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Abstract
We review our research towards single-crystal growth of epitaxial few-layer graphene (FLG)
on SiC substrates. We have established a method for evaluating the number of graphene layers
microscopically using low-energy electron microscopy. Scanning probe microscopy in air is
also useful for estimating the number-of-layers distribution in epitaxial FLG. The
number-of-layers dependence of the work function and C1s binding energy is determined
using photoelectron emission microscopy. We investigate the growth processes of epitaxial
FLG on the basis of the microscopic observations of surface morphology and graphene
distribution. To gain insights into the growth mechanism, we calculate the SiC surface
structures with various C coverages using a first-principles scheme. Uniform bilayer graphene
a few micrometres in size is obtained by annealing in UHV.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Graphene is a two-dimensional sheet of sp2-bonded carbon
atoms in a honeycomb lattice [1]. Although graphene is
a building block of zero-dimension-like fullerene [2], one-
dimension-like carbon nanotube [3] and three-dimensional
graphite and has long been a subject of theoretical
investigations [4], graphene was only recently discovered,
in 2004 [5]. Since then, graphene research has explosively
increased, largely due to graphene’s extraordinary electronic
transport properties. The π electrons originating from
the pz orbitals of carbon atoms form the electronic band
structure near the Fermi level. The π and π∗ bands display
linear dispersion crossing at the K point, the corner of the
hexagonal Brillouin zone. The crossing point, called the
Dirac point, is located at the Fermi level in neutral graphene.
Besides, the graphene unit cell has two carbon atoms, which
leads to the concept of pseudo-spin. The linear dispersion
means that the charge carriers lose their effective mass,
and their motion is therefore governed by the Dirac-like
equation rather than the Schrödinger equation. Such special
electronic properties provide various fascinating transport
properties, such as a half-integer quantum Hall effect [6, 7],
an ambipolar field effect [6, 7], huge carrier mobility (up to
230 000 cm2 V−1s−1, measured at low temperatures [8–10],

and 200 000 cm2 V−1s−1, predicted at room temperature [11])
and ballistic transport up to room temperature [12]. In
addition to monolayer graphene, few-layer graphene (FLG) is
of scientific as well as technological importance. For example,
bilayer graphene displays an anomalous integer quantum Hall
effect [13] and creates a band gap when an external electric
field is applied [14].

In addition to its superior electronic transport properties,
compatibility with the standard lithographic techniques makes
FLG promising as a future electronics material. FLG, whose
transport properties have been studied, has been produced
mainly by exfoliating graphene flakes from bulk graphite and
depositing them on the SiO2/Si substrate [5]. The number of
layers in such FLG on the 100 nm or 300 nm thick SiO2/Si
substrates can be identified even in optical microscope images
[15], and device structures can be easily fabricated. Exfoliated
FLG has high structural quality and can now reach millimetre
size [1]. In general, however, the size is too small and the
productivity too low for practical applications. Nevertheless,
the exfoliation method is suitable for basic physics and device
demonstrations.

For large-scale production of FLG, methods of growing
it epitaxially on other substrates are attracting intense interest.
Two types of growth methods are currently being investigated
actively. One approach is to grow FLG on metal substrates by
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chemical vapour deposition [16]. Because the metal substrate
is conducting, electronic device applications require the grown
FLG to be transferred to the other insulating substrates, which
has already been successfully demonstrated by some groups
[17–20]. The transferred FLG exhibits carrier mobility of
up to 4000 cm2 V−1s−1 [19, 20]. However, poly-crystalline
metal substrates easily lead to structural imperfections, such
as thickness distribution and rotational domains. The high cost
of single-crystalline metal substrates could be an obstacle to
industrialization of this method.

The other approach is to grow FLG on SiC by thermal
decomposition [21–23], a long-known phenomenon that is
drawing more attention than ever due to the interest in FLG.
Many review articles have already been published about
FLG grown on SiC [24–27]. Because SiC is a wide-band-
gap semiconductor, FLG on SiC can serve as a graphene
substrate for electronics applications. Two polar surfaces,
SiC(0 0 0 1) and SiC(0 0 0 1̄), have been intensively studied for
FLG growth. Bulk-terminated SiC(0 0 0 1) and SiC(0 0 0 1̄)

surfaces have Si and C atoms on top and are usually called
Si and C faces, respectively. The polarity strongly influences
their surface structure changes. On 6H–SiC(0 0 0 1), UHV
annealing in the range of 1000–1050 ◦C transforms the 3 × 3
structure, which consists of Si adclusters on a planar Si adlayer,
to the

√
3 × √

3 structure, in which Si adatoms occupy
the T4 sites on the SiC substrate [22, 27]. Successive heat
treatments above 1080 ◦C induce the gradual development
of the 6

√
3 × 6

√
3 low-energy electron diffraction (LEED)

pattern, and multilayered graphite is formed after annealing
at 1400 ◦C [22]. The 6

√
3 × 6

√
3 LEED spots are visible

even after the graphene growth, indicating that the 6
√

3×6
√

3
reconstruction is preserved at the interface between the FLG
and the substrate. On the other hand, it has been reported that
the 2 × 2Si, 3 × 3, 2 × 2C and graphite 1 × 1 structures appear
on 6H–SiC(0 0 0 1̄) upon heating, with the 2 × 2C structure
appearing just in a small temperature region and in coexistence
with the 3 × 3 and 1 × 1 structures [26–29]. Several graphene
layers grow at an annealing temperature as low as 1150 ◦C [28].

There are also some differences in the properties of FLG
grown on the Si face and the C face. It is easier to control
the thickness of FLG on the Si face [30]. As for the C face,
graphene layers in multilayer form are rotationally disordered
[21], which causes the linear dispersion near the K point to be
retained in multilayer graphene [31]. The carrier mobility in
multilayer graphene on the C face is as high as that of exfoliated
graphene [32–34], but the short screening length in FLG
would make it difficult to control the carrier concentrations
by applying an external field. On the other hand, FLG grows
epitaxially on the Si face, and, owing to the interactions
between it and the substrate, the epitaxial FLG is electron
doped and forms a semiconductor gap [36, 37]. The field
effects in this FLG have already been demonstrated [38–40].
Therefore, epitaxial FLG grown on the Si face seems more
promising for electronics applications. However, it so far has
low mobility, typically 2000 cm2 V−1s−1 [41], and quantum
Hall effects have never been demonstrated.

Figure 1 shows some microscopy images of epitaxial
FLG we have obtained [42]. Uniform bilayer graphene
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Figure 1. (a) LEEM, (b) cross-section TEM and (c) UHV-STM
images of epitaxial FLG grown on 4H–SiC(0 0 0 1) surfaces. The
start voltage of the LEEM image was 2.5 V. The sample bias of the
STM image was 0.22 V. Numbers in the figures denote the number
of layers. Linear contrast in (a) corresponds to the substrate steps.
The dark spot indicated by the white circle in (a) is the defect in the
microchannel plate. In (c), the fine mesh corresponds to the
graphene lattice, and roughness in a longer length scale originates
from the interface 6

√
3 × 6

√
3 structure. (Colour online.)

reaches several micrometres square. The top graphene layer is
continuous across the substrate steps and boundaries between
areas with different numbers of graphene layers [42, 43].
The top layer should cover the whole surface continuously.
Furthermore, the graphene always has an epitaxial relationship
with the substrate. Currently, we can commercially obtain
4 inch SiC wafers, and the SiC wafer technology is rapidly
advancing because of their use as substrates for nitride
LEDs and lasers and SiC power transistors. We expect that
single-crystal FLG wafers produced by simply annealing SiC
substrates will become a basis of large-scale integration of
graphene devices.

However, there are still many problems to be solved before
epitaxial FLG on the Si face can be used industrially. The
epitaxial FLG we have obtained so far still has thickness
distribution. Because the electronic properties of FLG
depend on its thickness, we have to establish a reproducible
way of growing wide, uniform FLG with the desired
thickness. For this purpose, a technique for evaluating
the number of graphene layers microscopically should be
developed. An understanding of the evolutions of the thickness
distribution would make it possible to clarify the growth
processes of epitaxial FLG and optimize the growth conditions.
Understanding the growth mechanism is also essential for
precise thickness control. Further, we also need to determine
how the SiC substrate influences the electronic properties of
FLG, which could clarify the reason for the lower mobility
of epitaxial FLG on the Si face and apparent absence of the
quantum Hall effects. The mobility of epitaxial FLG grown on
the Si face should be improved for high-frequency operations.
Switching operations require the band gap to be incorporated.
We believe an understanding of the influences could also lead
to the control of the electronic and transport properties.

2
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2. Experimental

Nominally flat 6H–SiC(0 0 0 1), 4H–SiC(0 0 0 1) and 4H–
SiC(0 0 0 1̄) wafers were used to grow epitaxial FLG. The
6H–SiC(0 0 0 1) and 4H–SiC(0 0 0 1̄) wafers were n-type,
N-doped with the resistivity less than 1 � cm and the 4H–
SiC(0 0 0 1) wafers were n-type or semi-insulating (>1 ×
105 � cm). The FLGs we investigated were all grown
by UHV annealing in a commercial low-energy electron
microscopy (LEEM) instrument (Elmitec LEEM III). Before
the samples were introduced into the UHV through the load
lock, the 6H–SiC(0 0 0 1) and 4H–SiC(0 0 0 1) samples had
been chemically cleaned and the 4H–SiC(0 0 0 1̄) samples
had been annealed in ambient H2 at high temperatures. The
samples were annealed by electron-beam bombardment from
the backside. The sample temperatures were measured using
a WRe thermocouple welded to the sample holder. The base
pressure of the LEEM was less than 5 × 10−11 Torr, and
the pressure during the graphitization was occasionally even
higher than 1 × 10−8 Torr. In the LEEM instrument, low-
energy electrons with the typical energy of a few electronvolts
hit the surface and the backscattered electrons produce not only
a real-space image, but also a diffraction pattern [44].

We also obtained photoelectron emission microscopy
(PEEM) images of epitaxial FLG grown on 6H–SiC(0 0 0 1)
using a spectroscopic photoemission and low-energy electron
microscopy (SPELEEM) instrument (Elmitec LEEM III with
an energy analyzer) at BL17SU of SPring-8 [45]. The epitaxial
FLG samples grown in the LEEM were taken out of vacuum
and were transferred to the SPELEEM chamber in air. After
introducing the samples into the UHV, we annealed them
at about 500 ◦C to remove adsorbates. SPELEEM can be
operated in image, diffraction or dispersion modes by changing
the lens parameters. Under the photon irradiation, we obtained
PEEM images and emission patterns of photoelectrons in
the image and diffraction modes, respectively [46]. The
dispersion mode enabled us to directly image the dispersion
plane of the energy analyzer on the screen. The photoelectron
intensity on the dispersion plane was directly converted to the
photoelectron spectroscopy (PES) spectra. The PES spectra
were also obtained microscopically from the sequential PEEM
images at different energies. All the PEEM images in this
paper were obtained under irradiation by monochromatized
synchrotron radiation at the energy of 400 eV.

In addition to the LEEM and SPELEEM instruments,
we used various surface science techniques to characterize
epitaxial FLG. The sample surface morphologies were
measured ex situ using commercial atomic force microscopy
(AFM) instruments (Veeco Nanoscope III and Seiko E-sweep).
We also measured surface conductivity maps by using a
Pt nanogap electrode with a 30 nm gap integrated on the
cantilever tip of a scanning probe microscope (SPM) [47–49].
The gap current was measured while scanning the surface
with the integrated nanogap probe in the contact AFM
mode, which enables us to measure the conductivities of
nanometre-scale conductive islands distributed on insulating
substrates. A commercial scanning tunnelling microscopy
(STM) instrument (Omicron VT-STM) was used to investigate

atomic structures of FLG. Cross-sectional transmission
electron microscopy (TEM) images were also obtained to
visualize the layer structures of epitaxial FLG.

3. Microscopic evaluations of number of graphene
layers

There are many choices for evaluating the number of graphene
layers in epitaxial FLG. Auger electron spectroscopy [24, 32]
and x-ray photoelectron spectroscopy [29, 50] have often
been used for this purpose, but the reliability of these
techniques based on the Si/C intensity ratio could suffer
from inaccurate knowledge of the inelastic mean free path of
electrons. LEED intensity spectra also have the potential to be
used as fingerprints for thickness determination [27, 51, 52],
but the accuracy has not been examined. The number
of graphene layers in FLG can be determined digitally
from the band structure measured using angle-resolved
photoemission spectroscopy (ARPES) [27, 36, 37, 53, 54].
However, all of these methods provide only spatially averaged
information. Recently Raman spectroscopy, which offers
a much smaller beam diameter, has been applied for the
thickness determination by many groups [55–60]. However,
there seems to be no consensus about how the number of
layers is determined from the spectra. Finally, UHV STM
can tell us the number of layers from the scanning tunnelling
spectroscopy (STS) spectra and from roughness induced by
the interface 6

√
3 × 6

√
3 structure [43, 61, 62]. However, the

thickness evaluations using STM is rather time-consuming and
uncontrollability of the tip conditions is always problematic
in obtaining STS spectra and interface-induced roughness
reproducibly.

A reliable microscopic technique for evaluating the
number of graphene layers in epitaxial FLG is a starting
point for clarifying the growth mechanism and optimizing the
growth conditions. We have demonstrated that the number
of graphene layers can be digitally counted from the quantized
oscillation in the energy dependence of the electron reflectivity
[63–65]. Figure 2 shows LEEM images of the 4H–SiC(0 0 0 1)
sample graphitized by annealing at 1450 ◦C. These are bright-
field images obtained using the (0,0) beam. In our LEEM
instrument, the electron gun and sample were biased at around
20 kV. The bias difference between the electron gun and the
sample is normally called the start voltage, and the start voltage
multiplied by the electron unit charge is roughly equal to the
electron-beam energy. The start voltages are (a) 2.5, (b) 3.5
and (c) 4.5 V. These images show that the image intensity
levels in different regions change with the energy in different
manners. Figure 3(a) shows the start voltage dependence
of the image intensity levels (secular reflectivity of electrons
in normal incidence) in areas A–H between 0 and 50 V.
Figure 3(a) shows two oscillatory behaviours with long and
short periods. The short-period oscillations are clearly visible
only between 0 and 7 V. Strocov and co-workers revealed
using very-low-energy electron diffraction and first-principles
calculations that the band structure of bulk graphite explains
the long-period oscillation [66, 67]. Figure 3(b) shows an
electronic band structure in the �–A direction calculated using
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Figure 2. (a)–(c) LEEM images of the 4H–SiC(0 0 0 1) sample
graphitized by annealing at 1450 ◦C. The start voltages were (a) 2.5,
(b) 3.5 and (c) 4.5 V. (d) Thickness distribution determined by
reflectivity oscillations. (Colour online.)

a first-principles method [68, 69], where the electron energy is
measured from the Fermi level. The low-reflectivity windows
correspond well to the dispersive unoccupied bands.

The overall low reflectivity below 7 eV is also due to the
unoccupied electronic band in the �–A direction. However,
bulk graphite has continuous electronic bands in the �–A
direction, but these bands split into discrete energy levels in
FLG. Considering FLG as a potential well, these states are
nothing but quantum-well resonant states. When the energy
of incident electrons coincides with one of the discrete energy
levels, the electrons resonantly transmit through FLG, resulting
in dips in the reflectivity. The number of graphene layers could
be counted directly as the number of dips in the reflectivity,
indicating that areas A–H should be, respectively, 1–8 layers
of graphene, as shown in figure 2(d). To verify this counting
method, the discrete energy levels were obtained using the
band structure calculated based on the first-principles scheme
and the quantized condition 2k(m + 1)a = 2πn, where k

is the wave number, m is the number of graphene layers, a

is the interlayer distance and n is an integer. Figure 3(c)
shows a reflectivity map as a function of the start voltage and
the number of graphene layers. Calculated energy levels are
indicated by the diamonds in figure 3(c) and reproduce the dip
positions very well.

We believe that LEEM is so far the best technique
for evaluating the thickness distribution in epitaxial FLG.
However, recently wide monolayer graphene has been obtained
by annealing in an Ar atmosphere [41, 70]. Evaluating the
number of layers in the ex situ grown FLG using LEEM is rather
elaborate, because LEEM is operated in a UHV. Therefore, we
also explored more convenient thickness evaluation methods.
Figure 4 shows dynamic AFM images of FLG formed on
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Figure 3. (a) Reflectivity data obtained from areas A–H in figure 2
plotted as a function of the start voltage. The reflectivity curves
from areas A–H are successively shifted upwards for clarity. (b) The
electronic band structure of bulk graphite in the �–A direction
calculated using the first-principles method. (c) Reflectivity map as
a function of the start voltage and number of graphene layers.
Calculated energy levels are indicated by the diamonds. (Colour
online.)

4H–SiC(0 0 0 1), where (a) and (b) are height and phase
images, respectively. The same area imaged by LEEM is
shown in figure 4(c), where the numbers of graphene layers
are indicated. The height image includes several regions
different in height and does not seem suitable for the number-
of-layers determination. On the other hand, a comparison
between the AFM phase and the LEEM images indicates that
areas with different numbers of graphene layers are clearly
discriminated in the AFM phase image. It has already been
reported that AFM phase images can be used to discriminate
between the 6

√
3×6

√
3 and graphene regions [49]. The AFM

phase image in air provides information about the number
of graphene layers. We do not understand why the AFM
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Figure 4. (a) and (b) Dynamic AFM images of FLG grown on
4H–SiC(0 0 0 1). (a), (b) Height and phase images, respectively.
(c) LEEM image of the same area. The start voltage was 5 V. The
dark spot indicated by the white circle is the defect in the
microchannel plate. (Colour online.)

phase image can discriminate between areas with different
numbers of graphene layers. We suppose that the adsorbates
are keys to understanding the reason, because the AFM phase
contrast disappeared when the atmosphere was evacuated.
AFM in air could be a convenient way to microscopically
determine the number-of-layers distribution in FLG. However,
the phase contrast strongly depends on the tip conditions and
is sometimes even reversed during the scanning. The AFM
phase images should therefore be treated as supplemental
information.

We have also demonstrated that monolayer and bilayer
graphene islands can be clearly distinguished in conductance
images obtained using the integrated nanogap probe [49].
Figure 5(a) shows a gap current image of a sample on which
monolayer and bilayer graphene islands are locally distributed
near the step edges. Nanometre-scale graphene islands are
clearly visible in the gap current image. The bright region
in figure 5(a) shows a highly conductive area and is very
similar in shape and size to the graphene islands observed
on the same sample by LEEM and AFM. The conductance
in each island is almost constant for most of the islands. The
measured average current for each island is plotted against
the area of each island in figure 5(b). The results clearly
show that the graphene nanoislands can be classified into
two groups. The distribution and area coverage of graphene
islands classified into lower and higher conductance groups
correspond well to monolayer and bilayer islands in the LEEM
images, indicating that nanoislands with lower and higher
conductivities are monolayer and bilayer thick, respectively.
The size dependence of the conductance of the nanoislands
in figure 5(b) also suggests the band gap opening due to the
lateral confinement effect [71].
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Figure 5. (a) Gap current image of monolayer and bilayer graphene
islands obtained using the integrated nanogap probe. (b) The
average current for each island plotted against the area of each
island. (Colour online.)

Next, we investigate FLG grown on 4H–SiC(0 0 0 1̄) [64].
Figure 6 shows a LEED pattern, LEEM image at 3.0 V,
and ex situ AFM image of 4H–SiC(0 0 0 1̄) after annealing
at 1100 ◦C. The circular diffraction pattern in the LEED
pattern (figure 6(a)) means that the graphene layers consist
of domains with different in-plane orientations. The dark-
field LEEM images formed using the (1,0) diffraction spots of
FLG indicate that the surface is divided into small rotational
domains, most of which are smaller than 100 nm, which is
consistent with the reported STM results [72]. In figure 6(d),
we compare the electron reflectivity for graphene layers grown
on 6H–SiC(0 0 0 1) and 4H–SiC(0 0 0 1̄). The electron energy
was measured from the vacuum level of bilayer graphene for
each sample. FLG grown on the C face also exhibits the
quantized oscillations in the electron reflectivity. Although
FLG grown on the C face includes disorder in orientation, it
retains layered structures parallel to the surface. Figure 6(d)
also shows that the oscillations on 6H–SiC(0 0 0 1) and 4H–
SiC(0 0 0 1̄) are similar in shape but shifted by 0.3–0.4 eV. The
graphene layers on 6H–SiC(0 0 0 1) and 4H–SiC(0 0 0 1) do
not show a significant shift in their quantized oscillations. The
6
√

3 × 6
√

3 structure commonly exists at the graphene/6H–
SiC(0 0 0 1) and graphene/4H–SiC(0 0 0 1) interfaces, but not

5
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Figure 6. (a) LEED pattern, (b) LEEM image and (c) ex situ AFM image of 4H–SiC(0 0 0 1̄) after annealing at 1100 ◦C. The LEED pattern
in (a) and the LEEM image in (b) were obtained at the start voltages of 45.0 V and 2.5 V, respectively. (d) Reflectivity data plotted as a
function of the electron energy measured from the vacuum level of bilayer graphene. Solid and dotted lines denote the reflectivity data
obtained from 6H–SiC(0 0 0 1) annealed at 1400 ◦C and 4H–SiC(0 0 0 1̄) annealed at 1100 ◦C, respectively. (Colour online.)

at the graphene/4H–SiC(0 0 0 1̄) interface. The difference in
the interface structure could explain the shift of the oscillations.

4. Number-of-layers dependence of electronic
properties of epitaxial FLG

The influences of the SiC substrate on the electronic properties
of FLG should be clarified before device applications of
epitaxial FLG. It has been revealed, using angle-resolved
photoelectron spectroscopy (ARPES) [27, 36, 37, 53, 54], that
the Dirac point falls below the Fermi level and that the shift
from the Fermi level decreases with the number of graphene
layers. The C1s PES spectra indicated that the C1s core level
also shifts to lower binding energies as the number of graphene
layers increases [26, 29]. Moreover, it has been reported that
the interaction between epitaxial FLG and SiC substrate opens
the band gap at the Dirac point [36, 37, 73], but there is still
some controversy about the gap opening [74–76].

Previous PES studies have clarified various influences of
the SiC substrate on the electronic properties of epitaxial FLG.
However, because it is still difficult to grow uniform epitaxial
FLG with an intended thickness, the spatially averaged PES
technique inevitably provides information weighted by the
distribution of the number of graphene layers. It is desirable
to investigate the electronic properties using techniques that

can resolve the number of layers microscopically. From
PEEM images made from secondary electrons (SEs) and C1s
photoelectrons, we know how the vacuum level and C1s core
level change their positions with the number of layers [77].

Figures 7(a)–(c) show SE PEEM images of epitaxial
FLG grown on 6H–SiC(0 0 0 1) taken at various start voltages.
Numbers in figure 7(b) correspond to the number of graphene
layers determined by LEEM. Areas with different numbers of
graphene layers can be discriminated in the SE PEEM images,
but their relative intensities depend on the SE energy. To
understand the energy dependence of the SE PEEM images,
the SE emission spectra were obtained from the sequential SE
PEEM images, as shown in figure 7(d). The SE emission
spectra depend on the number of graphene layers in two
respects: the threshold start voltage of the SE emission and
the spectrum shape. The threshold voltage corresponds to the
vacuum level. Therefore, figure 7(d) shows that the work
function increases with the number of graphene layers, and
the measured work functions are plotted in figure 7(f ). Here,
we assumed that the work function of the thick graphene
layers is equal to the work function of bulk graphite, 4.6 eV
[78]. From monolayer graphene to graphite, the vacuum
level gradually increases by about 0.3 eV. Filleter et al also
determined the work function difference between monolayer
and bilayer graphene grown on SiC using Kelvin force probe

6
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Figure 7. (a)–(c) SE PEEM images of epitaxial FLG grown on 6H–SiC(0 0 0 1) taken at the start voltages of 0.5 V, 1.5 V and
2.5 V, respectively. (d) SE emission spectra obtained from the sequential SE PEEM images. Numbers in (b) and (d) indicate the number
of graphene layers. (e) Schematic illustration explaining the SE emission through/from the discrete unoccupied energy levels.
(f ) Number-of-layers dependence of the work function. Different symbols denote the data obtained in the different experiments. We
assumed that the work function of the thick graphene layers is equal to the reported value for bulk graphite, 4.6 eV. Adopted from [77].
Copyright (2009) by the American Physical Society. (Colour online.)

microscopy [79]. They found that bilayer graphene increases
the work function by 135 meV as compared with monolayer
graphene. This value is comparable to our result of about
0.1 eV.

The number-of-layers dependence of SE emission
spectrum shape can be understood by the following
mechanism, which is illustrated schematically in figure 7(e).
Under photon irradiation, some of the excited electrons are
relaxed to the unoccupied states and emitted into vacuum
as SEs. As for epitaxial FLG grown on SiC, the discrete
unoccupied energy levels in FLG could serve as the final states
from which SEs are directly emitted and as the resonant states
that facilitate the SE emission from the SiC substrate. This
should mean that the reflectivity and SE emission spectra are

correlated via the discrete energy levels. However, while the
reflectivity spectra exhibit clear oscillations at the start voltage
between 0 and 7 V, it is not easy to identify the oscillation in the
SE emission spectra due to the high backgrounds. Therefore,
we compared differential spectra of the reflectivity and SE
emission and found the high-and-low matching between them
[77]. This reasonably indicates that some of the SEs are
emitted from and/or through the discrete energy levels in FLG.

We further investigate C1s PEEM images. The C1s PEEM
images in figure 8 indicate that regions with different numbers
of layers are seen at different intensity levels. Figure 8(d)
shows the C1s PES spectra obtained from the sequential PEEM
images. The PES spectra indicate that the start voltage (kinetic
energy as well) of the maximum C1s photoelectron intensity
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Figure 8. (a)–(c) C1s PEEM images at the start voltage of 111.4 eV, 111.8 eV and 112.2 eV, respectively. The exposure time was 600 s for
each image. The areas whose numbers of graphene layers are indicated are the same as in figure 7(b). (d) C1s core-level spectra obtained
from the sequential C1s PEEM images. The open circles denote the experimental data, and the solid lines are the results of fitting the data to
an asymmetric Gaussian function with a linear background. (e) Number-of-layers dependence of the C1s binding energy. The peak start
voltage was converted to the binding energy by assuming that the binding energy of the thick graphene layers is the same as that of bulk
graphite, 284.42 eV. Adopted from [77]. Copyright (2009) by the American Physical Society. (Colour online.)

increases as the number of layers increases. This is consistent
with the recent PES result on the evolution of the C1s core-level
spectrum upon graphene growth of up to 3.4 layers (figure 3(c)
in [29]). To obtain the number-of-layers dependence of the C1s
core-level position, we determined the peak start voltages by
fitting the spectra to an asymmetric Gaussian function with a
linear background [80]. Solid lines in figure 8(d) are the fitting
results. The peak start voltages were converted to the binding
energies by assuming that the thick graphene layers have the
same C1s binding energy as bulk graphite, 284.42 eV [29].
Figure 8(e) shows the number-of-layers dependence of the C1s
binding energy. The C1s binding energy of the monolayer
graphene is about 0.4 eV lower than that of the thick graphene
layers, and it increases almost linearly. Ohta et al and Zhou
et al reported using ARPES that, for monolayer to bilayer to
trilayer graphene, the Dirac point falls below the Fermi level
by 0.44/0.40 eV, 0.30/0.29 eV and 0.21/0.20 eV, respectively
[37, 53]. These values are quite close to the shift in the C1s
binding energy between FLG and graphite, which indicates that
the C1s core levels in FLG are shifted due to charge transfer.

We note that the Dirac point, the C1s core level and
the vacuum level of FLG grown on the Si face move with
the number of graphene layers rather similarly. In the
first approximation, therefore, all the electronic structures of
FLG rigidly shift due to the charge transfer. More strictly,

however, the shift in the work function seems smaller than
that in the Dirac point energy and C1s binding energy. We
do not understand the reason right now, but this could be
because doped electrons are mostly accumulated at the bottom
graphene layer due to the short screening length and because
the interface dipole moments are formed by the chemical bonds
between the buffer layer and the substrate.

In section 3, we showed that there are energy shifts in the
reflectivity oscillations between the FLGs grown on the Si and
C faces, which means that the work function of FLG depends
on the polarity of the substrate. When we assume that the
electronic structures of FLG are shifted rigidly by the electron
doping, the distance between the vacuum level and Dirac point
is 0.3–0.4 eV longer for FLG grown on the C face. On the
other hand, for monolayer graphene grown on the Si face, the
Dirac point lies about 0.4 eV below the Fermi level [36, 37].
The Dirac point approaches the Fermi level as FLG thickens
[37, 53], and the C1s core level moves similarly. The C1s core
level of FLG grown on the C face also depends on the thickness
and is about 0.2 eV lower at the coverage of 0.15 ML than at
4.3 ML [26, 29], indicating n-type doping. Because the work
function is the distance between the Fermi level and the vacuum
level, the work function of monolayer graphene on the C face is
about 0.6 eV larger than that on the Si face, which is relatively
smaller than the reported value obtained by first-principles
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calculations [81]. The charge distribution (dipole moments) at
the surface/interface could greatly influence the work function.
The work function difference could be due to the difference in
the interface structures between the Si and C faces.

5. Growth processes of epitaxial FLG

Figure 9 shows LEEM images and LEED patterns of
6H–SiC(0 0 0 1) at various stages of the changes in the surface
structure from

√
3 × √

3 to a surface partially covered with
FLG [63]. The evolution of the LEED patterns is consistent
with [22]. The LEED pattern in figure 9(d) is typical of
the 6

√
3 × 6

√
3 structure; bright regions indicated by the

dotted ellipses in the LEEM images are 6
√

3 × 6
√

3 domains.
The LEEM image in figure 9(a) shows that the 6

√
3 × 6

√
3

domains nucleated at surface atomic steps on the
√

3 × √
3

surface. AFM images of well-prepared
√

3 × √
3 surfaces on

6H–SiC(0 0 0 1) revealed that the step height is always three
bilayers. Further annealing at 1230 ◦C caused the surface to
be mostly covered with 6

√
3 × 6

√
3, as shown in figure 9(c).

The step shapes significantly changed during the
√

3 × √
3-

to-6
√

3 × 6
√

3 transformation, indicating the movement of
considerable numbers of C and Si atoms. Hannon and Tromp
examined the roughness evolutions during the

√
3 × √

3-to-
6
√

3 × 6
√

3 transformation and clarified that the 6
√

3 × 6
√

3
structure pins decomposing surface steps, resulting in the
pit formation [82]. The LEEM image in figure 9(e) shows
the expansion of monolayer regions preferentially formed
at the steps. Figure 10 shows ex situ AFM images taken
in the initial stage of graphene growth. The AFM height
image indicates that the surface is quite rough. From the
AFM phase image, we confirmed that the monolayer islands
nucleated preferentially at the step edges, especially at the
lower edges [49]. Annealing at higher temperatures led to an
increase in the intensity of the LEED spots from FLG, as shown
in figure 9(h). In the LEEM image of figure 9(g), besides the
6
√

3 × 6
√

3 and monolayer phases, bilayer regions are clearly
seen as the darkest areas.

After annealing at higher temperatures, the 6
√

3 × 6
√

3
domains eventually disappeared, and the whole surface was
covered with FLG. Even though the starting SiC surface has
a regular step/terrace structure, the surface becomes rough
during the

√
3 × √

3-to-6
√

3 × 6
√

3 transition in the UHV.
However, we found that the surface flattens during the graphene
growth and that step/terrace structures somewhat recover
regularity after bilayer growth.

LEEM is a good technique for evaluating the thickness
distribution of epitaxial FLG, but the LEEM observations of
FLG at growth temperatures were practically impossible for
various reasons, such as misalignment of the electron beam
probably caused by the thermal expansion of the sample and
sample holders, and intense emission of thermionic electrons.
Therefore, the evolutions of the thickness distribution were
investigated by repeating the cycles of high-temperature
annealing and LEEM observations at lower temperatures.
Alternatively, we observed the growth of FLG at high
temperatures using thermionic electron emission microscopy
(TEEM). Electrons with the energies above the vacuum

Figure 9. LEEM images and LEED patterns of 6H–SiC(0 0 0 1)
surfaces after annealing at (a) and (b) 1060, (c) and (d) 1230, (e)
and (f ) 1320 and (g) and (h) 1360 ◦C. These LEEM images were
obtained at around 700 ◦C. The start voltages were (a) 4.0, and (c),
(e) and (g) 3.5 V. The LEED patterns were obtained at the start
voltages of (b) 22.0, and (d), (f ) and (h) 36.0 V. In (a), steps are
rather straight as indicated by the pair of arrowheads. (Colour
online.)

level are emitted from the sample during heating, and these
thermionic electrons form the TEEM images. Thermionic
electron emission strongly depends on the work function.
Because thicker FLG has a larger work function, thicker
FLG appears darker in TEEM images [83]. The areas with
different numbers of graphene layers are clearly discriminated
in the TEEM image, although TEEM is practically unable to
visualize the substrate steps.
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Figure 10. Ex situ AFM (a) height and (b) phase images of the
sample after the nucleation of graphene islands at 1120 ◦C. (Colour
online.)

In situ TEEM images obtained during epitaxial FLG
growth are shown in figure 11, where images (a)–(d) and
images (e) and (f ) were, respectively, obtained from different
samples. The TEEM images in the initial growth stages
retraced the surface structure changes in figure 9, which
indicates that graphene islands densely nucleated near the
steps. When the 6

√
3 × 6

√
3 structure almost disappears,

monolayer graphene spans the surface almost continuously
(figure 11(b)). However, bilayer graphene already appears
with the trace of the steps on the 6

√
3 × 6

√
3 surface. This

shows that bilayer islands nucleate in the early stages of the
FLG growth. When the surface is mostly covered with bilayer
graphene, bilayer graphene further gains uniformity, as shown
in figure 11(e). However, during further continuous annealing,
the growth speed of trilayer graphene exceeds the shrinkage
speeds of 6

√
3 × 6

√
3, monolayer, and bilayer graphene

(figures 11(e) and (f )). Thus, the thickness distribution
becomes broader. These results indicate that bilayer graphene
is the easiest to grow uniformly by UHV annealing.

Here, we summarize the growth processes. Figure 12
shows schematic illustrations of epitaxial FLG growth
processes. Even though the initial

√
3×√

3 surface has regular
step/terrace array, the

√
3×√

3-to-6
√

3×6
√

3 transformation
causes the surface morphology to severely roughen, because
the growth of monolayer graphene requires the desorption
of Si atoms amounting to three Si layers. The monolayer
and bilayer graphene islands densely nucleate near the steps
almost simultaneously, although the density of the monolayer
islands is higher than that of bilayer islands. After bilayer
graphene growth, the substrate rather recovers the regular
step/terrace structure, and bilayer graphene covers the surface
almost homogeneously. However, trilayer islands already exist
on the surface, although their density is much lower than
those of monolayer and bilayer. Thicker graphene islands,
which often nucleate at the pits, start to grow before thinner
FLG completely covers the surface. Therefore, the thickness
distribution gets broader and broader.

6. Theoretical investigations of growth mechanism
of epitaxial FLG

To investigate the growth mechanism of epitaxial FLG
in more detail, we calculated SiC surface structures with
various C coverages using a first-principles calculation

1050ºC 1090ºC

1150 ºC 1180ºC

(a) (b)

1 µm

1 µm

1

2
3

1

2

0

(c) (d)

(e) (f)

2

3

1090ºC 1090 ºC

1

Figure 11. TEEM images during the graphene growth. The
measured temperatures are indicated in the figures. Images (a)–(d)
and images (e) and (f ) were obtained from different samples,
respectively. Images (a) and (b), (c) and (d) and (e) and (f ) were,
respectively, acquired from the different TEEM videos taken during
annealing. Elapsed times were 7 min 21 s between (a) and (b), 5 min
48 s between (c) and (d) and 24 min 27 s between (e) and (f ).
Numbers in the figures denote the numbers of graphene layers. The
‘0’ corresponds to the 6

√
3 × 6

√
3 structure. The same location is

indicated by ‘1’ in (b) and (c). (Colour online.)

scheme [68, 69, 84]. We assume a model in which the 2×2 unit
of graphene matches the

√
3 × √

3 unit of SiC. The graphene
sheet is expanded by 9% and has 8 C atoms per

√
3 × √

3
unit cell. The

√
3 × √

3 model of the graphene on SiC is
known to be theoretically a good prototype for the 6

√
3×6

√
3

surface [81, 85–87]. We used repeated SiC slabs consisting of
3 SiC bilayers with a H-terminated backside. We put C atoms
one by one at various sites of the initial surface, optimized the
atomic structure and calculated the formation energies for each
case by assuming the system is in thermal equilibrium with the
bulk-truncated substrate and an isolate graphene sheet.

During the C adsorption, the first C atom prefers to
adsorb on the T4 site. However, soon after the C coverage
increases, the C atoms prefer to form dimers, trimers, chains
or meshes rather than clusters. When the C coverage becomes
8 C atoms per

√
3 × √

3 unit cell, a graphene sheet covers
the whole surface, as shown in figures 13(a) and (b). The
formation energy drastically reduces by more than 3 eV upon
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Figure 12. Schematic illustrations of surface structure changes
during epitaxial FLG growth on the Si face. For simplicity, we
neglect the preference of bilayer or trilayer steps on 4H– or
6H–SiC(0 0 0 1) surfaces. (Colour online.)

the graphene formation. Some of the C atoms in the sheet still
have chemical bonds with the substrate surface Si atoms so that
the substrate surface Si atoms have the minimum number of
dangling bonds. This structure has no graphene-like linearly
dispersing bands at the K point, as reported in previous studies
[81, 85]. This first graphene layer is the so-called ‘buffer layer’.

During epitaxial FLG growth, C atoms are supplied from
the substrate. Therefore, we further put C atoms between
the substrate SiC and the existing buffer graphene sheet, the
validity of which was also assured by our calculations showing
that C atoms adsorbed on the buffer graphene layer are less
stable than those at the interface. When the C coverage is
small, the inserted C atoms prefer to have chemical bonds with
the existing graphene sheet (figures 13(c) and (d)). However,
at high C coverages, the inserted C atoms prefer to have no
bonds with it. When the C coverage becomes 16 C atoms
per

√
3 × √

3 unit cell, another graphene sheet is finally
formed at the interface (figures 13(e) and (f )). The original
graphene layer has no chemical bonds with the underlying new
buffer graphene layer. This structure is known to behave like
monolayer graphene and exhibit linearly dispersing bands at
the K point [81, 85]. This surface covered with two graphene
sheets is very stable as is the surface covered with one graphene
sheet. We have also demonstrated that neither Si adatoms nor
Si vacancies on the Si face can hinder the graphene formation.
The Si vacancy rather acts as a nucleation site, which could
support the observed preferential nucleation of graphene near
the steps.

The above theoretical investigations give us various
important insights into the growth mechanism. Any new
graphene sheet always grows just on the Si-terminated surface
of the substrate: it grows from the interface between the
Si-terminated surface and the existing buffer graphene layer,
not from the interface between the buffer layer and graphene.
When a new graphene sheet is formed, the old graphene sheet
floats on the new one. This finding can naturally explain why
the graphene sheets grow epitaxially on the SiC substrate [26].
The surface Si atoms stabilize C atoms adsorbed on the surface
by forming Si–C bonds, but the Si–C bonds are not so strong as
to prevent graphene sheet formation. It is possible to say that
stronger C–C bonds are formed via the intermediate weaker
Si–C bonds. The Si–C bonds thus rather act as a catalyst in
forming flat graphene sheets on the surface. The Si face is
thought to be important for graphene sheet formation. On
the C face, the surface C atoms of the bulk-truncated surface
have three C–Si back bonds, which pin the C atoms strongly.
Since the adsorbed C atoms form strong C–C bonds with these
surface C atoms, they are strongly fixed to the surface. Thus
the formed C network is not necessarily a flat graphene sheet;
it could be a C nanotube or a nanocap [88]. Similarly, a flat
graphene sheet could not be easily formed on a rough surface.

7. Thickness control of epitaxial FLG

In section 5, we showed that both monolayer and bilayer
graphene islands nucleate before the 6

√
3 × 6

√
3 structure

disappears and that the thickness distribution becomes broader
as the thickness increases. So far, therefore, we have
rather focused on growing bilayer graphene uniformly, and
figure 1(a) shows the current status. We can grow uniform
bilayer graphene as wide as several micrometres square, but
we have never gotten a 100% bilayer. This is because the
graphene growth is not perfectly self-limiting. However, the
growth speed of FLG decreases as the film thickens. There
may be a way of highlighting the difference in the growth
speed between different thicknesses and achieving a virtual
self-limiting process.

Recently there have been some advances in growing
monolayer graphene uniformly on the Si face. The growth
process in UHV annealing tells us that the surface roughens
considerably during the 6

√
3 × 6

√
3 formation and that

graphene preferentially nucleates near the steps. The 6
√

3 ×
6
√

3 formation occurs at relatively low temperatures, at which
the surface diffusion of Si and C atoms is not active enough to
recover the flatness of the substrate. Increasing the formation
temperature of the 6

√
3 × 6

√
3 structure as well as that of

graphene could lead to more uniform epitaxial graphene. Two
research groups have demonstrated that annealing in an Ar
atmosphere greatly improves the uniformity of monolayer
graphene [41, 70]. For a given temperature, the presence
of high-pressure Ar leads to a reduced Si evaporation rate
because the Si atoms desorbing from the surface have a
finite probability of being reflected back to the surface by
collisions with Ar atoms [41]. The significantly higher growth
temperature thus attained results in an enhancement of surface
diffusion, which leads to the markedly improved surface
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Figure 13. Stable atomic structures of the Si-face SiC(0 0 0 1) surface with different coverages of C, determined by the first-principles
calculations. The coverages are 8, 9 and 16 C atoms per

√
3 × √

3 unit cell. (Colour online.)

Figure 14. LEEM image of the 6H–SiC(0 0 0 1) surface annealed
above 1460 ◦C. The start voltage was 7 eV. (Colour online.)

morphology [41]. Tromp and Hannon also demonstrated that
the phase transformation temperatures on the Si face can be
shifted by several hundred degrees Celsius by balancing the
rate of Si evaporation with an external flux of Si, which leads to
a dramatic improvement of the morphology of the final C-rich
surface phases, including epitaxial graphene [89].

We also tried a different approach to obtaining wide
monolayer graphene. FLG was thinned by the evaporation of
C atoms at very high temperatures. At these high temperatures,
Si atoms also desorb rapidly, resulting in huge pits. In fact,
however, we succeeded in obtaining monolayer graphene as
wide as a few micrometres between the pits, as shown in
figure 14. The C sublimation could serve as another parameter
for controlling the epitaxial FLG growth.

8. Summary and outlook

We reviewed our research towards single crystal growth of
epitaxial FLG on SiC substrates. We established a method
of evaluating the number of graphene layers microscopically
using LEEM. SPM in air is also useful for estimating the
number-of-layers distribution in epitaxial FLG. The number-
of-layers dependence of the work function and C1s binding
energy were determined using PEEM. We investigated the

growth processes of epitaxial FLG on the basis of the
microscopic observations of surface morphology and graphene
distribution. First-principles calculations of the SiC surface
structure covered with various amounts of carbon have
provided important insights about the growth mechanism. We
succeeded in obtaining wide monolayer graphene in a few
micrometres size as well as uniform bilayer graphene by UHV
annealing.

The coverage homogeneity of epitaxial FLG on the Si
face of SiC has considerably improved recently. We hope
to produce epitaxial FLG with intended thickness on a wafer
scale in the near future. However, epitaxial FLG also includes
other types of structural imperfections such as linear bumps
called ‘puckers’ [25] or nanotubes [90, 91], deformation at
substrate steps [42] and domains with different stacking orders
[53, 92]. We need to clarify the influences of these structural
imperfections on the electronic and transport properties, which
could help us understand the reasons for the lower mobility and
difficulty in observing quantum Hall effects. We also need to
remove the imperfections. Furthermore, for wider applications
such as transparent electrodes [19] and nanoelectromechanical
systems [93], FLG should be transferred to other substrates.
Transferring epitaxial FLG on a wafer scale (even after
patterning) and without incorporating defects is a challenging
subject.

Acknowledgments

The authors thank Drs H Yamaguchi, F Maeda, Y Kobayashi
and Y Kobayashi for collaborations. The authors also thank
Mr M Nijland for AFM measurements. They are also very
grateful to Drs F-Z Guo, M Kotsugi and Y Watanabe for
collaborations in SPELEEM experiments. The synchrotron
radiation experiments were performed at SPring-8 with the
approval of the Japan Synchrotron Radiation Institute as
part of the Senryaku Katuyou Program (2006B0180) and
Juten Sangyo Riyo Program (2007A1919) of the Ministry
of Education, Culture, Sports, Science and Technology.
This work was partly supported by KAKENHI (19310085,
21246006) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.

12



J. Phys. D: Appl. Phys. 43 (2010) 374005 H Hibino et al

References

[1] Many good review articles about graphene are available
Geim A K and Novoselov K S 2007 Nature Mater. 6 183
Castro Neto A H C, Guinea F, Peres N M R, Novoselov K S

and Geim A K 2009 Rev. Mod. Phys. 81 109
Geim A K 2009 Science 324 1530

[2] Kroto H W, Heath J R, Obrien S C, Curl R F and Smalley R E
1985 Nature 318 162

[3] Iijima S 1991 Nature 354 56
[4] Wallace P R 1947 Phys. Rev. 71 622
[5] Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y,

Dubonos S V, Grigorieva I V and Firsov A A 2004 Science
306 666

[6] Novoselov K S, Geim A K, Morozov S V, Jiang D,
Katsnelson M I, Grigorieva I V, Dubonos S V and
Firsov A A 2005 Nature 438 197

[7] Zhang Y, Tan Y-W, Stormer H L and Kim P 2005 Nature
438 201

[8] Bolotin K I, Sikes K J, Jiang Z, Klima M, Fudenberg G,
Hone J, Kim P and Stormer H L 2008 Solid State Commun.
146 351

[9] Xu D, Skachko I, Barker A and Andrei E Y 2008 Nature
Nanotechnol. 3 491

[10] Morozov S V, Novoselov K S, Katsnelson M I, Schedin F,
Eilas D C, Jaszczak J A and Geim A K 2008 Phys. Rev.
Lett. 100 016602

[11] Chen J H, Jang C, Xiao S D, Ishigami M and Fuhrer M S 2008
Nature Nanotechnol. 3 206

[12] Novoselov K S, Jiang Z, Zhang Y, Morozov S V, Stormer H L,
Zeitler U, Maan J C, Boebinger G S, Kim P and Geim A K
2007 Science 315 1379

[13] Novoselov K S, McCann E, Morozov S V, Fal’ko V I,
Katsnelson M I, Zeitler U, Jiang D, Schedin F and
Geim A K 2006 Nature Phys. 2 177

[14] Oostinga J B, Heersche H B, Liu X, Morpurgo A F and
Vandersypen L M K 2008 Nature Mater. 7 151

[15] Blake P, Hill E W, Neto A H C, Novoselov K S, Jiang D,
Yang R, Booth T J and Geim A K 2007 Appl. Phys. Lett.
91 063124

[16] Oshima C and Nagashima A 1997 J. Phys.: Condens. Matter
9 1

[17] Yu Q, Lian J, Siriponglert S, Li H, Chen Y P and Pei S-S 2008
Appl. Phys. Lett. 93 113103

[18] Reina A, Jia X T, Ho J, Nezich D, Son H B,
Bulovic V, Dresselhaus M S and Kong J 2009
Nano Lett. 9 30

[19] Kim K S, Zhao Y, Jang H, Lee S Y, Kim J M, Kim K S,
Ahn J H, Kim P, Choi J Y and Hong B H 2009 Nature
457 706

[20] Li X S et al 2009 Science 324 1312
[21] van Bommel A J, Crombeen J E and van Tooren A 1975 Surf.

Sci. 48 463
[22] Forbeaux I, Themlin J-M and Debever J-M 1998 Phys. Rev. B

58 16396
[23] Fissel A 2003 Phys. Rep. 379 149
[24] de Heer W A et al 2007 Solid State Commun. 143 92
[25] Hass J, de Heer W A and Conrad E H 2008 J. Phys.: Condens.

Matter 20 323202
[26] Seyller Th, Bostwick A, Emtsev K V, Horn K,

Ley L, McChesney J L, Ohta T, Riley J D,
Rotenberg E and Speck F 2008 Phys. Status
Solidi 245 1436

[27] Starke U and Riedel C 2009 J. Phys.: Condens. Matter
21 134016

[28] Forbeaux I, Themlin J-M and Debever J-M 1999 Surf. Sci.
442 9

[29] Emtsev K V, Speck F, Seyller T, Ley L and Riley J D 2008
Phys. Rev. B 77 155303

[30] Hass J, Feng R, Li T, Li X, Zong Z, de Heer W A, First P N,
Conrada E H, Jeffrey C A and Berger C 2006 Appl. Phys.
Lett. 89 143106

[31] Hass J, Varchon F, Milla’n-Otoya J E, Sprinkle M, Sharma N,
de Heer W A, Berger C, First P N, Magaud L and
Conrad E H 2008 Phys. Rev. Lett. 100 125504

[32] Berger C et al 2006 Science 312 1191
[33] Berger C, Song Z, Li X, Wu X, Brown N, Maud D, Naud C

and de Heer W A 2007 Phys. Status Solidi 204 1746
[34] Orlita M et al 2008 Phys. Rev. Lett. 101 267601
[35] Jernigan G G, VanMil B L, Tedesco J L, Tischler J G,

Glaser E R, Davidson A, Campbell P M and Gaskill D K
2009 Nano Lett. 9 2605

[36] Ohta T, Bostwick A, Seyller T, Horn K and Rotenberg E 2006
Science 313 951

[37] Zhou S Y, Gweon G-H, Fedorov A V, First P N, de Heer W A,
Lee D-H, Guinea F, Neto A H C and Lanzara A 2007
Nature Mater. 6 770

[38] Gu G, Nie S, Feenstra R M, Devaty R P, Choyke W J,
Chan W K and Kane M G 2007 Appl. Phys. Lett.
90 253507

[39] Wu Y Q et al 2008 Appl. Phys. Lett. 92 092102
[40] Kedzierski J, Hsu P-L, Healey P, Wyatt P W, Keast C L,

Sprinkle M, Berger C and de Heer W A 2008 IEEE Trans.
Electron Devices 55 2078

[41] Emtsev K V et al 2009 Nature Mater. 8 203
[42] Nagase M, Hibino H, Kageshima H and Yamaguchi H

Nanotechnology submitted
[43] Lauffer P, Emtsev K V, Graupner R, Seyller Th, Ley L,

Reshanov S A and Weber H B 2008 Phys. Rev. B
77 155426

[44] Bauer E 1994 Rep. Prog. Phys. 57 895
[45] Guo F-Z et al 2007 Rev. Sci. Instrum. 78 066107
[46] Hibino H, Kageshima H, Guo F-Z, Maeda F, Kotsugi M and

Watanabe Y 2008 Appl. Surf. Sci. 254 7596
[47] Nagase M and Yamaguchi M 2007 Japan. J. Appl. Phys.

46 5639
[48] Nagase M and Yamaguchi M 2007 J. Phys.: Conf. Ser. 61 856
[49] Nagase M, Hibino H, Kageshima H and Yamaguchi M 2008

Nanotechnology 19 495701
[50] Penuelas J, Ouerghi A, Lucot D, David C, Gierak J,

Estrade-Szwarckopf H and Andreazza-Vignolle C 2009
Phys. Rev. B 79 033408

[51] Riedl C, Strake U, Bernhardt J, Franke M and Heinz K 2007
Phys. Rev. B 76 245406

[52] Riedl C, Zakharnov A A and Starke U 2008 Appl. Phys. Lett.
93 033106

[53] Ohta T, Bostwick A, McChesney J L, Seyller T, Horn K and
Rotenberg E 2007 Phys. Rev. Lett. 98 206802

[54] Bostwick A, Ohta T, McChesney J L, Emtsev K V, Seyller T,
Horn K and Rotenberg E 2007 New J. Phys. 9 385
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[57] Röhrl J, Hundhausen M, Emtsev K V, Seyller Th, Graupner R
and Ley L 2008 Appl. Phys. Lett. 92 201918

[58] Ferralis N, Maboudian R and Carraro C 2008 Phys. Rev. Lett.
101 156801

[59] Lee D S, Riedl C, Krauss B, von Klitzing K, Starke U and
Smet J H 2008 Nano Lett. 8 4320

[60] Robinson J A, Puls C P, Stanley N E, Sitt J P, Fanton M A,
Emtsev K V, Seyller T and Liu Y 2009 Nano Lett. 9 964

[61] Mallet P, Varchon F, Naud C, Magaud L, Berger C and
Veuillen J-Y 2007 Phys. Rev. B 76 041403

[62] Brar V W, Zhang Y, Yayon Y, Ohta T, McChesney J L,
Bostwick A, Rotenberg E, Horn K and Crommie M F 2007
Appl. Phys. Lett. 91 122102

13

http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1126/science.1158877
http://dx.doi.org/10.1038/318162a0
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1103/PhysRev.71.622
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1038/nnano.2008.199
http://dx.doi.org/10.1103/PhysRevLett.100.016602
http://dx.doi.org/10.1038/nnano.2008.58
http://dx.doi.org/10.1126/science.1137201
http://dx.doi.org/10.1038/nphys245
http://dx.doi.org/10.1038/nmat2082
http://dx.doi.org/10.1063/1.2768624
http://dx.doi.org/10.1088/0953-8984/9/1/004
http://dx.doi.org/10.1063/1.2982585
http://dx.doi.org/10.1021/nl801827v
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1126/science.1171245
http://dx.doi.org/10.1016/0039-6028(75)90419-7
http://dx.doi.org/10.1103/PhysRevB.58.16396
http://dx.doi.org/10.1016/S0370-1573(02)00632-4
http://dx.doi.org/10.1016/j.ssc.2007.04.023
http://dx.doi.org/10.1088/0953-8984/20/32/323202
http://dx.doi.org/10.1002/pssb.200844143
http://dx.doi.org/10.1088/0953-8984/21/13/134016
http://dx.doi.org/10.1016/S0039-6028(99)00891-2
http://dx.doi.org/10.1103/PhysRevB.77.155303
http://dx.doi.org/10.1063/1.2358299
http://dx.doi.org/10.1103/PhysRevLett.100.125504
http://dx.doi.org/10.1126/science.1125925
http://dx.doi.org/10.1002/pssa.200675352
http://dx.doi.org/10.1103/PhysRevLett.101.267601
http://dx.doi.org/10.1021/nl900803z
http://dx.doi.org/10.1126/science.1130681
http://dx.doi.org/10.1038/nmat2003
http://dx.doi.org/10.1063/1.2749839
http://dx.doi.org/10.1063/1.2889959
http://dx.doi.org/10.1109/TED.2008.926593
http://dx.doi.org/10.1038/nmat2382
http://dx.doi.org/10.1103/PhysRevB.77.155426
http://dx.doi.org/10.1088/0034-4885/57/9/002
http://dx.doi.org/10.1063/1.2748387
http://dx.doi.org/10.1016/j.apsusc.2008.01.139
http://dx.doi.org/10.1143/JJAP.46.5639
http://dx.doi.org/10.1088/1742-6596/61/1/171
http://dx.doi.org/10.1088/0957-4484/19/49/495701
http://dx.doi.org/10.1103/PhysRevB.79.033408
http://dx.doi.org/10.1103/PhysRevB.76.245406
http://dx.doi.org/10.1063/1.2960341
http://dx.doi.org/10.1103/PhysRevLett.98.206802
http://dx.doi.org/10.1088/1367-2630/9/10/385
http://dx.doi.org/10.1063/1.2828975
http://dx.doi.org/10.1103/PhysRevB.77.115416
http://dx.doi.org/10.1063/1.2929746
http://dx.doi.org/10.1103/PhysRevLett.101.156801
http://dx.doi.org/10.1021/nl802156w
http://dx.doi.org/10.1021/nl802852p
http://dx.doi.org/10.1103/PhysRevB.76.041403
http://dx.doi.org/10.1063/1.2771084


J. Phys. D: Appl. Phys. 43 (2010) 374005 H Hibino et al

[63] Hibino H, Kageshima H, Maeda F, Nagase M, Kobayashi Y
and Yamaguchi H 2008 Phys. Rev. B 77 075413

[64] Hibino H, Kageshima H, Maeda F, Nagase M, Kobayashi Y,
Kobayashi Y and Yamaguchi H 2008 e-J. Surf. Sci.
Nanotechnol. 6 107

[65] Ohta T, Gabaly F El, Bostwick A, McChesney J L,
Emtsev K V, Schmid A K, Seyller T, Horn K and
Rotenberg E 2008 New J. Phys. 10 023034

[66] Strocov V N, Blaha P, Starnberg H I, Rohlfing M, Claessen R,
Debever J-M and Themlin J-M 2000 Phys. Rev. B 61 4994

[67] Barrett N, Krasovskii E E, Themlin J-M and Strocov V N 2005
Phys. Rev. B 71 035427

[68] Kageshima H and Shiraishi K 1997 Phys. Rev. B 56 14985
[69] Yabuuchi S, Kageshima H, Ono Y, Nagase M, Fujiwara A and

Ohta E 2008 Phys. Rev. B 78 045307
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