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Abstract
We investigated the electronic and structural properties of graphene layers grown on a 6H-SiC
(Si-terminated) substrate by using core level photoemission spectroscopy (CLPES), low energy
electron diffraction (LEED), and near edge x-ray absorption fine structure (NEXAFS). The
angle between the plane of the graphene sheet and the SiC substrate was measured by
monitoring the variation of the π∗ transition in the NEXAFS spectrum with the thickness of the
graphene layers. As the thickness of the graphene layers increased, the angle gradually
decreased.

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

1. Introduction

Graphene has been attracting much attention because of its
peculiar properties [1]. The unique electrical properties have
led many investigators to expect that graphene could be used
to overcome the limitations of Si devices. Various studies of
graphene have been carried out: theoretical calculations [2],
measurements of its physical properties [3–8], its application
in electrical devices [9, 10], and methods of synthesizing
graphene with reliable properties and its mass production [11].
Yet, it is still difficult to prepare uniform graphene reproducibly
because it affects its device applications. Meanwhile, an ultra-
thin graphite layer grown on 6H-SiC(0001) by carrying out
thermal decomposition has been proposed as a good candidate
for use in electrical devices because of its high structural
integrity. Moreover, it has been found that this material
can be patterned, and intricate submicrometer structures
can be constructed by using the standard microelectronics
lithography methods, unlike carbon nanotubes which are
difficult, if not impossible, to be patterned or formed into any
structure.

The structural changes in SiC that result from thermal
annealing have been studied extensively. On the basis of their
photoemission spectroscopy (PES) results, Johansson et al
[12]. have suggested that the (6

√
3×6

√
3)R30◦ reconstruction

occurs as a result of the depletion of Si around 1150 ◦C.
Graphitization arises only after heating to a temperature higher
than that required to produce a (6

√
3 × 6

√
3)R30◦ diffraction

pattern. In contrast, Heer et al [6, 7] carried out LEED and
STM on SiC after thermal treatment and found that ultra-
thin epitaxial graphite (‘graphene’) films are formed after
annealing at 1150 ◦C. Rotenberg et al [13] have measured
the band structure of bilayer graphene/SiC with angle resolved
ultra-violet spectroscopy (ARUPS) and found that the band
structure changes after K doping. They showed that by doping
with metal or molecules, the carrier density of graphene is
controllable, and so it can be used in atomic devices. Also,
much effort has been made to understand the initial stage of
the graphene formation [14–22]. In this study, we investigated
the basic electronic properties of graphene and the interaction
between graphene and the SiC surface by using CLPES, LEED,
and NEXAFS.
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Figure 1. LEED patterns of graphitic layers on SiC after the
following heat treatments: (a) at 900 ◦C (104.9 eV), (b) 1080 ◦C
(98.2 eV), (c) 1150 ◦C (94.4 eV), and (d) 1400 ◦C (99.9 eV)
for 2 min.

2. Experiment

These experiments were performed in an ultra-high vacuum
chamber (base pressure 3 × 10−10 Torr) at the 2B1
photoemission spectroscopy (PES) beamline at the Pohang
accelerator laboratory (PAL), which is equipped with an
electron analyzer (SES100, Gamma Data Scienta) for PES,
a partial electron yield (PEY) detector for NEXAFS, and
a low energy electron diffractometer. We used a nitrogen-
doped (ND ∼ 9 × 1017 cm−3), Si-terminated 6H-SiC(0001)
sample purchased from Cree Research(USA). The annealing
temperature was monitored with an infrared pyrometer by
assuming an emissivity of 0.90.

After each reconstruction, the Si 2p core level spectra were
measured at a photon energy of 130 eV with a total resolution
of 200 meV. The C 1s spectra were obtained at a photon energy
of 320 eV with a spectral resolution of 350 meV. The photon
was impinged on the surface at 45◦ to the surface normal. The
binding energy was calibrated with the Fermi level of a clean
Au film. The NEXAFS spectra were measured in the partial
electron yield (PEY) detection mode with a retarding voltage
of −210 V and an accelerating voltage of 1.8 kV. We were able
to obtain molecular bonding information for the top few layers
of the multilayer films from the PEY mode NEXAFS spectra
by considering probing depths less than 10 Å. The photons had
a degree of polarization of about 85%, with an incident photon
energy resolution of 350 meV near the carbon K-edge region.

3. Results and discussion

We acquired LEED patterns for graphene on the SiC(0001)
surface shown in figure 1 to see the structural changes

(surface reconstruction) by varying the annealing temperature.
After annealing around 900 ◦C for 2 min, we deposited Si
atoms under an Si flux (1 Å min−1) below 5 × 10−10 Torr,
As shown in figure 1(a), we obtained a single phase Si-
rich (

√
3 × √

3)R30◦ reconstruction. We also obtained
reconstructed LEED patterns as we annealed with various
annealing temperatures to determine the resulting changes in
their reconstructions [15]. At first, annealing was carried out at
1080 ◦C for 2 min, and we obtained (

√
3×√

3)R30◦ +(6
√

3×
6
√

3)R30◦ mixed phase reconstruction patterns, as shown in
figure 1(b). By comparing this LEED pattern with that in
figure 1(a), we found that the carbon phase is enhanced as we
confirmed the presence of the (6

√
3 × 6

√
3)R30◦ phase in the

LEED pattern. However, still no single phase graphene layer
was formed. Hence, we increased the annealing temperature
up to 1150 ◦C to track the graphene layer. As shown in
figure 1(c), we confirmed that a single phase graphene layer
is formed as we see a fair (6

√
3 × 6

√
3)R30◦ LEED pattern

at this annealing temperature. The smallest hexagon is the
result of a (6

√
3 × 6

√
3)R30◦ reconstruction of the interfacial

layer, as are the spots lying just inside the graphene pattern.
These LEED findings matched well with that of the previous
result [23]. Finally, a further annealing at 1400 ◦C showed that
the graphene layer has disappeared and well-ordered graphite
is formed with a reconstructed 1 × 1 LEED pattern. As
shown in figure 1(d), the outermost hexagon (spots aligned
horizontally) is formed by graphene 1 × 1 diffraction and the
bright six-fold spots aligned vertically in the middle are formed
by the SiC 1 × 1.

Concurrently, we obtained NEXAFS and PES spectra to
clarify the change in electronic structures. From the spectral
analysis with NEXAFS and PES, we clearly confirm that the
variations of electron structures are a function of the annealing
temperature.

In figure 2, we utilized complementary information
obtained from the carbon K edge of the NEXAFS spectra
for (a) 900 ◦C, SiC substrate, (b) 1080 ◦C, mixed phase,
(c) 1150 ◦C, single phase graphene layers on SiC(0001), and
(d) 1400 ◦C, thicker graphene layers at various incidence
angles. In these spectra, our focus is to determine the flatness
and describe the thickness of graphene layer.

Generally, the NEXAFS spectra for graphite are well
characterized by a sharp 1s → π∗ peak at 285.5 eV, which
is a fingerprint of sp2 hybridized C atoms, and characterized
by the 1s → σ ∗ edge at 291.4 eV.

As shown in figures 2(c) and (d) we could clearly see
the angle dependence of graphene layers. We could see a
SiC NEXAFS spectra measured at an angle of 20◦ and 90◦ in
figure 2(a), but it did not reveal an angle dependence. Thus, we
could assume that this measurement was started from a uniform
surface. To determine the average angle between the double
bonds of graphene and the SiC(0001) substrate, we used an
analytical solution of the NEXAFS intensity problem [25, 26].

The relationship between the photoelectron intensity and
the incident photon beam angle can be expressed as follows.

I ∝ P

3

{
1 + 1

2
(3 cos2 θ − 1)(3 cos2 α − 1)

}

+ 1 − P

2
sin2 α (1)

2
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Figure 2. Carbon K-edge NEXAFS spectra 1s → π∗ peak at
285.5 eV, and 1s → σ ∗ edge at 291.4 eV measured at various
incidence angles of x-rays for the graphene layers on SiC for
(a) 900 ◦C out-gassing, SiC substrate (b) 1080 ◦C, mixed phase
(c) 1150 ◦C, single phase graphene layers and (d) 1400 ◦C, thicker
graphene layer.

where α and θ are the angle between the molecular axis and
the surface normal and the angle between the light polarization
vector (E-vector) and the surface normal, respectively, and P
is the degree of polarization.

For this experiment, we assumed a polarization factor of
P = 0.85 [27]. The φ∗ resonance intensity is strong when the
photon beam is incident with an angle of θ = 20◦ (glancing
incidence), whereas it is weak when the incident photon angle
is θ = 90◦ (normal incidence). We were able to calculate
the tilting angle of the graphene sheet using the experimentally
measured variation of the relative intensity for the 285.5 eV φ∗
(C=C) resonance with the polarization vector angle. These
values were obtained by measuring the height of the φ∗ (C=C)
resonance intensity. As a result of this quantitative analysis,
the average angle obtained from these results is 14 ± 2◦ on the
reconstruction at 1150 ◦C. Similarly, the tilting angle on the
1 × 1 reconstruction after annealing at 1400 ◦C was found to
be 7±2◦. Unfortunately, we were unable to calculate the angle
value at 1080 ◦C because its phase is mixed, as explained in
figure 1.

Near edge x-ray adsorption spectroscopy (NEXAFS)
provides averaged values for the tilted angle C=C bonding of
the graphene layers with respect to the SiC substrate. As a
result, the graphene layers of the grains are tilted with respect
to the surface. If the domain size of the tilted graphene layer
is larger than the electron beam size (∼1 mm), the LEED

Figure 3. Photoemission spectra for the four different surface
reconstructions. (a) and (e): annealed at 900 ◦C for 5 min with Si
flux; (b) and (f): annealed at 1080 ◦C 5 min; (c) and (g): annealed at
1150 ◦C for 2 min; and (d) and (h): annealed at 1400 ◦C for 2 min.
The binding energies of the peaks are SS: 99.2 eV, B: 100.1 eV, A:
100.7 eV, C: 101.2 eV, and SiC: 101.4 eV in Si 2p spectra, A′:
284.3 eV, C′: 285.3 eV, and SiC:283.3 eV, and E: 284.6 eV in C 1s
spectra. The dots are experimental values and the solid lines
represent the results of peak fitting.

spots are expected to be split. However, the domain size of
the graphene layers grown on the SiC substrate was found
to be smaller than the electron beam according to the atomic
force microscopy (AFM) studies [14] and they were also likely
to have ripples because of the lattice mismatch between the
graphene layer and SiC substrate. We also confirmed from the
spot profiles for the two samples (not shown here) that the full
width at half maximum (FWHM) of the LEED peak for the
1150 ◦C sample is broader than that of the 1400 ◦C sample.
Such broadening of the LEED spot may be attributed to the
graphene layers consisting of smaller grains or similar grains
with more wrinkled graphene layers compared to the 1400 ◦C
sample surface. Therefore, low energy electron diffraction
(LEED) results are in good agreement with the NEXAFS
results.

Figure 3 displays the Si 2p (left panel) and C 1s (right
panel) core level spectra obtained after annealing in the range
from 900 to 1400 ◦C using a photon energy of 130 eV for Si 2p
and 320 eV for C 1s to enhance the surface sensitivity. An
important result provided by these surface sensitive core level
spectra is that both Si and C atoms are present in the outermost
layers for all three surface reconstructions. Moreover, the
graphene thickness can be determined from the attenuation of
the Si 2p peaks. A curve fitting procedure4 was utilized in
order to extract the shifts and relative intensities of the various

4 Fitting program developed by Dr H D Kim in SNU (Pohang Accelerator
laboratory, Korea).
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components in the C 1s and Si 2p spectra for the reconstructed
surfaces.

Figure 3(a) shows Si 2p core level spectrum obtained after
annealing at 900 ◦C for 5 min during depositing of Si. Each
spectrum was measured at the surface normal emission. As
shown in this figure, we found four different Si 2p peaks
of surface state (marked as SS), bulk state (marked as B),
SiC induced peak (marked as A), and graphene induced peak
(marked as C). Interestingly, we could observe the graphene
induced peak (marked as C) at this annealing temperature
although we did not see it in the LEED pattern. This
means that the graphene layer exists at the subsurface. To
monitor the changes among the four different bonding features
as a function of the annealing temperature, we increased
the annealing temperature. As the temperature increases
up to 1080 ◦C for 5 min in figure 3(b), we could see that
the silicon-rich layer is slightly increased. On the other
hand, the surface state starts to diminish. Continuing at
the annealing temperature of 1150 ◦C, we found that the
surface state completely disappeared and the graphene layer
is vividly increased, as shown in figure 3(c). This may be
attributed to the fact that the graphene layer is dominant at this
annealing temperature, which matches well with our LEED
result. Finally, we increase the annealing temperature at
1400 ◦C to track the change in graphene layer. As shown in
figure 3(d), the graphene layer is remarkably decreased and
the SiC layer is dominant. Conclusively, we found that the
graphene layer was formed at an annealing temperature of
1150 ◦C and it was dominant.

Concurrently, we also obtained C 1s core level spectra
varying with the annealing temperature. The result of C 1s
is the same as the trend of Si 2p. Figure 3(e) shows a C 1s core
level spectrum obtained after annealing at 900 ◦C for 5 min
after deposition of Si. As shown in this figure, it contains
three components; two major components located at binding
energies of 283.4 and 284.3 eV, which originate from SiC and
(
√

3 × √
3)R30◦, and a minor peak positioned at a binding

energy of 285.3 eV, which originates from developing (6
√

3 ×
6
√

3)R30◦. These finding led us to confirm also that the Si-
rich reconstructed layer (marked as A′) and graphene induced
layer (marked as C′) coexist at this annealing temperature.
Increasing the annealing temperature up to 1080 ◦C, we also
found an increment of the graphene layer shown in figure 3(f).
The intensity of the 285.3 eV component increases as the
(6

√
3 × 6

√
3)R30◦ reconstruction becomes dominant. The

original lower-lying structures located near 283.4 and 284.4 eV
are considerably weaker after annealing at 1080 ◦C. At
1150 ◦C, we could see that the graphene layer is dominant, as
shown in figure 3(g). After annealing at 1150 ◦C, two peaks are
present at 285.3 and 284.6 eV because of the well-developed
(6

√
3 × 6

√
3)R30◦ and 1 × 1 reconstructions. Finally, when

the annealing temperature was increased to around 1400 ◦C,
there was only one feature at the binding energy of 284.6 eV.
This means that the graphene layer has disappeared and a
single phase graphite layer exists at this annealing temperature
(marked as E).

The spectral analysis of Si 2p and C 1s core level spectra
as a function of the annealing temperature revealed that the

Table 1. The values of angle and the expected thickness the
graphene layer with varying annealing temperatures of (a) 1080 ◦C,
(b) 1150 ◦C, and (c) 1400 ◦C, respectively.

Tann. (◦C) Structure
Angle
(deg)

Expected
thickness (Å)

1080 (
√

3 × √
3)R30◦

+ (6
√

3 × 6
√

3)R30◦
N/A 3.2

1150 (6
√

3 × 6
√

3)R30◦ 14 ± 2 6.6 ± 1
1400 1 × 1 7 ± 2 12 ± 1

graphene layer is stably formed at the annealing temperature
of 1150 ◦C.

In general, the attenuation of the Si 2p core level
was determined by comparing the Si 2p signals measured
before and after formation of the graphene layer with the
expression [27].

d = λ ln

(
I

I0

)
(2)

where I0 and I are the Si 2p intensities before and after growth
of the overlayer respectively.

The inelastic mean free path was assumed to be 3.2 Å at
a photon energy of 130 eV [24]. The graphene layer thickness
on the (6

√
3 × 6

√
3)R30◦ reconstruction after annealing at

1150 ◦C was estimated to be around 6.6 ± 1 Å. This result
is comparable to that found in the bilayer graphene in previous
studies. The thickness was found to increase to 12 ± 1 Å on
1 × 1 reconstruction after annealing at 1400 ◦C. This result is
comparable to four-layer graphene.

Table 1 summarizes the tilted angle and the ex-
pected thickness of graphene layer with varying annealing
temperature.

4. Conclusion

The changes in the properties of graphene surfaces with
variation in their growth conditions were measured using
PES, LEED, and NEXAFS. We found that a bilayer-like thin
graphene sheet is formed after annealing at 1150 ◦C. The tilting
angle of the graphene sheet was estimated to be 14±2◦. As the
thickness of the graphene layers increased, this angle gradually
decreases to 7 ± 2◦ at 1400 ◦C. Even though the graphene
layers are moderately well grown on the SiC substrate with
an almost flat lying geometry and good directionality, the
measured tilt angle was bigger than expected because of the
interface between graphene and SiC. The existence of the
interface had more influence on thin layers than on thick layers.
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