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Epitaxial Graphene Growth on the Step-Structured Surface

of Off-Axis C-Face 3C-SiC(111)

Yuchen Shi, Alexei A. Zakharov, Ivan Gueorguiev Ivanov, Gholamreza Yazdi,

Mikael Syvdjdrvi, Rositsa Yakimova, and Jianwu Sun*

Graphene layers grown on the C-face SiC exhibit quite different structural and
electronic properties compared with those grown on the Si-face SiC. Herein, the
growth and structural properties of graphene on the off-axis C-face 3C-SiC(111)
are studied. The as-grown 4° off-axis 3C-SiC(11 1) exhibits highly periodic steps
with step height of ~0.75 nm and terrace width of ~50 nm. After annealing at
1800 °C under 850 mbar argon atmosphere, relatively uniform large graphene
domains can be grown. The low-energy electron microscopy (LEEM) results
demonstrate that one monolayer (ML) to four-ML graphene domains are grown
over several micrometers square, which enables us to measure micro low-energy
electron diffraction (p-LEED) on the single graphene domain. The p-LEED pattern
collected on the monolayer domain mainly exhibits four sets of graphene (1 x 1)
spots, indicating the presence of graphene grains with different azimuthal ori-
entations in the same graphene sheet. Raman spectra collected on the graphene
domains show rather small D peaks, indicating the presence of less defects and

hexagonal SiC, (111), and (117) in cubic
SiC (3C-SiC), respectively. Graphene layers
grown on the C-face hexagonal SiC (4H- or
6H-SiC) display only a linearly dispersed
n-band in the vicinity of Dirac point closed
to the Fermi level, thus behaving like an
isolated graphene.[*™® It has been shown
that such graphene layers exhibit higher
mobility parameters than that on the
Si-face, making graphene/C-face SiC a
promising material for the practical appli-
cations.”"!l The reason for this behavior
is ascribed to that graphene layers are elec-
tronically decoupled between adjacent
rotated graphene sheets, which has been
interpreted by a high density of rotational
faults.[*”) Contrary to this result, other

higher crystalline quality of the graphene layers grown on the C-face off-axis

3C-SiC(117).

1. Introduction

Sublimation growth of graphene on silicon carbide (SiC) is a
promising way to produce high-quality, large-scale graphene
for electronic and optoelectronic applications without the
requirement of extra transfer process, and thus has been exten-
sively investigated during the past decades.'™ SiC has two polar
faces, which are Si-face and C-face for (0001) and (0001) in
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works reported that rotational domains lat-
erally form within the same graphene
layer instead of between the adjacent
layers, and the adjacent layers are still in
AB-stacking.'***!

Alternatively, 3C-SiC is a suitable substrate for the epitaxial
growth of large-area multilayer graphene, which is also an attrac-
tive material for semiconductor devices such as metal-oxide—
semiconductor field-effect transistors (MOSFETs)."*"! Due to
the lack of C-face 3C-SiC substrates, there are very few works
devoted to investigating the growth of graphene on the C-face
on-axis 3C-SiC. Although some reported results showed similar
morphology to the graphene grown on the C-face hexagonal
SiC,l'”!8 the structural properties of graphene layers have not
been well discussed. A recent work reported that few-layer gra-
phene grown on the C-face on-axis 3C-SiC contain azimuthal
rotation that occurs between adjacent domains within the same
sheet rather than vertically in the stack.!”!

It is known that graphene grown on C-face hexagonal SiC
always contains smaller domains with a larger distribution in
the number of graphene layers than on the Si-face.'22024
So far, it is still challenging to control the graphene thickness
and uniformity on the C-face SiC. Also, graphene grown on
the C-face on-axis 3C-SiC has the same issue as that on the
C-face hexagonal SiC.['*'?) Moreover, the as-grown on-axis
3C-SiC layers are usually characterized by structural defects
such as double-positioning boundaries (DPBs),”>*® which
would negatively affect the growth of graphene. Most recently,
we have demonstrated that single-domain C-face 3C-SiC single
crystal can be grown on off-axis 4H-SiC substrates and its crys-
talline quality has been significantly improved.?” This allows
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us to grow graphene domains (over several square micro-
meters) on the C-face 3C-SiC. Moreover, we have demonstrated
that the off-oriented Si-face 3C-SiC enabled a fully elimination
of step bunching and allowed the growth of uniform large-area
graphene.?% However, it is still unknown whether this growth
method can be applied in the case of off-oriented C-face 3C-SiC
or not.

In this work, we grow graphene layers on the off-axis
C-face 3C-SiC(111) using sublimation technique.?" The surface
morphology before and after the growth of graphene was char-
acterized by atomic force microscopy (AFM). The number of gra-
phene layers was determined by low-energy electron microscopy
(LEEM). The surface structural properties of graphene were stud-
ied by micro low-energy electron diffraction (u-LEED). The crys-
talline quality of graphene layers was demonstrated by Raman
spectroscopy.
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2. Experimental Section

Off-axis C-face 3C-SiC(111) samples were grown on the C-face
4° off-axis 4H-SiC(0001) substrates. Figure 1 schematically
shows the structural differences between the off-axis and
on-axis faces of the 3C-SiC substrate. For the growth of gra-
phene, a 300-400 pm-thick free-standing 3C-SiC crystals were
prepared by polishing the 4H-SiC substrate. To remove contam-
inations and oxide from the surface, the 3C-SiC crystal was
gradually cleaned by acetone, ethanol, H,O0:NH3:H,0, (5:1:1),
H,0:HCI:H,0, (6:1:1), and hydrofluoric acid (HF).’" For the
growth of graphene, the sample was annealed at 1800 °C with a
ramping rate of 25 °C min~ ' under 850 mbar argon atmosphere
in an inductively heated furnace.’*% After annealing at the tar-
get temperature for 5 min, the sample was cooled down to the
room temperature naturally by switching off the system.
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Figure 1. A schematic illustration showing the structural differences between the a) on-axis and b) off-axis faces of the substrate.
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Figure 2. AFM topography 2 x 2 um? images and histograms of the statistic

sample grown on the off-axis C-face 3C-SiC at 1800 °C for 5 min. The step hei

insets of parts (a) and (c).
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The surface morphology was characterized before and after
the growth of graphene by AFM in tapping mode. LEEM and
LEED images were conducted using the SPELEEM instrument
at beamline 1311 in the MAX-IV synchrotron radiation labora-
tory, Lund, Sweden. To remove surface contamination before
measurements, the samples were annealed in situ at 600°C
for 20 min. The p-LEED patterns were collected with a probing
area of 500-1000 nm. Raman spectra were measured using a
micro-Raman setup with 532 nm laser line excitation. The laser
beam passed through a 100x microscope objective, resulting in a
spot of diameter ~800 nm focusing on the sample. The spectral
resolution was around =5.5 cm™" using a monochromator with
600 grooves mm ™+ grating coupled to a charge-coupled device
(CCD) camera.

3. Results and Discussion

Figure 2 compares the surface morphologies of the pristine off-
axis C-face 3C-SiC and graphene grown on C-face 3C-SiC. The
as-grown C-face 3C-SiC is characterized by highly periodic steps
with step height of ~0.75 nm and terrace width of ~50 nm, as
shown in Figure 2a and the inset. The statistical histogram of
step heights (Figure 2b) on the C-face 3C-SiC confirms that most
of the steps are distributed around 0.75nm height, which

www.pss-b.com

corresponds to three Si-C bilayers or one-3C-SiC unit cell. In
addition, the terraces/steps are straight and have length in tens
or even hundreds of micrometers, indicating that the 3C-SiC was
grown on off-axis 4H-SiC substrate by a step-flow growth mode
without step-bunching or DPB formation.*!

Figure 2c shows the surface morphology of the graphene sam-
ple grown on off-axis C-face 3C-SiC. It contains largely distrib-
uted terrace widths of 100-200 nm and step heights of 1-5 nm.
The statistical histogram (Figure 2d) of step heights confirms
that the steps are distributed around 3-25 Si-C bilayers, which
correspond to the height of 0.75-6.25 nm. Those large steps were
formed due to the step-bunching process, which is related to
minimizing surface free energy during the sublimation process
of the graphene growth.”

LEEM and p-LEED measurements were used to further char-
acterize the thickness and structural properties of graphene
grown on off-axis C-face 3C-SiC. Figure 3a shows a typical
LEEM image measured on the graphene/C-face 3C-SiC sample
with a field of view of 30 ym. Few-layer graphene regions with
different thicknesses ranging from one monolayer (1ML) to
four-monolayer (4ML) are observed and they are relatively uni-
form over several square micrometers, compared with graphene
grown on the C-face on-axis hexagonal SiC reported previ-

ously.’®3? The thicknesses of graphene domains were
(b) amL
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Figure 3. a) LEEM image of the graphene grown on the off-axis C-face 3C-SiC recorded in the field of view of 30 um with an electron energy of 3.0 eV,
showing from TML to 4ML graphene domains. b) The electron reflectivity curve collected from the color-labeled regions in part (a). p-LEED patterns
collected on the c) monolayer and d) bilayer domains in the LEEM image, respectively, with a kinetic energy of 52.0 eV. A probing area of 500-1000 nm

was used during p-LEED measurements.
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determined by the reflectivity curves shown in Figure 3b, which
were collected from the labeled regions in Figure 3a. The num-
ber of graphene layers is determined by the number of dips in
electron reflectivity.?*) As shown in Figure 3c, the p-LEED pat-
tern collected on the monolayer domain mainly exhibits four sets
of graphene (1 x 1) spots, indicating the presence of the gra-
phene grains with different azimuthal orientations in this mono-
layer graphene. With respect to the one set of brightest graphene
(1 x 1) spots (denoted by solid yellow arrows in Figure 3c), there
is one set of weaker (1 x 1) spots that are rotated clockwise
around 22° (denoted by solid red arrows in Figure 3c). This angle
is consistent with angles reported before, suggesting the pres-
ence of rotational disorders in this monolayer graphene.!'*2%
Moreover, two other sets of darker (1 x 1) spots indicated by
red and yellow dash arrows are rotated around 3°—4° with respect
to these two sets of (1 x 1) spots indicated by the red and yellow
solid arrows (Figure 3c). This small angle is reminiscent of the
rotation of £2.2° reported on the graphene grown on C-face 4H-
SiC.1% It is worth to note that the large-area coverage of ML gra-
phene (over several square micrometers) enables us to measure
p-LEED pattern on the monolayer region. The p-LEED pattern of
the ML graphene indicates azimuthal rotation occurs between
adjacent grains within this monolayer graphene.

Figure 3d shows the p-LEED pattern collected on the bilayer
domain. A set of (1 x 1) spots are rotated at an angle of 30° with
respect to the brightest (1 x 1) spots, as indicated by red arrows.
The previous reported results showed that a twist angle of around
35° and 20° was observed in the bilayer graphene.?>** As shown
in Figure 3d, a series of (1 x 1) spots with small rotational angles
ranging from around 4°-7° were also observed. Luxmi et al.
also reported that such small rotational angles around ~6°-13°
(most typically at ~7°) were observed on graphene grown on
C-face hexagonal SiC.*?
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Figure 4. Raman spectra measured on different areas of the graphene
sample. A reference spectrum of the 3C-SiC substrate is subtracted from
the spectra to eliminate the contribution from the second-order Raman
bands of 3C-SiC overlapping the D and G peaks.
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Raman measurements were performed to further investigate
the crystalline quality of graphene layers. Figure 4 shows three
representative Raman spectra collected on different areas on the
sample surface, which show typical G and 2D peaks of graphene.
It has been proposed that the full width at half maximum
(FWHM) of 2D peak increases with increase in the number
of graphene layers.*®! Three spectra with 2D FWHM of 38,
45, and 60 cm™" implies that the Raman spectra are collected
on graphene domains with different thicknesses, as observed
in the LEEM image (Figure 3a). The defect-activated D peak is
present in all of the spectra and the intensity ratio of D to G peak
is related to the defect density. In our spectra, weak D peaks are
observed, indicating the presence of less defects and higher crys-
talline quality of C-face graphene layers compared with the pub-
lished results.l"”*"

4, Conclusions

In summary, we have studied the growth and structural proper-
ties of graphene on the off-axis C-face 3C-SiC(111). Large gra-
phene domains with the thicknesses ranging from 1ML to 4ML
were obtained. Particularly, graphene domains are relatively
homogeneous over several square micrometers compared with
few-layer graphene grown on on-axis hexagonal SiC. p-LEED
measurements revealed that the monolayer graphene domain
contains several azimuthal rotations, which are considered as
the laterally rotational grains in the same graphene sheet. The
bilayer graphene contains two sets of graphene (1 x 1) spots that
are rotated 30° with respect to each other and a series of small
azimuthal rotational spots ranging from around 4° to 7° are also
observed.
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