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ABSTRACT

Low-pressure chemical vapor deposition allows one to grow high structural quality monolayer graphene on Ir(111). Using scanning tunneling
microscopy, we show that graphene prepared this way exhibits remarkably large-scale continuity of its carbon rows over terraces and step
edges. The graphene layer contains only a very low density of defects. These are zero-dimensional defects, edge dislocation cores consisting
of heptagon −pentagon pairs of carbon atom rings, which we relate to small-angle in-plane tilt boundaries in the graphene. We quantitatively
examined the bending of graphene across Ir step edges. The corresponding radius of curvature compares to typical radii of thin single-wall
carbon nanotubes.

Graphene is the name given to a single monolayer of
graphite. It provided the first macroscopic and experimental
evidence of quantum charge carriers exhibiting relativistic
behavior, together with new physical phenomena such as half
integer quantum Hall effect,1,2 quantization of electrical
resistivity,1 or weak antilocalisation.3 Being an atomically
thin half-metal, graphene also is a potential building block
for future nanoelectronics, as it allows electric field-effect
with giant room-temperature mobility of charge carriers.4

Recently, it was nanopatterned using conventional lithogra-
phy methods with maintained structural quality, such that
quantum confinement and quantum interferences in nano-
sized graphene could now be utilized for unconventional
nanoelectronics.5

Along the view of designing graphene-based nanoelec-
tronic devices, the achievement of large scale graphene in a
reproducible way with controlled structural quality and on
the desired support is of major importance and remains a
major stake. It is also of prior fundamental significance to
further address the exceptional relativistic quantum electronic
properties of such graphene layers, independent from the
contribution of structural defects. Such defects are point
defects that influence the transport properties through
quantum interferences6,7 or defects induced by the underlying
substrate, like surface irregularities7 or step edges. Notewor-
thy, point defects may play a constructive role in tuning
graphene’s physical properties, as they should promote
magnetism8 or even the unconventional quantum Hall effect.3

If desired, such defects could be introduced in a controlled
manner into high structural quality graphene using, for
example, electron irradiation.9

Various growth methods are currently used to prepare
graphene. Mechanical exfoliation of graphite allows for
micrometer scale graphene layers to be obtained either on
amorphous substrates such as silicon oxide4 or in a free-
standing form.10 Though it provides with large scale graphene
sheets, such a method is not adapted to the implementa-
tion in hypothetical devices, as underlined by Geim and
Novoselov.11 Epitaxial graphene is on the contrary more
suited to this respect. Such graphene mono-, bi-, tri-, etc,
layers can be grown on silicon carbide (SiC) substrates out
of successive annealing sequences of a Si-rich SiC(0001)
surface12 leading to micrometer scale extension of graphene,
which was proposed to continuously cross step edges.13

However, to the best of our knowledge this method induces
noticeable densities of defects.7 Graphene monolayers can
also be prepared on metallic surfaces, most often through
thermal decomposition of hydrocarbons or surface segrega-
tion of C atoms from the bulk metal. Accordingly, graphene
was synthesized onto Co(0001),14 Ni(111),15 Pt(111),16-18

Pd(111),19 Ru(0001),20 or Ir(111).21-23 For small lattice
mismatches below 1%, commensurate superstructures are
formed, as it is the case for Co(0001)14 and Ni(111).15 In
contrast, larger mismatches can yield incommensurate moire´
superstructures, for instance, on Pt(111),16 Ir(111),22 or
Ru(0001).20 Graphene prepared on Ir(111) via adsorption and
subsequent thermal decomposition of ethylene at appropriate
temperature yields flakes of well-defined orientation.22 On
the contrary, graphene obtained via thermal decomposition
of ethylene on Pt(111) or high-temperature segregation of
C on Ru(0001) displays a spread of orientations. Graphene
layers on metal surfaces could possibly be transferred to other
supports following overgrowth of, for example, an oxide
layer and subsequent chemical etching of the underlying
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metallic substrate, opening the way to nanoelectronic build-
up.11 Noticeably, moire´s can be used as templates for the
self-organized growth of metallic nanoclusters, as recently
evidenced by Ir nanocluster growth on graphene/Ir(111).22

Such nanocluster arrays have potential for nanomagnetism
and nanocatalysis.

In this letter, we focus on graphene monolayers grown by
low-pressure chemical vapor deposition (CVD) of ethylene
on the hot Ir(111) surface. Compared to previous work
related to graphene flakes achieved by pyrolysis of pread-
sorbed ethylene at high temperatures,22 CVD grown graphene
may fully cover the Ir(111) surface if prepared under
appropriate conditions. The epitaxial relation of〈101h〉Ir Ir
rows and〈112h0〉C C rows being parallel is satisfied at high
growth temperatures to high perfection at 1320 K, while at
lower temperature (e.g., 1120 K) a few degrees of scatter
are present. Thorough description of the growth method and
extensive comparison between the two preparation methods
are beyond the scope of the present article and will be
addressed elsewhere.

The aim of the present contribution is to describe and
understand graphene’s structural coherency occurring over
micrometer distances. We first address the continuity of the
C rows on terraces and relate the presence of moire´ domains
to small-angle in-plane one-dimensional tilt boundaries. Next,
we analyze the coherency between terraces and its correlation
to graphene bending over step edges. For these purposes,
we take benefit of the moire´ superstructure of graphene on
Ir(111) as a magnifying lens unraveling sub-ångstro¨m atomic
displacements and sub-degree misorientations. Real space
imaging down to the atomic scale provides direct and
complementary evidence of the C row continuity and of the
structure of atomic defects.

Experiments were performed in an ultrahigh vacuum
chamber with low 10-10 mbar base pressure using a variable
temperature scanning tunneling microscope (STM). The
substrate’s surface was prepared by several cycles consisting
of sputtering at 1120 K by a 1.5 keV mass separated Xe+

ion beam and flash annealing at 1520 K. Graphene was
grown through ethylene CVD at 1120, 1220, or 1320 K.

Figure 1a is an STM topograph of a region of a graphene
sheet grown at 1120 K (1 L of ethylene), where two step
edges are visible. The observed in-plane periodicity of about
2.5 nm is that of the moire´ superstructure with each dark
spot corresponding to an “on-top” like region where C rings
tend to have their center above an Ir atom.22,24Two rows of
defects are visible in Figure 1a. They lie at the border of
three moire´ domains, defined by the orientation of their
moiré. These observations are summarized in Figure 1b,
where one additionally notices that the orientation of the
moiré remains the same across a step edge. From the angle
∆θm of misorientation between hexagonal patterns of two
moirédomains (Figure 1b), we derive the angle∆θat of the
corresponding misorientation of the atomic C rows in the
domains. LetkBC,1, kBC,2, andkBIr be the reciprocal space vectors
corresponding to the 1/x6[112h0]C,1, 1/x6[112h0]C,2 unit
vectors of the C lattices in domains (1, 2)25 and to the
1/2[101h]Ir unit vector of the Ir lattice lying in the (111)

surface.kIr ) 1/aIr ) (1/0.2715) nm-1 andkC,1 ) kC,2 ) kC

) 1/aC ) (1/0.2452) nm-1 for graphene on Ir(111).24

One obtains the corresponding reciprocal space vector
associated with the moire´ patterns in domains (1, 2) by
kBm,i ) kBC,i - kBIr, with i ) 1,2. SincekBm,2 - kBm,1 )
kBC,2 - kBC,1, one may easily show that sin(∆θat/2) )

xkm,1
2 +km,2

2 -2km,1km,2cos(∆θm)/(2kC), which yields∆θat )
(2.31 ( 0.15)° [∆θat ) (0.48 ( 0.07)°] between the lower
[upper] domains in Figure 1, while the moire´ periodicity
varies by roughly 4% from the bottom to the top domain in
the image.

Understanding the accommodation of such small-angle
misorientations was achieved by atomic scale characterization
of the defects occurring at the boundaries. Figure 2a is an
STM topograph at atomic scale of one of these defects
(similar to those observed in Figure 1a). Dark spots cor-
respond to the centers of the C rings.22,24Figure 2b shows a
larger view of the defect, together with the orientation of
the two moirés around it. In Figure 2c, the centers of C rings
were located by triangulation. The network of lines con-
necting C ring centers unambiguously shows two extra lines
that start at the location of the bright protrusion. The two

Figure 1. (a) 108 nm× 108 nm STM topograph (-0.05 V, 30
nA) of a graphene monolayer grown on Ir(111) at 1120 K,
exhibiting two step edges and three moire´ domains with different
orientations of their moire´. (b) Corresponding map of domains and
orientations.
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extra lines correspond to two extra C rows, that is, a single
edge dislocation in a hexagonal lattice. This is sketched in
Figure 2d, where the line network is related to the atomic
arrangement. One observes two extra C zigzag rows along
〈112h0〉C crystallographic directions of the C lattice (graphene)
corresponding to a Burger’s vectorbB ) 1/x6〈112h0〉C. The
protrusion-like feature observed in Figure 2, panels a and b,
in the vicinity of the dislocation could well be caused by
electron scattering from the structural defect6,7 or by a moiré-
like contrast originating from the atomic displacements
induced at the dislocation core.

Edge dislocations are well known to efficiently accom-
modate small-angle misorientations between crystallites.26

To check whether this is actually the driving force for
creation of edge dislocations in graphene on Ir(111), we
evaluated the misorientation between C rows in the two
neighboring domains of Figure 2. As explained above, this
can be accurately determined taking benefit of the moire´
effect. We find∆θat ) (2.07( 0.12)°, that is, a small-angle
misorientation. The projectionrb of the vector joining two
dislocations onto the tilt boundary, which direction is the
bisecting line between the vectors defining the orientation
of the misoriented moire´s, is related to the dislocations
Burger’s vectorbB ( b ) aC ) 0.2452 nm in the case of Figure
2) and to∆θat by Frank’s formula:26 bB ) rb × lB‚2 sin(∆θat/

2), wherelB is the normal to the tilted domains, that is, the
normal to graphene’s surface (see Figure 2d). This leads to
r ) (6.8 ( 0.4) nm, which is in good agreement with the
projection of the distance between the edge dislocations
visible in Figure 2b as bright protrusions, onto the tilt
boundary [(6.2( 1.3) nm]. As an additional illustration, the
misorientations observed in Figure 1 should yieldr ) (6.1
( 0.4) nm andr ) (29.3( 4.3) nm for the two defect lines,
which is in reasonable agreement with the actual projection
of the separation of bright protrusions visible on the STM
image, onto the tilt boundary [(8.3( 1.5) nm and (26.7(
5.0) nm, respectively].

Figure 2c reveals in a quite direct way the atomic structure
of the edge dislocation, which is a zero-dimensional defect
in the two-dimensional (2D) crystal of graphene. The edge
dislocation actually consists of one C pentagon of which the
center is the end of the wedge shown in Figure 2, panels c
and d, together with one C heptagon adjacent to the pentagon
and located along the bisecting line between the two
directions composing the wedge. Several atomic scale STM
images (not shown) with moire´ domain boundaries were
analyzed using the procedure described above. We always
find at the position of the bright protrusions an edge
dislocation and a heptagon-pentagon pair. Edge dislocations
in 2D crystals were evidenced years ago in dense-packed
planar lattices of soap bubbles.27 They were more recently
identified in noble gas layers on graphite and related to the
discommensuration of the noble gas domains, using STM.28

In C materials, heptagon-pentagon pairs were first consid-
ered in C60 molecules as potential elements of the molecule29

and later ruled out. They were also speculated to exist in
graphite at the boundary between misoriented domains but
could not be resolved in the STM images.30 The occurrence
of such pairs was even proposed in irradiated graphene and
carbon nanotubes by extrapolating high-resolution transmis-
sion electron microscopy (HR-TEM) images by simulations.
Because of lack of spatial resolution, HR-TEM itself could
not provide the details of the atomic arrangement.9 Our
atomic scale results complement these former studies with
a direct evidence for heptagon-pentagon pairs in graphene.

Considering the spatial extension of graphene raises the
question whether there is structural coherency, that is,
continuation of C rows, across Ir step edges or not. We
observe moire´ domains extending across Ir(111) step edges
at 1120 (see Figure 1a) and 1220 K. Increasing the growth
temperature to 1320 K results in moire´ domains of microme-
ter size extending over numerous step edges. For such large
moirédomains as shown in Figure 3a, the〈112h0〉C direction
of C rows in graphene is accurately parallel to the Ir surface
dense-packed〈101h〉Ir direction, and no edge dislocation is
found throughout micrometer distances. Figure 3b is an STM
topograph of graphene grown at 1120 K where all C rows
are observed to be continuous across a step, that is, graphene
lies like a blanket over the step edge, which is a typical
situation. Occasionally, situations arise where most of the C
rows are continuous over step edges, but a small fraction of
C rows that stop at step edges (2D edge dislocations) to
accommodate the complex bending of graphene (not shown)

Figure 2. (a) Atomic resolution 5.5 nm× 5.5 nm STM topograph
(Fourier filtered, 0.1 V, 9 nA) of a graphene layer grown on Ir-
(111) at 1120 K. (b) Demagnified view (14 nm× 12.4 nm) showing
two defects at the boundary between two moire´ domains (A, B);
the area within the black frame is panel a demagnified. (c) Line
network connecting the centers of the C rings in panel a. In regions
where the contrast is lost, the atomic arrangement was extrapolated
(dashed lines). Thick solid lines indicate the presence of extra lines.
(d) Scheme of the correspondence between the network in panel c
and the C atoms in the vicinity of the wedge, lying at the tilt
boundary between domain A and B shown in panel b. A and B are
misoriented by a rotation along thelB normal to the surface. Two
extra atomic rows corresponding to an edge dislocation with
Burger’s vectorbB (b ) aC ) 0.2452 nm) are outlined (black circles).
Note the relative orientation of the wedge and of the C pentagon
and heptagon.
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were observed. The picture of structural coherency of
graphene over step edges is also supported by sets of STM
snapshots of the Ir(111) surface exposed to increasing
amounts of ethylene at 1120 K. It was accordingly found
that graphene growth starts from islands nucleated at step
edges and proceeds to both sides of the step edge.

The structural coherency of graphene across steps as
evidenced above by atomically resolved images should also
be reflected in the alignment of the moire´ patterns on the
neighboring terraces. It should be noted that the moire´
structure shows very high sensitivity toward faint atomic
displacements. For example, a shift of graphene parallel to
the Ir [101h]Ir direction by one nearest neighbor distance (aC

) 0.2715 nm) causes a parallel shift of the moire´ lattice by
a full moiréperiod (≈2.5 nm). As shown in Figures 1a and
3b, we typically observe the same orientation and periodicity
of moiré patterns on the upper and lower side of the step,
which is a necessary condition for structural coherency across
steps. For the description of the relative alignment, we will
focus in the following for simplicity on the dense-packed Ir
steps edges along〈101h〉Ir of either{111} (B-steps) or{100}
(A-steps) microfacets. We find that lines joining brightness
minima of the moire´ structure (on-top type areas) in the
〈11h00〉C direction (see Figure 4a) exhibit no sideward shift
when crossing an Ir step within an uncertainty of 10% of
the moiréperiodicity perpendicular to the step (≈4.3 nm).
To account for this observation, we developed an elementary
model of graphene bending at the step edge, as shown in
Figure 4a, where one observes that the moire´ brightness
maxima (imaged as minima on the STM images) on both
terraces are located along the same line parallel to〈11h00〉C.31

Noteworthy, this behavior was also present, though not
described, for graphene on Ru(0001), as can be seen on
several STM images (Figure 2a in ref 32 and Figure 4b in
ref 20).

The bending of the graphene at a step edge necessarily
induces a∆C shift in the graphene structure along the〈11h00〉C

direction (i.e., perpendicular to the step edges) with respect
to a hypothetical unbent graphene (see Figure 4c). This shift
should cause a∆m shift of the moirélattices from a terrace
to the other, along the opposite direction. Such a shift is

evaluated in Figure 4d, which shows a line profile along such
a direction, where each minimun corresponds to a moire´
brightness minimum. The periodic profiles and therefore the
moiré sites on both sides of the step edge are dephased by
∆m perpendicular to the step edge. For A-steps, a systematic
analysis over several step edges reveals a typical∆m shift
corresponding to+50% with 10% dispersion of the repeat
distance in the moire´ lattice along〈11h00〉C, that is,+2.19
nm with 0.44 nm dispersion. For B-steps, a similar analysis
yields∆m ) -0.77 nm with 0.44 nm dispersion. Part of this
shift is intrinsic to the Ir(111) terraces, namely Ir atoms are
laterally shifted (∆Ir) from a terrace to the other according
to the fcc stacking (see Figure 4d). For an A-step (B-step)
∆Ir ) +x3aIr/3 ) +0.1568 nm (∆Ir ) -x3aIr/3 )
-0.1568 nm). The∆m shift was then translated in terms of
an atomic shift∆C, throughkC′∆C ) kIr′∆Ir - km′∆m, where
kC′ ) 1/(x3aC) ) (1/0.425) nm-1 and kIr′ ) 1/(x3aIr) )
(1/0.470) nm-1 correspond to reciprocal space vectorskBC′
andkBIr′ perpendicular to the previously definedkBC andkBIr

vectors, andkm′ corresponds to the moire´ reciprocal space
vector,kBm′ ) kBC′ - kBIr′, which is perpendicular to the
previously definedkBm vector. This yields∆C ) -0.073 nm
with 0.022 nm dispersion for A-steps dispersion, and∆C )
-0.067 nm with 0.030 nm dispersion for B-steps.

The last step was to relate this atomic shift to the bending
of the graphene. For that purpose, we developed an elemen-
tary model depicted in Figure 4c. Within that model the
graphene layer across the step edge was approximated by
two identical arcs of cylinders with radiusR, and arc angle
θ. We fixed continuous conditions on both the graphene sheet
and its derivative and imposed a constant graphene height
before the step edge and well after. Two relationships are
needed to extract bothR andθ from ∆C. The first one is set
by the boundary conditions, namely the projection of one
arc of circle onto the out-of-plane direction equals half an Ir
step edge height (s), s/2 ) R(1 - cos θ). The second
relationship is the definition of the atomic shift, which is
the difference between the arc length and its projection onto
the flat surface, modulus an integer number (n) of C rings:
∆C ) -(2Rθ - 2Rsinθ) + ndCC with dCC being the C period
along the bending direction anddCC ) 1/kC′ ) 0.425 nm in

Figure 3. (a) 125 nm× 250 nm STM topograph (0.10 V, 30 nA) of graphene grown on Ir(111) at 1320 K, crossing several Ir steps. (b)
Continuous atomic arrangement in graphene across a step edge (5 nm× 5 nm, 0.04 V, 30 nA).
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the present case. Provided that∆C may only vary between 0
nm (unbent graphene) and the step height,s ) x2/3aIr )
0.222 nm, and becauses < dCC, n must be equal to 0. The
system of nonlinear equations withR andθ as unknowns is
then solved numerically for each value of∆C. R is found to
have an average of 0.27 nm with an asymmetric dispersion
of 0.10 and 0.25 nm toward lower and higher values,
respectively. The asymmetry arises from the nonlinearity of
the system of equations to be solved, which conveys into
increased dependence ofR upon small changes of∆C when
∆C decreases. The value of 0.27 nm is small and corresponds
to radii of very thin single wall carbon nanotubes.33

In summary, graphene monolayers grown by low-pressure
CVD of ethylene on hot Ir(111) are fully coherent over step
edges on scales larger than micrometers. Graphene lies like
a blanket on the substrate and bends over step edges with
radii of curvature similar to those of thin single wall carbon
nanotubes. The only defects we found in the graphene lattice
are edge dislocations forming pentagon-heptagon carbon
atom rings. These edge dislocations are spread in low density
and with characteristic separation to form small angle tilt
boundaries in the graphene lattice. They also may occasion-
ally be found at step edges. The observation of moire´
domains amplifies strongly the small orientation differences
of the graphene lattice but does not imply a structural
disintegrity of graphene. At sufficiently high growth tem-
peratures, the moire´ domains reach at least micrometer sizes
thereby minimizing the concentration of edge dislocations
in the lattice.

Our results are likely of interest for achieving large-sized,
high structural quality epitaxial graphene sheets. The trans-
port properties of graphene as a function of the density and
the electronic properties of defects, as well as the use of
such large graphene sheets for subsequent self-organized
growth of magnetic or catalytic nanoclusters, are meaningful
examples encouraging further research on graphene/metal
materials.
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