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We report measurements of the electronic structure and surface morphology of exfoliated graphene on an
insulating substrate using angle-resolved photoemission and low-energy electron diffraction. Our results show
that, although exfoliated graphene is microscopically corrugated, the valence band retains a massless fermionic
dispersion with a Fermi velocity of �106 m /s. We observe a close relationship between the morphology and
electronic structure, which suggests that controlling the interaction between graphene and the supporting
substrate is essential for graphene device applications.
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Since its recent experimental realization,1 graphene has
been the subject of intense research interest primarily be-
cause of its unusual electronic transport properties. Its unique
conical valence and conduction bands—termed Dirac
cones—mimic the dispersion of relativistic massless
fermions.2 This leads to intriguing new transport
phenomena—for example, a half integer quantum Hall effect
and Berry’s phase have recently been discovered in exfoli-
ated graphene.3,4 However, due to limitations in the size of
exfoliated graphene flakes, previous experimental investiga-
tions of the valence band of graphene have been carried out
on layers grown epitaxially on substrates such as SiC,5–7

Ni,8,9 and Ru.10 Although epitaxial graphene shares many of
the same physical properties as exfoliated graphene, it is not
a true self-supporting two-dimensional �2D� crystal, but is
intrinsically bound to the substrate. Graphene grown on SiC
is modified by interaction with the substrate,11–13 which may
have an effect on its measured electronic properties. Addi-
tionally, graphene samples grown on SiC are not uniform;
rather, they consist of disconnected domains several hundred
nanometers in size, each differing in thickness.11–13 On the
other hand, graphene sheets cleaved from bulk graphite are
high quality, uniform in thickness, and are true 2D crystals,
capable of maintaining crystalline order without a supporting
substrate. Exfoliated graphene on SiO2 is the system of
choice for the majority of transport experiments as it is rela-
tively easy to gate and has shown the most interesting elec-
trical transport properties. However, given the small size of
currently available samples, microscopic probing techniques
are required to study these sheets. Here, we report measure-
ments of the surface morphology and electronic structure of
exfoliated graphene on SiO2 using microspot low-energy
electron diffraction ��LEED� and microspot angle-resolved
photoemission spectroscopy ��ARPES�. Our diffraction
measurements show that monolayer and multilayer graphene
sheets are not atomically flat, but microscopically corru-
gated. Our photoemission measurements confirm that the

electronic dispersion is linear in the vicinity of the Dirac
point with a Fermi velocity of �106 m /s.

Graphene samples were extracted by micromechanical
cleavage from Kish graphite crystals �Toshiba Ceramics,
Inc.� and placed onto a SiO2 on Si substrate as described in
Ref. 1. Graphene sheets with lateral sizes as large as 50 �m
were placed in contact with Au grounding stripes via thermal
deposition through a metal shadow mask. The graphene lay-
ers were characterized with low-energy electron microscopy
�LEEM� before investigation with �ARPES and �LEED.
The experiments were performed in UHV conditions at the
Nanospectroscopy beamline in use at the Elettra Synchrotron
facility in Trieste, Italy. This instrument reaches a lateral res-
olution of less than 40 nm in imaging modes. Momentum
and energy resolution for �ARPES experiments were
0.019 Å−1 and 300 meV, respectively, at incident photon en-
ergies of 90 and 84 eV. �ARPES and �LEED measurements
were restricted to regions of 2 �m in diameter. X-ray pho-
toemission electron microscopy �XPEEM� with 403-eV pho-
tons was employed to examine the graphene sheets for im-
purities that may have been introduced in the preparation
procedure. Traces of Au contamination were identified only
in the immediate proximity ��5 �m� of the Au stripes �see
Fig. 1�. All �LEED and �ARPES experiments were re-
stricted to areas of graphene that were not contaminated by
Au deposition.

LEEM was used to locate sample areas of interest and
determine film thickness. Figure 1 compares optical micros-
copy and LEEM images of a typical sample. The gray bands
in the LEEM image correspond to graphene regions of dif-
ferent layer thickness. The observed difference in contrast is
due to a quantum-size effect resulting from the interference
between electron waves scattered at the surface and at the
interface with the substrate. The positions and number of the
maxima and minima in the electron reflectivity as a function
of electron energy allow the identification of the exact film
thickness13–16 �details will be presented elsewhere�. The
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sample-layer thickness was independently confirmed by
micro-Raman measurements.17–19

The crystalline structure of the samples was investigated
using �LEED. As shown in Fig. 2, the Gaussian width of the
primary and secondary �LEED peaks increases with de-
creasing film thickness, reaching a maximum for monolayer
graphene. A natural explanation for this phenomenon is that
thin graphene sheets conform to an undulating SiO2 surface,
while thicker sheets are stiffer and less likely to follow the
contours of the substrate. Additionally, we note that the
width of the diffraction spots increases linearly with k �see
Fig. 2�f��, where k is the total momentum of �LEED elec-
trons, related to incident electron energy by k=�2meEkin.
This implies a constant angular spread in the direction of
reflected �LEED electrons, which is further evidence to sug-
gest that the surface of the graphene layers is microscopi-
cally corrugated. Point defects such as missing carbon atoms
or contaminants adsorbed on the graphene surface would not
produce such broadening of the �LEED peaks, while struc-
tural defects that divide regions shifted by fractional lattice
vectors would result in broad �LEED spots with typical non-
monotonic electron energy dependence �in contrast with our

observations�. If we make the simplifying assumptions that
the corrugation of the graphene sheets is random and that the
length scale of the ripples is larger than the transfer width of
our �LEED apparatus, we may model our data as an inco-
herent sum of �LEED intensities over multiple domains with
different local surface normals. Assuming a Gaussian distri-
bution for the local surface normal, the standard deviation,
��norm, can be readily obtained using a simple trigonometric
relation,

��norm �
1

2

��k�

�2meEkin

, �1�

where �k� is the Gaussian width of the central diffraction
maximum. Application of the above formula to the �LEED
peaks shown in Fig. 2�e� results in a ��norm of 6.1° �0.5°
for monolayer graphene and 2.4° �0.5° and 1.7° �0.5° for
bilayer and trilayer graphene, respectively. These results are
in accord with measurements of the same quantity by scan-
ning tunneling microscopy and electron diffraction,20–23 as
well as recent transport measurements, which indicate that
ripples in graphene samples supported by SiO2 play a sig-
nificant role in transport properties.24

In the standard tight-binding model, the theoretical disper-
sion of graphene valence-band electrons is given by25

E�k� = − t�1 + 4 cos��3aky/2�cos�akx/2� + 4 cos2�akx/2� ,

�2�

where t is the nearest-neighbor hopping energy and a is the
lattice constant. This equation yields a nearly linear disper-
sion relation in the vicinity of EF—electrons mimic massless
particles, traveling at a fixed speed of �106 m /s. �ARPES
directly probes this dispersion. We collected �ARPES data
from graphite flakes and monolayer graphene sheets over the
first Brillouin zone from 1 to −10 eV �referenced to EF�. The
angle-integrated graphene and graphite spectra are shown in
Fig. 3�a�. Comparing the two we note that, although the
overall features are similar, the graphene spectrum is shifted
toward higher binding energy by �300 meV, an effect that
we attribute to charging of the SiO2 substrate by photoion-
ization from the incident UV beam.

Angle-resolved graphite and graphene spectra are shown
in Figs. 3�b� and 3�c�, respectively, for three principal
Brillouin-zone directions: �M, MK, and K�. The angle-
resolved graphite spectrum is in accord with prior measure-

FIG. 1. �Color online� �a� Optical microscopy
image of monolayer and multilayer graphene
samples �contrast enhanced�. �b� LEEM image of
the same sample. Numbers indicate graphene
thickness in monolayers �ML�. �c� XPEEM im-
age of Au 4f 7/2 core level taken at edge of Au
wire on graphene. �d� Intensity profile along red
dashed line in �c�.

FIG. 2. �Color online� �a�–�d� Graphite, trilayer, bilayer, and
monolayer graphene �LEED patterns at 42 eV, respectively. �e�
Intensity profiles of central diffraction maximum from �a�–�d�.
Numbers indicate thickness in ML. �f� Gaussian width of central
diffraction maxima as a function of k.
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ments of the graphite band structure.26,27 The degraded ap-
pearance of the angle-resolved monolayer spectrum is due,
primarily, to the undulations of the graphene layer, which
produce broader photoemission features than the atomically
flat graphite flakes. Additionally, the monolayer graphene
film is nearly transparent to UV photons and SiO2-emitted
photoelectrons at these energies.28 Thus, our measured
graphene photoemission spectrum contains a nondispersive
SiO2 peak at −7 eV; this feature is in accord with previous
measurements of the amorphous SiO2 band structure.29 De-
spite the relatively large width of the photoemission features
and the presence of SiO2 photoelectrons, we are able to map
out accurately the monolayer dispersion within 5 eV of the
Fermi level due to the large band gap of the SiO2 substrate.
For each of the three principal Brillouin-zone directions
noted above we obtained momentum distribution curves
�MDCs� at 100-meV intervals. These were each fit with a
single Gaussian peak with a maximum uncertainty in posi-
tion of 0.015 Å−1. The peak positions are indicated by blue
circles in Fig. 3�c�.

In addition, MDCs taken along principal Brillouin-zone
directions passing through the K point for both graphite and
graphene are shown in Fig. 4. For the case of graphite, we
display the negative second derivative �to enhance the inten-
sity of the peaks� of a spectrum taken vertically through the
K point. In this case the photon energy was adjusted to 84
eV, which results in a perpendicular momentum of kz
�0.05 c� within the graphite bulk, where c� is the graphite
reciprocal-lattice vector associated with the perpendicular di-
rection �kz was calculated using the standard free-electron
approximation of the �ARPES final state30�. At this kz, we
access the K point of the three-dimensional �3D� graphite
Brillouin zone, which allows us to resolve the parallel dis-
persing branches representing the split � band associated
with the two inequivalent graphite sublattices. In contrast,
the graphene MDCs did not display any dependence on pho-
ton energy and were always well fit by a single peak, as
expected, since a monolayer graphitic lattice is expected to
have a degenerate spectrum with only one dispersing peak.
The graphene spectrum shown in Fig. 4�c� was taken in the
horizontal or �K direction through the K point. In this direc-
tion only a single dispersing branch of the Dirac cone is

visible due to a photoemission interference effect.27

Note that the graphene MDCs are significantly wider than
the graphite MDCs. In conventional ARPES as well as
�ARPES experiments, the MDC width can normally be re-
lated to the imaginary part of the complex self-energy,
Im�	�k��, of charge carriers in the crystal.31–33 However, in
our experiment there are contributions to MDC width that
are unrelated to Im�	�k��. The first is interaction with
charged impurities in the SiO2 substrate, which results in a
local shift in the chemical potential of the graphene
sheet—an excess of electrons or holes often called a “charge
puddle.” 34,35 Since the lateral scale of these puddles is
�100 nm,35 our photoemission results �collected over
�2 �m� average over many such fluctuations, causing a
broadening in energy space of our photoemission features.
The corresponding broadening in k space is then given by
�k� =�E /�vF. �E is estimated to be �100 meV �Refs. 34
and 35�; from this we obtain �k� =0.015 Å−1, which is a
small contribution to the total MDC width of 0.47 Å−1.

However, undulations on the graphene surface are respon-
sible for the majority of MDC broadening. As with our
�LEED results, our �ARPES measurements sample many
tilted domains since the characteristic length scale for the
ripples is two orders of magnitude smaller ��10 nm� �Ref.
22� than our photoemission region ��2 �m�. Although the
electron phase coherence length in graphene is expected to
be longer than the length scale for surface undulations, we
will again model our �ARPES results as an incoherent sum
over multiple domains and use Eq. �1� to estimate ��norm
from the spread in k�. For electrons photoemitted from the
Fermi level Ekin�86 eV and the fits in Fig. 4�e� provide

FIG. 3. �Color online� �a� Angle-integrated photoemission inten-
sity for graphite �red� and graphene �blue�. �b�,�c� �ARPES inten-
sity along principal Brillouin-zone directions for graphite and
graphene, respectively. h
=90 eV. Blue circles in �b� represent
peak positions obtained from Gaussian fits to MDCs. �Brillouin-
zone symmetry-point labels are valid for a 2D approximation of the
graphite Brillouin zone.�

FIG. 4. �Color online� �a� 2D graphite/graphene Brillouin zone,
red dotted arrows, and blue solid arrows indicate vertical and hori-
zontal directions through K point, respectively. �b� Negative second
derivative of graphite �ARPES intensity through K point along
vertical direction. h
=84 eV. Inset shows intensity along dotted
white line. �c� Graphene �ARPES intensity through K point along
horizontal direction. h
=90 eV. All MDCs have been normalized
to the same height. Blue circles represent peak positions from MDC
fits. Dotted green line represents theoretical Fermi velocity. �d� The-
oretical valence-band dispersion of graphene using Eq. �2�. Red
lines indicate first Brillouin-zone boundary. �e� Red lines represent
MDCs taken from above graph. Blue lines represent best fit Gauss-
ian peaks. �Note: All parallel momenta are referenced to K point.�
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�k� =0.47�0.03 Å−1, which yields ��norm=3°. This value
for ��norm is comparable to, although smaller than, that cal-
culated from the �LEED data. The discrepancy is likely due
to the simplifying assumption that �ARPES intensities from
multiple tilted domains add incoherently.

Despite the broadening of photoemission features de-
scribed above, it is possible to measure accurately the elec-
tronic dispersion near the K point and determine the Fermi
velocity. Graphene MDCs taken at regular energy intervals
in the horizontal direction were fit with a single Gaussian
peak �see Fig. 4�e��. With no constraints on the fitting param-
eters, the uncertainty in the position of the peaks was less
than 0.006 Å−1 and the uncertainty in width was less than
0.01 Å−1. Additionally, the width in momentum space was
very consistent from peak to peak, independent of energy
�0.47�0.03 Å−1�. In the vertical direction through the K
point, we observed two symmetric dispersing peaks, as ex-
pected. However, since the separation between peaks in the
vertical direction was small compared to the total width of
the individual peaks �also �0.5 Å−1�, analysis of the disper-
sion in the horizontal direction, where only a single dispers-
ing peak is observed, is the most straightforward way to
determine the Fermi velocity. Since our �ARPES system
measures the entire first Brillouin zone a single scan contains
information about all six Dirac points in the first zone. Av-
eraging the results from all K points we obtain a measured
Fermi velocity of 1.09�0.15�106 m /s, in very good
agreement with the theoretical prediction.

In summary, we have used spectromicroscopy to probe
the surface morphology and electronic structure of exfoliated
single-layer and multilayer graphene on a micron scale. Our

�LEED results show that the characteristic graphite hexago-
nal lattice structure is maintained up to the single layer.
However, electron diffraction is degraded by undulations of
the graphene surface. An estimate of the standard deviation
of the surface normal can be obtained from an analysis of the
�LEED data—our result is comparable to recent measure-
ments of the same quantity.20–24 Photoemission measurement
of the valence band of monolayer graphene is possible due to
the large band gap of the SiO2 substrate. The MDC widths of
graphene peaks are larger than those of comparable features
on graphite, an effect that is attributed to undulations of the
graphene layer. Nonetheless, an accurate measurement of the
electronic dispersion near EF is possible. Our data show
clearly that the band structure of exfoliated graphene is well
described by the standard one-orbital tight-binding model,
which predicts a linear dispersion relationship near the K
point. A greater theoretical understanding will be necessary
to extract Im�	�k�� from the MDC widths as undulations of
the graphene layer obscure this quantity. Additionally, further
experimental work will be necessary to understand the effect
of the SiO2 substrate on these undulations.
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