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Stacking domains of epitaxial few-layer graphene on SiC(0001)
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We used low-energy electron microscopy (LEEM) and scanning tunneling microscopy (STM) to investigate
domain structures of epitaxial few-layer graphene grown on SiC(0001). Dark-field (DF) LEEM images formed
using (10) and (01) beams clearly indicate that bilayer graphene consists of two types of domains, which have
threefold symmetry and are rotated by 180° with respect to each other. The DF LEEM images show clear
domain contrasts at energies where (10)- and (01)-beam intensities calculated for bulk graphite are largely
different. This means that the two types of domains are different in stacking: AB and AC stackings. The
stacking domains are also supported by the STM images of bilayer graphene showing both hexagonal and

honeycomb patterns.
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I. INTRODUCTION

Recently, few-layer graphene (FLG) has attracted much
attention as a material for future electronics.! Epitaxial FLG
fabricated by the thermal decomposition of SiC (Ref. 2) is
easily scaled up and promising for device integration. How-
ever, because the electronic properties of epitaxial FLG de-
pend on the number of graphene layers,>® the device appli-
cations require a reproducible way of forming large-scale
graphene layers with an intended thickness. For this purpose,
we have already demonstrated that the number of layers in
epitaxial FLG can be determined from quantized oscillations
of electron reflectivity in low-energy electron microscopy
(LEEM).>-!! Recently there has been some progress in the
control of the uniformity of epitaxial graphene,'>"' to which
microscopic evaluation of the number of graphene layers us-
ing LEEM has greatly contributed.

While synthesis methods for epitaxial FLG are being in-
tensively studied, the electronic transport properties are also
being investigated by several groups.'>™'® FLG grows on

both Si-face SiC(0001) and C-face SiC(0001) substrates but
there are some differences in its properties between the Si
face and C face. It is easier to control the FLG thickness on
the Si face than on the C face.?’ The interactions between
FLG and the substrate can open a semiconductor gap in FLG
on the Si face.3” Therefore, epitaxial FLG grown on the Si
face seems more suitable for transistor operations.'®!® How-
ever, epitaxial FLG grown on the Si face so far has much
lower mobility than not only FLG exfoliated from bulk
graphite but also epitaxial FLG on the C face.""!5" To use
epitaxial FLG on the Si face as an electronic material, we
have to clarify the reasons for the lower mobility. For this
purpose, we are investigating differences in structure be-
tween real epitaxial FLG grown on the SiC(0001) Si face
and ideal FLG by LEEM and scanning tunneling microscopy
(STM). In this paper, we show, using dark-field (DF) imag-
ing of LEEM and calculation of intensity vs energy (I-V)
curves of low-energy electron-diffraction (LEED) beams,
that epitaxial FLG equal to or thicker than a bilayer consists
of domains different in stacking order. We also identify
stacking structures specific to the domain boundary.
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II. EXPERIMENT

The epitaxial FLG was grown on 6H- and 4H-SiC(0001)
by annealing the samples at 1300—1500 °C in a commercial
LEEM instrument (Elmitec LEEM III). In our LEEM instru-
ment, the electron gun and sample were biased at around 20
kV. The bias difference between the electron gun and sample
is normally called the start voltage Vgt and eVgy is roughly
equal to the electron-beam energy.® The number of graphene
layers was microscopically determined using the quantized
oscillation in the electron reflectivity.””!! We also used a
commercial STM instrument (Omicron VI-STM) to investi-
gate atomic structures of FLG. The samples were taken out
of the LEEM chamber and transferred to the STM chamber
in air. After introducing the samples into UHV, we annealed
them above 500 °C to remove adsorbates. To determine the
stacking orders of bilayer graphene, LEED I-V curves were
calculated using a Barbieri-Van Hove-symmetrized auto-
mated tensor LEED package.”! The calculated I-V curves
were shifted in energy by —10 eV to fit the experimental
data.

III. RESULTS AND DISCUSSION

Figure 1 shows bright-field (BF) and DF LEEM images of
epitaxial FLG grown on 4H-SiC(0001). Figure 1(a) is the BF
LEEM image. Numbers in the image denote the number of
graphene layers and the surface is mainly covered with bi-
layer graphene. Figures 1(b)-1(e) are DF LEEM images ob-
tained using (10) and (01) beams at Vgr=44.5 and 58.1 V.
These images show that graphene equal to or thicker than a
bilayer consists of two types of domains. Their contrast is
reversed between the (10) and (01) DF LEEM images and
also between the DF images of the respective beams taken at
Vgr=44.5 and 58.1 V. The DF LEEM images using the dif-
ferent beams indicate that the domains have threefold sym-
metry. Faint linear contrasts in Fig. 1(a) correspond to sub-
strate steps. Figure 1 shows that some domains are
continuous across the steps as well as across the boundaries
between the bilayer and trilayer.

The two types of domains with threefold symmetry sug-
gest that they are different in the stacking order of graphene

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.085406

HIBINO et al.

()R (00)

FIG. 1. (Color online) (a) BF LEEM and [(b)—(e)] DF LEEM
images of epitaxial FLG grown on 4H-SiC(0001). (f) Schematic
illustrations of bilayer graphene with AB and AC stackings. Num-
bers in (a) denote the number of graphene layers. Images (b) and (d)
are DF LEEM images obtained using the (10) beam, and (c) and (e)
are those using the (01) beam. The start voltages were (a) 5V, [(b)
and (c)] 44.5V, and [(d) and (e)] 58.1 V.

layers. Bilayer graphene has the two types of stacking shown
in Fig. 1(f). Carbon atoms occupy a and b sites in a unit cell
of graphene. In bilayer graphene, the b’ sites in the top layer
locate on top of the a sites of the bottom layer (called AB
stacking hereafter) or the a’ sites in the top layer locate on
top of the b sites of the bottom layer (BA stacking, which is
usually called AC stacking). AB and AC stackings both have
threefold symmetry and are rotated by 180° with respect to
each other.

To confirm that the domains seen in the DF LEEM images
originate from the difference in the stacking order, we calcu-
lated the LEED [-V curves for bulk graphite. To prove the
validity of the LEED [-V analysis, we first compare the eVqr
dependence of the BF LEEM intensity with the calculated
LEED -V curve of the (00) beam. In Fig. 2, the BF LEEM
intensity for bilayer graphene is plotted as a function of eVygr.
Although we calculated this /-V curve for bulk graphite with
the ABAB Bernal stacking without any structural optimiza-
tions, the calculated -V curve reproduces the eVgr depen-
dence of the BF LEEM image intensity fairly well at around
40-150 eV. The topmost couple of graphene layers deter-
mines the main features in the LEED /-V curve. As the en-
ergy decreases to less than around 40 eV, the calculated /-V
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FIG. 2. (Color online) eVgr dependence of the BF LEEM inten-
sity from bilayer graphene (solid line) and LEED [-V curve of the
(00) beam calculated for bulk graphite with ABAB Bernal stacking
(dotted line).

curve rapidly increases and deviates from the experiment.
This is probably because our calculation procedure did not
consider the electronic band structure of graphite at all. Stro-
cov et al.?>? have already included band structures in the
calculations of electron transmission and have succeeded in
reproducing the very low-energy electron-diffraction results.

When we obtained the DF LEEM images using the (10)
and (01) beams, the incident electron beam was inclined so
as to let the diffracted beam come out normally from the
surface. We compare the eVgr dependence of the (10) and
(01) DF LEEM image intensities with I-V curves of the (10)
and (01) beams calculated under the normal incidence. From
the viewpoint of elastic scattering, these two processes are
time-reversed ones and should provide the same diffraction
intensity. We have already measured the eVg dependence of
the (10)- and (01)-beam intensities from Si(111) 3 X (3-B
under the DF LEEM imaging conditions.>* The measured
eVgr dependence of the LEED intensities for the (10) and
(01) beams under the normal incidence agreed well with the
eVgr dependence of the DF LEEM image intensities.>* Fig-
ure 3 shows the eVgr dependence of the DF LEEM image
intensities along with calculated I-V curves for the (10) and
(01) beams. Because bilayer graphene consists of two types
of domains with threefold symmetry, measuring the (10) and
(01) DF LEEM image intensities for each type of domain is
equivalent to measuring the (10) or (01) DF LEEM image
intensities for both types. The experimental data in Fig. 3
were obtained in the latter way. The calculated LEED I-V
curves reproduce the main features seen in the eVgr depen-
dence. They indicate that the (10) and (01) beams are largely
different in intensity at around 45 and 60 eV, which agrees
with the clear domain contrasts in Figs. 1(b)-1(e) obtained at
44.5 and 58.1 eV. This means that the domains seen in the
DF LEEM images of bilayer graphene have different stack-
ing orders, i.e., AB and AC stackings.
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FIG. 3. (Color online) eVgy dependence of the DF LEEM image
intensities and calculated LEED I-V curves for the (10) and (01)
beams. Solid and dotted lines correspond to the (10) and (01)
beams, respectively. The calculated LEED -V curves are shifted
upward for clarity.

Next, we investigate the boundary structure of the stack-
ing domains. We found that the domain boundaries are vis-
ible at certain start voltages in both BF and DF LEEM im-
ages. Figures 4(a) and 4(b) are DF LEEM images obtained
using the (10) beam at Vgr=51.4 and 77.6 V, respectively. In
these images, we cannot see all parts of the domain bound-
aries. The DF LEEM images obtained using (01) and (-11)
beams, respectively, make the other parts of the domain
boundaries visible, indicating that there are three types of
domain boundaries. There are three translation vectors be-
tween the AB and AC stackings, which should correspond to
the observed three types of boundaries.

The boundaries should have intermediate structures be-
tween the AB and AC stackings, which are converted by
shifting one of the layers in the bilayer relatively to the other.
Here, we consider two boundary structures induced by such
shifts along high-symmetric directions. When the top layer in
AB stacking is shifted by 2(G+b)/3, where @ and b are unit-
cell vectors of FLG, AA stacking appears between the AB
and AC stackings. The other shift vector we consider is
—(G+b)/3. This shift causes the boundary structure sche-
matically illustrated in Fig. 4(c) midway from the AB to AC
stacking. Hereafter, we call this type of stacking a shifted
stacking.

Figure 4(d) shows calculated LEED I-V curves of (10)
and (01) beams for bulk graphite with ABAB stacking, AAAA
stacking, and the shifted stacking. Because the AAAA stack-
ing has a sixfold symmetry, the (10) and (01) beams have the
same intensity. This means that AA stacking is inconsistent
with the observed three types of boundary structures. How-
ever, Lauffer et al.?® observed areas of bilayer graphene
whose STM images rather resemble monolayer graphene and
suggested that a stacking close to AA stacking (which they
called AA") could account for the observed images. We sup-
pose that AA’ stacking provides I-V curves similar to AA
stacking. Therefore, calculated results for AAAA stacking are
also shown. In the shifted boundary structure, two carbon
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FIG. 4. (Color online) [(a) and (b)] DF LEEM images using the
(10) beam at Vgr=51.4 and 77.6 V, respectively. The same regions
as in Figs. 1(b)-1(e) were imaged. (c) Schematic illustration of the
boundary structure with the shifted stacking. (d) LEED I-V curves
of (10) and (01) beams calculated for bulk graphite with the shifted
stacking (solid lines), ABAB stacking (dotted lines), and AAAA
stacking (dashed lines). Thick and thin lines, respectively, corre-
spond to the (10) and (01) beams.

atoms of one layer are located inside the hexagonal ring of
the other layer. The two carbon atoms are allowed to align in
three directions, resulting in three types of shifted stackings.
Each stacking has two mirror planes orthogonal to each
other. Therefore, the (10) and (—10) beams are equivalent
and the (01), (=11), (0-1), and (1,-1) beams are equivalent
too.

In Fig. 4(d), we indicate the start voltages used to obtain
Figs. 4(a) and 4(b) by arrows. These start voltages agree with
the peak positions of the LEED [-V curve for the shifted
stacking. On the other hand, AA and AB stackings should
provide similar intensities at these start voltages. AA stacking
is also inconsistent with the fact that there are three types of
domain boundaries. Thus, we conclude that the shifted stack-
ing appears at the boundaries of the stacking domains. We
also confirmed that the start voltages at which the boundaries
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FIG. 5. (Color online) (a) DF LEEM using the (10) beam of
epitaxial FLG with the average thickness of bilayer. The start volt-
age was 58.1 V. (b) STM image of bilayer graphene. [(c)—(e)] Mag-
nified STM images of areas in the dotted squares in (b). The sample
bias was —-0.18 V.

make contrast in the BF LEEM images are consistent with
the electron energies at which the calculated LEED intensi-
ties for the shifted and ABAB stackings are largely different.

We showed using LEEM and LEED [-V calculations that
the shifted stacking appears at the boundary between the AB-
and AC-stacked domains. However, spatial resolutions of
LEEM are not high enough to determine the width of the
boundary structure with the shifted stacking and the magni-
tude of the deformation in the carbon-carbon bonds. We
therefore used STM to investigate the domain boundary
structure in bilayer graphene in more detail. Figure 5 shows
DF LEEM and STM images of epitaxial FLG with the aver-
age thickness of bilayer. The stacking domains in Fig. 5(a)
are much denser than those in Fig. 1. We measured STM
images of the boundary between the monolayer and bilayer
and discriminated between them from the corrugations in-
duced by the interface 6,3X63 structure.”® Figures
5(c)-5(e) are magnified images of the dotted squares in Fig.
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5(b). While dots are arranged in hexagonal patterns in Figs.
5(c) and 5(e), a honeycomb pattern is seen in Fig. 5(d). Fig-
ure 5(b) shows that the honeycomb patterns are sandwiched
between the hexagonal patterns. The hexagonal patterns are
due to the asymmetry between a’ and b’ sites and specially
belong to the AB-type stacking. In the shifted stacking, a’
and b’ sites are in rather similar environments, which could
lead to the honeycomb pattern in the STM images. Figure
5(b) shows that the domain boundary, the width of which is
roughly indicated by arrows, runs almost vertically. How-
ever, the deformation of the carbon-carbon bonds is even
beyond the spatial resolution of our STM instrument.

The fact that the domain boundary prefers the shifted
stacking rather than AA stacking is also supported by ab
initio total-energy calculation results. Aoki and Amawashi
have already calculated changes in the energy of bilayer
graphene caused by the shift of the top layer between AB and
AC stackings.?® They showed that AB(AC) and AA stackings
provide the lowest and highest energies, respectively, and
that the energy difference between AB(AC) and shifted
stackings is much smaller than that between AB(AC) and AA
stackings.?®

Recently, it has been shown that the 2D band in the Ra-
man spectra of epitaxial graphene is blueshifted compared
with that of exfoliated graphene.?’~2° The blueshift indicates
that the epitaxial graphene grown on SiC(0001) is compres-
sively stressed, the cause of which is believed to be the dif-
ference in the thermal-expansion coefficient between
graphene and SiC.?%* The stacking domains in bilayer
graphene reasonably mean that one layer is stressed with
respect to the other layer, which seems consistent with the
above Raman result. Linear bumps sometimes appear on the
surface of epitaxial FLG,*® which would indicate that the top
layer is compressed with respect to the lower layers. When
we hypothetically compress the top layer in bilayer graphene
uniformly along the @ +b direction, a stacking similar to the
shifted stacking can appear between AB-type and AC-type
stackings. Here, AB-type stacking reflects a lattice mismatch
between the top and bottom layers. In reality, however, the
DF LEEM intensity in each stacking domain is quite uniform
and the domain boundaries provide distinct contrasts in the
LEEM images. These facts could suggest that the top layer is
not uniformly compressed, that is, the lattice mismatch is
relieved only near the domain boundaries. This is also con-
sistent with the STM results. The strain energy should in-
crease rapidly with the decrease in the lattice constant.
Therefore, uniform compression would minimize the strain
energy. However, bilayer graphene energetically favors AB
and AC stackings. The balance between these two energetic
factors could lead to the domain structures of AB and AC
stackings.

We do not know the reason for the stacking domains but
we suppose the following scenario possible. Even though the
starting SiC surface has a regular step/terrace structure, the
surface becomes rough during the 3X /3-t0-6,3X6,3
transition in UHV.? Graphene preferentially nucleates at the
steps.”?! We found that the surface flattens during the
graphene growth and step/terrace structures somewhat re-
cover regularity after bilayer growth. The topmost graphene
is continuous and this layer is grown on a surface rougher
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than that of the lower second layer. Wider graphene is nec-
essary to cover a rougher surface. Therefore, the top layer in
bilayer graphene is wider in area than the bottom one and the
top graphene layer is compressed to match the smoother sur-
face, resulting in the stacking domains. However, an under-
standing of the detailed growth mechanism of epitaxial
graphene is necessary in order to judge the validity of this
scenario, and this is a future subject. It could also lead to an
explanation of why the stacking domains do not have a
strong relationship with the substrate steps.

So far, we proposed that the rough-to-smooth transition of
the SiC substrate during graphene growth causes the com-
pression (mismatch) of the top layer in bilayer graphene with
respect to the bottom layer, which leads to the stacking do-
mains. However, the analogy of a two-dimensional Ising sys-
tem may indicate that the coexistence of AB and AC stack-
ings occurs even in ideal bilayer graphene as a consequence
of their energetic degeneracy. In such an ideal situation, we
could expect phase-transitionlike behavior where the domain
pattern depends on the temperature. The domain pattern ob-
served at room temperature would be the one frozen at a
certain high temperature during sample cooling. However,
we found that the domain patterns in bilayer graphene re-
main mostly unchanged after postgrowth annealing even at
the temperatures we used to grow the bilayer. The observed
stacking domain patterns do not seem to be determined
through the phase-transitionlike behavior and we believe that
their origin is the mismatch between the two layers. How-
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ever, this does not always exclude the possibility that ideal
bilayer graphene has a domain structure because the bilayer
graphene we grew might be far from ideal. To verify the
possibility, we need further experimental studies for the
growth of more ideal bilayer graphene and also theoretical
investigations.

IV. SUMMARY

In this paper, we investigated domain structures of epitax-
ial bilayer graphene grown on SiC(0001). Dark-field LEEM
images and calculated LEED I-V curves of (10) and (01)
beams indicate that bilayer graphene consists of two types of
domains with AB and AC stackings. We also found that the
domain boundaries have a shifted stacking. The stacking do-
mains are also supported by STM images showing graphene
has both hexagonal and honeycomb patterns. The domain
structures may degrade the electronic transport properties in
FLG. We need to understand the formation mechanism and
to control the density in order to understand how the stacking
domains influence on the electronic transport properties.
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