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Abstract: We have studied the growth of the epitaxial graphene
by annealing Si-terminated SiC (0001) under Ar pressure of 0.05
atm and 0.3 atm. In the case of annealing SiC substrate under Ar
pressure of 0.05 atm, graphene prefers to be grown and embedded
at step edge. For annealing SiC substrate under Ar pressure of 0.3
atm, free C and Si atoms, which released from the SiC
decomposition, diffuse to the step edge and nucleate protrusive
graphene. Raman peak characteristics reveal the embedded and
protrusive graphene has approximately the same carrier
concentration and strain.

Index Terms— graphene, SiC, carbon diffusion, reflection
high-energy electron diffraction, scanning electron microscope,
atomic force microscopy, Raman spectroscopy, angle-resolved
photoemission spectroscopy

I. INTRODUCTION

Graphene is a two dimensional carbon material which its
carbon atoms are packed in a honeycomb crystal lattice.
Graphene has many exotic properties such as high mobility
and linear dispersion (Dirac cone) at the K-point in the
Brillouin zone [1], [2]. Graphene can be fabricated by many
methods such as mechanical exfoliation of graphite, chemical
vapor deposition (CVD) of carbon-bearing gases on the
surface of copper films [3], [4], opening carbon nanotubes [5]
and annealing SiC substrate. Graphene nanribbons (GNRs)
are strips of graphene with narrow width. The electronic
property of GNRs depends on the width and edge structure.
GNRs can be fablicated by cuting down larger graphene (such
as e-beam lithography) [6] and bottom-up gowth. Annealing
SiC substrate is one of suitable methods for fabricating
bottom up GNRs with intact edge. GNRs on SiC can be
applied for many application such as field-effect transistors
[7]. In this study, we have demonstrated the growth of GNRs
on Si-terminated 6H-SiC (0001) by annealing the SiC
substrates under Ar atmosphere.

I1. EXPERIMENTAL

N-type Si-terminated 6H-SiC (0001) substrates were
employed and first cleaned by ultrasonic precleaning with
acetone. After that the substrates were put in a main chamber
with the base pressure of ~10™° mbar and deposited by Si
atoms around 2 layers. Then the substrates were transferred,
without exposure to air, to another annealing chamber before
annealed them by resistive heating under an Ar gas pressure of
0.05 and 0.3 atm. The annealing temperature was in range of
~900 to graphitization temperature (1550 °C and 1675 °C)
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Fig 1. the RHEED pattern shows 6x6 reconstruction of
0.05 atm sample after annealed at graphitization temperature
(1550 °C) and the beam direction of [1010] (a) and [1120]
(b). White and black number indicate the positions of
reflections from graphene and SiC substrate, respectively. (c)
schematic of reciprocal lattices of 6x6 reconstruction. Red
and black circles represent reflections from 1x1 graphene
and SiC surface reconstruction, respectively.

with steps of ~100°C (10~15 min per each step). The
annealing temperature was measured by an optical pyrometer.

After annealing, Reflection high-energy electron
diffraction (RHEED) which has incident beam energy of 10
kV was employed to measure the structure of SiC surface in
the main chamber (base pressure of ~10*°mbar). The RHEED
patterns were recorded by a CCD camera. The topography of
samples was measured by atomic force microscopy (AFM) in
air. An Ultra-high vacuum scanning electron microscope
(UHV-SEM) which has incident beam of 2.2 KeV was
performed to confirm the shape and position of graphene.
Raman spectroscopy was used with wavelength at 532 nm.
Angle-resolved photoemission spectroscopy (ARPES)
measurement was conducted at room temperature at the beam
line 5U of UVSOR-II in the Institute for Molecular Science,
Okazaki, Japan. The excitation photon energy was set to 80
eVv.
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Fig 2 AFM (a, b and d, e) and SEM (c and f) images of 0.05 atm (a-c) and 0.3 atm (d-f) samples. (a) and (d) inset Line profiles
along black lines. Bright regions in AFM phase image (b and ) and black regions in SEM image (c and f) indicate graphene regions.

I11. RESULTS AND DISCUSSION

After annealing, the samples were transferred to measure
the evolution of the surface structure by RHEED. The results
show that in the case of the sample which annealed under Ar
pressure of 0.05 atm (0.05 atm sample) the structure evolves
from 1x1 > /3% 4/3 > 6x6 reconstruction at annealing
temperature of 1350 °C and 1550 °C, respectively. In the case
of annealing the sample under Ar pressure of 0.3 atm (0.3 atm
sample), the structure changes from 1x1 - 3x3 > 6x6
reconstruction after annealing at the temperature of 1300 °C
and 1675 °C. Annealing under Ar pressure of 0.3 atm can shift
the graphitization temperature due to the reduction of Si
sublimation. Namely, the presence of higher pressure of Ar
gas increase probability of Si collision with Ar atoms leads to
number of reflected Si atoms back to the surface increases.
Fig 1 (@ and (b) show the surface structure of 6x6
reconstruction measured by RHEED after annealed at the
graphitization temperature (1550 °C) under Ar pressure of
0.05 atm. The reflections from graphene are appeared around
(0.72, 0.72) and (0.72, 0.72) positions when the incident
beam was applied in the [1010] direction [8]. In addition,
when the sample was rotated by 30 degree ([1120]
incidence), the reflections from graphene are observed near
(0, £2) positions (indicated by arrows). Fig 1 (c) shows a
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schematic of the reciprocal lattice of 6x6 reconstruction
where a red dash line rhombohedron represents a graphene
unit cell which has the different angle of 30 degree from a SiC
unit cell (black dot line).

In this study, we annealed the SiC substrates by resistive
heating method. This method can give us a non-uniform
temperature on the SiC substrates leads to the non-uniform
graphene thickness on the sample. This method also gives us
opportunities for measuring the graphene morphology and
shape from their initial state. Fig 2 shows AFM and SEM
images of the 0.05 atm (Fig 2 (a)-(c)) and 0.3 atm samples
(Fig 2 (d)-(f)). In the case of 0.05 atm sample, Fig 2 (a) and
(b) are AFM topographic and phase images (respectively)
showing the position of graphene regions (bright regions in
Fig 2 (b)) on this sample is lower than that of their terrace as
shown clearly by the line profiles (Fig 2 (a) inset) along the
black line. We also found that the graphene is first nucleated
at upper step edge with the position lower than its bare SiC
terrace. It is attributed to the SiC decomposition which prefers
to occur at step edge due to the instability. SEM image (Fig 2
(c)) shows 3 distinctive SEM contrasts i.e. bright, dark gray
and black (narrow striped line) indicating buffer layer,
monolayer and bilayer graphene, respectively.[9] SEM results
confirm the bright region in AFM phase image (Fig 2 (b)) is
graphene regions.
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Fig 3 Schematic of graphene growth process showing
bare SiC surface with bunching step (a), embeded (b) and
protrusive (c) carbon layer at SiC step edge. Small and big
circles indicate carbon and silicon atoms, respectively.

For annealing the 0.3 atm sample, Fig 2 (d) and (e) shows
graphene morphology and shape measured near the initial
state of graphene growth. These AFM results reveal that
graphene is first grown at upper step edge. the AFM
topography line profiles along the black line (inset) in Fig 2
(d) show the position of grapgene region at the upper step
edge is about 1.2 nm higher than that of SiC region on the
same terrace. AFM phase (Fig 2 (e)) and SEM results Fig 2 (f)
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confirm the protrusive area at upper step edge is graphene
region. Although, the height of the protrusive area implies that
this region should contain a buffer layer and 3 graphene layers,
the thickness measurement using X-ray diffraction (XRD)
reveals the presence of graphene monolayer; bilayer and
trilayer on this sample are 40%, 25% and 10%, respectively
[9]. Since the area in Fig 2 (d) and (e) measured around the
initial state of graphene growth, the graphene thickness on the
protrusive region is graphene monolayer. It implies that the
protrusive area consists of SiC layers stacking at the base and
a buffer layer and graphene monolayer terminating on top.

Fig 3 shows schematics of graphene growth process for
0.05 atm (Fig 3 (b)) and 0.3 atm (Fig 3 (c)) samples. A
schematic in Fig 3 (a) shows the bunching steps, which appear
on both samples, before graphene nucleation. In the case of
0.05 atm sample (Fig 3 (b)), the SiC substrate is first
decomposed at upper step edge by Si atoms sublimation
leaves behind free C atoms on the lowered area. After that
those free C atoms incorporate and nucleate buffer and
graphene layer, consecutively. Since the graphene position of
this sample is lower than the position of SiC substrate on the
same terrace, therefore there is a probability that the
nucleation of bonding between C atoms at the edge of carbon
layer (buffer and graphene layer) and Si or C atoms of the SiC
substrate to reduce the total energy [10]. For 0.3 atm sample
(Fig 3 (c)),the graphitization temperature is higher than that of
0.05 atm sample. The free C and Si atoms which were
released from the SiC decomposition diffuse and incorporate
at the step edge. Almost free C and Si atoms are confined at
step edge due to the Schwoebel-Ehrlich barrier which
increases the diffusion barrier at step edge. The free C and Si
atoms prefer upward hop on top of other Si and C atoms to
incorporate at the lateral. After that the Si atoms on top start
sublimating allows the formation of carbon layers on top.
Finally, after the annealing temperature decreases, the C and
Si atoms underneath the new carbon layer form SiC layer
again leads to protrusive striped graphene on SiC. Since the
position of the graphene is higher than that of bare SiC terrace,
there is no bonding between graphene edge and the SiC
substrate. It means we can fabricate striped graphene with
intact edge which is near free standing graphene on SiC.

Fig 4 shows Raman spectra of 0.05 atm (green solid line)
and 0.3 atm (blue solid line) samples after the subtraction of
SiC spectra. The position of G peak (near 1600 cm™) can be
measured and is approximately the same for both samples.
The Fig 4 inset shows the magnification of 2D peak around
2700 cm™.The 2D peaks position for the embedded graphene
(0.05 atm sample) is slightly blue shifted (around 10 cm™)
with respect to the protrusive sample (0.3 atm sample). The
Raman peak positions of graphitic material imply 3
characteristics [11].

The first is carrier concentration. The charge doping of
graphene can change the G peak position [12]-[14]. The G
peak position of both samples is approximately same. It
suggests that the carrier concentration of embedded and
protrusive graphene is identical. It is corresponding to
angle-resolved photoemission spectroscopy (ARPES) results
(Fig 4 (b) and (c)) showing the same Fermi level for both
samples.
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The second is the graphene film strain. Mohiuddin research
group found that the strain on graphene film can change the
position of G and 2D peaks [15]. In our case, the G peaks of
the embedded and protrusive graphene are same but only the
2D peaks of both samples are slightly different. These suggest
that the both samples approximately contain the same
graphene film strain although there are the bonding between
graphene edge and SiC substrate in the case of embedded
graphene.
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Fig 4 (a) Raman spectra after subtracted from Raman SiC
spectra. Green and blue solid line indicate the samples which
annealed under Ar pressure of 0.05 atm and 0.3 atm,
respectively. (a) Inset Magnigicatation of Raman spectra at
the 2D peak region. (b) and (c) ARPES spectra of the 0.05
atm and 0.3 atm sample (respectively) showing Dirac cone
around the K point of graphene.

The last characteristic is graphene film thickness. The
graphene film thickness distribution for both samples is
estimated by XRD reveals that the 0.05 atm sample
(embedded graphene) consists of graphene monolayer and
bilayer regions of 33% and 14%, respectively. For the 0.3 atm
sample (protrusive graphene), it contains graphene monolayer
of 40%, bilayer of 25% and trilayer of 10%.[9] As the number
of graphene layer increase, the position of 2D peak shifts to
higher wave number [16]. In this case the difference of 2D
peak position of the both samples is little therefore the
difference in graphene film thickness of both samples is also
approximately the same. It is in good agreement with XRD
results.

IV. CONCLUSION

We have grown and investigated the epitaxial embedded
and protrusive striped graphene on Si-terminated 6H-SiC
(0001). We found that the graphitization temperature rises
from 1550 °C to 1675 °C with increment of Ar pressure from
0.05 atm to 0.3 atm. Graphene unit cell has the different angle
of 30 degree from SiC unit cell. In addition, graphene prefers

37

to be grown and embedded at step edge for 0.05 atm sample.
In the case of 0.3 atm sample, free C and Si atoms which
released from the SiC decomposition diffuse to the step edge
and nucleate protrusive graphene layer there. Raman peak
characteristics and ARPES spectra reveal that the embedded
and protrusive graphene have approximately the same carrier
concentration and graphene film strain.
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