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Electrical properties of the graphene/4H-SiC (0001) interface
probed by scanning current spectroscopy
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The current transport across the graphene/4H-SiC interface has been investigated with nanometric lateral
resolution by scanning current spectroscopy on both epitaxial graphene (EG) grown on (0001) 4H-SiC and
graphene exfoliated from highly oriented pyrolytic graphite deposited on the same substrate [deposited
graphene (DG)]. This study reveals that the Schottky barrier height (SBH) of EG/4H-SiC (0.36 0.1 eV) is
~0.49 eV lower than the SBH of DG/4H-SiC (0.85+0.06 e¢V). This result is discussed in terms of the
Fermi-level pinning ~0.49 eV above the Dirac point in EG due to the presence of positively charged states at
the interface between the Si face of 4H-SiC and the carbon-rich buffer layer, which is the precursor for EG

formation.
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The prospect of ballistic nanometer-scale electronic de-
vices in graphene has stimulated many experimental and the-
oretical studies."”> They have long been supported by me-
chanical exfoliation of highly oriented pyrolytic graphite,
which is the easiest and quickest method to obtain graphene
for such a scientific purpose.® It produces free-standing
graphene sheets of very high crystalline quality, which can
be deposited on several materials. The obtained flakes are
typically small (from 1 X 1 to 100X 100 wm?) and the yield
of production is extremely low. This makes the method not
suitable for applications. Another recently demonstrated
method is the solid-state graphitization of SiC.*~% It allows
the production of epitaxial graphene (EG) at the wafer scale
and shows better prospects for long-term industrial applica-
tions. For instance, using this technique, top gated field effect
devices have already been demonstrated.”” EG is obtained
from high-temperature thermal treatments performed either
in ultrahigh vacuum or in standard secondary vacuum or
even at atmospheric pressure in an inert gas atmosphere.

Both the (0001) Si and (0001)C faces of hexagonal SiC
polytypes (4H and 6H) have been used but large differences
have been found in the structural and electronic properties of
EG grown on the two faces. In particular, on the (0001) face
of SiC, both experimental and theoretical studies'®"'? have
shown that EG synthesis occurs through a series of complex
surface _reconstructions. This starts from an initial (Si-rich)
(V3% V3)R30° phase which rapidly converts into a second
(C-rich) (613 X 613)R30° reconstruction when the tempera-
ture increases. This is not yet a real graphene layer but, sim-
ply, an intermediate (buried) buffer layer (C rich) with a
large percentage of sp?> hybridization.!® This buffer layer,
which may be more or less defective with more or less Si
dangling bonds at the interface, has a strong influence on the
electronic properties of EG on (0001) SiC. In particular,
since it strongly affects the mobility of carriers, the proper-
ties of the interface between EG and this buffer layer should
be experimentally investigated and compared with the prop-
erties of mechanically exfoliated and deposited graphene
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(DG), where—in principle—it does not play any role. This is
done in this work. We present local investigations of the
interface properties by measuring with a nanoscale lateral
resolution the current flowing across the interface using scan-
ning probe microscopy.!*!> The Schottky barrier height
(SBH), defined as the energy separation between the Fermi
level of graphene and the edge of the majority-carrier band
of SiC, is locally determined and the SBH values measured
on EG/4H-SiC are compared with those measured on DG on
4H-SiC (0001) in which no buffer layer is present.

The starting material was an n*-doped (0001) 4H-SiC
substrate, 8° off axis, with a 2-um-thick weakly doped (n7)
epitaxial layer on top. EG growth was carried out in an in-
ductively heated reactor, operating at a minimal pressure of
5X 107 mbar. The growth temperature was 2000 °C and,
to lower the Si outdiffusion process, a confining Ar pressure
of 1 atm was used.> A piece of the same 4H-SiC wafer (not
subjected to annealing) was used as the substrate for exfoli-
ated graphene.'® DG on SiC was first identified by optical
microscopy. Then, torsion resonance conductive atomic force
microscopy (TR-CAFM) was used to measure, simulta-
neously, topographic and current maps on the sample sur-
face. TR-CAFM is a dynamic scanning probe method which
allows nondestructive electrical measurements from a con-
ductive tip oscillating in a torsional or twisting mode in close
proximity to the sample surface (0.3-3 nm). When a bias is
applied between the tip and the sample backside, a map of
the current flowing from the tip to sample surface is ac-
quired. This noncontact method has a distinct advantage over
the conventional conductive atomic force microscopy per-
formed in contact mode because of the absence of shear
forces that can be damaging for the graphene sheets. All
measurements were carried out using a Veeco DI3100 AFM
with Nanoscope V controller and TUNA application module.
Commercially available Si n*-doped probes with platinum
(Pt) coating were used, with a typical radius of the apex of
10-20 nm.

Figure 1(a) shows a TR-CAFM current map taken on DG.
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FIG. 1. (Color online) (a) Current map of DG on 4H-SiC (0001)
at tip voltage of 1 V. The tip positions on graphene and on 4H-SiC
are shown. (b) Typical set of SCS I-V characteristics. Two distinct
families of curves are associated with the tip positions on graphene
and on 4H-SiC.

The tip bias was 1 V. A very good correlation with the mor-
phological map (not reported) was found, with the brighter
portions in the current map (region carrying a higher current)
corresponding to graphene in the morphological map. After
identifying the SiC regions coated with DG, local I-V mea-
surements were carried out by scanning current spectroscopy
(SCS). In SCS the conductive tip is placed on a discrete
array of positions on the sample surface noninvasively, lift-
ing the tip by 20 nm at every interval. Thus, a continuous
scan of the surface by direct contact is avoided while, at
every tip position, a current-voltage (I-V) characteristic is
recorded. A swift transition between TR-CAFM and SCS is
possible without altering the sample position. The represen-
tative positions of the tip during the SCS scan are depicted in
Fig. 1(a) and the recorded I-V curves are shown in Fig. 1(b).
All I-V curves exhibit a rectifying behavior, with a low leak-
age current under reverse bias and a sudden increase in the
current for positive bias higher than a threshold voltage. It is
worth noting that the acquired curves can be divided in two
groups, which correspond to the tip positions on DG and
bare SiC substrate. It is clear that DG forms a Schottky con-
tact on top of the 4H-SiC layer. Before examining EG for
vertical current transport, Raman measurements were done to
estimate the number of graphene monolayers (MLs) at dif-
ferent spot positions. A Jobin Yvon-Horiba T64000 Raman
spectrometer fitted with a charge-coupled device camera for
the detection was used. All measurements were done in the
backscattering configuration, using the 514.5 nm line of an
Ar-Kr laser for excitation. The incident power on the sample
was kept below 1 mW and a 100X focusing microscope
objective was used, resulting in a ~1-um-diameter spot.
Spectra collected at different spot positions on the sample
surface are shown in Fig. 2 along with a reference spectrum
acquired on the 4H-SiC surface of the untreated sample. All
Raman spectra collected on the graphitized sample surface
show the characteristic 2D and G peaks, which confirm the
presence of graphene, with the latter superimposed to the
background signal associated with the substrate. Notice that
the graphene fingerprint varies from spot to spot position.
This is because, on such off-axis samples, the growth is still
far from being optimized and the Raman spectra evidence a
nonuniform coverage, with EG thickness varying rapidly at
the micrometer scale. After the correction for the background
signal, the number of (local) graphene MLs was estimated!”
with average values varying from 1 (or slightly less than 1)
to 8 MLs. This is about three times the value found for
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FIG. 2. Micro-Raman spectra collected on several positions on
the EG sample. The spectrum on the bare (not thermally treated)
4H-SiC is also reported for reference.

on-axis (0001) 6H-SiC substrates;> but the nice point is that,
at the micrometer scale, no region was found without any
graphene sheet on top. Of course, since the Raman values are
average coverage over the spot area, a ML thickness lower
than 1 ML simply means incomplete graphene coverage.
To get more local information on the graphene coverage,
with higher (submicrometer) resolution, TR-CAFM scans
were performed at different tip positions on EG. Figure 3
shows a representative TR-CAFM current map [Fig. 3(b)]
along with the morphology collected on EG [Fig. 3(a)]. Evi-
dently, the surface has large corrugations with a measured
roughness of 16 nm, which is significantly higher than the
0.3 nm roughness of the pristine 4H-SiC substrate. This
comes from the large step-bunching phenomenon commonly
observed on off-axis SiC substrates after high-temperature
annealing (7> 1400 °C). ML graphene grows on the SiC
surface following these steps. By comparing the morphology
and current maps, bright regions carrying homogeneous cur-
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FIG. 3. (Color online) (a) Topography and (b) corresponding
current map of EG on 4H-SiC (0001). The tip positions on regions
covered by EG and on regions devoid of EG are indicated. The
corresponding /-V curves are reported in (c).
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FIG. 4. (Color online) Histograms of SBHs evaluated for
Pt/graphene/4H-SiC and Pt/4H-SiC in the cases of (a) DG and (b)
EG. Corresponding band diagrams for DG and EG Schottky con-
tacts on SiC are shown in (c) and (d), respectively.

rent in the current map appear evident. A comparison with
the results obtained on DG suggests that these high carrying
current areas are covered by a few MLs of graphene. To
further analyze the interface current transport, we performed
SCS and collected I-V characteristics in the same sample
region. The results are shown in Fig. 3(c). Again, similar to
the sample with DG, the /-V curves on the sample with EG
can be divided into two distinct families: the curves acquired
on an area covered with graphene and those acquired on an
area free of graphene. The I-V characteristics on the
graphene-free regions remained similar to those measured on
the bare 4H-SiC surface in the sample not subjected to ther-
mal treatment [see Fig. 1(b)]. On the opposite, the curves
obtained on the regions coated with EG show completely
different I-V characteristics. The leakage current is now very
large with, in some cases, a clear Ohmic behavior. This is a
direct evidence that the SBH at the EG/4H-SiC interface has
been reduced with respect to DG/4H-SiC with, in some
cases, a possibility of direct tunnel injection. These modified
SBH (mSBH) values (due to the presence of graphene on
SiC) have been evaluated for each of the I-V curves in Figs.
1(b) and 3(c), using the procedure of Refs. 14 and 15. The
histograms of the corresponding values have been reported
in Figs. 4(a) and 4(b), respectively. While the SBHs for
Pt-tip/4H-SiC remain similar for both samples, the average
mSBH value for EG on 4H-SiC appears very much
reduced (Pp5=0.36=0.1 eV) with respect to DG
(Pp=0.85+0.06 eV). This fact is especially interesting
considering that the SBHs on positions not covered with
graphene remain similar. The SBH difference must then be
explained in terms of the band diagrams schematically drawn
in Figs. 4(c) and 4(d). Here, E is the energy of the conduc-
tion band edge, E is the Fermi energy at the bulk 4H-SiC,
Eppg is the Fermi energy of DG, and Ep g the Fermi energy
of EG. Due to the weak (van der Waals-like) interaction with
the substrate, DG can be considered neutral (or close to neu-
tral) in the absence of external bias. In this case, Ep g
should (more or less) coincide with the Dirac point energy
(Epirqc)- Hence, in the first approximation, the SBH between
DG and the n-type 4H-SiC epilayer should be given by the
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difference between the neutral graphene work function
(W,,=4.5 eV) (Ref. 18) and the 4H-SiC electron affinity
(Xap-sic=3.7 eV).!” We find 0.85 eV, instead of 0.8 eV, pre-
dicted by the simple model, and this supports completely our
assumptions. The mSBH in the case of EG can now be ex-
plained in terms of a pinning of Ergg at an average value
A~0.49 eV higher than Egpg, as shown in Fig. 4(d). As
already said, for the sake of simplicity, we assumed neutral
DG. This is only a first-order approximation but, in any case,
the direct consequence is a reduction in W, by the
Fermi energy difference A. This pinning is a direct evidence
of the presence of positively charged states located at the
interface between the Si face of 4H-SiC and C-rich
(6v3 X 6y3)R30° reconstructed buffer layer. This is consis-
tent with recent theoretical results®® showing, by electronic
structure calculations of EG nanoribbons on (0001) SiC, a
pinning of the Fermi level in the conduction band due to
interface dangling bonds. This is also consistent with recent
measurements of EG band structure by angle-resolved pho-
toelectron spectroscopy (ARPES), showing a ~0.4 eV shift
of the Fermi level with respect to the Dirac point, resulting in
n-type doping of the graphene layers.”! Macroscopic mea-
surements of the SBH between thin graphite films and the Si
face (on axis and 8° off axis) or C face of 4H- and 6H-SiC
have been also reported,?? for different dopant concentrations
of the substrate (from 10'® to 10'® cm™3). For lowest doping
levels the SBH was determined by /-V and C-V measure-
ments on test structures, whereas for highest concentrations,
photoemission spectroscopy (PES) was applied. For
graphite/4H-SiC (0001) the reported SBH by PES is
0.6*=0.1 eV, in agreement with the value obtained by C-V
measurements (0.59 eV), while the SBH obtained by I-V
curves is 0.4 eV.

However, ARPES, PES, macroscopic electrical measure-
ments, and Raman spectroscopy give average values over the
investigated area. Only scanning probe techniques can give
nanoscale resolution information, like the evidence of a non-
uniform energy distribution for the interface states. Focusing
on the spread of mSBH values for EG/4H-SiC and using
standard expressions for the two-dimensional density of
states of graphene, we find that the average value is
~1.8X 10" cm™, with extreme (local) values varying from
about ~1X10'? to ~5X 10" cm™ at a few um distance.
Such significant local inhomogeneities are in part due to the
peculiar growth mechanism of EG on the off-axis 4H-SiC
epilayer. A better understanding of this mechanism is neces-
sary, also in view of integrating EG electronics with SiC
devices (commonly fabricated on low-doped off-axis epilay-
ers) for future rf applications. To conclude, we performed
nanoscale current transport studies on graphene on an n~
(0001) 4H-SiC substrate using scanning current Spectros-
copy. Graphene deposited on SiC and graphene grown epi-
taxially on SiC have been examined, focusing on the inter-
facial electrical properties. Due to Fermi-level pinning
toward the conduction band, a reduced SBH has been ob-
served on EG as compared to DG. This effect shows that
positively charged states localize at the interface between the
C-rich (6 %6 \@)R30° reconstructed buffer layer and the Si
face. The energy distribution of these states has been found
nonuniform and varying rapidly at the nanoscale.
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