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Role of carbon surface diffusion on the growth of epitaxial graphene on SiC
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We have observed the formation of graphene on SiC by Si sublimation in an Ar atmosphere using low-
energy electron microscopy, scanning tunneling microcopy, and atomic force microscopy. This work reveals
unanticipated growth mechanisms, which depend strongly on the initial surface morphology. Carbon diffusion
governs the spatial relationship between SiC decomposition and graphene growth. Isolated bilayer SiC steps
generate narrow ribbons of graphene by a distinctive cooperative process, whereas triple bilayer steps allow
large graphene sheets to grow by step flow. We demonstrate how graphene quality can be improved by
controlling the initial surface morphology to avoid the instabilities inherent in diffusion-limited growth.
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The unique electronic properties of graphene have
stimulated the development of synthesis routes for improved
film quality."> Graphene films form readily on SiC surfaces:
sublimation of Si at elevated temperature leaves behind a
high concentration of carbon atoms, which assemble
(“graphitize™) into graphene layers.>* Recent approaches to
higher-quality films involve heating in argon at atmospheric
pressure®® or supplying excess Si.” These new approaches
lead to significant improvement in the domain size and elec-
tronic properties compared to vacuum graphitization,® and
call for comprehensive understanding of the kinetic path-
ways underlying these improvements. The difficulty of
studying this system is exacerbated by the relatively high
process temperature (>1150 °C), where standard real-time
characterization tools are hard to apply. The large number of
coexisting intermediate steps and the incompletely character-
ized surface structures add to the difficulty. Furthermore, the
general problem of how new phases form as a surface is
depleted of one chemical component during sublimation is
not well understood, despite its crucial importance to high-
temperature materials processing. Graphene formation on
SiC differs from normal epitaxial growth because the con-
stituent atoms are supplied from the substrate itself and are
not distributed homogeneously across the surface during the
growth. Thus, new fundamental issues, such as how and
where carbon atoms are created, and how far they have to
diffuse on the surface to form graphene layers, need to be
addressed.”!2

Here, we report on the initial stages of the first-layer
graphene formation on 6H-SiC(0001).!3> Our work estab-
lishes the fundamental role of surface diffusion and the im-
portance of the surface morphology in the emergence of a
new phase where one or more components are subliming.
Our approach is to start with the (63X 6,3)R30° carbon-
rich termination (“buffer layer”)'*-!® made through Ar-
assisted graphitization. Because this procedure yields large
step-free areas of the buffer layer, the morphology of the
surface as graphene grows can be clearly determined. We
find that the surface near the growing graphene self-
organizes into arrowlike patterns because Si sublimation and
graphene growth are spatially connected. We propose that the
improvements of the Ar-assisted method are caused by a
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PACS number(s): 68.55.—a, 68.35.Fx, 68.37.—d

changed buffer layer surface morphology, rather than funda-
mental differences in the mechanism by which graphene
forms. As evidence for this we show that large continuous
graphene sheets can be grown by vacuum annealing using
Ar-assisted buffer layer as a starting substrate.

Figure 1(a) shows the overall surface morphology of the
sample surface prepared at 1550 °C in Ar.'” Almost all steps
are found in bunches (indicated by “SB”), which are sepa-
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FIG. 1.

(Color online) Morphology of SiC surfaces during
graphitization. (a) Atomic force microscope (AFM) image
(26 X26 um?) using phase contrast imaging (Ref. 12). Graphene
layers (dark gray) are formed at the upper sides (left side in the
presented image) of the bunched steps (indicated as SB). A tall
bunched step often appears as a black line in an AFM phase image.
“Arrow features” and “finger features” are highlighted by the blue
and green boxes, respectively. (b) LEEM image of the “arrow fea-
tures” (4.2X 4.2 um?) using incident electrons of E,,.+2.85 eV,
where E,,. is the vacuum level. The dark gray regions consist of a
graphene monolayer, and the light gray regions are buffer layer. (c)
STM image (1.8X1.05 um?, tip bias of =2.5 V, and tunneling
current of 0.2 nA) with the cross section along the yellow line. (d)
Red and black hatched boxes in (d) illustrate a proposed step struc-
ture with the cross sections of graphene (1 ML) and buffer layer
(0 ML) regions with their thicknesses of 0.33 and 0.25 nm, respec-
tively (Ref. 22).
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FIG. 2. (Color online) Schematic of the formation of an arrow
feature. The insets show static LEEM images of SiC bilayer steps at
similar stages of evolution. LEEM images are (c) 2X2 um?, (d)
2X2 um?, and (e) 4X2 um?.

rated by several-micron-wide terraces. The dark gray regions
are graphene layers, and the rest of the surface is the buffer
layer. Graphene layers are commonly found near the upper
sides of the bunched steps. At the single bilayer SiC steps,
which occasionally cross the flat terraces, the graphene mor-
phology can be very intricate [see Figs. 1(a) and 1(b)].
Graphene monolayer (ML)-terminated regions, identified us-
ing low-energy electron microscopy (LEEM),#?° commonly
appear as distinctive parallel ribbons [Fig. 1(b)], ending at a
triangular arrowhead. As we discuss below the analysis of
these “arrow features” provides insights into carbon diffu-
sion. To determine their surface morphology we imaged
similarly prepared samples with scanning tunneling micros-
copy (STM) in ultrahigh vacuum (UHV). As shown in Figs.
1(c) and 1(d), the buffer layer between the parallel ribbons is
about 0.35(*+0.05) nm lower than the graphene ribbons and
0.25 nm lower than the surrounding buffer layer. Considering
that the SiC bilayer height is 0.25 nm and that the thickness
of graphene is close to the interlayer spacing of graphite,
0.33 nm,?' we deduce that the graphene layer is formed on
top of the buffer layer and decorates the lower side of SiC
steps [Fig. 2(e)]. The sides of the ribbon tend to be aligned

along [1100] (and its equivalent) directions of the SiC sub-
strate.

The relationship between the graphene ribbons and the
atomic step configuration of the buffer layer surface suggests
the qualitative picture of graphene formation shown in Fig.
2. Starting from a single bilayer SiC step edge on the
graphene-free surface, C atoms are emitted onto the terrace
[Fig. 2(a)] as Si atoms leave the surface. Eventually these
carbon atoms coalesce and nucleate a graphene ribbon at the
step edge [Fig. 2(b)]. This graphene ribbon acts as a sink for
subsequently emitted C, but also prevents the decorated SiC
step from being etched. This poisoning of SiC etching occurs
presumably because a fully (o-)bonded surface of the buffer
layer exists across the surface!” and there is no easy route for
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Si atoms to evaporate through the boundary between the
graphene ribbon and the buffer layer. STM images show that
the 63 surface structure is continuous across this boundary
(not shown). Thus, subsequent etching occurs preferentially
near the point of contact of the graphene ribbon with the
undecorated SiC step, causing the graphene ribbon to be
drawn along the etched SiC step [Fig. 2(c)]. Eventually the
initial SiC step edge becomes completely decorated by the
graphene and etching can only occur if new lengths of SiC
steps are created. This step-creation process initiates the for-
mation of a rapidly etching dent in the step edge when two
ribbons approach each other [Fig. 2(d)]. This dent develops
into the arrowlike features [Fig. 2(e)]. That the etching step
edge is oriented in crystallographic directions indicates either
that the etching is anisotropic or that the surface mobility
along buffer layer steps is large enough for the steps to as-
sume low-energy orientations. Some intermediate states have
been detected in static LEEM (insets in Fig. 2) supporting
this scenario.

Can this qualitative picture be substantiated by a more
rigorous analysis and what does it tell us about the atomic
mechanisms of graphene formation? First we note that the
areal ratio between the etched buffer layers in the arrow fea-
ture and graphene ribbon is 3.0. This ratio is consistent with
the C atom conservation: when a SiC step retracts and
sweeps through an area A, the number of carbon atoms re-
moved is equal to that required to form an area A/3.14 of
graphene.'! Second, that the etched steps are located near
graphene suggests that evaporation of Si only occurs if there
is a nearby sink of C. As we show next, this implies that the
decomposition of SiC at these temperatures is limited by C
diffusion.

Consider a sublimating SiC step from which carbon atoms
are being emitted onto the adjoining terraces. If the carbon
concentration adjacent to the step builds up because of a lack
of nearby carbon sinks, Si evaporation will slow and even-
tually stop assuming the initial evaporation rate is not too
large.?? This is because the increased carbon chemical poten-
tial of the dense adatom gas reduces the driving force for Si
evaporation (i.e., it reduces the equilibrium Si vapor pres-
sure). In this case the sublimation rate is limited by how fast
the carbon diffuses away from the step: suppose that the
sublimating step is a distance L from a graphene sheet and ¢
is the carbon concentration where evaporation ceases. The
flux f away from the step will then be D¢,/ L and determined
by the carbon diffusion constant D. The system will always
enter this diffusion-limited regime as L becomes sufficiently
large, i.e., when the sublimating step moves far enough away
from the graphene sheet.

This diffusion-controlled growth naturally leads to insta-
bilities that prevent graphene growth from proceeding via
advancement of straight steps. For example, consider a
straight SiC step receding from an initially straight graphene
edge. If one region of the graphene sheet gets closer to the
etched SiC step from a random fluctuation, it will grow
faster, increasing the perturbation and roughening the
straight step. It is of considerable interest, as we now show,
that the experimentally observed arrow geometry represents
a stable steady-state geometry of graphene growing via
diffusion-limited etching of SiC steps. For the ribbon to be a
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FIG. 3. (Color online) (a) The calculated surface C adatom con-
centration map derived by solving the time-dependent diffusion
equation for the arrow geometry. (b) Profile of the carbon flux along
the shaft of the arrow feature.

steady-state geometry, the carbon flux to the sides of the
ribbon far from the arrowhead must vanish sufficiently
quickly to allow the ribbon to have a fixed asymptotic width.
(Otherwise, the ribbon would continue to widen as the SiC
step is etched.) To establish that such a steady state exists, we
solve the time-dependent diffusion equation for the arrow
geometry [Fig. 3(a)]. We suppose that the ribbon is a perfect
sink of carbon and thus take c=0 along the perimeter of the
arrow shaft. We assume that sublimation is diffusion limited
and accordingly fix the carbon concentration to be ¢ at the
etched steps. Elsewhere, V2c=0. Figure 3(b) plots the loga-
rithm of the flux as a function of the distance x along the
shaft of the arrow. Asymptotically f falls off exponentially
with a decay length of ~0.30d, where d is the width of the
arrow. To determine if this functional form, z(x), is consistent
with steady-state ribbon growth, we consider a ribbon shape
y(x), and for simplicity we assume that y is small compared
to d. Since the flux causes graphene growth perpendicular to
the step normal, this gives an equation for y(x,?):
Ayl dt=f(x)/cos(a)=f(x)[1+(dy/dx)*]"?, where a is the
angle between the x axis and the tangent to the graphene step
edge. We are looking for steady-state translating solutions of
the form y(x,f)=z(x+vt), where v is the arrow etching ve-
locity. If f(x)=exp(—x/a), then substitution shows that
z(x)=2a In cos(x/2a) is such a solution.”* As shown by the
red line in Fig. 3(a) it consists of a ribbon of width a. So at
least far from the head of the arrow, where the flux decays
exponentially, the ribbon shape represents a steady state.
Also, consistent with this model, the observed narrowing of
the ribbon near the growing tip extends only to a size com-
parable to the arrow width.

We have assumed that there is no appreciable barrier for
carbon attachment to the graphene edge. If there were a large
barrier, the concentration of carbon atoms would be larger far
into the shaft of the arrow, causing growth of the ribbon far
from the SiC step, which is inconsistent with experiment.
Thus, if a barrier exists it is not significant. Graphene growth
on SiC (or on buffer layers) appears much different than on
metals, where very large barriers to carbon attachment have
been reported.?

To make a more detailed calculation of the steady-state
shape, and in particular to understand what determines the
absolute dimension of the arrow, requires a more careful ex-
amination of the point where the graphene apex meets the
buffer layer step. At this location the C flux to the graphene
diverges because the distance between the etching arrowhead
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FIG. 4. (Color online) Step flow growth of graphene. (a) and (b)
Growth observed in LEEM (3.5X 3.5 um?). The dark gray regions
consist of >2 ML of graphene, the medium gray regions are
graphene monolayer, and the light gray regions are buffer layer. (c)
Schematic of the step flow. Triple bilayers of SiC (dotted lines) are
transformed into a single graphene layer. (d) The cross section of
the STM image in (e). The step bunch and the lower terraces are
omitted. Red and black hatched boxes and white boxes indicate 1
ML graphene, buffer layer, and SiC bilayer, respectively (Ref. 28).
(e) STM image (4 X2 um?, tip bias of 1.7 V, and tunneling current
of 0.1 nA) of the sample with monolayer and bilayer graphene
growing from the step bunch.

and the sink vanishes [Fig. 3(b)]. This diverging flux would
not allow for a steady-state translating solution. One process
which would remove this divergence is the Gibbs-Thomson
effect. A graphene edge with radius of curvature R is in equi-
librium with an adatom concentration of c,, exp[ 8/ (kTRp)],
where f is the graphene edge free energy per unit length, c,,
is the concentration in equilibrium with a straight graphene
edge, and p is the number of carbon atoms per unit area of
graphene. If R is such that this concentration is approxi-
mately equal to ¢, the flux divergence near the contact point
is removed. This requirement sets the size of ribbons, thus
explaining the uniform arrow width. (The presence of Ar
suppresses Si sublimation, reducing ¢, and hence increasing
R and the ribbon size.) A complete model would need to
consider the orientational anisotropies of the edge energies
and the possibility that diffusion of carbon along the edges
could be competitive with diffusion on the terraces. Never-
theless, it is clear that the morphology of the growing
graphene is determined by how carbon diffuses from the
etched SiC bilayer steps to the graphene ribbons.

The relationship among Si sublimation, carbon diffusion,
and the graphene growth depends on the step morphology of
the buffer layer. Next we show that the role of carbon diffu-
sion is qualitatively different near receding triple bilayer SiC
steps. A sequence of LEEM images (using thermionically
emitted electrons) of such a step is displayed in Figs. 4(a)
and 4(b). Here, the graphene single layer (medium gray)
grows into the area covered with buffer layer in a continuous
step flow mode, while the sample is annealed from
~1085 °C to ~1200 °C in UHV. Static UHV-STM at room
temperature reveals an upward step at the growing front of
the graphene: the area covered with graphene appears lower
than the adjacent buffer layer by about 0.45 nm [Fig. 4(d)]
supporting the LEEM observation. The measured distance of
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0.45 nm is reasonably close to the difference in height be-
tween three SiC bilayers (0.75 nm=0.25 nmX3) and a
graphene monolayer (0.33 nm) as illustrated in Fig. 4(d).?6?’

Why simple step flow growth can occur in this situation is
clear when one considers the carbon balance associated with
the etching of the triple bilayer step. The number of carbon
atoms emitted per unit area as a triple bilayer step is etched is
approximately equal to the number of carbon atoms in the
same area of graphene.!! Thus, the carbon atoms emitted
from the step edges can be immediately consumed at the
growth front of graphene [Fig. 4(c)]. The graphene formed in
step flow growth evidently does not hinder the etching of the
triple bilayer SiC steps because SiC bilayer steps are still
exposed, allowing Si to directly evaporate. No long-range
diffusion of C is necessary in a simple step flow growth
mode. Note that the formation of graphene behind a triple
bilayer SiC step occurs even during vacuum annealing and
does not require an Ar atmosphere. This suggests the Ar
atmosphere improves graphene quality not by fundamentally
modifying the growth process but instead by removing single
bilayer SiC steps on the buffer layer surface by promoting
step bunching. A similar improvement can be expected for
vicinal SiC substrates.!!

When the initial step morphology is more complex than
isolated single or triple bilayer steps, it becomes more diffi-
cult to correlate the etching of a particular step with a par-
ticular growth front. We observed a complex finger-shape
growth morphology near SiC bilayer steps located near step

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 81, 121411(R) (2010)

bunches [Fig. 1(a)] as also shown by others.>!?

Our work establishes that the observed distinctive growth
morphologies result from cooperative processes caused by Si
sublimation rates depending on carbon adatom concentra-
tions. For first-layer graphene growth, we have found that
there exist well-defined spatial relationships between where
SiC is etched and how and where graphene grows. The spa-
tial relationship is determined by the starting step configura-
tion of the buffer layer surface. The growth of high-quality
large-area graphene most likely arises from etching pre-
existing triple bilayer SiC steps, where simple step flow is
possible. Step flow growth is not possible near etched single
bilayer SiC steps because instabilities caused by carbon dif-
fusion lead to complex growth morphologies. Thus, growing
better graphene requires minimizing the number of single
bilayer SiC steps on the buffer layer surface.
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