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Epitaxial growth of graphene on SiC surfaces by solid state graphitization is a promising route for future
development of graphene based electronics. In the present work, we have studied the morphology, atomic scale
structure, and electronic structure of thin films of few-layer graphene (FLG) on SiC(0001) by scanning tun-
neling microscopy and spectroscopy (STS). We show that a quantitative evaluation of the roughness induced
by the interface is a tool for determining the layer thickness of FLG. We present and interpret thickness
dependent tunneling spectra, which can serve as an additional fingerprint for the determination of the layer
thickness. By performing spatially resolved STS, we find evidence that the charge distribution in bilayer

graphene is inhomogeneous.
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I. INTRODUCTION

Graphene, a monolayer of graphite, has recently attracted
considerable attention since it was shown that it can be pre-
pared by simple mechanical exfoliation.! Subsequent studies
of graphene’s electronic properties revealed new and inter-
esting physics,'-® which arises from graphene’s unique elec-
tronic band structure. The two bands due to the delocalized =
states, i.e., the bonding 7 band and the antibonding 7* band,
are degenerate at the K point of the hexagonal Brillouin
zone. In neutral graphene, this crossing point, which is fre-
quently referred to as the Dirac point Ej, lies at the Fermi
level and, hence, the Fermi surface is pointlike. Both bands
have a linear dispersion in the vicinity of Ep. In addition, the
two sublattices are represented by a two-component wave
function, which is often interpreted as a pseudospin. As a
consequence, the quasiparticle dynamics in graphene is gov-
erned by Dirac’s equation rather than by Schrédinger’s equa-
tion. The quasiparticles in graphene thus behave like mass-
less Dirac fermions. Altogether, this leads to unconventional
physics, for example, to a novel half-integer quantum Hall
effect>>0 that has been observed even at room temperature.®
It has also been suggested that the unique properties of
graphene may open a route toward carbon based nanoelec-
tronics for quantum computing.’>’

Many of the exciting results in graphene research have
been obtained on a material produced by mechanical exfo-
liation. However, there is also an alternative route for the
fabrication of graphene, which is based on the solid state
graphitization of silicon carbide (SiC) surfaces®~!? by anneal-
ing SiC at temperatures above 1150 °C. This method has the
potential to lead to a reproducible, large scale production of
graphene, which is the prerequisite for the development of
graphene based electronic devices.*>’

Graphene and thin films of multilayered graphene, so-
called few-layer graphene (FLG), grown on hexagonal SiC
surfaces have been characterized by several methods such as
transport measurements,*> angle-resolved photoelectron
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spectroscopy (ARPES x-ray diffraction, and scan-
ning tunneling microscopy (STM) and spectroscopy
(STS).?>-28 With the exception of scanning tunneling micros-
copy and spectroscopy, all these methods have a limited lat-
eral resolution and the results show the properties averaged
over a large area of the sample. On the other hand, STM and
STS provide information on the atomic scale and are there-
fore complementary to the other methods.

The STM/STS studies published so far have concentrated
on different aspects. Mallet et al.>> showed that monolayer
and bilayer graphene on SiC(0001) can be distinguished by
STM. Graphene shows rings with six protrusions, while bi-
layer graphene shows only three protrusions like graphite
due to symmetry breaking caused by the AB stacking of the
individual layers. In addition, they demonstrated that the
(6 V3% 6\f§)R30° reconstructed interface layer (6 V3 for
short) remains visible through the graphene layers when im-
aged at high bias and that scattering of charge carriers on
pointlike defects leads to the appearance of characteristic in-
terference patterns. Rutter er al.?® studied such interference
patterns in more detail and discussed scattering mechanisms
in monolayer and bilayer graphene. Brar et al.?’ performed
STS on monolayer and bilayer graphene and found a gap
around the Fermi level with unclear origin. A very recent
paper from Riedl ef al.?® reexamines the atomic structure of
the 63 reconstruction and demonstrates that the appearance
of that reconstruction in STM is bias dependent. The image
therefore contains information about the electronic structure
and not just topological information as claimed in another
work by Chen et al.?®

In the present work, we first focus on the morphology and
structure of FLG films with thicknesses ranging from 1 to 4
ML (monolayer). One of the most pressing questions in STM
studies of FLG is the determination of the layer thickness.
While this is rather straightforward in ARPES!” and low-
energy electron microscopy,’®?! the determination of the
layer thickness by STM requires great care. We demonstrate
that an interface-induced roughness in FLG films on
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SiC(0001) can be used to quantitatively gain information
about the layer thickness. Using this information, we show
that the determination of the layer thickness just by an in-
spection of the STM image can lead to errors. After estab-
lishing a method for the determination of the thickness of our
FLG films, we study the electronic structure of these films by
STS and show that features in the dI/dV spectra can be ex-
plained by the density of states (DOS) of FLG. Thus, we
provide an additional fingerprint for the determination of the
FLG layer thickness through STM. Finally, the dependence
of tunneling spectra on the exact position within the unit cell
of the interface structure will be discussed.

II. EXPERIMENT

Graphene and FLG with a thickness of up to 4 ML were
grown on nitrogen doped SiC(0001), purchased from SiCrys-
tal, by using solid state graphitization.3-!% Prior to that, the
sample surfaces were etched in hydrogen [T=1550 °C; PH,
=1 bar, flux of 3 slm (standard liter per minute), and ¢
=15-20 min]. The average FLG film thickness was deter-
mined by x-ray photoelectron spectroscopy (XPS) using a
simple layer attenuation model.?’ The samples were then in-
troduced into the STM chamber where they were degassed
overnight at a temperature of 450 °C. XPS and ARPES mea-
surements indicate that this treatment is sufficient to remove
surface contaminants from FLG films. Furthermore, using
XPS, we have observed that the 6\6 reconstruction is also
stable in air.%

STM and STS measurements were carried out using an
Omicron LT-STM cooled with liquid nitrogen to 7= 80 K.
The tips were fabricated from a Pt-Ir wire by electrochemical
etching and subsequently cleaned by Ar ion etching in ultra-
high vacuum. STM images in constant current mode were
obtained at tunneling currents of typically 5 pA at a sample
bias of Ur~-100 mV. Scan speed was around 10 nm/s.

Differential conductance spectra were measured directly
via a lock-in amplifier. For this purpose, the tunneling bias
was modulated with an amplitude between 12 and 16 mV
at a frequency of 793 Hz. To obtain tunneling spectra, the
tip-sample distance was fixed by setting /=250 pA at U=
—0.6 V. Then the feedback loop was switched off and six
subsequent tunneling spectra were recorded in order to guar-
antee reproducibility. In addition, the STS curves presented
here are typically averaged over 14-21 independent spatial
points.

III. RESULTS AND DISCUSSION
A. Scanning tunneling microscopy
1. Thickness and roughness of few-layer graphene

In this section, we discuss long-range variations in the
image contrast caused by the interface structure. We will
show that an evaluation of this phenomenon can serve as a
tool to determine the layer thickness of epitaxial graphene
films on SiC(0001).

Figures 1(a) and 1(b) show STM images of 1 ML of
graphene grown on SiC(0001). Both images were obtained at
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FIG. 1. (Color online) STM images of SiC(0001) covered with 1
ML graphene taken at a large bias voltage of U;=—1.85V (I
=7 pA). The 7 scale is 0.00—0.866 A in (a) and 0.00-0.83 A in (b).

a large bias voltage of Uy=-1.85 V, where no atomic reso-
lution is observed as evident from the image of the smaller
area shown in Fig. 1(b). At such high tunneling voltages, the
states contributing to the image are not the electronic states
of the graphene layer. Instead, the underlying SiC surface is
imaged,”> which is covered by the nonmetallic 63
reconstruction,'® previously studied by STM.?$32-3% Despite
the fact that the reconstruction has a 613 periodicity,?$:33-34
the periodicity seen in the STM images shown is (6 X 6), in
agreement with previous reports.?>~27-2%-32-34 Recently, it was
shown that a careful imaging of the clean 643 reconstruction
leads to images where the true periodicity is visible.”® It is
evident from the images shown in Fig. 1 that the reconstruc-
tion is not perfectly regular but spreads somewhat in a lateral
position and an apparent height, again in agreement with the
previous studies.?>~28333% Other than that, the surface ap-
pears to be flat and homogeneous even in the large scale
image shown in Fig. 1(a). Note that the contrast due to the
63 reconstruction does not change in that image. According
to the discussion below, this indicates that the thickness of
the graphene layer covering the 613 reconstructed interface
is constant over an area of 60X60 nm>. We routinely
achieved areas of 100X 100 nm? in size covered by the same
graphene thickness.

For a closer inspection of the graphene lattice, we de-
creased the scale and the bias voltage. Figure 2(a) shows an
area where we did not succeed in decreasing the bias to
values below Ur;=-0.54 V. From a comparison with
literature,?>333* we conclude that this image shows an area
covered by the 643 reconstruction. It is clear from Fig. 2(a)
that there is a large corrugation, which agrees with previous
reports,25 and also some lateral disorder. Individual atoms
were only recently imaged by the group of Riedl et al.?® and
we refer the reader to the discussion of the structure in that
work. Note, however, that despite the apparent disorder, the
643 reconstruction has a very well developed electronic dis-
persion relation.!”

Figure 2(b) shows the atomically resolved image of 1 ML
of graphene imaged at Uy=—114 mV (I;=5 pA). Atomic
resolution of the graphene lattice was observed to appear at
sample biases below —200 mV. Clearly, two independent pe-
riodicities are visible: the apparent (6 X 6) periodicity of the
6v§-reconstructed SiC(0001) surface and the honeycomb lat-
tice of graphene. As already seen in Fig. 1, the height varia-
tion due to the interface layer is not perfectly regular. On the
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FIG. 2. (Color online) STM images of FLG films with well-
defined thicknesses. (a) 0 ML (U;=-540 mV, I;=8 pA); z scale is
0-191 pm. (b) 1 ML (Uy=—114mV, I;=7 pA); z scale is
0-96 pm. (c) 2 ML (Uy=-0.114 mV, I;=5pA); z scale is
0-78 pm. (d) 3 ML (Ur=-110 mV, I;=5 pA); z scale is 0-28 pm.
The roughness caused by the interface layer decreases with increas-
ing layer thickness (see text).

other hand, the graphene layer on top is perfectly ordered.
No atomic defects (defects of type B in Ref. 26) are present
in the image although such defects were observed occasion-
ally.

Bilayer graphene is shown in Fig. 2(c). It is obvious that
the interface-induced corrugation is reduced as compared to
the monolayer case. At the same time, the atomic corrugation
due to the graphene lattice is enhanced. Figure 2(d) shows a
STM image obtained with 3 ML graphene. The height varia-
tion ascribed to the interface layer has become even less
pronounced (note the different z scales of the images) and, at
the same time, appears to become somewhat more irregular.
The bright (high) areas in the image may well be equivalent
to the type A defects (mounds) in Ref. 26. The graphite lat-
tice on top is perfectly periodic and, again, there is no evi-
dence of atomic scale defects (type B in Rutter’s notation) in
that image.

A more quantitative analysis of the interface layer induced
height variations in the STM images was performed using a
quantity that we call the interface-induced roughness R. R is
the rms roughness of the surface determined after convolu-
tion of the STM image with a Gaussian with a width corre-
sponding to the graphene lattice parameter. This treatment
smoothes away contributions to the roughness by the
graphene lattice. The remaining height variations are then
mainly due to the roughness induced by the interface layer.
The result is shown in Fig. 3. It is obvious that the interface-
induced height variations decrease monotonically with layer
thickness. The dashed line in Fig. 3 is the result of a fit using
a simple exponential decay R=R,+Ae"*. The fit yields a
nonvanishing terminal roughness Ry of 5=*2 pm, which is
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FIG. 3. Interface-induced roughness R as a function of layer
thickness 7 in ML. For explanation, see text.

caused by any long-range disorder such as, e.g., the mounds
mentioned above. The decay constant A amounts to 0.8 £0.2
ML, which corresponds to 0.27 = 0.07 nm, if we assume that
the layer distance is that of graphite (0.335 nm). The error
bars in Fig. 3 are mainly caused by variations in the tip
geometry. A further contribution stems from variations in the
tunneling set points. For example, for monolayer graphene,
we observed that the interface layer roughness decreases by
approximately 20% from 12.1 to 10 pm when going from
Ur=-100 mV to U;=—430 mV, but remains fairly constant
between Ur=—430 mV and Uy=-1.8 V. Similar observa-
tions were reported by other groups,”>~?’ but not systemati-
cally quantified to the same extent as shown here. Brar et
al.?’ determined rms roughnesses of 20 and 10 pm at V;
=1.0 V for monolayer and bilayer graphene on SiC(0001),
respectively. In agreement with our observations, there is a
decrease in the roughness with growing layer thickness.
Their numerical values, however, include also contributions
due to the atomic structure of the graphene lattice, which are
not included in our analysis. It is thus no surprise that the
roughness values reported by Brar et al.?’ are somewhat
larger than our results. Second, as already mentioned above,
the exact numerical values also vary from tip to tip. Keeping
this in mind, we find a rather good agreement between our
study and the work of Brar et al.?’ In any case, the interface-
induced roughness as introduced in the present work is a
useful means to determine the layer thickness as will be
shown below.

2. Stacking in few-layer graphene

‘We now turn our attention to the image contrast caused by
the graphene lattice itself and investigate its dependence on
the layer thickness. Figure 4 shows close-up images reveal-
ing the variation of the atomic structure of the FLG films
with different thicknesses. The image of a monolayer
graphene is given in Fig. 4(a). It shows smeared-out hexa-
gons. One of these hexagons is highlighted to guide the eye.
Such an observation is, indeed, expected for graphene, where
the two atoms per unit cell are equivalent and should lead to
a symmetric appearance in STM. The observation also
agrees well with previous reports of graphene on SiC(0001)
(Refs. 25 and 27) and exfoliated graphene on SiO,.3

155426-3



LAUFFER et al.

FIG. 4. (Color online) (a) Atomically resolved structure of 1 ML
graphene imaged at Upy=-114 mV and I;=7 pA (z scale is
0-82 pm). (b) 3 ML graphene imaged at Uy=—110 mV and I
=5 pA (z scale is 0—10 pm). (c) Bilayer graphene imaged at Uy=
—-0.114 mV, I;=5 pA (z scale is 0—75 pm). The honeycomb struc-
ture of graphene is indicated by hexagons showing equivalent at-
oms for a monolayer case and inequivalent atoms for the trilayer
case and part of the bilayer case.

Figure 4(b) shows the atomically resolved image of 3 ML
graphene on SiC(0001). The substructure strongly differs
from the monolayer case. Only one out of two atoms is seen
by STM. For the hexagon, this means that only three out of
six atoms lead to protrusions, which is frequently called the
three-for-six arrangement. This observation is in agreement
with STM measurements on highly ordered pyrolytic graph-
ite and can be explained by the fact that the AB stacking of
the layers in graphite breaks the symmetry, leading to two
inequivalent C atoms per unit cell.>>27-36

Figure 4(c) was observed on bilayer graphene. On the
right hand side, the image shows a triangular array of bright
spots similar to the 3 ML case. This is expected for a bilayer
with AB stacking.?>27-3 In fact, most of the atomically re-
solved images of bilayer graphene (see also below) show
such an arrangement. The image of Fig. 4(c), however, is of
particular interest because on the left hand side, the image
resembles that of a graphene monolayer. Note that there is no
step visible in this image and that the interface-induced
roughness is the same on both sides of the image. Therefore,
we can safely state that we image the same layer thickness in
both parts of the image. As a possible explanation of this
observation, we propose that there is a change of stacking
underneath the top layer. Whereas the underlying graphene
layer follows AB stacking in the right part of the image, it is
shifted away from the AB registry in the left part of the
image. As shown in Fig. 5, a configuration AA’ close to AA
stacking is obtained when the bottom layer of the bilayer
system is shifted by a SiC basal plane unit vector. The AA’
stacking should have a similar contrast as the AA stacking
and could therefore account for the observed image. Such an
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FIG. 5. (Color online) Creation of an AB/AA’ transition. The
bilayer in the top graph follows the natural AB stacking. Shifting
the bottom layer by the SiC surface unit vector §, results in a stack-
ing close to an AA configuration (therefore AA’) as shown in the
bilayer on the left hand side. The STM image of such a configura-
tion is expected to look more like that of a graphene monolayer.

observation demonstrates, however, that an identification of
the layer thickness based exclusively on the contrast of the
graphene lattice (hexagons vs triangular) could lead to errors.

3. Growth of few-layer graphene

The atomically resolved image in Fig. 6(a) contains a step
of the SiC substrate. The graphene lattice is clearly imaged
on both the upper and the lower terrace [Figs. 6(c) and 6(d)],
with the lattice orientation remaining unchanged. In fact, the
graphene lattice is not interrupted by the step, as is clearly
evident from the three-dimensional (3D) representation dis-
played in Fig. 6(b). This is in agreement with earlier reports
for the growth of thicker graphitic layers on 8° off-axis ori-
ented 4H-SiC(0001),'>37 where a carpetlike growth mode
covering several substrate terraces and steps was observed.
The relation between the FLG lattice and the SiC(0001) sub-
strate lattice allows us to identify that the step runs parallel to

the [1120] direction of the SiC substrate just as the steps
observed for our hydrogen etched, nominally on-axis ori-
ented SiC(0001) substrates before graphene growth (not
shown).

In order to determine the layer thickness, we have deter-
mined the interface-induced roughness as discussed above
and obtain R=7.9*0.8 pm and R=13.0*1.0 pm for the
lower terrace and upper terrace, respectively. A comparison
with the data shown in Fig. 3 allows us to conclude that the
layer thickness is 1 ML on the upper terrace and 2 ML on the
lower terrace. This is in agreement with the STM image of
the lower terrace in Fig. 6(d), which shows a three-for-six
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FIG. 6. (Color online) (a) Atomically resolved STM image of a
graphene-covered SiC step imaged at Up=-0.159 mV and I
=5 pA. The z scale is 0—0.52 nm. (b) 3D visualization of the image
shown in (a). (c) Close-up of the upper terrace. (d) Close-up of the
lower terrace.

appearance caused by AB symmetry breaking. The image of
the upper terrace in Fig. 6 is not as clear. However, instead of
individual protrusions like on the lower terrace, the upper
terrace shows dark spots surrounded by bright areas. The
deviation from a hexagonal shape might be due to the pres-
ence of the step, which may cause some uniaxial strain. The
identification of the layer thickness on the upper and lower
terraces is further supported by STS, as shown below.

It is interesting to analyze the step height. For that pur-
pose, the height distribution of the image in Fig. 6(a) was
determined. The result is shown in Fig. 7. The histogram
exhibits three distinct maxima. The large maximum at a
height of 0.05 nm is due to the lower terrace and the second
maximum at 0.45 nm is caused by the upper terrace. Thus,
the step height is 0.40 nm, which does not fit the interlayer
spacing of graphite (0.335 nm). A further maximum in the
height distribution at 0.29 nm, i.e., 0.24 nm above the lower
graphene terrace, is close to the SiC bilayer spacing
(0.252 nm). This maximum in the height distribution corre-
sponds to the narrow terrace located at the side of the step.
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FIG. 7. (Color online) Height distribution of the image shown in
Fig. 6(a). The left and the right maxima correspond to the lower and
upper terraces of the step, respectively. The step height is Ah
=0.40 nm. The small maximum corresponds to the small terrace on
the side of the step in the lower half of the image in Fig. 6(a).

In order to explain the step height of 0.40 nm, we con-
sider a SiC(0001) surface covered by the 6@ reconstruction,
which is the precursor to graphene growth on SiC(0001) and
a single graphene layer, as shown on the left of Fig. 8. If we
now grow an additional layer in the right half of Fig. 8 by
thermal evaporation of Si, we have to consume SiC material.
The area density of C atoms in graphene (3.82 X 10" cm™2)
is about three times that of C atoms in a SiC bilayer (1.22
X 10" ¢cm™2). Thus, the growth of one graphene layer con-
sumes three layers of SiC as indicated in Fig. 8. Accordingly,
the expected height difference is the difference between three
times the SiC interlayer spacing and the graphite interlayer
spacing: Ah=0.421 nm. Note that the unknown quantities x
and d,; in Fig. 8 cancel. This value agrees to within 5% with
the measured step height of 0.40 nm.

The step observed here can thus be explained by consid-
ering an initially flat terrace. After the growth of 1 ML
graphene on the whole terrace, an additional layer has
formed on only a part of the terrace. The fact that the step is
continuously covered suggests that the second layer grows
underneath the first layer by out-diffusion of Si. This picture
is supported by the observations on bilayer graphene dis-
cussed above, where a change of stacking underneath the top
layer was proposed in order to account for the different im-
age contrast of bilayer graphene. Obviously, such a situation
comes as no surprise when the growth of graphene occurs
underneath and not on top of the existing layers.

q grap
Xm (6V3x6V3)R30° Se ,0'42 nm
oA

% 0.335 nm

o-o—o-graphenes—o-o-o———

0.754 nm dy,

FIG. 8. (Color online) Explanation of the step height observed
in Fig. 6(a) and quantified in Fig. 7. For details, see text.
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FIG. 9. (Color online) Representative dI/dV spectra of FLG
with different thicknesses. For clarity, the spectra are vertically off-
set from each other and their zeros indicated by tick marks.

B. Scanning tunneling spectroscopy

In this section, we concentrate on results from STS. In
particular, we discuss how the tunneling spectra depend on
the thickness of the layer and how they can be interpreted in
terms of the DOS of FLG calculated by a tight binding
model.

Figure 9 displays representative dI/dV curves of FLG lay-
ers with different thicknesses. The spectra shown in that fig-
ure are averages of spectra taken over several points (be-
tween 11 and 21) along lines connecting topological minima
or maxima caused by the interface layer (see also the discus-
sion below), i.e., they cover several graphene unit cells lying
above different positions of the 63 interface structure. Com-
mon to all dI/dV spectra is a minimum at zero bias but
without reaching zero. A similar study of graphene on
SiC(0001) by Rutter et al.® also shows a local minimum at
zero bias. In that case, dI/dV remains finite, too. In contrast,
Brar et al.?’ found a minimum for both monolayer and bi-
layer graphene, where the dI/dV curve drops down to zero.
This was interpreted as a gap in the electronic structure and
its origin was discussed. However, a definitive explanation of
this observation cannot be provided at present.

In addition to the zero bias minimum, the dI/dV spectra
of 2, 3, and 4 ML graphene are characterized by local
minima at negative biases followed by a pronounced maxi-
mum. Both shift steadily toward zero bias with increasing
thickness (see Fig. 9). The minima at —0.31, —0.19, and
—-0.13 V, respectively, fit well to the position of the Dirac
point £, as observed by ARPES.!#161721 We therefore pro-
pose that these minima mark the position of the Dirac point
in our FLG films.

Before we turn our attention to the interpretation of the
experimental dI/dV curves of multilayer graphene, we shall
discuss some more the spectrum of monolayer graphene. For
graphene, a linear DOS with a minimum at Ej
=(0.48=0.05) eV below Ep (Refs. 14, 16, 17, and 21) is
expected. The measured tunneling spectrum shown in Fig. 9
and also the data of Brar et al?’ do not agree with that
expectation. Note also that no gap is observed at the Dirac
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energy, which was suggested by Zhou et al.?! to have a mag-
nitude of 260 mV. However, the interpretation of tunneling
spectra of monolayer graphene on SiC(0001) in terms of the
graphene band structure is difficult because of the underlying
63 interface layer, which can contribute to the tunneling
current.”> This 6v3 interface layer has been studied by
ARPES, 2% and a weakly dispersing state was observed at
(0.5%0.1) eV, i.e., at the same energy where E, is expected
for the monolayer graphene sample. The contribution of the
interface layer to the tunneling current is expected to expo-
nentially decay with the thickness of the FLG layer so that
the undistorted electronic structure of the films will become
observable for multilayers, as will be demonstrated below.

In order to interpret the spectra in terms of the band struc-
ture of bi-, tri-, and quadlayer films, we have calculated the
DOS for different thicknesses by using the generalized tight
binding (TB) Hamiltonian!7-38-40

a; By
By a B

aN

(Ei va) ( 0 s)
&= vw E; ) Bi=m 1-s 0/’

where E; is the on-site Coulomb energy for layer i, m=p,
+ipy, v is the interlayer hopping integral, and v is the band
velocity. The on-site Coulomb potential is caused by a layer
dependent charge density as discussed in detail
elsewhere.!*!7 Different stacking orders are dealt with by the
variable s, which is O for Bernal (ABA...) and 1 for rhom-
bohedral (ABC...) stacking.!” The reference energy is the
Fermi level Ep, and E,=Tr(H/2N). N is the number of lay-
ers. The parameters used in the calculations were initially
taken from Ref. 17 and then optimized for agreement be-
tween experimental dI/dV spectra and calculated DOS. The
values are compiled in Table I. Note that the model Hamil-
tonian used here neglects the effect of trigonal warping.
Figures 10(a)-10(c) show a comparison of measured
dl/dV spectra from 2, 3, and 4 ML thick FLG films with the
calculated DOS. For clarity, the tight binding band structure

is also shown for k; values in the range of +0.15 A~ around
the K point in such a way that the energy scale coincides
with the scale of the bias voltage. Since trigonal warping is
neglected, the band structure is symmetric around the K
point, which is, strictly speaking, only valid at energies close
to Ep.

The case of bilayer graphene is depicted in Fig. 10(a).
Three different measurements (two on different areas of the
same sample and one from a different sample) are shown
(black lines) together with the calculated DOS (red solid
line). The DOS shows two singularities at —0.36 and
—0.24 V, which are due to the top of the upper 7 band and
the bottom of the lower 7 band, respectively. In addition, a
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TABLE I. TB parameters to reproduce measured dI/dV spectra for N=2-4 layers graphene. The errors in
the potentials E; are around *0.02 eV. Also shown are the parameters of Ohta er al. (Ref. 17).

v Ep E, E, E; E,
N (10° m/s) (eV) (eV) (eV) (eV) (eV) Y
Present work

1.06 -0.30 -0.36 -0.24 0.46
3 1.06 -0.22 -0.34 -0.16 -0.14 0.44

1.05 -0.11 -0.28 -0.10 -0.03 -0.01 0.44

Ref. 17

2 1.05 -0.30 -0.35 -0.24 0.48
3 1.06 -0.21 -0.34 -0.16 -0.14 0.44
4 1.06 -0.15 -0.37 -0.10 —-0.06 -0.05 0.44

steplike feature is observed in the DOS at 0.16 eV. This is
due to the bottom of the upper 7* band. The lower 7 band is
not seen in this energy range. In order to account for broad-
ening effects due to the lifetime of the quasiparticles as well
as inhomogeneous broadening, the DOS was convoluted
with a Gaussian of width w;=0.2 eV. The broadened DOS is
also shown in Fig. 10(a) as dashed red lines. The broadening
results in a filling of the gap and a smoothing of the singu-
larities, which shifts their maxima away from the gap. In
addition, it smears out the steplike feature caused by the
upper 7* band. Comparing the broadened DOS with the ex-
perimental spectra reveals that the main features of the
dl/dV spectrum are well reproduced. This holds, for ex-
ample, for the minimum at -0.3 eV and the peak at
—0.19 eV. The singularity at —0.36 eV, shifted to —0.40 eV,
is also apparent as a shoulder in dI/dV (see arrow). The
inflection point in the DOS due to the bottom of the second
7* band is also reproduced well after broadening at
+0.13 eV (see arrow).

Figure 10(b) displays the spectra obtained for trilayer
graphene together with a calculated DOS before and after
broadening. A level of agreement comparable to the 2 ML
case is achieved. In particular, the gap and the two flanking
singularities in the DOS are well reproduced by the various
spectra, especially the one labeled C2. Interestingly, in order
to obtain this agreement, we had to assume rhombohedral
ABC stacking. Bernal ABA stacking does not reproduce the
features of the experimental curves. The presence of rhom-
bohedral ABC stacking has recently been derived from
ARPES measurements.!” There, a coexistence of ABA and
ABC stacking was observed, which is reasonable because
ARPES averages a large area (typically =100 um?). Note
that the total energy difference between ABA and ABC
stacked trilayer graphene is very small (0.18 meV/atom),*!
so that the presence of both configurations is not surprising.
STM is a local probe and we cannot exclude that Bernal ABA
stacking is present in other regions of the sample. Finally,
Fig. 10(c) compares the experimental tunneling spectra ob-
tained for 4 ML graphene on SiC(0001) with the calculated
DOS for ABAB stacking. Again, most features of the tunnel-
ing spectra are reproduced by the simulation. Assuming dif-
ferent stacking sequences (e.g., ABCA) leads to worse agree-
ment.

As discussed above, the corrugation of the 6\5‘5 recon-
struction at the interface causes a roughness in the STM im-
ages of FLG taken at low biases, which declines with in-
creasing layer thickness. Therefore, we have generally
measured STS spectra on equally spaced points along lines
that pass through the centers of neighboring rings derived
from the 63 reconstruction of the interface. The spectra
shown in Figs. 9 and 10 are averaged over all points along
these lines. Now we want to demonstrate that the position
with respect to the interface structure has an influence on the
tunneling spectra.

Figure 11 shows 21 spectra of bilayer graphene in the
form of false color plots, which were taken on points sepa-
rated by 0.13 nm on a straight line that passes through the
centers of two adjacent minima of the interface-induced
height variation. It is evident from that figure that the tunnel-
ing spectra are quite insensitive to the exact location, espe-
cially at a bias voltage of around —110 mV, where most of
the atomically resolved images were taken. Besides the good
overall agreement between the individual spectra, we notice,
however, that the width of the gap around the Dirac point Ep,
at V;=-0.32 eV varies with position. The gap appears to be
somewhat wider at the bottom of the depression caused by
the interface structure as indicated by the horizontal arrows
in Fig. 11 at positions ~0.2 and ~2.0 nm, respectively,
whereas it appears narrower in between at ~1.2 nm, a posi-
tion that corresponds to the rim. From the data shown in Fig.
11, we estimate a difference in the gap of AE,=0.025 eV. In
the tight binding model discussed above, the magnitude of
the energy gap is given by the difference in the on-site Cou-
lomb potential E,=|E,—FE;|. We note in Fig. 11 that the
variation of the gap seems to be only on the lower energy
side. In our tight binding model, this is equivalent to a local
variation of the on-site Coulomb potential E; of the layer
closest to the substrate such that it is reduced by 25 meV in
magnitude at the rim. This change is most likely caused by
an inhomogeneous distribution of charge in the graphene
layer closest to the substrate, which, in turn, could be in-
duced by the underlying 643 interface structure. Note that
the observed spatial variation is very small compared to the
overall structure in the spectra so that the interpretation of
the spectra in terms of the DOS is still valid.

155426-7



LAUFFER et al.

(a)

PHYSICAL REVIEW B 77, 155426 (2008)

n-bands n-bands
nx-bands w#-bands nk-bands
exp. dI/dV (A1) exp. dI/dV (C1) exp. dU/dV (D1)
—_ exp. dI/dV (B) 2ML ------ exp. dI/dV (C2) 3 ML ------ exp. dl/dV (D2) 4ML
@ | exp. dI/dV (A2) cale. DOS cale. DOS
. E caleePOS Jl |- calc. DOS broadened o calc. DOS broadened
=5 | calc. DOS broadened
= |
<
~
wn
o
A
>
=
<
—
o
0.0 4 ————————————— e
-0.6 -0.3 0.0 0.3 -0.6 -0.3 0.0 0.3 -0.6 -0.3 0.0 0.3

sample bias (V)

sample bias (V)

sample bias (V)

FIG. 10. (Color) (a) Experimental dI/dV curves (black) of FLG films with 2 ML thickness together with the calculated DOS (red) before
(solid) and after (dashed) Gaussian broadening with wg;=0.2 eV. The top panel shows the details of the band structure at the K point. [(b)
and (c)] Same as (a) for d=3 and 4 ML, respectively. For details about the calculation, see text. Corresponding features in the broadened

DOS and experimental dI/dV spectra are marked by arrows.

IV. CONCLUSION

In the present work, we have used STM and STS at a
temperature of 80 K to study the atomic and electronic struc-
tures of FLG films on SiC(0001). The FLG films grown on

sample bias [V]
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images taken at this bias

FIG. 11. (Color) Spatially resolved STS spectra of 2 ML
graphene on SiC(0001) in a color scale image. The positions corre-
sponding to minima in the interface-induced height variation and to
the maximum in between are indicated by arrows on the right hand
side and are labeled depression and rim, respectively. The vertical
dashed line indicates the bias voltage at which atomically resolved
images were taken.

SiC(0001) are situated on top of the 63 reconstruction,
which induces long-periodic height variations. The latter are
visible in the STM images in addition to the corrugation
caused by the graphene lattice. The interface-induced rough-
ness exponentially decreases with FLG thickness in a repro-
ducible way, which has been used to quantify the number of
layers. In atomically resolved images, monolayer graphene
appears as hexagons and multilayer graphene as a triangular
array of protrusions, in agreement with previous reports.?>%’
However, we have also observed areas of bilayer graphene
where the image does not show the expected triangular array
of protrusions. Unexpectedly, these areas rather resemble the
monolayer case. As a possible explanation, we propose a
change of stacking underneath the top layer. Thus, the iden-
tification of the layer thickness (monolayer vs multilayer)
based exclusively on the appearance of the STM image alone
is inadequate. As an additional tool, we propose to use the
thickness dependence of the interface-induced roughness as
quantified here.

Steps in the SiC substrate were observed by STM, which
were covered by FLG without interrupting the graphene
structure or any sign of defects. The observation sheds a
different light on the growth mechanism of FLG on
SiC(0001) in that it strongly supports a scenario where new
graphene layers are formed below rather than above the al-
ready existing ones.

STS on monolayer graphene was observed to show little
agreement with results obtained using ARPES.!*16:17:21 We
propose that the tunneling from the underlying 643 interface
layer, which was observed to have occupied states in the
energy range around the Dirac point E, of monolayer
graphene,'®? obscures the tunneling spectra. A full interpre-
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tation of this part of the spectrum in terms of the graphene
band structure similar to the multilayer case thus could not
be achieved. Clearly, more work is required to fully under-
stand the tunneling spectrum of monolayer graphene on
SiC(0001).

The tunneling spectra of FLG show local minima at ener-
gies close to those of the Dirac point observed by
ARPES.'416:1721 We achieve a close match between struc-
tures in the tunneling spectra and the density of states calcu-
lated for 2, 3, and 4 ML graphene by using a simple tight
binding approach. The spectra thus serve as additional fin-
gerprints for the thickness of the graphene layers. A compari-
son of tunneling spectra of bilayer graphene obtained above
different loci of the interface structure reveals a slight depen-
dence of the band gap energy on the position. The variation
of the band gap is consistent with a spatial variation in the

PHYSICAL REVIEW B 77, 155426 (2008)

on-site Coulomb potential E; of the layer closest to the sub-
strate, indicating an inhomogeneous charge transfer. The lat-
ter should be caused by local variations of the potential of
the 63 interface structure. We propose that this inhomoge-
neous potential and charge distribution could have an influ-
ence on the transport properties of epitaxial graphene and
FLG on SiC(0001).
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