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Abstract. Growth of nanocrystalline graphene films on+V386v3) R30°-
reconstructed SiC surfaces was achieved by moletxam epitaxy, enabling the
investigation of quasi-homoepitaxial growth. Theustural quality of the graphene
films, which is investigated by Raman spectroscdpgreases with growth time.
X-ray photoelectron spectroscopy proves that tie Sirface reconstruction persists
throughout the growth process and that the syrtbdsiilms consist of $gbonded
carbon. Interestingly, grazing incidence X-ray wiétion measurements show that the
graphene domains possess one single in-plane ati@mtare aligned to the substrate,
and offer a noticeably contracted lattice paramefe®.446 A. We correlate this
contraction with theoretically calculated referenwalues (all-electron density
functional calculations based on the van der Weatsected PBE functional) for the
lattice parameter contraction induced in idealefséanding graphene sheets by:
substrate-induced buckling, the edges of limite#-$lakes, and typical point defects
(monovacancies, divacancies, Stone-Wales defects).
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1. Introduction

Graphene is considered to be of great importanctufare device applications due to its outstanding
electronic properties [1]. Regarding its synthesieveral techniques have been used for the

production of this material [2-9JAmong them, micro-mechanical cleavage of grapfe which



allows for the preparation of flakes with differemimbers of graphene layers and high structural
quality, is certainly the most popular. However sjpite of being very useful for the preparation of
graphene aiming at basic research, this methodssitable for industrial applications. On the other
hand, technigues such as surface thermal decongposit SiC [5,6] and chemical vapor deposition
(CVD) on metallic templates [7,8] are promising digetheir capability of achieving large-area
synthesisDespite this advantage, they also have inheremtlzireks. With Si depletion on SiC it is
possible to produce graphene of high structuralityuan both polar hexagonal faces of SiC. On the
Si-polar face monolayer graphene films are thermadyically stable [9] and can be realized on a
wafer scale [6], but the synthesis of homogeneausrifew-layer graphene is still a challenge. For
the C-polar face, a precise control of the numbbegrown layers is difficult to be achieved [10]. By
employing CVD, monolayer graphene on metals carobénely fabricated. However, the growth of
continuous few-layer graphene has not been denatedtso far. Besides, the required post-synthesis
transfer to a (semi-)insulating substrate oftemoihices structural defects in the graphene layer,
which may degrade the electronic properties oitlagerial and might therefore limit its technologica
application.

Molecular beam epitaxy (MBE) is a technique thabveh potential to overcome those
drawbacks. It is widely used for the growth of highality semiconductor films as well as
heterostructures on a large variety of templateaaderate temperatures (<1000 °C) [11]. One of its
main advantages is the thickness control, whicthéncontext of graphene might enable the precise
growth of not only mono- but also few-layer grapddiims on different technologically relevant
substrates. Recently, results on the MBE growthg@phene on various substrates have been
reported. The chosen templates includgdA[12-14], SiQ [14,15], h-BN [16], SiC [17,18], epitaxial
graphene [14,19], Si [20], and mica [15,21]. Thentbgsis of carbon materials with different
structural quality and morphology, varying from g disordered sp carbon [14,15,20] via
nanocrystalline graphene films [12,13,16], to héglality but isolated graphene islands [21], was
observed. Despite the fact that the utilizationdgtinct growth conditions does not allow a direct
comparison between the results, a general cowaldtetween the surface structure of the substrate
and the film structural quality seems to exist. &s example, only strongly disordered sarbon
films could be prepared on amorphous Si0t,15] and amorphous carbon [20] templates (lootisi
substrates). In contrast, nanocrystalline filmshwitomain sizes that can exceed a few tens of
nanometers could be grown on substrates possessirgagonal surface structure, such as epitaxial
graphene [14], h-BN [16], and AD;(0001) [13]. Although some authors point out tha MBE
growth of graphene on such substrates is a typeanfder Waals epitaxy [12,16,21], and that the
graphene domains are expected to be randomly dliigrie14,15], only little attention has been given
to the existence and direct measurement of thevegitrelation between the MBE-grown graphene
and the underlying substrate. Overall, despiterdoent progress on this field, there are still many

fundamental aspects in MBE growth of graphenerératin to be addressed.



We here investigate the MBE growth of graphenehensio-called buffer layer (BL) on SiC.
This is a (6/3x6v3) R30°-reconstructed (0001) surface of hexagom@l @hich is isomorphic to
graphenei(e. it possesses similar crystal structure and lattaestant [22]) but has about 30% of its
atoms covalently bound to the SiC substrate [2Bpr&fore, due to its similarity to a monolayer of
graphene, we can employ the BL as a template testigate the quasi-homoepitaxy of graphene by
MBE. A considerable advantage of using it as a tatagnstead of epitaxial monolayer graphene is
that results (eg. obtained by Raman spectroscapyinating from the substrate and from the MBE-
prepared graphene may be separated in an intuisg. We demonstrate the synthesis of
nanocrystalline graphene films whose propertiesewievestigated by atomic force microscopy
(AFM), Raman spectroscopy, X-ray photoelectron spscopy (XPS), and synchrotron grazing
incidence X-ray diffraction (GID). Most strikinglywith the latter technique it is observed that the
graphene layers grow planar and, despite its ngstadline nature, possess an in-plane alignment to
the BL/SIC(0001) substrate. In addition, the l&ttiparameter of the MBE-grown graphene is
measurably contracted compared to what is expeftied graphene plane. For comparison, we
include theoretical values (density-functional ttyeofor details see below) for the expected
magnitude of a contraction of graphene due to atsafie induced buckling or the presence of zero- or

one-dimensional defects.

2. Experimental details

The substrates were prepared in an inductivelyeldeairnace system. First;type 6H-SiC(0001)
substrates with a size of 1x1€mere chemically cleaned in n-butylacetate, acetand methanol
under ultrasonication. Afterward, they were loaddd the furnace and etched at 1400 °C for 15 min
in an Ar/H, (95/5 vol. %) atmosphere of 900 mbar and a fluwb@® standard cubic centimeter per
minute (sccm). The etching was performed in ordeplttain a stepped SiC surface and removes
scratches and irregularities. TheV8&6v3) R30° BL was formed on the SiC(0001) surface by
thermally treating the samples in the same systeantamperature of 1450 °C for 15 min in an Ar
atmosphere of 900 mbar and a flux of 100 sccm,laind what has been proposed by Ostieal.

[24]. Note that at these conditions the formatiémmnolayer graphene inclusions close to surface
step edges [25] could be strongly suppressed (afiedeby Raman spectroscopy). For the MBE
experiments, the backside of the substrates wasredwvith 1 um thick Ti in order to enable contact-
free radiative heating in vacuum. Subsequentlysthestrates were loaded into a preparation chamber
and degassed in ultra-high-vacuum (UHV) at 3508C30 min prior to the transfer to the growth
chamber by means of a load-lock system. The graphgnthesis was carried out in a MBE system in
UHV with a base pressure of ~3xfombar. Atomic carbon was used as a precursor, wisich
provided by a current-heated filament made of HGRBE Komponenten GmbH). The growth was

performed at a substrate temperatugeoff 950 °C (calibrated with a pyrometer) with grovitmes



(At) varying between 30 and 240 min. The MBE-prepa@uples, as well as pristine substraies [
BL on SiC(0001)], were investigated by non-contapiping-mode AFM, Raman spectroscopy with a
spatial resolution of 1 pum and an excitation wavetk of 482.5 nm, and XPS using a
monochromated Al K x-ray source. For the latter analysis, prior te theasurements the samples
were annealed at 350 °C for 20 min in UHV in ortieremove surface contaminants. Additionally,
GID measurements were performed at the ID10 beandinthe European Synchrotron Radiation
Facility (ESRF) with a photon energy of 10 keMAE/E=10%. The primary intensity was amounted to
10" counts per second (cps) at a beam size of 100honzéntal) times 1 mm (vertical) with a

vertically mounted sample and an angle of incidesfd@ 15°.
3. Results and discussion

AFM images of the substrate and the MBE-grown sampte presented in figure 1. Figure 1la shows
the topology of a (63x6V3) R30°-reconstructed SiC surface. Fig 1 (b)-(®vshhe surfaces of
samples after MBE growth, primarily taken on a Brigrrace. In each case, the substrate temperature
was 950 °C with growth times of (b) 60 min, (c) 1@ and (d) 240 min. The initial BL-covered
substrate surface consists of atomically smootta¢es (5-10um wide) with steps between them
whose heights are 5-10 nm. This overall morphologrgists throughout the MBE growth. No further
step bunching or surface graphitization due toaserthermal decomposition (as confirmed by Raman
spectroscopy) occurs. The surface roughness mebgarseveral single terraces increases after MBE
growth (from ~0.8 A for a pristine BL sample), rbag a root mean square (rms) value of ~1.3 A for
At = 120 min and ~3.4 A foAt = 240 min. No surface segregation or island fdiomais observed
after MBE growth. This indicates that, despite ithereased roughness, the MBE-prepared graphene
layers grow essentially planar on top of the BLtéNthat AFM measurements performed on several
surface terraces of different samples reveal thawminkles or nanofins exist on the surface, which
opposite to what has been observed in graphenengogwMBE directly on epitaxial graphene using
cracked ethanol as precursor [26].

Raman measurements performed on the center oltfecs terraces, for samples grown at a
temperature of 950°C antt between 30 and 240 min, are displayed in figuse Mote that the
displayed spectra correspond to what is obtainted sfibtracting the SiC- and BL-related background
signals from the raw data. They show the typicapgene-related Raman features, namely the defect-
induced D- and D'*- lines at ~1380 and ~1610'cthe normal E mode (aka G-line) at ~1590 Zm
the double-resonant 2D-line at ~2720grand the second order line D+G at ~2970" d&7].



Figure 1. Atomic force microscopy surface images of (a) a diered SiC(0001)
and MBE-grown graphene films prepared at a sulestexnperature of 950 °C for
growth times of (b) 60 min, (c) 120 min and (d) 24.

It is observed that, by increasing growth time, ithiensity of the graphene signal increases
while the peak widths decrease. Especially the lordsonant 2D-peak becomes clearly visible for
growth times over 120 min. The full widths at haddximum (FWHM) obtained from the fittings of
the D, G and 2D peaks, are presented figure 2(bgrall, the widths decrease monotonically with
growth time, corresponding to an increase in stmattorder of the grown graphene [28]. Only the G-
line FWHM of the layer grown for 30 minutes, appeas an exception. This might be due to the fact
that the surface coverage for this film is very IQd@ss than 0.4 ML - see XPS results below).
Consequently, the Raman signal intensity is alsg M&v, which may result in a non-ideal subtraction
of the SiC- and BL- related backgrounds. In fig@fe), the intensity ratio 4}/Ic) between the 2D-
and the G-line versus growth time is displayedinttreases monotonically, confirming that the
fraction of sp-bonded carbon atoms arranged in the graphene boméy lattice increases with
growth time [28]. The average lateral sizg) (bf the graphene domains can be determined bpdaki
into account the width of the Raman peaks [29]. therpresent case, increases from ~5-7 nm for
At = 30 min to ~15-20 nm foAt = 240 min. These values can be taken as a lamérfor the actual
crystallite sizes, since the model provided by @adogt al. [29] consider as defects only domain
boundaries and not point-like defects (such asnaes) located within the graphene domains. For a

more detailed discussion see Refs. [13,30].
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Figure 2. (&) Raman spectra and bestting curves the blue ones are sinc
Lorentzians; the red ones are the sum of ttof samples prepared as=950 °C with
growth times as indicated in the plot. The speb#&rekground originated from SiC,

well as that from thBL wereremoved. The spectra are shifted along the vertixial
for better visibility. (b) Full width at half maxiom (FWHM) of the [-, G- and 2D
lines as a function of growth time. (c) Ratio betwehe intensities of the - and G-
lines as a function of growth tim

XPS measurements were performed in order to dateritie number of graphene lay
grown by MBE as well as their boing features. A representative measurement of tisecGre leve
spectrum is presented in figuBfor the graphene film grown on the BL/SiC(000&jnplate fol
60 min. Two components of the spectrum are relaggtieBL (S, at ~284.70 eV and, at ~285.35
eV). The lower energy componen; is due to the covalent bonding between the BL &edSiC,
while S arises due to the Sponded carbon within the BL [23]. This shows tha¢ BL remains
unaltered during MBE growth even for the longespkayed growth timeas also observed by Ran
spectroscopy (not shown). It also reveals the alesehstrong interaction (i.e. via covalent bongi
between the BL and the uppermost N-grown graphene. The component corresponding t&iG
bulk is seen at 283.61 eV, while the one at ~284.61 eV is duecarbon in the ¢ bonding
configuration forming the MBHEpapheneFrom the intensity ratio between the SiC and grap
components (taking into account the existence eiBL as well), the thickness of t MBE films

could be deduced. It monotonically increases frodd~monolayers (ML) forAt = 60 min tc



1.5 ML for At = 240 min. Hence, more than 120 min are needédrto one complete ML. Finally, it

is observed that the graphene peak in the Clsrepeds shifted to higher binding energies with
respect to the neutral position (284.45 eV). Theans that the layer istype doped, similar to what

is measured for monolayer graphene produced bgaidgraphitization on SiC(0001) [31]. However,
the shift of ~ 0.15eV observed in the present dasemaller than the values observed for those
samples (~0.3 eV), indicating a reduced amounhiinisic doping in the MBE-grown graphene. In
some samples, a component related to C-O bondsuiglf which indicates that a small amount of

oxygen is incorporated in the films, probably dgrthe MBE growth process.
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Figure 3. C1s core level spectrum of a MBE grown graphelne én a BL/SiC(0001)
template.At is 60 min in this case. There are two contritngioelated to the BL (S
and S), a third one related to the SiC bulk, and a fowhbe related to the MBE-

grown graphene layer.

GID measurements were performed in order to oltdfiimmation about the structure as well as
epitaxial orientation of the MBE-grown layers. TB&) measurements were performed for the clean
"BL" substrate phase as well as for the sample afte= 240 min, where it is certain (as determined
by XPS) that at least one full graphene monolagsrformed. Using this technique, the angle of x-ray
incidence (0.15°) is slightly smaller than theicat angle of total reflection (0.21°). In that eaSID
may serve as an extremely surface sensitive tauie g¢he x-ray wave-field decays exponentially
within the sample [32]. This enables investigatiams mono- and few-layer graphene films. With
GID, the lattice planes orthogonal to the sampléase are analyzed by diffraction and information
about in-plane lattice parameters and the in-ptafentation can be obtained. By rotating the sample
with respect to the incident beam, a so-called Emgican is performed. This scan provides a curved
line g, in reciprocal space where every point on the ctia®the same distance to the origin (00.0).

By varying the azimuthal angle of detection andtiaog the sample in a 2:1 ratio, we obtain a radial



scan alongg:;, which corresponds to the length of the scattesiagtor [see figure 4(b)]. In our
experiment we measured reciprocal space maps (R$M)combination of angular and radial scans.

This is presented in figure 4(a). The axes areedctd the reciprocal lattice units (rlu) of the
SIiC substrate. The reflections associated with 8C, and graphene appear at the same angular
positions, revealing that the graphene film and Bheare in-plane aligned with the substrate. In
addition, the domains possess the same orientatince a distribution of many randomly oriented
domains would lead to a diffraction ring at the samdial position in reciprocal space. This remult
the opposite of what has been measured for nartaings graphene grown by MBE (using cracked
ethanol as a C precursor) on epitaxial graphen&i@n[14]. In that work, samples analyzed by
reflection high energy electron diffraction (RHEE&)peared to indicate that the graphene domains
formed after MBE growth are not aligned to the uthdeg epitaxial graphene and SiC substrate. The
present GID result also contradicts the notion gnaphene synthesized by MBE should generally be
composed of nanocrystals that are randomly aliggeedpared to the substrate [12,15]. In order to
examine a larger angular range we performed limasevith an azimuthal sample rotation of 130°
(not shown here). Therein, only graphene (and Bigks with a separation of 60° emerge with an
intensity that is two orders of magnitude highemtihe background signal. The fact that the gragphen
films possess only one crystallographic orientatiaises questions about the limited size of the
domains (limited to a few tens of nm, as determibgdRaman spectroscopy). In fact, the scan in
angular direction over the graphene peak revediVklM of ~0.5 %, revealing hence a narrow
distribution in the rotational alignment. This mighlready be enough to hinder coalescence of
neighbor islands. Furthermore, due to the relatil@v growth temperatures (950 °C), an ineffective
healing of defects in the grain boundary regionkictv possibly contain even localized amorphous
structures, may also be a factor impeding coalescen

The inset in Fig 4(a) shows the RSM with higherohation around the graphene (11.0)
reflection. A splitting in two components can besetved. One of the two reflections corresponds to
graphene and one to the BL. In figure 4(b) a licensin radial direction over the split peak is show
For comparative purposes a scan of a bare BL/Sifpleais also added therein. By comparing these
two scans the R1 peak can unambiguously be agdhotthe underlying BL. The graphene reflection
[labeled R2 in figure 4(b)] is clearly shifted tosda higherqg, in comparison to the BL reflection,
which stands for a smaller lattice parameter inahalyzed in-plane direction. The lattice paranseter
derived from figure 4(b) are 2.446 A and 2.464 A the MBE-grown graphene and the BL,
respectively. This yields a relative mismatch of790. Interestingly, the lattice parameter of the
MBE-grown graphene is about 0.6% smaller in congoerito the standard lattice parameter of
graphite (2.461 A) [33].
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Figure 4. (a) Reciprocal space map of MBE-grown nanocnjstlbraphene on a

BL/SiC(0001) template. The inset shows a higheoltg®n map around the graphene
(11.0) reflection, revealing a splitting into a Bhhd a graphene reflection. (b)Radial
scan along the graphene (11.0) direction. The regdecshows a measurement on
MBE grown graphene, the black curve presents awrdowg scan on a bare BL

sample. The peak positions of the BL (R1) and geaph(R2) reflections are

indicated by the shaded area.

There are several potential reasons that couldecaush a contraction, among them: (i) the
contraction could be related to the different linéeermal expansion coefficients of graphene a@l Si
[34,35]. Based on this difference, Ferradisal. [34] estimated that a compressive strain in graphene
of up to ~ 0.8% can arise upon sample cooling dmwom temperature, since SiC contracts during
cooling while graphene expands. (ii) The strongugaition of the BL, product of its partial covalent
bonding to the SIiC [22], could contribute to thepant contraction of the (2D projected) lattice
parameter of the uppermost nanocrystalline graph#espite the existent epitaxial relation between
them. Indeed, recent first-principles calculatif@squantify this corrugation of epitaxial monolaye
graphene films on the BL to be approximately 0.4(tdp to bottom atom in a graphene plane
commensurate with a {8x6v3) R30° mesh of the SiC substrate below). (iii)afetal contraction of
graphene could also occur due to the intrinsic ggres of defects and domain boundaries in the
nanocrystalline film. In fact, the strong D peaktire Raman signal fokt = 240 min as well as the

small-scale structures seen in the AFM image (gred 1(d)) would all allow for the presence of



zero- or one-dimensional defects in the films. \Weneate the graphene film contraction that would
result from specific defect types and densitie®By below.

Regarding point (i), strain up to 0.4 % has bedaried by Raman spectroscopy for epitaxial
monolayer graphene grown by surface thermal decsitipo on SiC(0001) [36]. A similar
contraction was directly linked to substrate thdrommtraction in a recent study of near-perfect GVD
grown graphene on Ir(111) [33]. However, the carttom observed by us extends to a significantly
smaller lattice parameter than that found in RE88,36]. In a perfect graphene plane, we would
expect the contraction observed by us to inducedheation of wrinkles/nanofins for strain relief,
but we observe no such wrinkles in our graphemesfilaccording to AFM analysis.

To estimate the possible contributions of (ii) gmidl, we performed density-functional theory
(DFT) calculations of isolated graphene sheets. Galeulations were performed using the all-
electron, localized basis set code FHI-aims (“tigiettings) [37] and the PBE functional [38] with a
correction for van der Waals (vdW) effects, PBE+vdB89]. At this level of theory, the lattice
parameter of a perfect, infinite periodic flat gnepe sheet is a=2.463 A. The calculated value for
monolayer graphene on SiC is practically the sanithify 0.1%). We note that, while we include the
vdW correction for consistency with earlier worl,[f8 has no strong effect on the in-plane lattice
parameters of interest here. Even when just usithg the PBE functional, a=2.467 A for a perfect
graphene sheet. Beyond the original vdW correafofkatchenko and Scheffler [39], the strength of
effective interatomic € coefficients that describe the van der Waals auson in carbon-based
nanostructures may vary considerably with the sinec[40] and could significantly change out-of
plane interactions with a graphene sheet. Howelien; effect will still be small on the energy seal
of interest for the in-plane lattice parameter, chhis dominated by the covalent interactions that a
described by the PBE functional itself.

To estimate the influence of the possible subsirateced corrugatiofipoint (ii) abové, we
proceed as follows. We take the fully relaxed strtec of a graphene sheet with a (13x13) supercell
situated on top of the "BL", as determined in REH]; its calculated maximal corrugation
perpendicular to the surface (top to bottom atomduants to 0.41 A. The MBE-grown graphene on
the BL should show the same approximate corrugatfdhis corrugation led to significant stress in
the plane, a perfect graphene sheet with the séragl)l z corrugation should experience the same
stress and should thus contract. In fact, howekggxing all in-plane coordinates and lattice
parameters of such a graphene plane with fixedrugation leads to a surface area that corresponds
to an effective graphene lattice parameter of 62 A4, i.e., the calculated contraction is less than
0.05 %.

Finally, we address the potential impact of différéypes of defects on the in-plane lattice
parameter. Coming to one dimensional defect typesn&in boundaries) first, figure 5 shows the
development of the effective lattice parameterioitd-size graphene flakes as a function of flake

size. The effective lattice parameter is calculdtgdully relaxing the flat graphene flakes, thakinhg



the average of all C-C nearesighbor bond distances in the flake and convettiig value to th
equivalent lattice parameter of a perfect honeycamdsh. Two different types of flakes ¢
considered, i.e., those with addturated boundary and those with no capping atdrtiee boundary
A significant contraction of the effective lattiparameter results in either case. To approach -
observed lattice parameter of 2.446figure 4) by this effectlane, the equivalent saturated flal
would have to be extremely small (less than 0.7immliameter). The equivalent unsaturated fla
however, could be significantly larger: 1.7 nm evethey were perfect otherwise. With increas
flake size, the rtecontraction decreases rapidly for larger s
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Figure 5. (a) Calculated (DF-PBE+vdW) effective lattice parameter (avera¢-C
bond length) in a series of fully relaxed graph#lakes of finite size with (square
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Localized zeradimensional (poir-like) defects can also lead to strain and corrugatic
graphene sheets [41,42]. Fig@rgives quantitative predictions for the strairrragation and net are
change of a periodic graphene sheet (all calcuiatibFT-PBE+vdW, reciprocal sampling equivale
to 20x20 or denser with respect to the primitivé gell, residual forces and stresses below 0
eV/A after complete, stregsnsor based relaxation of 2D unit cells, and 5@a&uum thicknes
between graphene sheets in z direction) with-defined arays of specific common defect typ:
monovacancies, divacancies, and the S-Wales defect (for a recent review, consider, eRgf.
[41]).
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Figure 6. Top: Calculated fully relaxed (atomic positions amit cell) structure of .
graphene sheet with a (10x10) periodic arrangenoéri-8-5 divacancy defect
(atoms highlighted in green). The-plane supercell and surface normal are indic
by thin line. Bottom: DFTPBE+vdW calculated effective lateral lattice paréen
a (in A), the toj-to-bottom corrugatiomzigp-pottom (iN A) and effective area lo.
(gained) per defecAAgerec (in A?) of different defect types and periodicities in
ideal, freestanding graphene she

Monovacancies are perhaps the most studied pdiettiype in graphene (e.g., Rel42-44]
and many references therein). In particular, thegtice between theoretically imposed isotropicist
and monovacancy propertissich as corrugation and spin polarization has kkensubject of
recent, exhaustive study [B2Ve here consider only the fully relaxed, st-free local optimun
structures as calculated by DIPBE+vdW.Figure6 shows that monovacancies would be dated
with significant strain and corrugations of perfegaphene sheets if no spin polarization v
included. However, monovacancies are in fact pagaigc defects that carry a significant lo
moment in DFTPBE+vdW. This leads to a slight reductiof the compressive strain compared 1
perfect graphene sheet, and thus also to a redudficthe overall distortion (buckling of tl
monovacancy and corrugation of the sheet). Eveh @86 monovacancie[modelled by a (5x%5
periodicity in figure §, morovacancies alone would not yet lead to the fulistiseen in the GlI
experiments above.

Among the other possible point defect types in kemg, divacancies are in f:
thermodynamically more stable than monovacanil,45, a tendency that is even eanced by
compressive strain [46The calculated results for divacancies with agation shown irfigure 6
were obtained by starting from the fully relaxean-spinpolarized monovacancy geometries



removing the most strongly buckled atom Zidirection) in the monovacancy. As can be seeinén t
table and the structure of the (10x10) divacandgdein figure 6, this procedure leads to very
significant strains and buckling in a free-standgrgphene sheet. The sheet curvatures seen at the
defect locations follow the trend described in literature [41]. It is also obvious that such dédec
could easily explain the GID-observed lateral t&ttparameter reduction even for relatively low
defect concentration§(10x10) caske In fact, significant corrugations of this kindeaseen in
atomically resolved STM images of defects generatddOPG by ion implantation (e.g., figure 1 in
Ref. [47]). However, even if a divacancy were coebgly flat, the associated strain would still be
significant. For comparison, figure 6 also includes case of a flat, (7x7) periodic divacancy, whic
is a local structure optimum about 0.1 eV higher einergy than the corrugated divacancy
arrangement. Even at this defect density, divaesneiould be sufficient to explain the observed
strain. Finally, we also include the case of then8tWales defect, which results from the rotatiba o
single C-C bond, but the number of C atoms remaimshanged. Here, a slight expansion, not
compression, of the overall lattice parameter woatdlt.

Idealized theoretical defects and boundaries anmgainly just approximations to the
experimental reality of MBE-grown nanocrystallineaghene films such as those seen in the AFM
image of figure 1(d). If defects left over from tlggowth process really do play a role, the
morphology of such films would likely be characted by a combination of the defect types
considered here, as well as others. It thus seerabtatively plausible that the strain induced by
defects may indeed significantly contribute to ¢lerall lattice parameter contraction that we obser
in GID. Eliminating the potential for metastablefetds will be important to achieve large-scale
homogeneous electronic properties of epitaxiallyBAown sheets. On the other hand, controlling
the nature and concentration of defects in a graglsheet during growth may be a promising path

towards strain-engineered graphene films.

4. Conclusions

Nanocrystalline graphene layers synthesized by MBE6V3x6\3) R30°-reconstructed SiC surfaces
were investigated. Raman spectroscopy measurenalitate an improvement in the structural
quality with increasing growth time. The averageesof the graphene domains exceeds 15 nm for
layers grown for 240 min. The {8x6V3) R30° BL persists throughout the growth process a
confirmed by XPS measurements, which also revédas the upper-most MBE-grown graphene
layers consist of $gbonded carbon and thus seems to weakly interaitt thie underlying BL-
covered substrate. Strikingly, GID measurementeakvthat the graphene domains are in-plane
aligned to the underlying template and have the esamnientation. Therefore, despite its
nanocrystalline nature, the layer possesses aaxepitelation to the substrate. In addition, GIBoa

shows that the lattice parameter is strongly catech By a first-principles approach for isolated



graphene sheets, we derive reference values fdattiwe parameter contraction expected from (i) a
possible substrate-induced buckling, (ii) the edassociated with finite carbon flakes (hydrogen-
saturated or unsaturated), and (iii) monovacandiescancies and Stone-Wales defects in periodic
supercell arrangements in hypothetical, infiniteiqgiic graphene sheets. The calculations
demonstrate that a lattice parameter contractidirevise from all defects except for the Stone-Vgale
defect. The largest contraction is associated with divacancy, which also induces a significant
buckling in free-standing graphene sheets. A lowiceatration of defects is thus one possible
explanation for the observed contraction.

Finally, the present results also destrate the feasibility of using MBE as an alterveti
method for the controlled synthesis of grapheneerkaydirectly on an insulating substrate.
Nevertheless, it is also clear that the growth @t (e.g. substrate temperature) have to be
optimized in order to allow the preparation of lesysvith higher structural quality, i.e. domains
exceeding hundreds of nanometers in size and Idefect concentration.
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