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We use scanning tunneling microscopy and spectroscopy to study defects on epitaxial graphene grown on a
4H-SiC(000-1) C-face substrate. At the graphene/SiC interface, we discover a few isolated small areas covered
by nano-objects confined vertically and forming mesas, suggestive of packed carbon nanotubes and leading
to electronic interface states. Nano-crack defects are also found at the SiC surface. They are covered with an
unbroken graphene layer going deep into the crack showing no electronic interface state, and thus would
probably not affect the carrier mobility.

© 2011 Elsevier B.V. All rights reserved.

Graphene is a single atomic layer of graphite, which can be
epitaxially grown on substrates or exfoliated, and is now very well
known to have outstanding properties [1-10]. Because silicon carbide
(SiC), a IV-1V compound semiconductor, has a wide band gap (ranging
from 2.4 to 3.3 eV depending on polytype) [11,12], epitaxial graphene
grown on a SiC substrate is promising for future electronics applica-
tions [3-10,13-15] and has indeed been added to the Roadmap
of Semiconductor Technology. Such epitaxial growth on hexagonal
6H/4H-SiC(0001)/(000-1) Si- and C-faces, and cubic 3C-SiC(100) has
been shown to achieve graphene layers or nanoribbons [3-10,13-15].
Their atomic/electronic structures and transport properties have been
determined using advanced experimental techniques, and state-of-
the-art theoretical calculations [3-10,13-23]. On the C-face, graphene
multilayers can be grown with each layer decoupled from one other
[9,21,22], leading to unprecedented high carrier mobility of up to
250,000 cm?/Vs at room temperature [16,18] and 200,000 cm?/Vs
elevated temperatures [17,18]. In contrast, a single graphene layer
epitaxially grown on a C face SiC substrate has significantly lower
mobility of 20,000 cm?/Vs [23], possibly due to the poor quality of
the graphene/SiC interface as a result of harsh graphene growth
conditions. Strain is the driving force in SiC surface ordering, leading to
complex surface reconstructions for both Si and C faces [11,12,24-26]
leading to self-organized Si [11,27] and C [11,28] nanostructures but
also to result in nano-crack defects [29]. Indeed, so far little is known
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about graphene/SiC interfaces where defects could affect the carrier
transport properties.

In this letter, we use scanning tunneling microscopy and spectros-
copy (STM/STS) to investigate at the atomic scale two types of defects at
graphene/SiC interfaces and their possible effects on the electronic
properties. We find nano-objects laterally confined by and below the
graphene layer on top of the SiC surface, with height profiles suggestive
of carbon nanotubes (CNT). We also find nano-crack defects on the SiC
surface that are covered by the graphene layer. The nano-object defect
leads to specific electronic interface states that may be detrimental to
the graphene transport properties. In contrast, the nano-crack defects
show no such interface states, with no modification of the STS spectral
response, and should not affect the transport properties.

The STM/STS experiments are performed using a variable-
temperature Omicron instrument at pressures in the low 10~'° Torr
pressure range. Graphene was grown on top of a C-face 4H-SiC(000-1)
n-doped at 107 '®/cm® substrate (Cree) by thermal Si sublimation,
similar to well-established procedures [19,20]. Additional Raman
spectroscopy experiments were performed at the GES, CNRS-Université
de Monpellier-Il on the same samples. Single and double graphene
layers are identified from the characteristic bright honeycomb and
bright centered hexagonal atomic array seen in STM topographic images
on both the Si-terminated [19,30] and C-terminated [20,21] faces of
SiC. The sample was annealed to 1300 °Cin ultrahigh vacuum (UHV) for
2 min, leading to the formation of the structures observed here.

We first look at the graphene surface, which has a few isolated
areas exhibiting nano-objects. Fig. 1 displays representative STM
topographs of a single graphene layer grown on a stepped SiC surface
showing an area (420x200 nm?) in the center having a network of
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Fig. 1. a) STM topograph (750 x 1030 nm?) showing an area having nano-objects at the graphene/SiC interface (U= 0.5V, 1=0.15 nA); the A arrow shows an edge of the mesa.
b) STM topograph (143 x 143 nm?) of nano-objects forming mesas below the graphene layer (U= 0.6 V, I=0.2 nA); c) 3D view of the same as in b); d) Height profile along XX’

showing the mesa nature of these nano-objects (at 7 A high) with sharp vertical sides.

these bright nano-objects. The higher resolution image (Fig. 1b)
indicates more clearly the extraordinary shapes of these nano-objects,
with the 3D view (Fig. 1c) showing that these nano-objects form mesas
all having the same height on top of the SiC surface. A representative
height profile along XX’ (Fig. 1d) reveals these nano-objects to have a
nearly constant height of about 7 A, extremely steep sides, and very flat
tops.

In order to determine whether these nano-objects are covered by
graphene, we now change the tunneling conditions. In Fig. 2a and a’,
we observe the characteristic honeycomb structure of a single
graphene layer, which covers not only the nanostructures but also
the whole surface as a continuous single atomic layer. Fig. 2b and b’
provide a similar view of a representative area without such nano-
objects. This area consists of a graphene sheet covering the SiC surface
and exhibits the well-established honeycomb structure of a single
graphene layer with the Moiré characteristic of the coupling with the
substrate (Fig. 2b’) [19-21,30].

Upon heating SiC, Si sublimates, leaving excess carbon species that
bond as sp? to form graphene. Due to the harsh growth conditions
using elevated temperatures, and UHV, some possible species that
could be trapped below the graphene layer are Si, C that did not form
graphene, or SiC. Si species trapped below the graphene layer would
most likely form two-dimensional (2D) atomic layers, and even 3D Si
objects are very unlikely to exhibit the observed shape with its sharp
vertical sides. SiC bi-layers have been identified below epitaxial
graphene at step edges [34], while the present nano-objects form on
the terraces only. The height (7.5-8 A) of the bilayers appears close to
that of the present nano-objects, but the “curly” shape (Fig. 1) of the
latter looks very different and is not consistent with SiC formation
[31]. Instead, the striking square cross-sectional shape of these nano-

objects (Fig. 1b) suggests that the most plausible explanation is that
they are formed of carbon nanotubes (CNT), which grow vertically
during graphene formation and remain trapped below the graphene
sheet. Indeed, CNT are known to grow perpendicularly to the SiC
substrate C-face [32], and the annealing temperature used here
corresponds to the temperature threshold found for CNT formation in
the earlier studies, supporting such an interpretation. In addition,
nanocaps have been observed from the decomposition of the C-face of
SiC at 1250 °C and are considered as precursors for the formation
of CNTs [32]. These have been observed as small grains with diameter
of 2-4 nm and convex structure in STM measurements of this surface
[32]. Not surprisingly, these structures are very different from the
rough surfaces found after heating the Si face of SiC in UHV, which
results in the formation of pits and steps [33].

To gain additional insights, we now perform STS measurements,
with Fig. 2c giving the measured I(V) curves, showing the Schottky
barrier character of the graphene layer for both monolayer graphene
on SiC (black squares) and on top of a nano-object (red circles). These
results, however, indicate a significant difference in the slope for
positive bias, suggesting that the nano-objects are likely to induce
new unoccupied electronic states at the graphene/SiC interface.

Fig. 2¢’ displays the (dI/dV)/(1/V) derivative curve, providing the
local density of states for both graphene-covered SiC and graphene-
covered nano-objects for the same representative areas of the sample
as in Fig. 2c. The graphene-covered nano-objects exhibit three new
spectral features, two in the valence band (IS 1, IS 2) and one in the
conduction band (IS 3). IS 3 is located at 100 meV above Eg, while IS 2
and IS 1 are located at 85 meV and 150 meV respectively below Eg.
Note that the only significant spectral feature for the graphene-
covered SiC is peak M, located at 120 meV above Eg. IS 3 has a very
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Fig. 2. a) STM topograph (87 x 87 nm?) of nano-objects (U= —0.1V,1=0.2 nA); a') Detailed 7.2 x 7.2 nm? topograph showing the characteristic pattern of a single graphene layer
covering a nano-object (U= —0.1V,1=0.2 nA); b) STM topograph (160 x 160 nm?) of a single graphene layer covering a SiC surface (U= —0.6 V,I1=0.2 nA); b’) Detailed 5 x 5 nm?
area of b) showing the characteristic pattern of a single graphene layer covering SiC (U= —0.2'V, [=0.1 nA); c) STS I(V) characteristics of single graphene layer on SiC (black
squares) and graphene covering a nano-object (red dots); ¢’) STS (d(I)/d(V))/(I/V) characteristics for the same area as in c).

different line shape from peak M, including a much larger intensity
and a full-width-at-half-maximum (FWHM) of ~80 meV, about 30%
smaller than peak M. Therefore, IS 3 is unlikely to be derived from peak
M and has a different character due to the underlying nanostructure.
It is an empty electronic interface state, which may affect electron
carrier mobility, while the filled interface states, IS 2 and IS 1, would
rather influence the hole carrier mobility. Recent calculations have
predicted that strain influences graphene nanoribbon conductance
[34] which would be consistent with the occurrence of these electronic
interface states.

The IS 3 feature in the conduction band could possibly result from
“open” CNT below the graphene layer, since C atoms located at the top
of an open CNT would have empty dangling bonds influencing the
graphene layer just above subsequently leading to electron depletion.
Such a situation will not take place for a capped CNT (which would
have its end-bonds all satisfied), suggesting that IS 3 results primarily
from the interaction between uncapped CNT nano-objects and the
graphene layer. In contrast, IS 1 and IS 2 in the valence band could
possibly result from “capped” CNT, with filled electronic orbital
overlap occurring at the graphene/capped CNT interface as the most
plausible explanation. Since CNT grown vertically on a 4H-SiC(000-1)
surface are generally capped [32], the present results suggest that,
while a similar growth is taking place below a graphene layer, some of
the CNT seem to have an open termination.

Now, it is interesting to compare the occurrence of these electronic
interface states in the area where graphene is covering nano-objects

to recent Full Linear Augmented Plane Wave (FLAPW) ab-initio
calculations performed on epitaxial graphene grown on the Si-face of
SiC(0001) [35]. Together with atom-resolved STM measurements
performed with a W-Fe tip, this work shows that the single layer
graphene epitaxially grown on the SiC(0001) Si-face is a warped layer
having defects. The FLAPW calculations also predict these defects
to result in two electronic states below Eg at K point [35]. Despite
the fact that, in our work the graphene layer is grown on a C-face SiC
(000-1) substrate with a graphene/SiC interface most likely different
from the corresponding Si-face, the similarity between the two
electronic states predicted by the theory with the two states IS 1 and
IS 2 identified by STS below the Fermi level (Fig. 2¢’) is striking.
Indeed, it suggests that these states may have their origin from the
graphene layer also warped at the edges of the nano-object “mesas” —
see Fig. 1d, arrow A. Therefore, this could be at the origin of the IS 1
and IS 2 electronic interface states observed here by STS.

One should also mention that if these nano-objects were made of
SiC bi-layers such as those suggested in Ref. [35], the spectroscopic
STS response would be exactly the same as for a regular surface of SiC
covered by graphene, with no interface states. Thus, the observed
interface states further rule out the possibility that these nano-objects
consist of three SiC bi-layers.

Raman spectroscopy experiments were performed to explore
further the character of these nano-objects. While the results show
two bands centered at ~1380 and 1600 cm™’, in good agreement
with CNTs grown on the SiC substrate [36], these bands also agree
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Fig. 3. a) STM topograph (91 x 58 nm?) of a single graphene layer covering an area having cracks (U= —0.1V,1=0.1 nA); b) 3D topograph (Fourier filtered transform) for the same

area as in a); ¢) Height profile above a crack along XX'.

with Raman measurements indicating damaged graphene [37]. Thus,
Raman spectroscopy cannot distinguish between CNTs or damaged
graphene, and the observed spectroscopic features are probably due
to both. Such a situation is perfectly consistent with our STM and STS
results, particularly with the presence of interface states clearly
indicating damaged/warped graphene above these nano-objects.

We now look at nano-crack defects at the graphene/SiC interface.
Such defects are known to develop on SiC surfaces [29]. Fig. 3a
displays a 2D topograph of a representative area exhibiting cracks,
with the height profile along AA’ (Fig. 3c) showing that the crack
depth is 1.5 A and its width is 1.1 nm. Fig. 3b shows a 3D Fourier
transform-filtered image of the same area, displaying everywhere the
characteristic honeycomb pattern of a single graphene layer, which is
a clear evidence that the continuously uniform graphene layer
goes down into the crack. This behavior is consistent with the very
high mechanical strength of graphene as the most resistant material
ever measured [38]. Furthermore, molecular dynamics simulations
on graphite fracture have shown that cracks develop along the
main crystallographic directions, i.e. along the zig-zag or armchair
directions [39], similar to the case of cubic and hexagonal SiC [29]. An
epitaxial graphene layer on SiC has its crystallographic directions
rotated from those of the 4H-SiC(000-1) substrate [21]; together
with the very high mechanical resistance of graphene, this probably
explains why a crack developing on the SiC surface does not extend to
the graphene layer.

Fig. 4a and b displays 2D and 3D STM topographs of another
representative area exhibiting cracks but covered by a double
graphene layer, as shown by the characteristic centered hexagonal
atomic pattern of bright spots, corresponding to every other atom in
the top graphene layer, in the 6 x 6 nm? inset of Fig. 4a. The 3D image
(Fig.4b) shows that ripples occur at the crack edges. One can see a very
long 1D crack (over 250 nm) along the diagonal of the images and an
island of about 65 x50 nm? surrounded by cracks near the top of the
topograph (Fig. 4a and b). The representative height profile along XX’

(Fig. 4c) shows that the crack depthis 3 A, with ridges of about 1 A high
on one side and 4 A high on the other side. These ridges likely result
from graphene ripple formation at the crack edges, which could be
caused by the very different expansion coefficients of graphene and
SiC. In contrast to SiC, the graphene temperature dilation coefficient is
negative [40], leading to a compressive strain in the graphene layer
[41]. Thus, these ripples probably develop when the substrate cools
down after graphene formation at high temperature.

We next use STS to explore whether such crack defects at the SiC
substrate would also result in electronic interface states like those of
the nano-objects described above, despite the fact that graphene
sheet is not broken. Fig. 4d displays (dI/dV)/(I/V) measurements for
graphene covering a crack (top), and a crack-free surface (bottom).
The two (dI/dV)/(I/V) curves are very similar with no specific
electronic state showing above the cracks. Thus, unlike the above
CNT nanostructures, these crack defects located below the graphene
layer are unlikely to have detrimental effects on the carrier mobility.
Compare this case with the continuous graphene layer over the CNT
nano-objects, which clearly exhibits electronic interfaces states.

In conclusion, we have evidenced two types of nanostructure
defects at the graphene/SiC interface. The first are nano-objects, most
likely made of CNTs, laterally confined by the graphene layer, forming
mesas with a constant height, and exhibiting electronic interface
states, which could have detrimental effect on the transport
properties. Nevertheless, because the few such covered areas at the
graphene/SiC interface are significantly distant from each other,
they should not seriously affect the carrier mobility, as the graphene
would have other conduction channels. Nano-cracks are another
type of defect at the SiC surface. The graphene layer conforms to the
cracks without breaking or resulting in electronic interface states;
therefore, these are unlikely to affect the transport properties. Thus,
graphene is not only the strongest known material, but also a highly
pliable one, able to adapt to tall nano-objects as well as to deep nano-
cracks without disruption. Graphene therefore appears as a unique
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Fig.4.a) STM topograph (194 x 194 nm?) of a double graphene layer area covering cracks located at the SiC surface (U= 0.9 V, 1= 0.2 nA) with the inset showing an area (6 x 6 nm?)
with the characteristic Moiré pattern; b) 3D picture of the same area as in a); c) Height profile above a crack along XX’ showing a 3 A depth; d) Bottom: STS (d(1)/d(V))/(I/V)
characteristics on a double layer graphene on a flat SiC surface and d) Top: STS (d(I)/d(V))/(I/V) characteristics on a double layer graphene above cracks.

semiconductor, which is only slightly affected by these types of
defects, despite the harsh growth conditions. We gain insight into one
of the central issues of semiconductor science and technology, namely
the ability to understand the interface.
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