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Influence of defects in SiC (0001) on epitaxial graphene∗
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Defects in silicon carbide (SiC) substrate are crucial to the properties of the epitaxial graphene (EG) grown on it. Here
we report the effect of defects in SiC on the crystalline quality of EGs through comparative studies of the characteristics of
the EGs grown on SiC (0001) substrates with different defect densities. It is found that EGs on high quality SiC possess
regular steps on the surface of the SiC and there is no discernible D peak in its Raman spectrum. Conversely, the EG on
the SiC with a high density of defects has a strong D peak, irregular stepped morphology and poor uniformity in graphene
layer numbers. It is the defects in the SiC that are responsible for the irregular stepped morphology and lead to the small
domain size in the EG.
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1. Introduction
Graphene is an attractive material for high-speed elec-

tronic device applications because of its extremely high car-
rier mobility and other intriguing properties.[1–5] Among the
routes towards fabrication of graphene, thermal decomposition
of semi-insulating (SI) SiC (0001) for epitaxial graphene (EG)
is one of the most promising options for future large-scale in-
tegration circuit on a wafer scale[6–11] due to its compatibil-
ity with existing semiconductor processing.[5,12–14] However,
up to now, the highest carrier mobility of EGs on SiC (0001)
has been much smaller than that of exfoliated graphenes.[15]

The existence of defects in EGs and possible additional scat-
terings from the buffer layer are thought to be the two ma-
jor reasons responsible for the observed low carrier mobility.
The defects of EG have a close relation with the morphology
and dislocations of SiC (0001). The surface stepped morphol-
ogy of SiC (0001) is reported to vary a lot, with step heights
changing from sub-nanometres to several tens of nanometres,
and terrace widths changing from sub-micrometers to several
tens of micrometers,[16,17] which is believed to be caused by
the SiC basal plane stacking sequence or the detailed growth
conditions.[7,16–18] The hexagonal holes are also observed on
the surface of SiC (0001) frequently after graphene growth,[19]

which is usually explained by the insufficient migration of ex-
cess C atoms, making steps split and move along different
directions.[19,20] These step edges and hexagonal holes on SiC
(0001) are the scattering sources to carriers in EGs.

On the other hand, the preparation conditions are found
to have a profound effect on the morphology of SiC (0001).
Wang et al. found that the annealing rate contributed to the fi-
nal stepped structure and density of hexagonal holes on SiC

(0001).[7] Oleveira et al. observed that the step bunching
could be suppressed when the initial SiC surface is com-
posed of large steps of about 13 nm in height.[18] Luxmi et
al. found that a higher growth temperature helps promote the
migrating of excess C atoms and improves the morphology of
SiC (0001), but at the same time also promotes forming step
bunching on SiC (0001).[16] Up to now, the forming regular
stepped morphologies and removing hexagonal holes on SiC
(0001) have been still great challenges to researchers and the
detailed mechanisms governing the phenomena need to be ex-
plored further.

Here we give strong evidence that the defects in SiC
(0001) have a close relationship with the quality of EG grown
on the locations of the defects. It is found that the defects in
SiC are the essential causes of promoting step bunching and
forming hexagonal holes on SiC (0001) in the thermal prepa-
ration process for EG, which leads to the small domain size in
EGs. The EGs on SiC with a low defect density have a larger
crystalline size than those on SiC with a high defect density.
The detailed mechanism behind this phenomenon is studied
and analyzed.

2. Experiment
Two semi-insulating (SI) SiC (0001) wafers, i.e., a 6H–

SiC with a low dislocation density and a 4H–SiC with a lit-
tle higher dislocation density, were cut into 10 mm× 10 mm
pieces for usage. Their surface orientation deviating from the
[0001] direction is less than 0.3◦. The prepared SiC pieces
were first cleaned according to the standard semiconductor
wafer cleaning procedure and etched at four different tempera-
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tures of 1100 ◦C, 1150 ◦C, and 1200 ◦C for 2.5 h, and 1300 ◦C
for 3.5 h under a protecting gas ambient provided by SiC pow-
der at a pressure of 10−4 Pa, to remove mechanical damage
layers on SiC (0001) and to form stepped morphologies with
different heights and hexagonal holes on SiC (0001). Among
the etched SiC substrates, typical substrates without or with
exposing defects manifested by the exposed hexagonal holes
were chosen for fabricating EGs. The hexagonal holes are
magnified defects in the SiC after high temperature etching.
The chosen SiC pieces were placed into a graphite crucible and
loaded into a high temperature furnace for graphene growth.
Argon (Ar) gas was filled to 10 kPa and the temperature was
raised to 1300 ◦C at a rate of 6 ◦C/min. Then the ambient
pressure was lowered to about 5 Pa and kept at this pressure
for 15 min–30 min for the growth of 2–3 layers of graphene
on SiC (0001).[21] The morphologies of the etched SiC pieces
before and after graphene growth were analyzed by an atomic
force microscope (AFM) in the model Bruker Multimode-8.
The crystalline quality of the EGs was characterized by Ra-
man scattering performed on a high-resolution Raman scat-
tering spectrometer HR800 equipped with a 532-nm laser fo-
cused to a spot of about 1 µm in diameter with a power of
1 mW. The crystalline sizes of EGs were estimated from the
intensity ratios of the D peak (defect related signal) to the G
peak[22,23] (ID/IG). The graphene layer number was estimated
from the intensity ratio of the G peak to the SiC peak located
at 1519 cm−1 (IG/ISiC(1519 cm−1)),

[24] and the intensity ratio
of the G peak to the 2D peak (IG/I2D).[25–28] The structural
uniformity of the EGs in an area of about 5 µm× 5 µm was
analyzed by Raman spectrum mapping. The dynamic mecha-
nism of graphene growth and the effects of defects in SiC on
the crystalline quality and morphology of EG on SiC (0001)
were analyzed and discussed. We found that the influence of
defects in SiC (0001) on EG quality is serious, which reminds

us that the high quality SiC substrate is a crucial prerequisite
for growing high quality EGs.

3. Results and discussion
After etching under four different conditions as stated

above, SiC (0001) samples undergo surface reconstruction and
exhibit different morphologies. Figures 1(b) and 1(c) show
the 6H–SiC and 4H–SiC (0001) surface morphologies after
etching at 1100 ◦C respectively, and an AFM morphology of
a pristine SiC piece is also given, as shown in Fig. 1(a), for
comparison. It is observed that steps are all in half of a unit
cell in height, 0.75 nm for 6H–SiC and 0.5 nm for 4H–SiC, in
sharp contrast to the initial surfaces that are all smooth with
roughness less than 0.2 nm after chemical mechanical polish-
ing, as shown in Fig. 1(a). The terrace widths on 6H–SiC and
4H–SiC are 200 nm and 245 nm, respectively, which rely on
the off-angles of the SiC (0001) substrates. The down-stair di-
rection of the steps on etched SiC (0001) is along the off-angle
direction according to the analysis and calibration using X-ray
diffraction technology.

When the etching temperature is raised to 1150 ◦C and
1200 ◦C, respectively, the same stepped morphology is kept
on 6H–SiC (0001), with step heights being equal to half of a
unit cell of 0.75 nm, which is a relatively stable state. How-
ever, a slightly different situation happens to 4H–SiC (0001)
with relatively high defect density, whose stepped morphology
changes to some extent, as shown in Fig. 2(a) at 1150 ◦C and
in Fig. 2(b) at 1200 ◦C. In Fig. 2(a), discontinuous terraces
appear in some area located at a single terrace with a depth
of 0.25 nm or 0.5 nm as marked with the circles in Fig. 2(a)
and shown in the inset. Further increasing the etching tem-
perature, the terraces become wide and step heights change
from 0.25 nm to 1.0 nm, indicating step bunching forming, as
shown in Fig. 2(b).
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Fig. 1. (color online) AFM morphology of SiC (0001) before etching (a), and AFM morphologies of 6H–SiC (b) and 4H–SiC (c) after
eaching at 1100 ◦C respectively. The linear profiles along the lines in the AFM images are shown in the corresponding lower panels.
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Fig. 2. (color online) AFM morphologies of 4H–SiC (0001) after etching
(a) at 1150 ◦C and (b) at 1200 ◦C. The circles in panel (a) mark the defec-
tive sites with a 0.25-nm step height and the inset shows a defect developed
morphology on SiC (0001) with a 0.5-nm step height. The short lines in
panel (b) show the representative step heights. Linear profiles of the step
morphologies along the lines in panels (a) and (b) are shown in the corre-
sponding lower panels.

When the etching temperature is raised to 1300 ◦C and
etching time is extended to 3.5 h, the reconstructed steps
on SiC (0001) are no longer straight. Instead, spiral steps
dominate on both 6H–SiC (0001) and 4H–SiC (0001) around
threading screw dislocation (TSD) cores. The step heights
around TSD cores are equal to half or one unit cell, as shown
in Figs. 3(a)–3(c). The TSD densities are estimated to be about
1.8×103 cm−2 and 1.2×105 cm−2, averaging counts on five
different 5 µm×5 µm areas in corresponding AFM images of
the 6H–SiC and 4H–SiC respectively, which is consistent with
the results estimated by a standard wet etching method.[29]

To study the morphologies of SiC (0001) after graphene
epitaxy, EGs are simultaneously grown on pristine and etched
SiC (0001) substrates. The AFM morphology of the EG grown
on etched 6H–SiC (0001) is shown in Fig. 4(a). Those grown
on etched 4H–SiC (0001) in defective and perfect regions are

shown in Figs. 4(b) and 4(c) respectively. While, those grown
on pristine 6H–SiC (0001) and 4H–SiC (0001) are shown in
Figs. 4(d) and 4(e) respectively for comparison. The etched
SiC substrates used here are annealed at 1200 ◦C for 2.5 h.
Their AFM morphologies before graphene growth are shown
in the insets of Figs. 4(a)–4(c).

In Figs. 4(a) and 4(c), it is noticed that after graphene epi-
taxy, most steps on etched SiC (0001) are divided into more
tiny ones with heights of 0.25 nm or 0.5 nm, and the step
edges have a zigzag shape. However, in Fig. 4(b), steps are
non-uniform, with heights changing from 0.25 nm to 1 nm and
their terraces are irregular. Meanwhile, lots of hexagonal holes
are found in Fig. 4(b) with a density almost the same as that of
TSDs in SiC substrate, in contrast to the few holes shown in
Figs. 4(a) and 4(c). The poor morphology of Fig. 4(b) in the
defective region of the SiC substrate should relate to the high
defect densities existing in the 4H–SiC.

The shapes and heights of steps on the surface of SiC
(0001) after graphene epitaxy on pristine SiC substrates shown
in Figs. 4(d) and 4(e) are similar to those in Figs. 4(a) and
4(b), respectively. The density of hexagonal holes shown in
Fig. 4(e) is almost equal to that in Fig. 4(b), except those with
smaller sizes. These results shown in Figs. 4(a)–4(e) suggest
that the etching process before graphene growth has no promi-
nent influence on the morphology of SiC (0001). Therefore,
it is the crystal quality of SiC substrate, specifically the defect
types and densities, influences the morphologies of SiC (0001)
after graphene epitaxy.

The crystalline qualities of the EGs shown in Figs. 4(a)–
4(e) are analyzed by Raman scattering spectra as shown in
Fig. 4(f) correspondingly, where the EGs are named EG(i)
(i = a to e) following the alphabet letter order as indicated
in Fig. 4. It is observed that there is no discernible D peak
in EG(a), or EG(c) and or EG(d) grown on SiC (0001) with
uniform stepped morphologies, no matter what crystalline pro-
totypes the substrates have and whether they are etched or not.
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Fig. 3. (color online) AFM morphologies of TSDs exposed on 6H–SiC (0001) in panels (a) and (b), and on 4H–SiC (0001) in panel (c), after
etching at 1300 ◦C. Linear profiles of the step morphologies along the lines are shown in the corresponding lower panels.
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Fig. 4. (color online) AFM morphologies of the EGs on 6H–SiC (a), in the defective area of 4H–SiC (b) and in the perfect area of 4H–SiC (c) with
etching, on 6H–SiC (d) and 4H–SiC (e) without etching. The insets in panels (a)–(c) show the AFM morphologies of the corresponding etched SiC
substrates. (f) Raman spectra of the EGs corresponding to the images shown in panels (a)–(e), with the inset showing the magnified G peaks.

Yet D peaks are clearly present in EG(b) and EG(e) grown on
SiC (0001) with a high defect density. The ID/IG is known to
be inversely proportional to the square of crystalline sizes LD

of EG, described by the formula given by Cancado, et al.,[22]

L2
D = (1.8±0.5)×10−9

λ
4
L(ID/IG)

−1, (1)

where λL is the excitation laser wavelength (in units of
nanometer). The values of crystalline size LD of the EG(b) and
EG(e), estimated from the above formula, are about 293 nm
and 360 nm, respectively, while those of EG(a), EG(c), and
EG(d) should be much larger. Besides the D peak appearing
in the EGs in the defective regions of the 4H–SiC substrates,
their G peaks also split into multi-peaks as seen in the mag-
nified G peaks shown in the inset of Fig. 4(f), suggesting that
the domain boundaries exist on the EGs,[30] which may be in-
duced by the irregular stepped structure in the dislocation area.
The above results manifest that defect in SiC is a key factor
inducing domain boundaries in EGs, and the detailed analysis
will be given later.

To compare the crystal qualities of the EGs further, Ra-
man spectrum mappings are performed on the same 5 µm×
5 µm area shown in Figs. 4(a) and 4(b), respectively, which are
shown in Figs. 5(a)–5(f). The mappings of (ID/IG) of EG(a)

and EG(b) are plotted in Figs. 5(a) and 5(b), respectively, to
study their crystalline qualities, and the corresponding map-
pings of IG/ISiC(1519 cm−1) and IG/I2D are shown in Figs. 5(c)–

5(f), respectively, to analyze layer number uniformity of the
EGs. In Fig. 5(a), the intensity ratio of ID/IG is lower than
0.04, indicating a high quality of the EG(a) with a crystalline
size larger than 3 µm estimated from Eq. (1). In Fig. 5(b),
ID/IG changes from 0.02 to 0.53, indicating that the crystalline
size of the EG(b) varies from about 3 µm to 288 nm. The inten-
sity ratio IG/ISiC(1519 cm−1) of the EG(a) changes from 0.54 to
0.70 as shown in Fig. 5(c), corresponding to two to four lay-
ers of graphene films with variation less than two layers.[24]

While the IG/ISiC(1519 cm−1) of EG(b) varies from 0.6 to 0.88,
corresponding to three to six layers of graphene films,[24] im-
plying that EG(b) is a little thicker with a slightly poorer unifor-
mity in layer number than EG(a). The graphene layer numbers
are also estimated according to the intensity ratio of IG/I2D to
check the reliability of the deduced results.[25–28] The intensity
ratios of IG/I2D change from 0.38 to 0.52 in the EG(a) corre-
sponding to graphene layers two–four and from 0.45 to 0.75
in the EG(b) corresponding to graphene layers three–seven, re-
spectively as shown in Figs. 5(e) and 5(f). All of these results
confirm that the graphene layer numbers deduced by the two
methods are consistent. It is found that the crystalline qual-
ity is poorer when the graphene layer numbers change a lot,
as indicated by the EG(b). So the crystalline quality of EG in
the defective area of the 4H–SiC (0001) is poorer than that in
the perfect area on 6H–SiC (0001) should originate from the
higher defect density in the SiC substrate.
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Fig. 5. (color online) Raman mappings of ID/IG in panels (a) and (b), IG/ISiC(1519 cm−1) in panels (c) and (d), and IG/I2D in panels (e) and
(f) measured on the EG(a) for upper mapping and on the EG(b) for lower mapping, respectively.

A close correlation of strong D peaks in the EG grown
on 4H–SiC with hexagonal holes after high temperature etch-
ing indicates that the defect sites in the SiC substrate may
induce domain boundaries in graphene epitaxy, because the
SiC crystal lattice changes its orientation on the defect sites,
where the azimuth orientations of the EGs may change rela-
tively. When the graphene islands with different azimuth ori-
entations encounter each other, the domain boundaries form.
While graphenes grown on perfect SiC (0001) should have the
same azimuthal orientation governed by the crystal structure
of the substrate surface,[31] so that different graphene islands
connect together to form EGs with high crystalline qualities.
The features of graphene grown on the defective site and in
the perfect crystalline area of SiC (0001) are compared and
analyzed. The AFM morphology of EGs grown on a TSD site
is shown in Fig. 6(a), where the initially etched SiC substrate
with the same size is shown in its inset and the corresponding
Raman spectra are shown in Fig. 6(b). It is observed that the
TSD core is enlarged into hexagonal holes due to the larger
stress and the preferable decomposition of SiC there. The ini-
tial steps around the TSD core in heights of half a unit cell are
partly decomposed into smaller steps in heights of 0.25 nm or
0.5 nm after graphene growth.

The Raman features of the EGs on the TSD core and in
the area 4 µm away from the core as marked by the circles in
Fig. 6(a) are tested respectively. It is observed that the layer
numbers of graphene films are larger, i.e., the graphene films
are thicker and the crystalline quality is poorer on the hexag-
onal holes than in the area with a uniform stepped structure,
which is supported by the Raman spectra shown in Fig. 6(b).
The crystalline quality of the EG in the area far from the TSD
core is also of a high quality without a clear D peak proved by
its Raman spectrum. The above results prove that the defect in
SiC is one of the main origins of domain boundaries in EGs.

The above results suggest that a high quality SiC substrate is
a necessary requirement for fabricating EGs with a high crys-
talline quality.
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Fig. 6. (color online) AFM morphology of EG on a TSD site of SiC (0001).
(b) Raman spectra measured on the sites marked by the circles in panel (a).

4. Conclusions

The influence of defects in SiC (0001) on the quality of
EGs is studied and discussed. A higher crystalline quality
graphene with better uniformity and larger graphene domain
is found on high quality SiC (0001) and compared with those
on SiC (0001) with a high defect density. The reasons are in
the following. Graphene islands grown in the defective area on
SiC (0001) possess different crystalline orientations that result
in a domain boundary, while the islands enlarge and encounter.
The irregular steps formed in the area of the dislocations con-
tribute to the poor uniformity of the EGs. Meanwhile, the EGs
on the defect sites are a little thicker than those in a perfect
crystalline area of SiC (0001). Therefore, a high quality SiC
is a necessary prerequisite for high quality EGs besides the
optimal growth procedure.
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