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R
ecently, much attention has been
devoted to graphene, a single layer
of sp2-bonded carbon atoms ar-

ranged in a two-dimensional honeycomb
lattice, due to its many exotic properties1�8

such as the existence of massless Dirac
fermions,1�3 quantum hall effect at room
temperature (RT),7 gate controlled transport
(electron or hole) properties,4 high charge
carrier mobility even at high charge carrier
concentration at RT,3�5 gas sensing at the
single molecule level,6 and long spin relax-
ation length up to micrometer scale at RT.8

Single layer or few layer graphene films can
be prepared by micromechanical cleavage
(MCP)3,4 or chemical exfoliation from bulk
graphite powders,9,10 thermal decomposi-
tion of commercial silicon carbide (SiC) sub-
strates in vacuum11�13 or under atmo-
spheric pressure conditions,14 or chemical
vapor deposition of hydrocarbons on transi-
tion metal substrates such as Ni(111),15�17

Ir(111),18,19 and Ru(0001).20,21 In particular,
ultrathin epitaxial graphene (EG) films ther-
mally grown on SiC can be patterned using
standard nanolithography methods,11,12

making it compatible with current semicon-
ductor technology and hence a promising
material for future nanoelectronics. How-
ever, due to the large lattice mismatch be-
tween EG and the underlying SiC substrate,
the quality of EG grown on SiC is not com-
parable to the graphene films obtained via
the MCP method.22�24 As such, there is a
need to understand the growth mechanism
and hence to optimize the growth of high
quality and large scale EG films for practical
applications. Although the graphitization
of SiC was first investigated by Van Bom-
mel et al. in 1975,25 the initial graphitiza-
tion process is still unclear.26�30 Unresolved
issues include the structure of the interfa-
cial graphene buffer layer between EG and

SiC, the EG edge states at the domain
boundaries, and the EG growth mecha-
nism. Annealing the SiC substrate at tem-
peratures above 1600 °C can also produce
well-aligned carbon nanotubes.31�33 In this
article, in situ low temperature scanning
tunneling microscopy (LT-STM) is used to
study the morphology, atomic structure,
and the growth mechanism of EG on 6H-
SiC(0001) with thickness from one to three
atomic layers. Our results reveal that the top
EG layer is physically continuous across the
domain boundaries between the mono-
layer and bilayer EG regions and between
the bilayer and trilayer EG regions, suggest-
ing a bottom-up growth mechanism for EG
on SiC.

RESULTS AND DISCUSSION
The growth of EG on Si-terminated 6H-

or 4H-SiC(0001) involves two sequential
processes: (i) High temperature annealing
of SiC (�1100 °C) leads to the decomposi-
tion of SiC followed by the desorption of Si
from the surface and an accumulation of
carbon atoms to form a carbon-rich surface
layer, referred to variously in the literature
as the carbon nanomesh, interfacial
graphene, or carbon buffer layer; this layer
is identified by a (6�3 � 6�3)R30° LEED
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ABSTRACT We use in situ low temperature scanning tunneling microscopy (STM) to investigate the growth

mechanism of epitaxial graphene (EG) thermally grown on Si-terminated 6H-SiC(0001). Our detailed study of the

transition from monolayer EG to trilayer EG reveals that EG adopts a bottom-up growth mechanism. The thermal

decomposition of one single SiC bilayer underneath the EG layers causes the accumulation of carbon atoms to form

a new graphene buffer layer at the EG/SiC interface. Atomically resolved STM images show that the top EG layer

is physically continuous across the boundaries between the monolayer and bilayer EG regions and between the

bilayer and trilayer EG regions.
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pattern or a 6 � 6 superstructure in STM.27,34,35 (ii) Af-
ter annealing at 1200 °C or higher, monolayer (�1200
°C, 2 min), bilayer (�1250 °C, 2 min), or trilayer and
thicker (above 1300 °C, 2 min) EG films form on top of
the interfacial graphene layer. During the annealing ex-
periments, the chamber pressure was maintained be-
low 5 � 10�9 mbar.

Figure 1a shows a typical STM image (100 � 100
nm2, VT � 1.78 V) after annealing a 6H-SiC(0001) sample
at �1200 °C. Two bright terraces (left and right parts
of the image) are separated by a darker channel. The
height difference between the bright (high) and the
dark (low) regions is 0.07 � 0.01 nm, as revealed by the
line profile superimposed on this panel. This height dif-
ference is much smaller than the SiC bilayer height
(0.25 nm) and the interlayer spacing in bulk graphite
(0.335 nm). Figure 1b displays a high-resolution STM im-
age (20 � 20 nm2, VT � 0.5 V) in another region show-
ing the coexistence of bright (upper right part) and dark
(lower left part) regions with 0.07 nm height differ-
ence. The dotted curve in Figure 1b delineates the do-
main boundary separating the bright and dark regions.
An atomically resolved STM image (2 � 2 nm2, VT �

0.1 V) of the dark (low) region is shown as an inset
(lower left inset in Figure 1b), clearly revealing a honey-
comb structure highlighted by a hexagon with a lat-
tice constant of 0.24 � 0.01 nm, in coincidence with the
atomic structure of single layer graphene. In contrast,
the close-up (2 � 2 nm2, VT � 0.1 V) of the bright re-
gion (upper right inset) shows a triangular lattice. As
previously reported,36,37 the hexagonal lattice is as-
signed to monolayer EG and the triangular lattice to bi-
layer EG, consistent with recent Kelvin probe force mi-
croscopy results.38 The bilayer EG involves AB (Bernal)
stacking as in bulk graphite,39 breaking the symmetry of
the graphene hexagonal lattice resulting in two in-
equivalent sublattices; this leads to the appearance of
the triangular lattice in STM imaging. This transition
from a hexagonal to triangular lattice is widely used to
differentiate monolayer from bilayer or few layer EG on
SiC.40

It is worth noting that both monolayer EG (dark re-
gion) and bilayer EG (bright region) in Figure 1b show
a background 6 � 6 contrast modulation, arising from
the underlying interfacial graphene with (6�3 �

6�3)R30° (or “6 � 6”) reconstruction. The attenuation
of this 6 � 6 structure is determined by the EG layer
thickness.41 As shown in Figure 1c (15 � 15 nm2, VT �

0.5 V), the 6 � 6 superstructure is more apparent in the
monolayer EG region (bottom part) and largely attenu-
ated in the bilayer EG region (top part). This is consis-
tent with previous report36 and further confirms our as-
signments of monolayer and bilayer EG. The monolayer
EG can be better resolved at low tunneling bias volt-
age conditions. Figure 1d shows the corresponding
zoom-in STM image (8 � 8 nm2), highlighted by the
square in Figure 1c. At the low bias condition of VT �

0.1 V, the honeycomb lattice of monolayer EG is clearly
resolved.42 In particular, the top EG layer is physically
continuous from the monolayer EG region to the bilayer
EG region since the periodicity of the lattice is continu-
ous across the boundary.

This continuous boundary is a common feature for
the transition from monolayer EG to bilayer EG on the
same terrace. Panels a and b in Figure 2 are high-
resolution STM images (15 � 15 nm2) taken at very
low tip bias voltages (0.05 and �0.05 V, respectively)
of the region marked by a black square in Figure 1a. The
top graphene layer is clearly continuous across the
boundary, which is delineated by the dotted line. On
the bilayer EG (right side), a (�3 � �3)R30° superstruc-
ture, as highlighted in the corresponding detailed im-
age (8 � 4 nm2) in Figure 2d, appears in the region
close to the boundary, as shown in Figure 2a,b. The
(�3 � �3)R30° superstructure on bilayer EG disap-
pears when imaging at the bias voltages above 0.1 V
or below �0.1 V. Figure 2c shows the STM image of the
same region but with a larger bias voltage of 0.1 V.
The bilayer EG surface is dominated by the typical trian-
gular 1 � 1 lattice, as highlighted in its detailed image

Figure 1. (a) Typical STM image (100 � 100 nm2, VT � 1.78 V) of
the monolayer (the center darker channel region) and bilayer (the
two bright terraces in the right and left part) EG on 6H-SiC(0001);
the line profile across the monolayer and the bilayer EG regions is
superimposed in panel a. (b) High-resolution STM image (20 � 20
nm2, VT � 0.5 V) showing the coexistence of monolayer (lower left
part) and bilayer (upper right part) EG; the insets in panel b display
the corresponding atomically resolved STM images of monolayer
and bilayer EGs, respectively; the red hexagon in the lower left part
highlights the hexagonal lattice of the monolayer EG, and the hexa-
gon with alternated red and blue dots in the upper right part repre-
sents the two inequivalent triangular sublattices of the bilayer EG.
(c) Atomically resolved STM image (15 � 15 nm2, VT � 0.5 V) in an-
other region showing the coexistence of the monolayer and bilayer
EG and (d) its corresponding detailed image (8 � 8 nm2, VT � �0.1
V), as marked by the square in panel c, clearly revealing the physi-
cal continuum at the domain boundaries between the monolayer
and bilayer EG.
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(8 � 4 nm2) in Figure 2e. Therefore, the observed (�3
� �3)R30° superstructure modulation is attributed to
an electronic effect, rather than the atomic structure
variation. Although the top EG layer is continuous
across the boundary from the monolayer EG to the bi-
layer EG, the interference from electrons scattered at
the domain boundaries beneath the top EG layer causes
modulation of the electronic structures of the top bi-
layer EG, leading to the appearance of the (�3 �

�3)R30° superstructure observed at very low bias volt-
age (�0.05 V).43�45

Figure 3a displays an STM image (150 � 100 nm2,
VT � 1.5 V) in another region showing the coexistence
of monolayer and bilayer EG. The bilayer EG, high-
lighted in panel a, appears as irregular islands extend-
ing from the SiC step edge to the center of the terrace.
Figure 3b is the line profile taken along the line AD
marked in panel a. The height difference between
monolayer and bilayer EG is 0.07 � 0.01 nm, measured
at point B. Again, the top EG layer is atomically continu-
ous transiting from the bilayer EG to the monolayer EG
(data not shown here). It has been reported that the in-
terlayer spacing of EG layers on SiC is 0.34 nm, derived
from X-ray reflectivity measurements46 and first-
principles calculations.29 The 0.07 nm height differ-
ence between monolayer and bilayer EG is in good
agreement with the value obtained by subtracting the
SiC bilayer height (0.25 nm) from the EG interlayer spac-
ing (0.34 nm). As such, we propose a model in Figure
3c to illustrate the atomic structures of neighboring
monolayer and bilayer EG. A single SiC bilayer (0.25 nm
high) thermally decomposes underneath the interfa-
cial graphene [the (6�3 � 6�3)R30° reconstruction]
of monolayer EG, accompanied by the desorption of Si
species from the interface47 and the release of carbon
species to form a new interfacial graphene layer. This
leads to the transformation of the original interfacial
graphene layer to a new first EG layer atop the newly
formed interfacial graphene, thereby resulting in a tran-
sition from monolayer to bilayer EG. From this
bottom-up growth model, the top EG layers of the
neighboring bilayer and monolayer EG remain continu-
ous as they originate from the same EG layer. This ex-
plains the observed physical continuum at the bound-
ary between monolayer and bilayer EG, as shown in
Figure 1b,d. The lowering of the EG layer due to the de-
composition of the underlying SiC bilayer (0.25 nm) is
compensated by the formation of a second EG layer
with interlayer spacing of 0.34 nm, consistent with the
measured height difference between the monolayer
and the bilayer EG (i.e., 0.07 � 0.01 nm). The surface
density of C atoms in a graphene layer (3.82 � 1015

cm�2) is triple that in a SiC bilayer (1.22 � 1015 cm�2),
so it requires the consumption of three consecutive SiC
bilayers to form a complete graphene layer.18,29 This is
in contrast to our STM observations and the proposed
model that require only the thermal decomposition of a

single SiC bilayer to form EG. We propose that the de-

composition of a single SiC bilayer results in the forma-

tion of the new interfacial graphene layer partially cov-

ering the decomposition area. More detailed

experimental investigations will be carried out to con-

firm this hypothesis.

Heating the SiC sample at higher temperature leads

to the formation of trilayer EG. Figure 4a (80 � 60 nm2,

Figure 2. Bias dependent STM images (15 � 15 nm2) at the domain
boundaries between the monolayer and bilayer EG (the same region
as marked by the black square in Figure 1a): (a) VT � 0.05 V, (b) VT

� �0.05 V, and (c) VT � 0.1 V. Panels d and e represent the corre-
sponding detailed images (8 � 4 nm2) of panels a and c, respectively.
The diamonds in panels d and e highlight the (�3 � �3)R30° and
1 � 1 superstructure modulations observed on the bilayer EG re-
gions, respectively.

Figure 3. (a) Large scale STM image (150 � 100 nm2, VT � 1.5 V) showing
the coexistence of the monolayer and bilayer EG. (b) Corresponding line pro-
file measured along the black line AD marked in panel a. (c) Schematic of
the proposed model revealing the atomic structures of the neighboring
monolayer and bilayer EG on the same terrace, where the yellow circles rep-
resent Si atoms, gray circles for C atoms in bulk SiC and top light gray circles
for C atoms in graphene.
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VT � 1.5 V) shows an STM image for the region cov-
ered by few layer EG with a depression at the image
center. The 6 � 6 superstructure modulation from the
underlying interfacial graphene is clearly observed in
the depression but not in the surrounding bright re-
gions. The corresponding high-resolution image in Fig-
ure 4b reveals that both the center depression and the
surrounding bright regions possess the 1 � 1 triangular
lattice typically observed on bilayer EG (cf. Figure 1b,d),
suggesting that both regions are covered by EG with a
thickness no less than two layers. Since the corrugation
of the 6 � 6 superstructure in the depression is similar
to that observed on bilayer EG, we assign the center de-
pression as bilayer EG. Again, the top EG layer runs con-

tinuously from the center bilayer EG to the surround-
ing EG layer across the domain boundary, with the
height difference measured to be about 0.07 nm. There-
fore, we assign the EG on the surrounding bright re-
gion as trilayer EG. According to the bottom-up growth
mode proposed above, the new interfacial graphene
formed beneath the old interfacial graphene pushes up
the bilayer EG by 0.07 nm, forming trilayer EG. This
bottom-up growth ensures the continuity of the top
EG layer from bilayer to trilayer EG.

CONCLUSION
In situ LT-STM has been used to study the epitaxial

growth mechanism of EG on the 6H-SiC(0001). Atomic
continuum at the domain boundaries transiting from
monolayer to bilayer EG and from bilayer to trilayer EG
has been observed, suggesting that the top EG layers
on the same terrace originate from the same graphene
layer. The height difference between monolayer and bi-
layer EG and bilayer and trilayer EG formed on the same
terrace is measured to be 0.07 � 0.01 nm, in good
agreement with the value obtained by subtracting the
SiC bilayer height (0.25 nm) from the EG interlayer spac-
ing (0.34 nm). We propose a bottom-up growth mech-
anism to explain the 0.07 nm height difference and the
physical continuum at the domain boundaries be-
tween monolayer, bilayer, and trilayer EG. This detailed
understanding of epitaxial growth of EG on SiC has im-
plications for the production of high quality and large
scale EG films for their applications in graphene-based
electronics.

METHODS
EG films were prepared by annealing chemically etched

(10% HF solution) n-type Si-terminated 6H-SiC(0001) samples
(CREE Research Inc.) at 850 °C under a silicon flux for 2 min in ul-
trahigh vacuum (UHV),34,48 resulting in a Si-rich 3 �
3-reconstructed surface, and subsequently annealing the sample
several times at a higher temperature (�1200 °C) in the ab-
sence of the silicon flux to form EG.49�51 The thickness of EG
films can be controlled by the annealing temperature and time
followed by slow cooling to RT, allowing the preparation of
samples with EG thicknesses ranging from one to three layers.
The sample temperatures were measured by an optical
pyrometer.

The in situ LT-STM experiments were carried out in a custom-
built multichamber UHV system housing an Omicron LT-STM
with base pressure better than 6.0 � 10�11 mbar.52,53 All STM
images were recorded in constant current mode using chemi-
cally etched tungsten (W) tips at 77 K. The low temperature used
minimized thermal noise to give atomically resolved STM im-
ages, which were analyzed using WSxM software.54
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