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ABSTRACT

A Si-face 4H-SiC surface was modified by plasma oxidation followed by HF etching. The resulting surface was covered with a carbon
overlayer composed of C–C bonded clusters and Si–O–C bonding from Si4C4O4 and Si4C4−xO2 (x < 2), as evidenced by photoemission
spectroscopy measurements and wetting properties. A trend was observed in which the thickness of the carbon overlayer was proportional
to the SiO2 thickness after plasma oxidation, indicating that the former could be controlled on the subnanometer scale by adjusting plasma
conditions. After a subsequent annealing under ultrahigh vacuum, we found that graphene grew on the modified SiC surface without the
formation of a pitting morphology, which is in contrast to the case using an untreated SiC substrate. Raman spectroscopy revealed that
the former graphene includes fewer defects than the latter graphene. We discuss the microscopic mechanism by which reaction products
composed of C–C and Si–O–C bonds form in the SiO2 film near the SiO2/SiC interface via plasma oxidation as well as their influence on
the subsequent growth of graphene.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092336

I. INTRODUCTION

Graphene has drawn a considerable attention owing to its out-
standing properties, such as electrical,1 mechanical,2 and magnetic3

properties, which are expected to lead to numerous applications.4

Various methods have been developed for obtaining graphene,
including the mechanical exfoliation of graphite,5 thermal decom-
position of silicon carbide (SiC),6–8 growth on metallic surfaces by
chemical vapor deposition (CVD),9 and chemical synthesis in solu-
tions.10 Among them, epitaxial growth of graphene on SiC has the
advantage of forming large coherent graphene domains. In addi-
tion, SiC is a wide-bandgap semiconductor and can serve as a semi-
insulating substrate, obviating the need to transfer graphene grown
on SiC to another insulator substrate. These benefits have led to
numerous reports on the synthesis of graphene via thermal subli-
mation of Si from SiC. The simplest technique is to heat a Si-face
SiC surface in ultrahigh vacuum (UHV) to a temperature greater
than 1100 °C, which results in Si sublimation.6,8 However, a
problem with this simple approach is the formation of a pitted
morphology,11,12 which is likely caused by the liberation of insuffi-
cient C atoms to form a uniform carbon-rich layer, the so-called

“buffer layer,” resulting in random sublimation of Si atoms from a
terrace on SiC. The pitted morphology is likely to degrade the
transport property of graphene,13 which hampers further device
development.

Thus far, various methods have been proposed to minimize
etch pit formation during graphene growth. These approaches
include the use of a vicinal SiC surface,14 deposition of evaporated
C atoms onto SiC,15,16 rapid annealing of SiC,17 selective etching of
Si atoms in surface SiC layers by atomic hydrogen,18 and the use of
high background gas pressures during heating at temperatures
above 1650 °C.19 In this paper, we investigate the use of plasma to
avoid a pitted morphology on SiC during subsequent heating in
UHV to grow graphene.

Several groups have used plasma treatments of SiC for gra-
phene growth.20–25 For example, Raghavan et al. reported that the
surface chemistry using CF4- and Cl2-based inductively coupled
plasma-reactive ion etching of a SiC(0001) surface followed by
thermal annealing has the potential to yield a large-area graphene
film.20 A C4F8-based fluorocarbon plasma was also used to etch a
Si-face SiC surface prior to annealing in an Ar gas for nucleating
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and growing graphene films.21,22 Tsai et al. exposed a SiC surface
to N2 plasma to promote the reaction of nitrogen ions with Si,
which was followed by annealing at 1150 °C in a N2/H2 atmo-
sphere.23 The objectives of these studies were to form graphene at
lower temperatures than those required for simple Si sublimation.
The plasma treatments were used for the selective removal of Si
atoms from surface SiC layers, leaving a C-rich overlaying film as a
carbon source on the surface. Zhang et al.24 reported another
approach of plasma-enhanced CVD using CH4 as the carbon
source. They achieved the epitaxial growth of graphene on SiC at
controlled temperatures as low as ∼540 °C during the CVD
process.

In the present work, we use a novel surface chemical route to
modify a SiC surface: plasma oxidation followed by wet etching.
This sequence enables the condensation of carbon atoms on SiC
with plasma that contains neither toxic nor flammable gases. We
analyze the reaction products consisting of carbon species gener-
ated by these processes and discuss the mechanism of their synthe-
sis. Then, the relationship between the SiO2 thickness after plasma
treatment and the carbon-containing overlayer thickness after the
subsequent removal of the SiO2 layer is revealed. We also show
the influence of the carbon-rich overlayer on SiC on the quality of
the graphene formed on such a surface.

II. EXPERIMENTAL DETAILS

A. Wet cleaning process

The samples used in this study were rectangles diced from
chemical mechanical polished on-axis (±0.5°) 4H-SiC(0001)
n-doped wafers. The nominal resistivity of these wafers was quoted
as 0.015–0.028Ω cm. The samples were first dipped into a solution
of H2SO4/H2O2 (96 and 30 wt. %, respectively) = 4:1 (by volume)
for 10 min to remove carbon and metallic contaminants on the
surfaces. They were then dipped into a concentrated HF solution
(50%) for 10 min, followed by being rinsed with ultrapure water for
10 min. The SiC surface after the wet cleaning procedure is referred
to hereafter as the initial surface.

B. Plasma treatment

The initial surfaces after wet cleaning were treated with
atmospheric-pressure plasma either in He or in a He/O2 mixture.
Figure 1 shows a schematic of our plasma apparatus. Samples with
their initial surfaces were placed on a sample stage at room temper-
ature, or 23 °C, in a chamber. After the air initially present in the
chamber was evacuated by a dry scroll pump to a pressure of
approximately 10 Pa, He was supplied until the chamber reached
atmospheric pressure. A 6-mm-diameter cylindrical electrode was
positioned above the sample surface at a distance of ∼5 mm. When
150 MHz RF power (40W) was applied to the electrode,
atmospheric-pressure plasma was generated between the electrode
and the sample surface, hereafter referred to as He-based plasma.
In some experiments, we introduced a mixed gas of He and O2

into the chamber, where the O2 concentration was as high as 1.5%.
The plasma with this mixed gas is herein referred to as the He/O2

plasma. Considering the literature with the similar plasma condi-
tions to ours,26 the sample temperatures during these plasma

treatments were expected to be lower than approximately 150 °C.
The ion energy in our plasma was estimated to be not higher than
several electron volts, meaning that we can avoid the mechanical
damage of the SiC surface by the ion bombardment during the
plasma exposure.

C. Graphene growth

The samples were immersed in a concentrated HF solution and
rinsed with ultrapure water for 10 min after treatment with either
He-based or He/O2 plasma. The resulting surface is hereafter referred
to as the modified surface. The samples with either the initial
or modified surfaces were transferred to a chamber under UHV
(2.0 × 10−8 Pa) and degassed at approximately 300 °C for 24 h. The
samples were then heated from 300 °C to 1100 °C at a ramping rate
of approximately 120 °C/s and maintained at 1100 °C for 30 min for
the epitaxial growth of graphene on SiC. This heating process was
carried out via direct-current heating. An optical pyrometer was used
to monitor the temperature with an uncertainty of ±15 °C. Figure 2
summarizes our sample preparations.

D. Characterization and surface analysis

The obtained surfaces were analyzed by X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI, Quantum 2000), atomic force
microscopy (AFM, Hitachi High-Tech Science, SPA-400) in tapping
mode, and Raman spectroscopy (Nanophoton, RAMAN-touch). In
the XPS spectra, the binding energy scale was calibrated using the
Au 4f7/2 and Cu 2p3/2 lines. The Raman measurements were con-
ducted with a 500-mW laser with a wavelength of 532 nm. The
diameter of the spot size of the incident laser beam was 0.35 μm.

III. RESULTS AND DISCUSSION

Figure 3 shows peak-fitted XPS spectra on an initial SiC
surface after the wet chemical treatment. The measured Si 2p spec-
trum in Fig. 3(a) has an intense peak at 101.3 eV from the SiC bulk

FIG. 1. Schematic of the plasma system.
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together with a small shoulder peak, or the Si1 peak, at the
higher-binding-energy side. In Fig. 3(b), a clear peak at 283.5 eV
corresponds to C atoms bonded to Si in the SiC substrate. A small
and broad component centered at 284.4 eV in Fig. 3(b) was attrib-
uted to surface carbon-containing species with an adventitious
carbon component. The O 1s spectrum in Fig. 3(c) was almost
fitted by a single peak at 532.8 eV. HF-treated SiC(0001) surfaces
were previously shown to be terminated with OH groups.27 The
peak in Fig. 3(c) and the small Si1 peak in Fig. 3(a) likely represent
surface hydroxyl groups bound to the outermost Si atoms. We
placed a water droplet on this initial SiC surface. Figure 3(d) shows
the corresponding image exhibiting more of a hydrophilic property
caused by the OH groups terminating the SiC surface.

The graphs in Fig. 4 depict the XPS spectra of exposing the
initial SiC surface to the He-based plasma. The Si 2p region in
Fig. 4(a) includes two main peaks. One significant peak exists on
the high-binding-energy side of the bulk peak and is attributed to
an oxide (SiO2) layer on SiC. The C 1s spectrum in Fig. 4(b) is
composed of more lines than the Si spectrum. Specifically, in addi-
tion to the main peak from the SiC bulk at 283.5 eV, shoulder
peaks situate at 284.4 eV (C1), 285.1 eV (C2), 286.0 eV (C3), and
287.1 eV (C4). According to the literature,28,29 the C1, C2, C3, and
C4 peaks are assigned to an interface oxide (Si4C4−xO2; x < 2), C–C
bonded clusters, a mixed oxide (Si4C4O4), and C–OH bonds,

respectively. The C3 component also contains signals associated
with hydrocarbon adsorbates.28 The O 1s spectrum in Fig. 4(c) can
be almost fitted with a single peak at 533.2 eV, which represents
the formation of an SiO2 layer. These results indicate that the SiC
surface exposed to the He-based plasma was oxidized. The oxides
originated from oxygen or water molecules remaining in the
chamber, which led to the formation of oxidizing species such as
oxygen and hydroxyl radicals. An emission spectrum revealed the
presence of these radicals in the He-based plasma.25 The graphs in
Fig. 5 show the XPS spectra when the initial SiC surface was
exposed to He/O2 plasma with 1.5% O2 concentration. A further
surface oxidation occurred as manifested by the higher intensity
ratio of the Si4+ signals to the SiC signals in the spectrum in
Fig. 5(a) compared with that in Fig. 4(a). A feature in the C 1s
spectrum in Fig. 5(b) has a low signal-to-noise ratio due to the
presence of a thick SiO2 layer attenuating the photoelectrons from
the carbon species. The C 1s/Si 2p ratios were 0.17 and 0.06 in the
spectra in Figs. 4 and 5, respectively. Note that the measured data
in the C 1s region in Fig. 5(b) can be fitted by the same compo-
nents as those in Fig. 4(b) (i.e., C1, C2, C3, and C4) together with a
small and broad signal (C5) corresponding to COOH.28

Typical XPS spectra of a modified SiC surface are shown in
Fig. 6. They were obtained after the sample exhibiting the spectra
in Fig. 5 was removed from the XPS chamber and subsequently
immersed into the concentrated HF solution, followed by being
rinsed with ultrapure water. The oxide peak at approximately
103.7 eV in Fig. 5(a) disappears in Fig. 6(a), meaning that the SiO2

layer was removed by the HF etchant. In Fig. 6(b), an intense
shoulder emerges at a binding energy higher than the bulk peak at
283.3 eV. This shoulder was mainly fitted using the C2 and C3
peaks in Fig. 5(b) together with small contributions of C1 and C4.
Evidence for Si–O–C bonding in the C3 (Si4C4O4) and C1
(Si4C4−xO2; x < 2) components is also supported by the results in
Fig. 6(c). Specifically, the O 1s spectrum in Fig. 6(c) can be decon-
voluted into two peaks attributable to Si–O and C–O.30 As noted
in the discussion of Fig. 3(c), the Si–O signal is present after the
HF treatment. Figures 6(b) and 6(c) indicate that our procedure
created both C–C bonded clusters and Si–O–C bonding on a
Si-face SiC surface. Table I summarizes the binding energy and the
full-width half-maxima (FWHM) of the fitted peaks in Figs. 3–6.
Table II compiles the relative contributions of C 1s and O 1s to Si
2p for each experiment. Figure 6(d) shows an image of the wetting
property of a modified surface. As revealed in Fig. 6(d), the SiC
surface with C–C and Si–O–C bonds exhibits greater hydrophobic-
ity than the initial SiC surface covered with Si–O bonds [Fig. 3(d)].
Given the Pauling electronegativities of Si (1.90), C (2.55), and O
(3.44) atoms, this change in wetting properties from Fig. 3(d) to
Fig. 6(d) is reasonable. Another group reported the XPS spectra
after the oxidation of a graphene/buffer layer/SiC structure.31

According to their C 1s XPS spectra, the peak positions of gra-
phene, a buffer layer [(6

ffiffiffi
3

p � 6
ffiffiffi
3

p
)R30� phase], and an epoxy

group in graphene oxide had a binding energy higher than the bulk
SiC peak by 1.6, 2.4, and 3.2 eV, respectively. These peak positions
were similar to those of C2, C3, and C4 in Fig. 6; hence, one may
think that the modified surface in Fig. 6 represents graphene and
graphene oxide coexisting on a buffer layer/SiC structure. However,
the low-energy-electron-diffraction images on our modified surface

FIG. 2. Methods for the sample preparations.
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FIG. 3. (a) Si 2p, (b) C 1s, and (c) O
1s XPS spectra of an initial SiC
surface. The photoelectron take-off
angle was set to 20° from the sample
surface. Cps in the label of the vertical
axis is the abbreviation of counts per
second. (d) Wetting property of this
surface.

FIG. 4. (a) Si 2p, (b) C 1s, and (c) O
1s XPS spectra for the 90° take-off
photoelectron emission angle for a SiC
surface. They were obtained after an
initial surface was exposed to the
He-based plasma for 5 min.
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did not show any spots of either the buffer layer or graphene. Thus,
we ruled out the possibility in which graphene or graphene oxide
grew just by our plasma treatment of SiC followed by HF etching.

By analyzing the Si 2p and the C 1s spectra, we can estimate
the thicknesses of SiO2 and the carbon overlayer on SiC, respec-
tively. Specifically, the SiO2 thickness on the SiC substrate was
calculated from the Si 2p signal attenuation using the equation32

tSiO2 ¼ λSiO2 sin θ ln
NSiCλSiC
NSiO2λSiO2

ISiO2

ISiC
þ 1

� �
, (1)

where ISiC and ISiO2
are the peak areas of the SiC bulk and SiO2 in

a Si 2p spectrum, NSiC and NSiO2
are the volume densities of Si

atoms in the SiC bulk and SiO2 film, λSiC and λSiO2
are the inelastic

mean free paths of the photoelectrons in the SiC bulk and SiO2

film, respectively, and θ is the electron take-off angle with respect
to the sample surface. Using the values for NSiC (4.82 × 1022/cm3),
NSiO2

(2.21 × 1022/cm3), λSiC (2.615 nm), and λSiO2
(3.764 nm)

found in the literature,33–35 for example, we obtained SiO2 thick-
nesses of 5.0 nm and 14 nm for the spectra in Figs. 4(a) and 5(a),
respectively.

Similarly, the thickness of a carbon-containing overlayer on
SiC can be estimated from the C 1s spectra. As described in Fig. 6,
the carbon-containing overlayer has multiple components, includ-
ing C–C bonded clusters and intermediate oxides. For simplicity,
we regarded the volume density of the C atoms (1.14 × 1023/cm3)

and the inelastic mean free path of the photoelectrons in the
carbon-containing overlayer (3.714 nm) as those reported in the lit-
erature for glassy carbon.36,37 Moreover, 2.344 nm was used for the
inelastic mean free path of the photoelectrons from the C 1s orbital
in the SiC bulk.33 In this manner, the C 1s spectrum [Fig. 6(b)]
was shown to have an overlayer with a thickness of 0.26 nm.

We next investigated the relationship between the SiO2 and
carbon-overlayer thicknesses for four different plasma conditions
by analyzing the Si 2p and C 1s XPS spectra. We employed both
the He-based and He/O2 plasma. The latter was used to control the
O2 concentration in the chamber. Figure 7(a) shows that increasing
the O2 concentration in the He/O2 plasma resulted in a thicker
SiO2 film. This result is reasonable because O2 molecules are the
source of oxidizing species in the plasma. The more important
trend is that a thicker oxide film on SiC created a thicker carbon
overlayer, as shown in Fig. 7(b). For example, when the oxide thick-
nesses were 6.6 nm and 12.6 nm, the carbon-overlayer thicknesses
after the subsequent HF etching were 0.16 nm and 0.29 nm, respec-
tively. Figure 7(b) indicates that the thickness of the additional
carbon layer can be controlled on the subnanometer scale by con-
trolling oxide thicknesses.

A mechanism to form the C–C bonded clusters in the carbon-
containing overlayer, which caused the C2 peak in Figs. 4(b)
and 5(b), is proposed as follows. In conventional thermal oxidation
of SiC at temperatures in the range between 1100 and 1400 °C,
gaseous CO molecules are generated by the reaction 2SiC(s) +
3O2(g)→ 2SiO2(s) + 2CO(g).38 Because CO molecules in SiO2 can

FIG. 5. (a) Si 2p, (b) C 1s, and (c) O
1s XPS spectra for the 90° take-off
photoelectron emission angle for a SiC
surface. These spectra were taken
after an initial SiC surface was
exposed to the He/O2 plasma for 5
min. The O2 concentration in the
plasma was 1.5%. Note that the open
symbols and the black bold curve indi-
cate the measured data and the sum
spectrum of the fitted peaks,
respectively.
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be emitted in the gas phase at temperatures greater than 900 °C,39

they do not reside at the SiO2/SiC interface, as also confirmed in
the literature.40 By contrast, our plasma oxidized the SiC sample at
temperature lower than 150 °C. Even if CO molecules are generated
by the interaction of SiC with oxidizing species, the oxidation tem-
perature is too low for CO to diffuse into the SiO2 layer. As a result,
the CO molecules are likely to remain, especially at the SiO2/SiC
interface, and to aggregate to form O-deficient carbon clusters
containing the C–C bonds via the effusion of O atoms as CO2.

41

The formation of carbon precipitates during thermal oxidation was
also investigated from the viewpoint of thermodynamics.38,42 At a
given O2 partial pressure, the reaction of O2 with SiC results in
different products depending on the temperature. Carbon precipita-
tion [SiC(s) + O2(g)→ SiO2(s) + C(s)], rather than the generation
of gaseous CO molecules, is thermodynamically favored in low-
temperature regions. In addition, the C1 and C3 peaks representing
Si4C4−xO2 and Si4C4O4 in Figs. 4(b) and 5(b) were considered to be
a reaction product of the molecular O2 bonded peroxidically to a SiC
bilayer and an oxidation product of Si4C4−xO2, respectively.28

Although we need further investigations, the formation of the
carbon species (C–C bonded clusters, interface oxide, and mixed
oxide) is likely caused by a low oxidation temperature (i.e., a temper-
ature lower than 150 °C). These species remained after HF etching of
the SiO2 layer to form an overlayer containing the C–C and Si–O–C
bonds on the modified surface [Fig. 6(b)].

Figure 8 shows the change in surface morphologies of
different SiC samples as a result of the UHV annealing process.
The initial SiC surface is composed of atomically flat terraces and

step edges, as shown in Fig. 8(a). In this image, the terrace width is
approximately 230 nm, although it could vary in the range between
90 and 250 nm even on the same wafer surface because of the local
variations. The step height in Fig. 8(a) was 0.25 nm, which corre-
sponds to the single bilayer of the SiC crystal. Figures 8(b)–8(d)
show the modified SiC surfaces. The initial terrace/step structure in
Fig. 8(a) became unclear, and its extent was more significant on the
samples exposed longer to the He-based plasma. In another experi-
ment, we confirmed that the thickness of the carbon overlayer
composed of the C–C bonded clusters and the Si–O–C bonds pre-
sented in Figs. 6 and 7 increased with increasing plasma exposure
time. The AFM images in Figs. 8(b)–8(d) indicate that a thicker
carbon overlayer covers the underlying SiC surface more
completely, which is also evidenced by the change in the
root-mean-square roughness provided for each image. After the
heat treatment under UHV, the surface morphologies changed
from those in Fig. 8(a) to those in Fig. 8(e). As evident in Fig. 8(e),
many pits, whose depths were measured to be 1.0–1.5 nm, were
formed. Another group has reported AFM phase images that reveal
the presence of graphene layers even at the bottom of these pits.43

Figure 8(f ) was obtained when graphene was epitaxially grown on
the SiC sample shown in Fig. 8(b). The pit density is apparently
lower in Fig. 8(f ) than in Fig. 8(e), and this trend is more clearly
observed on the graphene/SiC structures in Figs. 8(g) and 8(h).
The carbon overlayer on SiC observed in Figs. 8(b)–8(d) can be
reasonably considered to contribute to the suppression of the for-
mation of the pitted morphology. Notably, the step edges in
Figs. 8(g) and 8(h) are straighter than those in Figs. 8(e) and 8(f ).

FIG. 6. (a) Si 2p, (b) C 1s, and (c) O
1s XPS spectra for 20° take-off photo-
electron emission of a modified SiC
surface. These spectra were collected
after the SiO2 layer of the sample rep-
resented in Fig. 5 was removed by HF
etching. (d) Wetting property of a modi-
fied surface.
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Figure 9 presents the Raman spectra collected to evaluate
the influence of the plasma-assisted process on the quality of
graphene. We prepared two samples. One was an as-received
SiC surface cleaned with a mixed solution of H2SO4 and H2O2.
The other was a SiC surface exposed to the He-based plasma for
5 min. After the immersion of these surfaces into the concen-
trated HF solution, followed by rinsing with ultrapure water,
graphene was grown on the SiC surfaces in UHV in the manner
in Sec. II C. For each sample, 36 Raman spectra were collected
and a background signal was subtracted. The averaged spectra
for the modified and the initial SiC surfaces are shown in Figs. 9(a)
and 9(b), respectively.

The major features of Raman spectra of graphene are the
D peak at ∼1350 cm−1, the G peak at ∼1584 cm−1, and the 2D
peak at ∼2700 cm−1. The G peak is related to phonon vibrations in
sp2 carbon materials, whereas the 2D peak is a second-order two-
phonon mode. The D peak is not Raman active for pristine gra-
phene but can be detected when the symmetry of graphene is
broken either by outer edges or by a high density of defects.44 In

TABLE I. Description of the spectra fitting for Figs. 3–6.

Figure Components Binding energy (eV) FWHM (eV)

Si 2p3/2

3 Si–C 101.3 0.8
3 Si1 102.3 1.0
4 Si–C 101.3 1.0
4 Oxide 103.9 1.5
5 Si–C 101.2 0.9
5 Oxide 103.7 1.5
6 Si–C 101.0 0.9
6 Si1 102.0 0.8

C 1s

3 C–Si 283.5 0.8
3 Surface C 284.4 2.3
4 C–Si 283.5 1.0
4 C1 284.4 1.1
4 C2 285.1 0.9
4 C3 286.0 1.1
4 C4 287.1 0.8
5 C–Si 283.4 0.9
5 C1 284.3 1.1
5 C2 285.0 0.9
5 C3 285.9 1.3
5 C4 287.0 0.7
5 C5 289.9 1.8
6 C–Si 283.3 1.0
6 C1 284.3 1.1
6 C2 285.0 1.1
6 C3 285.7 1.3
6 C4 286.9 0.6

O 1s

3 O–Si 532.8 1.3
3 O1 534.2 1.2
4 Oxide 533.2 1.5
4 O2 534.6 1.2
5 Oxide 533.3 1.5
5 O3 534.3 1.6
6 O–Si 532.4 1.4
6 O–C 533.8 1.3

FIG. 7. (a) SiO2 thicknesses as a function of the O2 concentrations in the
He/O2 plasma. The open symbols represent the data with the He-based
plasma. Each plot was obtained when an initial SiC surface was exposed to
plasma for 5 min. (b) Thicknesses of a carbon overlayer on modified SiC as a
function of the SiO2 thicknesses. After removing the SiO2 layer by HF etching,
the carbon layer thickness was estimated by taking a C 1s XPS spectrum. The
definitions of the symbols are the same as those in (a).

TABLE II. Summary of the C 1s/Si 2p and O 1s/Si 2p data for Figs. 3–6. The peak
areas are not corrected by the sensitivity factors.

Figure C 1s/Si 2p O 1s/Si 2p
Photoemission take-off

angle (deg)

3 0.73 0.82 20
4 0.17 3.98 90
5 0.06 4.44 90
6 1.01 0.71 20
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general, as the size of the graphene crystallites is reduced, more dis-
order is introduced and the D/G ratio increases.45 We found that
the intensity of the D peak in Fig. 9(a) is weaker than that in
Fig. 9(b). For clarity, the frequency distributions of the D/G ratio
for both samples are shown in Fig. 9(c). The D/G ratios of gra-
phene grown on the modified SiC are less than 0.35, whereas they
exceed 0.4 for several spectra of graphene grown on the initial SiC.
The formation of graphene with a lower defect density on the
modified SiC than on the initial one is reasonable.

The FWHM value of a 2D peak is widely used to estimate the
graphene thickness. Specifically, the FWHM values of monolayer
and bilayer graphene on the Si-face SiC have been reported to be
approximately 40 and 60 cm−1, respectively.46 Figure 9(d) is the
FWHM frequency distribution among the 36 spectra for each
sample. For both samples, most of the FWHM values are in the
range between 40 and 55 cm−1, meaning that mono- and bilayer
graphene coexist. That is, the results in Fig. 9(d) insist that the
number of graphene layers is similar between the two samples.

Figure 10 depicts graphene grown on two different SiC sur-
faces. For samples subjected to elevated temperatures under UHV,
step edges become unstable and begin to release both Si and C
atoms. Because of the difference in the vapor pressures of Si and C
atoms, Si atoms are desorbed from the surface, whereas C atoms

FIG. 8. AFM images of SiC surfaces. (a) Initial surface after wet cleaning.
(b)–(d) Modified SiC surfaces. Prior to the immersion into concentrated HF, the
samples were treated with the He-based plasma for 1 min, 5 min, and 10 min,
respectively. (e), ( f ), (g), and (h) are the surfaces of graphene/SiC structures
after the heat treatment of the sample in (a), (b), (c), and (d) at 1100 °C for
30 min under UHV, respectively. Root-mean-square (RMS) roughness is
provided for each image.

FIG. 9. Raman spectra of two different graphene/SiC structures. A total of 36
Raman spectra were recorded for each sample. (a) and (b) Average of the 36
spectra of graphene grown on the modified and the initial SiC surfaces, respec-
tively. (c) and (d) The frequency distribution of the D/G ratio and the full-width at
half-maximum of a 2D peak, respectively.
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migrate on the surface to form the (6
ffiffiffi
3

p � 6
ffiffiffi
3

p
)R30� buffer layer,

as shown in Fig. 10(a).47,48 However, if the amount of C atoms is
insufficient, this buffer layer does not cover the entire surface. As
Fig. 10(b) illustrates, this scenario leads to the random sublimation
of Si atoms from the terrace not covered by the buffer layer,
although the SiC surface under the buffer layer becomes thermally
stable. As a result, graphene grows on the pitted morphology
at higher temperatures above 1100 °C, as shown in Fig. 10(c).
Figures 10(a)–10(c) present the graphene growth process on the
initial SiC surface. By contrast, the modified surface has a carbon
overlayer composed of C–C bonded clusters and other species,
such as oxides [i.e., Si4C4O4 and Si4C4−xO2 (x < 2)] and C–H
bonding from hydrocarbons, as discussed earlier. This overlayer
probably acts as a barrier layer that limits Si evaporation and reduces
pit formation, which assists the formation of a buffer layer on a flat
SiC surface at temperatures above 900 °C as schematically depicted
in Figs. 10(d) and 10(e). King et al. have reported that adventitious
carbon, or hydrocarbon contaminants composed of C–H and C–O
mixtures, is desorbed after UHV annealing at 800 °C.29 Thus, we
speculate that hydrocarbon adsorbates on the modified SiC surface,
which represents part of the C3 peak in Fig. 6(b), are not a carbon
source to form the uniform buffer layer. However, the fate of the
oxides (Si4C4O4 and Si4C4−xO2) at elevated temperatures is not
clear. They likely decomposed at temperatures above approximately
900 °C. The resulting carbon atoms as well as the C–C bonded clus-
ters in the overlayer may become a carbon source to form the
buffer layer.15,16 Further investigation is necessary to elucidate the
behavior of carbon species consisting of the carbon overlayer at
high temperatures under UHV. In any event, graphene is likely to
grow on such a flat SiC surface, as depicted in Fig. 10(f ). This ease
of growth is why the graphene/SiC structure with low pit densities
is formed in Figs. 8(g) and 8(h). Graphene grown on step edges is

known to contain a high density of structural defects;49 our results
in Figs. 9(a)–9(c), which show that graphene with a lower defect
density formed on the modified SiC than on the initial one, are,
therefore, reasonable. Finally, more Si atoms are sublimated in
Fig. 10(b) than in Fig. 10(e), and the sublimation process accompa-
nies the creation of more C atoms on a pitted SiC. As a result, the
amount of carbon atoms liberated to form graphene at approxi-
mately 1100 °C may be similar between the two samples. Such sim-
ilarity would explain the results in Fig. 9(d), where the carbon
overlayer on SiC before heating does not substantially affect the
number of graphene layers.

IV. CONCLUSIONS

A thermal treatment under UHV is a simple and familiar
method for the epitaxial growth of graphene on SiC surfaces.
However, the formation of a pitting morphology is inevitable and
numerous investigators have attempted to address this problem.
We proposed herein a plasma treatment to modify a Si-face SiC
surface, which has the potential to eliminate the problem. Carbon
species, such as C–C bonded clusters and an interface oxide
(Si4C4−xO2; x < 2), were formed after plasma oxidation at a temper-
ature lower than 150 °C. The origin of the C–C and Si–O–C species
was discussed on the basis of oxidation products depending on
temperatures and thermodynamics. We then investigated the rela-
tionship between SiO2 thickness and a carbon-overlayer thickness
after subsequent removal of the SiO2 layer. We annealed the
modified SiC surface with an additional carbon overlayer to form
graphene under UHV. The resultant graphene/SiC structure
included a low pit density. The carbon overlayer was supposed to
serve as a barrier layer that limits the large-scale Si evaporation and
the accompanying pit formation, which enabled us to form

FIG. 10. Schematic of graphene growth on SiC(0001).
The heat treatment was assumed to be conducted on two
different surfaces: [(a)–(c)] the initial SiC surface and
[(d)–(f )] the modified surface with a carbon overlayer. As
shown in (a) and (d), the sublimation of Si atoms starts at
temperatures higher than 900 °C under UHV. (b) and (e)
depict that surface C atoms first form a buffer layer. When
the concentration of surface C atoms is too low to form a
uniform buffer layer, random sublimation of Si atoms
occurs from terraces, as shown in (b). (c) and (f ) illustrate
that graphene is formed at temperatures above 1100 °C.
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graphene on a flat SiC surface. Raman spectroscopy also revealed
that this graphene included fewer defects than that on an untreated
SiC surface. As shown in this study, a plasma treatment may open
new chemical routes to form two-dimensional materials with better
characteristics than those used today.
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