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Carbonization-driven motion of Si islands on epitaxial graphene
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We investigate structural changes in Si islands deposited at room temperature on epitaxial few-layer graphene
on SiC(0001) during subsequent annealing. Annealing causes the Si islands move on epitaxial graphene thicker
than monolayer with monolayer-deep trenches left behind. In contrast, Si islands do not form trenches on
monolayer graphene, but the Si atoms are intercalated to form quasifreestanding bilayer graphene. The islands
which terminated their motion are made of SiC. During annealing, Si islands are carbonized into SiC islands by
incorporating carbon atoms from graphene, resulting in the etching of graphene. The carbonization reaction of
Si is a driving force of the motion of the Si islands.
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I. INTRODUCTION

Graphene, a two-dimensional crystal of carbon atoms ar-
ranged in a honeycomb lattice, has been attracting intense
attention due to its novelty in science and expectations to
a wide range of applications. Single-crystal graphene sub-
strate is a requisite of device applications of graphene. As
for scalable graphene production methods, chemical vapor
deposition (CVD) on catalytic metal substrates and thermal
decomposition of SiC have been investigated actively. The lat-
ter method has an advantage of fabricating graphene devices
on wide-band-gap SiC substrates without any transfer pro-
cesses inevitable to CVD-grown graphene. Epitaxial graphene
on SiC wafers could serve as a base for large-scale integration
of graphene devices [1,2].

In the thermal decomposition of SiC, Si atoms are pref-
erentially sublimated from the substrates, and the remained
carbon atoms naturally form graphene. The first graphitic
layer loses graphenelike electronic structures due to chemical
bonding with the SiC substrate and is usually called the buffer
(or zeroth) layer. A new buffer layer is formed at the inter-
face between the existing buffer layer and the SiC substrate,
resulting in transformation of the existing one into epitaxial
graphene. Owing to many efforts to control the uniformity of
epitaxial graphene, homogeneous monolayer (ML) graphene
can now be grown routinely on SiC(0001) substrates in an
Ar ambient [3]. However, there is still a basic question about
the growth mechanism. Epitaxial graphene growth requires
diffusion of Si atoms through the graphene layers. In fact, it is
known that the growth rate of epitaxial graphene slows down
as it thickens [4]. However, this still seems to contradict with
the reported complete impermeability of defect-free graphene
to all gases and liquids including He [5]. Only proton is known
to be transported through graphene with a low activation en-
ergy less than 1.0 eV [6,7]. Hydrogen gas permeation through
graphene is also attributed to a two-stage process, which in-
volves flipping of dissociatively chemisorbed hydrogen atoms
to the other side of graphene as a rate-limiting process [8]. Un-

derstanding of the diffusion path of Si atoms through graphene
could contribute to precise control of the number of layers
beyond the ML.

Furthermore, it has been demonstrated that intercalation
of foreign atoms at the buffer layer/SiC interface is a useful
method to modify the electronic transport properties of epi-
taxial graphene. Various elements, such as H [9], Li [10], O
[11], Au [12], F [13], Ge [14], and Si [15–17], have been
intercalated. However, the first-principles calculations showed
that, even for hydrogen, the diffusion barrier of chemisorbed
atoms through the buffer layer is too high to be overcome
at temperatures experimentally used for intercalation, and
suggested that the hydrogen diffusion occurs through hollow
defects in graphene layers [18]. Experimentally, it was found
that hydrogen intercalation is not initiated from the curved
graphene at the substrate steps, but throughout the buffer layer
on the terraces, suggesting that intrinsic defects in the buffer
layer may have helped the hydrogen penetration [19]. On
the other hand, Li intercalation was found to deteriorate the
quality of graphene, which might suggest that the diffusion
of Li atoms through graphene is accompanied by the defect
formation [10]. Si intercalation was also found to be possi-
ble through the existing defect areas or domain boundaries
of the graphene layer [15]. It seems certain that the defects
in graphene play essential roles in the intercalation, but the
detailed process in the atom diffusion through graphene has
not been fully clarified yet.

In this paper, towards the understanding of the diffusion
path of Si atoms through graphene, we investigate how Si
atoms move on and/or through epitaxial graphene. Si de-
position at room temperature forms Si islands on epitaxial
graphene. Structural changes of the Si-deposited graphene
during annealing are investigated in situ using low-energy
electron microscopy (LEEM). Annealing induces the motion
of Si islands on epitaxial graphene thicker than or equal to
bilayer (BL), and the motion is accompanied by ML-deep
trenches left behind. During annealing, Si islands are car-
bonized into SiC islands by incorporating carbon atoms from
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FIG. 1. (a) LEEM and (b) AFM images of epitaxial graphene
after deposition of Si nearly equal to the atomic density of silicene at
room temperature. The electron-beam energy of (a) was 12.0 eV.

graphene, resulting in the trenches in graphene. On the other
hand, Si intercalation rather than trench formation takes place
in the ML area. Thinner graphene is more permeable against
Si atoms.

II. EXPERIMENTAL

Epitaxial few-layer graphene used for in situ LEEM obser-
vations of Si island motion was grown on 4H-SiC(0001) by
the thermal decomposition at about 1300 ◦C in a LEEM in-
strument (ELMITEC LEEM III). The samples were annealed
by electron-beam bombardment from the backside, and the
sample temperatures were estimated using a WRe thermo-
couple inside the sample holder. The number of graphene
layers was determined from the low-energy electron reflec-
tivity (LEER) spectra [20]. Si was deposited from a directly
heated Si piece in the LEEM instrument, and the amount
of deposited Si was roughly controlled by the electric cur-
rent passing through the Si piece and the deposition time.
The typical deposited amount of Si was 0.5–1 times of the
atomic density of silicene (1.54 × 1015 cm−2). The sample
surface morphologies were measured ex situ using atomic
force microscopy (AFM) instruments (Veeco Nanoscope III
and Bruker Innova) in the tapping mode. Cross-sectional
transmission electron microscopy (TEM) images were also
obtained ex situ to investigate the atomic structures of the
Si-deposited epitaxial graphene after annealing.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the LEEM and AFM images of
epitaxial graphene after deposition of Si nearly equal to the
atomic density of silicene at room temperature. This epitaxial
graphene was grown at 1750 ◦C in Ar (600 Torr) using an
infrared furnace. The sample was transferred to the LEEM
instrument through air and was annealed before the Si de-
position to remove the air-induced adsorbates. The imaged
region is mostly covered with ML graphene. The deposited
Si islands have a dendritic shape. They prefer to nucleate at
the buffer layers [21] and have a weak tendency to nucleate
at the substrate steps and the boundaries between the areas
with different graphene thicknesses. These dendritic islands
are well resembled with the reported Si islands deposited on
epitaxial graphene [22]. They exhibit no low-energy electron

FIG. 2. (a) Cross-sectional TEM image of a Si island after an-
nealing at 900 ◦C. (b) Fast Fourier transform (FFT) pattern of (a).

diffraction spots, indicating that they are in an amorphous
phase.

Annealing typically above 400 ◦C caused the island shape
to change from dendritic to compact. Figure 2(a) shows a
cross-sectional TEM image of a compact three-dimensional
island after annealing at 900 ◦C. A clear lattice image seen in
the compact island indicates that the shape transformation of
the Si islands is the result of crystallization. The gap between
the crystalline Si island and epitaxial graphene is likely to be
Si oxide formed after removal from ultrahigh vacuum. The
FFT pattern of the TEM image in Fig. 2(b) includes two sets
of patterns from the Si island and 4H-SiC substrate. The island
looks like a sphere, indicating a weak interaction between
the Si island and graphene. It should be also noted that the
Si island in Fig. 2(a) is single crystalline and aligned to the
substrate lattice, but this is not always the case for all the
islands.

Figures 3(a) and 3(b) show AFM height and phase images
of Si-deposited epitaxial graphene after annealing at 970 ◦C.
The phase images map the variation in the phase of the

FIG. 3. AFM (a) height and (b) phase images of Si-deposited epi-
taxial graphene after annealing at 970 ◦C. (c) and (d) Cross sections
between A and B and between C and D in (a).
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FIG. 4. (a) LEEM image of epitaxial graphene before Si de-
position. Numbers in the image indicate the number of epitaxial
graphene layers. (b) LEEM image after Si deposition. (c) and (d)
LEEM images after annealing at 1130 ◦C. The red dotted lines in (c)
indicate the positions of a representative ML area seen in (a). The
electron-beam energies were (a) 4.0, (b) 3.0, (c) 3.8, and (d) 4.8 eV.

oscillating probe tip and can be used to differentiate areas
with different materials properties. There are round islands
with the height of 5–20 nm as represented by the cross sec-
tion in Fig. 3(c). We also observe that the islands are linked
to trenches, whose depth is approximately 0.2–0.3 nm from
Fig. 3(d). The LEEM observations before Si deposition show
that this sample is mostly covered with BL graphene. It is
also known that few-layer epitaxial graphene provides clear
contrasts in the AFM phase images depending on the number
of graphene layers [23]. The depth and phase contrast of the
trenches suggest that there is ML graphene in the trenches,
meaning that ML-deep trenches are formed in BL graphene.

The ML-deep trench formation is also confirmed by
LEEM. Figure 4(a) shows a LEEM image of epitaxial
graphene before Si deposition. The electron-beam energy
was 4.0 eV. As indicated by numbers in the image, the epi-
taxial graphene mostly consists of BL with some ML and
trilayer (TL) areas. Small inclusions of the buffer (zeroth)
layer are also observed. In a LEEM image after Si deposi-
tion [Fig. 4(b)], dendritic islands are seen. Figures 4(c) and
4(d) show LEEM images after annealing at 1130 ◦C. Their
electron-beam energies were 3.8 and 4.8 eV, respectively. We
find many thin linear structures in these images, and there
are always black dots (compact islands) at one end of them.
The linear structures in the BL and TL areas have image
intensities similar to the ML and BL areas, respectively. This
means that the linear structures are thinner by ML than the
surrounding areas. These LEEM results are consistent with
the AFM results that the ML-deep trenches are formed on
Si-deposited epitaxial graphene during annealing. Here, we

FIG. 5. LEEM images of the Si-deposited epitaxial graphene
during annealing at 890−900 ◦C. The measured time of each image
is indicated. The electron-beam energy was 6.7 eV.

note that no linear structures are found in the ML areas by
LEEM. The trench formation is limited to graphene thicker
than ML, which will be addressed in detail later.

We next investigate how ML-deep trenches are formed
during annealing by in situ LEEM observations. Figure 5
shows LEEM images of the Si-deposited epitaxial graphene
obtained during annealing at 890−900 ◦C. The surface is
mostly covered with BL, and ML and TL are, respectively,
seen brighter and darker than BL. In the areas indicated by
square A, the islands move slowly (at most 5 nm/s) while
producing bright linear contrast, indicating that the ML-deep
trenches are formed with the island motion. The way how the
islands move is understood in more detail from the AFM and
LEEM images in Figs. 3 and 4. The islands generally move in
random directions. Although some of the islands move along
the substrate steps as indicated by arrows in Fig. 3(a), the
island motion is rather insensitive to the steps.

In Fig. 5, we can also find that the Si island jumps by
a distance significantly longer than the atomic scale with-
out trench formation as indicated by an arrow in rectangle
C between Figs. 5(a) and 5(b). Such long jumps are initi-
ated at lower temperatures than the trench formation. This
phenomenon supports the weak interaction between the Si
island and the epitaxial graphene, but we do not understand
when and where the Si islands start forming the trenches. The
defects in graphene are probably the trigger points.

Furthermore, Fig. 5 shows the other type of structural
change in rectangles B and C. The bright contrast of ML
graphene becomes dimmer at the same time when the islands
at the boundary between ML and BL shrink in size. This
suggests that Si atoms inside the islands are intercalated at
the interface between the buffer layer and the SiC substrate.
Reference [15] showed that the Si intercalation changes the
epitaxial ML graphene into quasifreestanding BL graphene.
Figures 6(a) and 6(b) show the LEEM images before and after
Si intercalation. Some of the ML areas, indicated by white
squares in (b), changed their image intensity levels during
annealing. The bottom (purple) curves in Fig. 6(c) shows the
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FIG. 6. LEEM images of Si-deposited epitaxial graphene (a)
during annealing at 730 ◦C and (b) after annealing at 790 ◦C. The
electron-beam energies were (a) 6.0 and (b) 4.0 eV. The ML areas
look the brightest in (a). Some of the ML areas as exemplified by the
areas indicated by white squares in (b) were intercalated by Si atoms.
(c) LEER spectra from the areas indicated by squares in (b). Bottom
purple curves correspond to the spectra from the white squares. The
LEER spectra of ML, BL, and TL graphene were measured from the
areas with corresponding colors. Spectra of each color are shifted
vertically for clarity.

LEER spectra obtained from these intercalated areas. They
provide two dips within the electron-beam energy of 0–6 eV
as contrasted with epitaxial ML graphene having only one dip
in this energy window of the LEER spectrum, which indicates
the formation of quasifreestanding BL graphene [15].

Figure 7(a) shows a cross-sectional TEM image of the
island after annealing at 970 ◦C. The FFT patterns from the
island and the substrate are, respectively, shown in Figs. 7(b)
and 7(c). These FFT patterns prove that the island has epi-
taxial relationship with the substrate and is lattice matched.
The initial Si islands are transformed into the SiC islands
during annealing. The Si islands incorporate carbon atoms
from graphene, resulting in trenches on the surface. In other
words, the Si island motion is driven by carbonization of
Si. The island motion continues until the composition be-
comes SiC. All the AFM and LEEM results indicate that the
trenches are ML deep, which is also supported by the TEM
image in Fig. 7(d) showing a ML-deep trench between red
triangles.

The carbon silicon phase diagram indicates that Si, SiC,
and graphite are phase separated in a solid state [24]. How-
ever, it is known that bimetallic components, which are
immiscible in bulk, can form homogeneous alloy nanopar-
ticles [25]. Alloying of C and Si is likely to be allowed in
nanometer-sized islands, and the weak interaction between the
alloy island and the graphene should favor a smaller contact
area, which probably limits the trench depth to ML. However,
graphene sheets are not clearly imaged at the island/substrate
interface in Fig. 7(a), suggesting that the SiC islands penetrate

FIG. 7. (a) Cross-sectional TEM image of a SiC island after
annealing at 970 ◦C. FFT patterns from (b) the island area, and (c) the
substrate area in (a). (d) Cross-sectional TEM image of a ML-deep
trench, which are indicated by two triangles.

all the graphene layers at the final stage of the carbonization
reaction.

The ML-deep trenches are formed on epitaxial graphene
thicker than or equal to BL, but not on ML graphene. The Si
intercalation rather than the trench formation takes place in the
ML area. The in situ LEEM observations also indicate that the
BL areas adjacent to the buffer layer change their intensities
even at lower temperatures around 550 ◦C, suggesting that Si
atoms are intercalated easily through the buffer layer. The
buffer layer seems to be a preferential diffusion path of Si
atoms to the buffer layer/SiC interface. This is consistent with
the reported results that Pb atoms penetrate through the buffer
layer via defects during annealing, and that ML graphene
is transformed to quasifreestanding BL graphene from the
boundary with the buffer layer [26]. Si atoms are shown to
be reactive enough to etch graphene at high temperatures.
When ML graphene is etched by the carbonization reaction,
the Si island should make contact with the buffer layer. The
buffer layer is much more permeable to Si atoms than epitaxial
graphene. Thus, the Si islands do not continue the trench
formation in ML, but the Si atoms are intercalated into the
interface.

In addition, the comparison between Figs. 4(a) and 4(c)
indicates that the ML and BL areas, respectively, widened at
the ML/BL and BL/TL boundaries after annealing at 1130 ◦C
as exemplified by the ML area indicated by dotted lines. This
suggests that the intercalated Si atoms are unstable against
annealing at higher temperatures. They diffuse along the in-
terface and react with the buffer layer to restore SiC. There
are always edges of the buffer layer at the boundaries between
the areas with different numbers of graphene layers. These
edges should be preferential reaction sites with Si atoms,
resulting in the expansion of thinner epitaxial graphene from
such boundaries.

It is well known that mobile metal nanoparticles form
trenches in graphene/graphite along specific crystallographic
directions during annealing in a H2 ambient [27,28]. This phe-
nomenon is known as nanocutting. The trenches start from the
edges/steps of graphene/graphite, and the depth is the same as
the height of the steps. The metal nanoparticles serve as cat-
alysts for hydrogenation of graphene lattices, and, therefore,
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nanocutting can form trenches without limitation of length.
On the other hand, the length of the trenches found in this
paper should be determined by the number of Si atoms in the
islands, which is supported by Fig. S1(c) in the Supplemental
Material showing that the trench length increases with the
volume of the islands after the motion [29]. Besides, they are
not aligned along any crystallographic direction of graphene
as confirmed by Fig. S2 in the Supplemental Material in which
many trenches are gathered by setting their starting points to
an origin [29]. We checked a possibility of Si island motion
along the boundaries between the stacking domains in BL
graphene [30] but find no correlation between the trenches
and the stacking domain boundaries. The different roles of the
islands in the reaction with graphene, direct carbonization and
catalytic hydrogenation, might be the reason discriminating
whether the trench formation is nondirectional or directional.
It is known that the Au islands move on Si(111) with ML-deep
trenches left behind [31]. This trench formation is caused by
alloying of the Au islands with Si and is rather nondirectional.
There might be some common mechanism regardless of the
difference in the material system.

IV. SUMMARY

In this paper, we investigated structural changes in Si-
deposited epitaxial graphene during annealing. Annealing
causes Si islands to move with producing ML-deep trenches in
the epitaxial graphene thicker than ML. These islands which
terminated their motion are made of SiC. During annealing,
Si islands are carbonized into SiC islands by incorporat-
ing carbon atoms from graphene, resulting in the etching of
graphene. The carbonization reaction of Si is a driving force
of the Si island motion. In the ML graphene area, the Si
atoms released from the islands are intercalated at the buffer
layer/SiC interface, probably via the etch pit formed in ML
by the carbonization reaction. The reaction pathway of Si
and epitaxial graphene is distinctly different depending on the
number of graphene layers
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