (large blue circles) and of the grapléayer (small red to green circles) are shown.
The color of the C atom are related to their positin top of SiC, low : green, high : red. (b, ¢) A
initio calculation (total charge density) of themic structure of the first C layer on the Si fafe
SiC. (b) : top view just above the C plane, (a)ass section along the dashed black line shown in
(b). The green oval in (c) indicate a spot (locatetthe registry zone) where a chemical bond is
formed between the C plane (purple arrow) and tihstsate. From [67]. Copyright 2008 by the
American Physical Society.
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Figure 4 : ab initio calculation (total charge density) of titomic structure of
two C layers on the Si face of SiC. (a) : top vjest above the surface C plane,
the red diamond indicates a (6x6) unit cell. (bjass section along the dashed
black line shown in a. From [67]. Copyright 2008thg American Physical

Society. Figure A

Figure 5: STM images of monolayer graphene on SICLY, size: 15x15 nm2,

The same domain is imaged at two different samialedls; (a): -0.03 V, (b): -0.5V.
High (low) bias image in (b) ((a)) reveals the ifaee (graphene) structure.

The location of a special interface feature disedsa the text is indicated

by an arrow.

Figure 5



Figure 6. (a) Schematic Fermi surface of monolayet bilayer graphene, derived from

ARPES measurements [13, 72]. It is built on twew@r pockets of radius-gentered at K and K’
points. (b) lllustration of an intervalley scattegiprocess. (¢) Low bias 7 x 7 nm2 constant current
image of monolayer graphene, including an atondessimpurity. Quasiparticles elastic scattering
off the impurity generates a periodic modulatioritef LDOS, the so-called/8xV3)R30°
superstructure, which is inferred to the interwalieattering processes. Sample bias: -100 mV. F5&in
(d) 3D rendered 50 x 50 nm2 STM image of two adjaceonolayer and bilayer graphene

terraces. The image was recorded at 4 K, at sapigdet1mV. A long period6.2 nm)

superstructure is found on bilayer graphene (@fece), corresponding to the intravalley
backscattering processes sketched in the leftTuis. superstructure is not observed on

monolayer graphene (right terrace), a consequehgleatronic chirality (see text).

Image recorded in the group of Prof. K. Kern, MRIt®art. From [85]. Copyright 2008 by the American
Physical Society

Figure 6
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Figure 7: (a) LEED pattern of a lightly graphitiz€dace SiC substrate. The average graphene
coverage is less than one monolayer. The circliisdte the SiC(1x1) spots, the arrows point
to the spots of the (2x2) reconstruction of the Siface and the dashed (quarter) circle
indicates the location of the graphene relatedagifincomplete ring). (b) STM image of the
same sample, size: 120x80 nmz2, sample bias: +ZIh& dark areas labelled « 3x3 »
correspond to the bare SiC surface with (3x3) retantion. Areas labelled G_3x3 and

G_2x2 correspond to the two kinds of monolayer eae islands discussed in the text.

From [38]. Copyright 2008 by the American PhysiBatiety.
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Figure 8: (a) Image of a boundary between a G_8=Bd (left) and a G_2x2 island
(right). image size: 40x22 nm?, sample bias: -2.0he double-sided arrows indicate
the superstructure discussed in 3.2 (b) and (dymzal-in high and low

bias images on the G_3x3 island of (a) (boxed asizg: 7.5x7.5 nm2. (c) and (e):
zoomed-in high and low bias images on the G_2xh&bf (a) (boxed area),

size: 7.5x7.5 nm2. Sample bias: -2.0 V for (b) &)d-50 mV for (d) and (e).

The lower frames are zoomed-in images on (d) andliech reveal the honeycomb
contrast, size: 2x2 nmz2. Arrows in (e) indicate streictures due to graphene-substrate
interaction which appear as « missing atoms »feséeFrom [38]. Copyright 2008 by the
American Physical Society.

Figure 8 continued

Figure 9: 8x8 nm2 STM images of a G_3x3 island whbe graphene layer is rotated
by 30° with respect to the SiC lattice, sample bids5 V. The SiC 6R3 common cell is
represented with dashed lines. Insert: 3x3 nm? 8Mdge of the same island; sample
bias: +100 mV. The graphene layer shows an AB sytmitrtgoneycomb

contrast. From [39]. Copyright 20097 by the Ameni€hysical Society.

Figure 9
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Figure 10 : (a) : geometry of the bare (2x@construction of the C-terminated SiC surface.
The 2x2 cell is shown in yellow. The silicon atorad) radii are related to their height
with respect to SiC — the larger, the higher. (@@ometry of the graphene on the same 2x2)
reconstruction. A common (4x4) cell is shown.Bend structure of a graphene layer on top
of the (2x2} reconstruction (in the configuration of figure)H)at shows the linear dispersion
characteristic of graphene at low energy. The wedidpersing bands around 0

and 0.8 eV are related to dangling bonds (DB) state¢he (2x2) surface reconstruction.
From [94]. Copyright 20097 by the American Physisatiety.
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