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We have analyzed by using scanning tunneling microscopy �STM� thin films made of few �three to five�
graphene layers grown on the C terminated face of 6H-SiC in order to identify the nature of the azimuthal
disorder reported in this material. We observe superstructures which are interpreted as Moiré patterns due to a
misorientation angle between consecutive layers. The presence of stacking faults is expected to lead to elec-
tronic properties reminiscent of single layer graphene even for multilayer samples. Our results indicate that this
apparent electronic decoupling of the layers can show up in STM data.
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I. INTRODUCTION

Graphene has received a lot of attention in the last few
years due to its very appealing transport properties.1–4 Most
of the work has concentrated on samples produced by me-
chanical exfoliation5 and contacted using lithographical tech-
niques. Apart from mechanical exfoliation, a convenient way
to prepare single layer graphene or few-layer graphene
�FLG� samples is the thermal decomposition of the hexago-
nal faces of SiC single crystals.6 It has long been known that
heating at high temperature polar faces �either Si or C termi-
nated� of 6H- or 4H-SiC substrates in vacuum leads to Si
sublimation and to the formation of carbon layers in a gra-
phitic form at the surface.7 Actually, transport measurements
and infrared measurements have shown the existence of
Dirac fermions in such FLG samples.3,8 This has generated a
lot of activity for the investigation of this material by means
of modern surface science techniques. Experiments aim at
elucidating the atomic and electronic structures of the system
in this favorable situation where electron states that give rise
to the fascinating electronic properties of the material can be
directly probed by either angle resolved photoemission
spectroscopy9–11 or scanning tunneling microscopy
�STM�.12–14 It turns out, however, that up until now most of
these studies have been performed on the Si terminated face,
although most of the transport measurements have been
made on the C terminated face, which shows higher carrier
mobility.3,15 It is therefore desirable to gain more information
on FLGs formed on this SiC�000-1� surface, which is known
as the C terminated face. In this paper, we present an inves-
tigation of the morphology and atomic structure of FLGs on
6H-SiC�000-1� by means of STM.

The observation by low energy electron diffraction
�LEED� of diffraction rings or tangentially elongated spots
for FLGs grown on 6H�4H�-SiC�000-1� indicates a signifi-
cant amount of azimuthal disorder in the films.7,16–20 A recent
structural investigation by x-ray reflectivity on relatively
thick FLGs �4–13 graphene layers� grown on 4H-SiC in an
induction furnace indicates that disorder arises from stacking
faults in the film; this is from a misorientation between ad-
jacent layers.17 Since the stacking faults alter the AB �Bernal�
stacking of crystalline graphite, this would have a strong
influence on the electronic structure of the layers.15,17 Indeed,
recent theoretical calculations have shown that the electronic

structure of misoriented bilayer �or trilayer� graphene is quite
different from the one of AB stacked layers. For either
large21,22 or small rotation angle23 a linear �Dirac like� band
dispersion is recovered close to the K point, whereas AB
stacked bilayers show a parabolic behavior. In this scheme,
the presence of stacking faults in FLGs formed on the C face
would explain the unexpected occurrence of graphene �single
layer� properties in multilayer samples.21,22 Investigating the
nature of the disorder is thus an important issue for FLG
samples. STM experiments, which offer a local view of dis-
order in real space, nicely complement �more integrating�
diffraction techniques for that purpose. We report here the
observation of a significant amount of stacking faults with
various rotation angles �including small ones� between adja-
cent layers for thin layers �three to five graphene planes�
grown under UHV conditions on 6H-SiC. This work pro-
vides a direct evidence for the rotational disorder in the
FLGs grown on the C face of hexagonal SiC polytypes.

II. EXPERIMENT

The sample preparation procedure is similar to the one
reported before.7,14,18 The surface of the 6H-SiC�000-1�
sample �n doped, purchased from NovaSiC� surface was first
cleaned under ultrahigh vacuum by heating at 850 °C under
a silicon flux. After annealing at 950–1000 °C, the surface
showed a �3�3� reconstruction similar to the one reported24

from LEED and Auger electron spectroscopy �AES�. FLGs
were formed on this surface by further heating for 15 min at
temperatures close to 1150 °C, where multilayer growth has
been reported.7 Two different annealing temperatures were
used, which were slightly below and above 1150 °C �within
50 °C: the accurate determination of the temperature with
the pyrometer is difficult since the sample is transparent�.
The thickness of the FLGs can be estimated from AES to be
3�0.5 and about 5�0.5 graphene layers, respectively �no-
tice that no signal from the underlying interface could be
detected by STM, which indicates that even the thinnest
sample was more than two layers thick by comparison to the
Si face14�. In both cases, the FLGs exhibit a ringlike LEED
pattern, with more intense spots �reinforced intensity� along
specific substrate directions, as already reported.7,16,18–20 This
is indicative of azimuthally �but not randomly� disordered
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films. Notice that the preferential orientations in our films
differ in detail from the one previously reported for furnace
grown samples,15,16,22 probably due to different preparation
conditions. The STM experiments were performed at room
temperature in UHV using mechanically cut PtIr tips. The
STM observations reported in this paper were similar for the
two layers �3 and 5 ML thick�.

Throughout the paper, AB refers to the stacking sequence
of carbon planes and � and � refer to the two sites in the unit
cell of the surface graphene layer. For bulk Bernal graphite
for instance, the stacking is ¯ABAB¯, the � site is above a
carbon atom in the next layer, whereas the � site is on a
hollow site �they are therefore not equivalent�.

III. RESULTS AND DISCUSSION

A representative large scale �150�150 nm2� image is
shown in Fig. 1. In Fig. 1�a�, there is essentially a single
terrace �see below� cut by pleats �P� with a typical height of
0.5–2 nm. Such P features have already be mentioned for
graphitized 6H-SiC�000-1� surface, although for a much
higher annealing temperature.25 One also notices curved
lines made of “beads” �B�, with a typical height of 0.2 nm,

which were also observed in previous works.19,20 Atomic res-
olution of the P and B structures demonstrate that they are
made of �curved� graphitic carbon �a small scale image of a
B structure is shown in Fig. 3�a��, as in Refs. 20 and 25. This
kind of features is generally not observed for FLGs grown on
the Si face.14,26 Their origins are unknown, but they have
been considered as precursors for the growth of carbon nano-
tubes on the C face.19,20 Figure 1�b� is the same image as Fig.
1�a�, but with an enhanced contrast on the flat area. The
difference in height on the colored �light gray� area is less
than 0.2 nm full width at full maximum, which shows that it
is a single terrace. Atomic resolution images that are taken at
various spots on the flat areas �see, e.g., Fig. 2�a�� reveal a
hexagonal structure with the lattice parameter of graphite
�a=0.246 nm�, as expected. An important point is that vari-
ous superstructures �superlattices� are observed on the ter-
races, which are bounded by B or P structures. Their period
is in the nanometer range �from 2.5 to 3.8 nm in Fig. 1�a��,
and their corrugation is a fraction of angstroms. They re-
semble the superstructures, which have been extensively
studied on graphite27–29 and which are interpreted as moiré
pattern due to a misorientation, with rotation angle �, be-
tween the two outermost C layers.30 The overall morphology
of our sample �Fig. 1� is similar to the one previously
reported20 for a 6H-SiC�000-1� sample graphitized at
1800 °C, showing domains with various super lattices sepa-
rated by lines of protrusions. In Ref. 20, the superstructures
were also assigned to moiré patterns, although no experimen-
tal evidence was presented. In the following, we present ar-
guments that support this interpretation, but we already no-
tice that the observation of these “moiré patterns” is a direct
evidence for a rotational disorder in the �vertical� stacking of
the FLGs.

The interpretation of the superstructures in Fig. 1�a� as
moiré patterns is made by using the same arguments as for
graphite surfaces.28–30 In Fig. 2�a�, we show an enlarged
view of the boxed area of Fig. 1�b� around the boundary
between the flat and corrugated zones. Atomic resolution is
achieved on the whole image, and the Fourier transform of
the image �Fig. 2�b�� shows that the atomic lattice of the
surface graphene layer rotates across the boundary. The ro-
tation angle is close to 5°. The period of the superlattice on
the right side of the image is D=2.8 nm. In a moiré
picture,28–30 assuming that the underlying C plane has a
unique orientation, one expects D=a / �2 sin�� /2��, where
D=2.82 nm for �=5° and a=0.246 nm, which is consistent
with the measured value. One can also measure the angle
between the main axes of the superstructure and of the sur-
face atomic lattice, which is shown as � in Fig. 2�c� �on
another spot of the sample�. In the moiré picture,28–30 � and
� are related by �=30°−�� /2�. From the measured value of
D �1.5 nm�, we derive �=9.44° and we expect �=25.3°,
which is in agreement with the measured value of 25�2°
�the measured value of this angle is affected by the STM
drift�. The consistency between D, �, and � has been verified
on a number of different superlattices, which definitively es-
tablishes the origin of these structures as moiré patterns.
Other features such as the presence of beads B and the typi-
cal corrugation of the superstructure �0.2–0.5 Å� are also
reminiscent of the “moiré patterns” observed on graphite

FIG. 1. �Color online� �a� Large scale image �150�150 nm2� of
a terrace for the graphitized 6H-SiC�000-1� surface. Some pleats
�P� and beads �B� structures are indicated. Sample bias
Vs= +1.0 V and tunneling current It=0.1 nA. �b� the same image as
in �a� but with an enhanced contrast on the flat area. Superlattices
with periods in the nanometer range are seen on the terrace, which
are bounded by P or B structures. Notice the different orientations
of the superstructures in the upper and lower parts of the image.
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surface.28–30 Notice that in some cases �as in Fig. 3�a��, the
moiré pattern is found without any rotation in the surface
lattice, which indicates a change in the orientation of the
underneath layer at the boundary.

We have observed superlattices with period D ranging
from less than 1 nm up to 10 nm. These values of D corre-
spond to rotation angles � between adjacent planes ranging
from 1.5° to 19°. In agreement with recent computations,31

small period �around 1 nm� superlattices are difficult to de-
tect in large scale images, not only due to their small wave-
length but also due to their reduced corrugation. There are
also areas without moiré patterns �e.g., Fig. 1�b�, upper left�,
which therefore correspond to normal AB stacking at the
surface. Atomic resolution shows the usual triangular con-
trast of graphite due to AB �Bernal� stacking in this area
�notice, however, that even these regions were not absolutely
flat, showing long range modulations with amplitude of a
fraction of angstroms�. Therefore, there is a wide distribution
of stacking angles in the samples.

In Fig. 1�b�, one notices that the orientation of the super-
structures is different by approximately 20° in the lower and
in the upper part of the figure, although the period D is
roughly the same. This is due to a similarly large ��20° �
rotation of the atomic lattices across the pleat, which is ob-

FIG. 2. �Color online� �a� Image of the boxed area of Fig. 1�b�.
Image size is 20�20 nm2, Vs=−0.25 V, and It=0.1 nA. The dotted
�dashed� line underlines the direction of the atomic rows in the left
�right� part of the image, with a relative angle of 5°. The peak to
peak amplitude of the superlattice modulation on the left part of the
image is 0.40 Å. �b� Fourier transform of the image in �a�. The
outer spots marked �unmarked� by the arrows correspond to the
atomic lattice on the right �left� side of the image. Their relative
orientations are again rotated by 5°. �c� 12�7 nm2 image of a
superlattice with period D=1.50 nm, Vs=−0.5 V, and It=0.3 nA.
The dotted line gives one direction of the superlattice, and the
dotted-dashed line one direction of the atomic lattice. � is the angle
between these directions. We measure �=25�2° from several im-
ages of this area. The peak to peak amplitude of the superlattice
modulation �atomic corrugation� is about 0.20 Å �0.35 Å�. �d�
Boundary with a large rotation angle between the surface atomic
lattices in regions I and II without P or B structure. The dashed
lines indicate the directions of the superstructures induced by elec-
tron scattering at the boundary. Vs= +0.1 V and It=1.0 nA. �e� Fou-
rier transform of image in �d�. The circled �not circled� outer spots
correspond to the atomic lattice in region I �II�. The inner spots
correspond to the R3 superstructure.

FIG. 3. �Color online� �a� 15�7 nm2 image of a boundary be-
tween a flat area �left� and a superstructure �right�, Vs= +0.5 V and
It=0.4 nA. ��b� and �c�� Images of the boxed area on the left side of
�a� for sample biases Vs= +0.2 and −0.2 V, respectively. ��d� and
�e�� Images of the boxed area on the right side of �a� for sample
biases Vs= +0.2 and −0.2 V, respectively. The size of the images in
�b�–�e� is 4�4 nm2. It=0.2 nA for �b� and �d� and It=0.4 nA for
�c� and �e�. The total height range in �b�–�e� is about 1 Å.
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served in atomic resolution images. For these large period
superstructures �D�2.5 nm�, � is close to 30° �within less
than 3°�. The rotation of the superlattice therefore follows the
rotation of the atomic lattice. This is a convenient way to
identify different orientations of the surface atomic lattices
between adjacent grains on the surface in large scale images
�“grains” here refer to areas separated by P structures�. To
complete the characterization of the rotational disorder, we
report two additional characteristics. First, we have directly
observed at some spots a rotation of the atomic lattice in the
surface layer by large angles �20–30°� without any P struc-
ture, one example being shown in Figs. 2�d� and 2�e�. In Fig.
2�d� �and also in Fig. 2�a��, in addition to the atomic lattice,
one can see the well known �3��3R�30° � �or R3�
superstructures,12,14 which are due to electron scattering at
the boundary between regions I and II �their directions are
indicated by the dashed lines�. Second, superlattices with
two periodicities were found to coexist in some areas �not
shown�. Although the origin of this phenomenon is not
established,30 it may indicate a stacking of three graphene
planes with different rotation angles.

The picture that emerges from this structural study is
that there is a significant azimuthal disorder in the FGLs
grown on the C face, which is both between the grains
and inside the grains �stacking disorder�. Diffraction
measurements15,16,22 on samples grown at higher temperature
�1430 °C� in an induction furnace indicate a strong prefer-
ential orientation of the graphene layers relative to the sub-
strate, as well as large �	100 nm� domain size. As indicated
in Sec. II, different preparation conditions may explain these
variations in sample morphology and/or ordering. In any
case, the presence of stacking faults in the film may help
restoring the electronic properties of single layer graphene
even in multilayer samples, as mentioned in the Introduction.
It is interesting to consider the effect of this apparent elec-
tronic decoupling21,22 of rotated layers on the STM images of
graphene. Naively, we could expect to recover the honey-
comb contrast of isolated single layer graphene where all
atoms �� and � types32� show up in STM data12–14 at vari-
ance with the � /� asymmetry found for Bernal AB stacking,
which leads to a triangular contrast.12,14,32 Actually, STM im-
ages that are computed for trilayer samples show that it may
be the case.21 Notice, however, that �i� the result depends on
the stacking order and on the sample bias for a given stack-
ing and �ii� that the computation has been made for large
misorientation angles �16°� compared to the ones we usually
observe. The linear dispersion has also been predicted for
lower angles23 in the case of a bilayer with a twist. Although
no simulation of STM images has been made, it is thought
that the linear dispersion close to the Dirac point arises es-
sentially from electron states of individual layers �pertur-
bated by the adjacent plane�, which may imply a low � /�
asymmetry. It turns out that we frequently observe a seem-
ingly honeycomb pattern �or very weak � /� asymmetry� on
small period lattices �see, e.g., Fig. 2�c��. To verify that such
contrast is not due to tip artefacts, we have chosen to image
boundaries between “flat” regions without superstructures
�and thus presumably normal Bernal AB stacking� and re-
gions with a superlattice. In this way, we get a reference for
the tip on the �flat� region of AB stacked layers with triangu-

lar contrast.33 We observe in general a significantly reduced
� /� site asymmetry on the superstructure compared to the
flat region. This is the case for instance in Fig. 2�a�: although
the contrast essentially remains triangular on the whole im-
age, the � /� site asymmetry is significantly smaller on the
right side of the boundary. This has been previously reported
on a large period �6.6 nm� pattern on graphite,29 and this is
not unexpected considering that the strict Bernal A /B stack-
ing is lost over most of the superlattice cell28–31 �in particu-
lar, the stacking is supposed to be close to AA in the vicinity
of the brightest points29,31�. In some cases, the asymmetry is
reduced to the point that we observe a contrast similar to the
one of isolated graphene layers �i.e., � and � sites appear
with the same contrast14� in a range of small positive and
negative biases; this is for energies that straddle the Fermi
level. One example is shown in Fig. 3. The upper part �Fig.
3�a�� is a view of the boundary, showing B structures with
atomic resolution and a superlattice on the right side �D
=2.25 nm�. Images in Figs. 3�b�–3�e� are extracted from
similar images at lower bias �+200 mV for Figs. 3�b� and
3�d� and −200 mV for Figs. 3�c� and 3�e�� on the two sides
of the boundary �left for Figs. 3�b� and 3�c� and right for
Figs. 3�d� and 3�e��. It is clear that the contrast is different on
the right and left sides of the image, with a vanishingly
small—if any—� /� site asymmetry on the superlattice and a
clear triangular contrast �strong � /� asymmetry� on the flat
region. We do not claim that this is a direct or unambiguous
proof of the electronic decoupling of the layers since �i� the
calculations of Ref. 21 suggest that a triangular contrast may
show up even in the presence of graphenelike dispersion de-
pending on the stacking and on the bias �and we do not have
access to the whole stacking sequence� and �ii� a AA stacked
bilayer should show the same honeycomb contrast although
the layers show a significant interaction.34 We consider, how-
ever, that it is a valuable indication that a single layerlike
behavior can be found on rotated layers.

IV. CONCLUSION

To conclude, we have investigated by STM the morphol-
ogy and the atomic structure of FLGs �three to five layers�
grown on the 6H-SiC�000-1� surface by graphitization under
UHV. Our real space observations reveal a significant
amount of rotational disorder the films, which are in agree-
ment with previous structural studies. The surface presents
moiré patterns, which directly demonstrate misorientations in
the stacking of the planes in addition to an azimuthal disor-
der between grains. The rotational disorder has been shown
to affect the electronic properties of the FLGs, and our ex-
perimental data suggest that these changes can be observed
by STM.
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