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ABSTRACT: We report on electronic transport measure-
ments in rotational square probe configuration in combination
with scanning tunneling potentiometry of epitaxial graphene
monolayers which were fabricated by polymer-assisted
sublimation growth on SiC substrates. The absence of bilayer
graphene on the ultralow step edges of below 0.75 nm
scrutinized by atomic force microscopy and scanning tunneling
microscopy result in a not yet observed resistance isotropy of
graphene on 4H- and 6H-SiC(0001) substrates as low as 2%.
We combine microscopic electronic properties with nanoscale
transport experiments and thereby disentangle the underlying
microscopic scattering mechanism to explain the remaining
resistance anisotropy. Eventually, this can be entirely attributed
to the resistance and the number of substrate steps which induce local scattering. Thereby, our data represent the ultimate limit
for resistance isotropy of epitaxial graphene on SiC for the given miscut of the substrate.

KEYWORDS: SiC epitaxial graphene, isotropic conductance, resistance anisotropy, uniform growth, SiC terrace steps,
bilayer-free graphene, scanning tunneling potentiometry

■ INTRODUCTION

Epitaxially grown graphene monolayers on SiC substrates have
the potential to be used as a basis for future electronic
applications.1−3 The main advantage is the capability of wafer-
scale graphene manufacturing directly on the insulating SiC
substrate. Desirable for device fabrication is a high crystal
quality over large areas with coherent electronic properties of
the graphene layer. However, this is challenging for epitaxial
growth. The substrate morphology, in particular SiC terrace
steps, are known to strongly deteriorate the performance of
graphene-based electronics, e.g., by limiting the geometry of
devices, lowering the cutoff frequency in high-speed elec-
tronics,4 degrading carrier mobility5 in FET devices,6,7 or
leading to anisotropies in the quantum Hall effect (QHE).8,9

Rotational square probe measurements have quantified a
conductance anisotropy of about 70% for epitaxial graphene
layers grown on the Si-face of 6H-SiC.10 Other 4-terminal
electronic transport measurements showed a pronounced
resistance anisotropy of approximately 60% and even more
than 100% for epitaxial graphene produced by sublimation
growth (SG) methods and chemical vapor deposition (CVD),
respectively.7,11 In all cases, higher resistance values were

observed for transport perpendicular to the SiC surface
terraces, which indicates a correlation with the terrace step
edges of the SiC substrate.
The impact of individual step edges of the substrate on the

electrical resistance of the epitaxial graphene layer was
investigated by various local scanning tunneling potentiometry
(STP) studies which revealed an additional step-induced
resistance contribution for charge carrier transport in
monolayer graphene across the step edges.12−14 Various
physical scattering sources were discussed, e.g., detachment
from the underlying substrate leading to a potential barrier,
induced by a doping variation.14,15 Also, local scattering by
charge built up, graphene defects, as well as local strain at step
edges, were addressed as potential origins.10,16,17 Another more
considerable contribution arises from the transition region
between mono- and bilayer (ML−BL) graphene due to a wave
function mismatch.12,18−20 In particular, a ML−BL transition at
a SiC step edge causes a significant increase in the local
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resistance. Moreover, magnetotransport measurements in
bilayer-patched monolayer graphene showed that bilayers
could cause anomalies in the quantum Hall effect.21 The
influence of bilayer regions on charge magnetotransport also
depends on the bilayer position and its carrier density, which
later determines the metallic or insulating behavior of the
bilayer. Accordingly, magnetotransport in graphene can be
interfered, either shunted by the bilayer or constricted through
the monolayer graphene regions in case of metallic or insulating
bilayer’s characteristic, respectively.22 This suggests that bilayers
can have a substantial impact on the transport properties of
graphene devices, and an impact on the resistance anisotropy is
expected. Because the formation of bilayer graphene is very
often observed at step edges higher than three Si-C
bilayers,23,24 it is highly favorable to keep SiC step heights
below 0.75 nm to prevent bilayer formation during epitaxial
graphene growth.
In this study, we present the successful realization of such

ultrasmooth monolayer graphene sheets on 4H-and 6H-SiC
polytype substrates by the so-called polymer-assisted sub-
limation growth (PASG) technique.25−27 Rotational square
probe measurements of the monolayer graphene reveal nearly
vanishing resistance anisotropies of only about 3%. This value is
in good agreement with the anisotropy determined from STP
measurements at individual terrace steps. It can hence be

regarded as the ultimate lower limit of resistance anisotropy
only given by step induced resistance contributions. This study
shows that nearly perfect resistance isotropy of epitaxial
graphene sheets can be achieved by careful control of the
growth conditions.

■ SAMPLE PREPARATION
The growth of epitaxial graphene was performed on the Si-terminated
face of SiC substrates (5 × 10 mm2) cut from semi-insulating 6H- and
4H-polytype wafers (nominally 0.06° toward [11̅00]), in the following
referred to as sample S1 and S2, respectively. A low miscut angle of the
wafer is an important prerequisite to obtain smooth graphene
layers.24,26 The epi-ready surface conditioning allows high-quality
epitaxial growth without hydrogen pre-etching. A particular growth
procedure was applied, including the PASG technique and special
temperature ramps, as described in the following, see also Supporting
Information. Polymer adsorbates were deposited on the samples by
liquid phase deposition from diluted isopropanol-photoresist
(AZ5214E) introduced to an ultrasonic bath that was followed by a
short isopropanol rinsing, see refs 25 and 26 for details. The
subsequent high-temperature growth process was identically carried
out on both polytype substrates in a horizontal inductively heated
furnace.28 Three initial annealing steps at lower temperatures of 900
°C (vacuum, 30 min), 1200 °C (Ar atmosphere, 900 mbar, 10 min),
and 1400 °C (Ar atmosphere, 900 mbar, 2 min) were carried out
before the graphene growth at 1750 °C (Ar atmosphere, 900 mbar, 6
min). After the vacuum annealing step, the samples were first allowed

Table 1. Samples Used in This Study and the Results from AFM, N4PP Measurements, and STP

AFM N4PP STP

sample
SiC-polytype/

miscut process hstep (nm) bilayer R0 (Ω) ρpar (Ω/sq) ρperp (Ω/sq)
anisotropy

ratio
anisotropy

ratio
ρsheet

(Ω/sq)

S1 6H/0.06° PASG 0.25−0.75 no 68 629 ± 1 647 ± 1 1.03 ± 0.002 1.03 ± 0.02 570 ± 20
S2 4H/0.06° PASG 0.25−1.0 no 67 611 ± 2 620 ± 2 1.02 ± 0.005 1.04 ± 0.02 615 ± 20
S3 6H/0.06° SG 0.75 small 184 1755 ± 13 2046 ± 15 1.17 ± 0.01
S4 6H/0.37° PASG 0.75−3.5 scattered 112 1339 ± 39 2397 ± 56 1.79 ± 0.04
S5 6H /0.37° H2/SG 3−15 extended 202 2121 ± 48 3531 ± 54 1.66 ± 0.03

Figure 1. AFM measurements of monolayer graphene grown by the PASG method on 6H-SiC (sample S1) and 4H-SiC (sample S2). (a) Surface
topography of S1. (b) Height profile along the profile line in panel a showing the pairwise sequence of 0.25 and 0.5 nm steps (marked by red dotted
rectangles) typical when using 6H-SiC substrates. (c) Statistical evaluation of nine AFM images from the center, edges, and corners of the sample
indicating the remarkable homogeneity all over the sample. (d) Surface topography of S2 using 4H-SiC substrates as well as (e) the corresponding
height profile and (f) the step height distribution.
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to cool to room temperature (no argon gas flow25) for adjusting the
pressure to 900 mbar by argon for the later graphene growth. This
intermediate cooling for carbon condensation was introduced to
increase the number of nucleation sites on the SiC surface for
accelerated buffer layer growth.
For comparison, three other graphene samples (S3−S5) were used

in this study, listed in Table 1. Graphene sample S3 was grown by
conventional sublimation growth (SG) after preannealing in Ar
atmosphere (1000 mbar) on a small miscut 6H-SiC substrate
(∼0.06°).23 S4 is a PASG graphene sample on a 6H-SiC substrate
with a large miscut angle of ∼0.37°.26 The graphene of S5 was
fabricated by sublimation growth on a hydrogen pre-etched 6H-SiC
substrate.23 The main parameters (1750 °C, ∼1 bar Ar atmosphere, 6
min) of the graphene growth were kept the same for all samples.

■ RESULTS AND DISCUSSION

Surface Morphology. The atomic force microscopy
(AFM) topography images of the graphene monolayers
grown on 6H- and 4H-SiC substrates, samples S1 and S2, are
shown in Figures 1a and d. The very smooth and homogeneous
surface morphology is a typical result and can be found on the
entire surface of the samples. This is confirmed by multiple
AFM measurements at different positions in the center and
near the edges of the samples, as well as by optical microscopy
inspection throughout the surface. The corresponding histo-
grams in Figures 1c and f are the results of AFM inspection of
about 200 steps collected from 9 different positions on the
substrates, including edge regions. For most of the terrace steps
on both polytypes, we found heights below 0.75 nm.
A closer inspection of the topography in Figure 1a reveals a

regular and alternating sequence of terraces with a 0.25 nm high
step in front of a terrace with 0.5 nm step-height for the 6H-SiC
sample. This situation is depicted in the height profile of Figure
1b. The clear majority of the terrace steps (∼90%) exhibit such
a sequential pattern and only occasionally (10%) steps with
0.75 nm height are observed, see the histogram in Figure 1c.
Higher steps were not found, which confirms that step
bunching is effectively suppressed by the PASG technique.
For the graphene on the 4H-SiC polytype, no such repeating

sequence of steps is observed, Figure 1e. The step height
histogram in Figure 1f shows a different and somewhat wider
height distribution compared to the 6H polytype. Although the
majority (50%) of steps are 0.5 nm high as before, a smaller
percentage (20%) of 0.25 nm steps and a higher proportion
(25%) of 0.75 nm steps are measured. Here, a tiny portion
(∼3%) of 1 nm high steps is observed. Nevertheless, the high
percentage (70%) of low steps with heights of 0.25 and 0.5 nm
is remarkable and exceeds the results for conventional

sublimation growth on 4H-SiC.24,29 Such ultrasmooth graphene
layers found on both SiC polytypes are a unique feature of the
PASG technique. It is comparable to graphene layers grown on
3C-SiC(111) surfaces.24 A second typical property of PASG
graphene layers is the suppression of graphene bilayer
formation which can be regarded as a result of the very low
SiC step heights ≤0.75 nm, in agreement with Raman
mappings.25,26 The observed formation of the 0.25/0.5 nm
step-pairs on the 6H-SiC substrate is related to the specific
surface-energy sequence of the SiC bilayer planes of the 6H
polytype. Surface restructuring and step bunching can be
understood as retraction of Si-C bilayers with different
velocities which are related to distinct terrace energies.24,30

This retraction process is effectively slowed by the additional
carbon supplied from the cracked polymer because the large-
area homogeneous carbon nucleation on the terraces
accelerates the growth of the buffer layer whose covalent
bonds to the SiC stabilizes the terrace structure.26 This enables
step bunching only for fast retracting Si-C bilayers, which can
catch up a slower one before the surface topography is “frozen-
in” by the buffer layer. For 6H-SiC, which has three distinct
terrace energies per unit cell, this results in three different
retracting velocities and finally to a periodic sequence of 0.25
and 0.5 nm steps. A similar pattern cannot develop on 4H-SiC
surfaces which exhibit only two distinct terrace energies per
unit cell.24,30 However, it is evident that an overall reduction of
the step heights is achieved by the PASG technique compared
to SG growth on 4H-SiC substrates.24,29

Resistance Anisotropy Measurement. The electronic
properties of the graphene samples were investigated by angle-
dependent nano four-point probe (N4PP) measurements in an
Omicron UHV nanoprobe system.31 The samples were kept in
UHV at room temperature after a thermal cleaning procedure
by heating up to 300 °C. The scanning tunneling microscopy
(STM) tips were placed in a square arrangement with 100 μm
spacing, and electrical current was flowing between two
adjacent tips while the voltage drop was measured between
the two opposite ones, Figure 2c. From the ohmic I−V-curves
which were measured in the current range from −10 to +10 μA,
the absolute resistance values R were calculated. The N4PP
measurements were carried out for different angles between the
direction of the current probes and the step edges. The angles
of 0° and 180° (90°) correspond to current flow parallel
(perpendicular) to the steps, and R0 denotes the averaged
absolute resistance from the parallel (0 and 180°) measure-
ments, see Table 1.

Figure 2. Results from rotational square probe measurements of five epitaxial graphene samples produced under different growth conditions, see
Table 1. (a) Resistance variation as a function of the rotation angle for the PASG graphene sample S1 on 6H-SiC and S2 on 4H-SiC. (b) Anisotropy
related resistance contribution (R − R0) as a function of the rotation angle of all five graphene samples S1−S5. The fitted curves (solid lines in a and
b) are calculated by using a model for anisotropic 2D sheets, as explained in the literature.32 (c) Schematic diagram of the rotational squared N4PP
method. The SEM image shows the STM tips on a graphene sample for the N4PP measurement at a rotation angle of 90°.
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The measured resistances Rθ for a given angle θ are
adequately described by

π σ σ
σ σ θ θ σ σ

θ σ σ θ
= ×

+ − −
+θ

⊥

⊥ ⊥

⊥
R

1
2

ln
( / 1) 4cos sin ( / 1)

(sin / cos )

2 2 2 2

2 2 2

(1)

, where σ∥ and σ⊥ denote the conductivities measured parallel
and perpendicular to the step direction, respectively, assuming
an anisotropic 2D sheet with different conductivities in x- and
y-direction.32 From the fitting procedure, finally the resistivity
values perpendicular (ρperp = σ⊥

−1) and parallel (ρpar = σ∥
−1) to

the step edges are obtained,33 and the anisotropy ratio is
calculated as A = ρperp/ρpar, see Table 1.
Because the current flow via the semi-insulating SiC substrate

and the buffer layer is negligible, the measured resistance is
related to the 2D graphene sheet on top. For the applied
rotational square method, it was shown that it is sensitive to
both, a possible intrinsic anisotropy of the graphene, and
additional superimposed effects (extrinsic anisotropy), e.g., step
edges.32 Due to the isotropic dispersion of the density of states
near the Fermi level, an isotropic resistivity for graphene is
expected.10,34 Any measured anisotropy is therefore related to
extrinsic effects.
Figure 2a shows the measured resistance R as a function of

the rotation angle for the PASG graphene samples S1 and S2. A
very slight resistance increase of a few Ohm is observed at
angles around 90° which indicates that step related effects are
noticeable also from these very flat surfaces. However, they are
of minimal impact on the resistance anisotropy which is
expressed by the obtained very small values of AS1 = 1.03 and
AS2 = 1.02. This is underlined by the comparison to
anisotropies of about 1.7 for epitaxial graphene growth in
vacuum using H-etched SiC substrates.10 To understand better
the impact of the substrate preparation, N4PP measurements
were performed on the other samples S3 and S4.
Figure 2b shows the anisotropy related resistance contribu-

tion (R−R0) as a function of the rotation angle of all samples
S1−S5. The calculated curves and the experimental data agree

very well except for S5, where higher resistance values for
angles >110° are probably due to tip-induced defects.
The R−R0 curves in Figure 2b show for samples S3, S4, and

S5 an apparent maximum at an angle of 90°, which corresponds
to transport perpendicular to the step edges. This indicates that
step related sources are responsible for the extrinsic anisotropy
in these epitaxial graphene layers. The resistance anisotropy
increases to AS3 = 1.17, AS4 = 1.79, and AS5 = 1.66, respectively.
Thus, the values AS1 and AS2 of the PASG samples S1 and S2
can be regarded as practically isotropic, which verifies the
assumption of an intrinsic isotropy of the graphene monolayer.
This also demonstrates that extrinsic effects can be reduced to a
level where they practically play no role when refined graphene
growth procedures are applied as the presented PASG method
on low miscut 4H- and 6H-SiC substrates. The N4PP
measurements also show that the resistivity on the terraces is
significantly reduced by the PASG method, which is
demonstrated by the lower values of R0 and ρpar for S1, S2,
and S4 compared to the other samples. Hall measurements
show that this is due to an increased electron mobility, see
Supporting Information.25,26

Local Resistance Measurements. The assignment of the
very small resistance anisotropies of the PASG samples S1 and
S2 to step related effects was further investigated by STM and
STP measurements at room temperature, which give an insight
into the local sheet resistance and the defect resistance induced
by substrate steps.12,14,35

Figure 3a shows an example of a monolayer graphene sheet
crossing a substrate step with a height of 0.5 nm which is
located in the center (x = 0 nm) of the STM topography image
taken in an area of 200 × 50 nm. The accompanied potential
jump is clearly visible at the same position in the
simultaneously acquired potential map plotted in Figure 3b.
Figure 3c shows the averaged potential across the flat graphene
monolayer regions and the substrate step, from which we
deduced the local electric field Esheet,x in the x-direction as well
as the voltage drop ΔV caused by the step. Using the
macroscopic current density, we find an almost linear increase
in resistances (details on the nomenclature can be found

Figure 3. Scanning tunneling potentiometry inspection of step-induced resistance in epitaxial graphene on SiC. (a) Constant current topography of
monolayer graphene sheet with a 0.5 nm step in the center, (tunnel conditions: I = 150 pA, Vbias = 30 mV). (b) The simultaneously acquired
potential map with an average current density of j = 3.6 A/m. (c) The cross-section along the line in panel b, averaged over all potential values
perpendicular to the dashed line in b. The local electric field component in x-direction Esheet,x is calculated from linear fits to the monolayer area
(solid red lines in panel c). The step causes an additional local voltage drop ΔV ≈ 36 μV. The inset represents the equivalent situation of a
monolayer graphene sheet covering a single SiC-bilayer substrate step with a height of 0.25 nm. (d) Schematic of the setup of the scanning tunneling
potentiometry experiment, see ref 20 for more details.
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elsewhere35) with step heights: ϱ1 = 4 ± 2 Ωμm, ϱ2 = 10 ± 2
Ωμm and ϱ3 = 13 ± 2 Ωμm for monolayer graphene crossing a
substrate step with heights of 0.25, 0.5, or 0.75 nm, respectively,
which is in good agreement with literature values.12,14,35 The
step resistance values are independent of the overall crystal
morphology of the 4H- and 6H-SiC surface. The STP results
can be compared with the N4PP measurements by setting the
additional voltage drop at steps and their relative frequency ci
[#/μm] in relation to the electric field ⟨Esheet⟩ on the terraces,
accordingly, ASTP = (⟨Esheet⟩ + ∑ci⟨ΔVi ⟩)/⟨Esheet⟩, resulting in
an anisotropy of 1.03 ± 0.02 for S1 and 1.04 ± 0.02 for S2. The
good agreement with the anisotropy value close to 1.0 from the
N4PP measurements demonstrates that we reached the
ultimate lower limit where the resistance contribution of the
substrate steps is the sole cause for the measured anisotropy.
Two implications follow from the linear relation between the

step height and the local defect resistance at the step. When
using SiC substrates with a same miscut angle, a similar step
related resistance anisotropy value is expected because step
density and step height can commensurate each other during
the surface restructuring processes. A more significant
anisotropy is expected for larger substrate miscut angles
which increase the number of steps, its height, or both.
These conclusions are valid if only step related resistances in
monolayer graphene are considered. Additional extrinsic effects
can cause higher resistances and larger anisotropies.
An important source for the resistance anisotropies of our

samples S3−S5 is attributed to graphene bilayer domains. Local
STP measurements have found that the electronic transition
from monolayer to bilayer graphene results in an elevated
resistance value which approximately corresponds to that of
monolayer graphene over a 0.75 nm high SiC step.12−14,20

Moreover, when the ML−BL transition is accompanied by a
topographic height change, the resistance again drastically
increases, e.g., by a factor of 4 at a 1 nm substrate step.12 These
bilayer related local resistance increase can result in a
macroscopic resistance directional dependency, according to
the shape and distribution of the bilayer inclusions. Because the
bilayer inclusions are not symmetric but show an elongated
shape at terraces and are very often embodied as bilayer stripes
along the terrace step edges, their presence results in a higher
resistance for current flow perpendicular to the terrace step
edges compared to current flow on the terraces parallel to the
step edges.
For the graphene sample S3, a larger anisotropy (AS3 = 1.17)

was obtained compared to S1 and S2 (AS1, S2 ∼ 1) although all
were grown on low miscut substrates. As discussed above, this
discrepancy is not clear if only step related contributions are
considered. The additional resistance anisotropy is attributed to
the scattered, micrometer-sized, asymmetric bilayer spots,
which are located mainly at the terraces edges of sample S3,
see Figures 1a and b in ref 23. This comparison clearly shows
that the nearly vanishing resistance anisotropy of the PASG
samples S1 and S2 is related to the absence of bilayer graphene.
The significantly increased resistance anisotropy of the

samples S4 and S5 compared to S1, S2, and S3 is expected
because of the six-times larger SiC miscut angle. Under the
assumption of a linear correlation between step height and step
resistance, according to the above-mentioned STP anisotropy
equation, one can estimate for pure monolayer graphene an
anisotropy of ASTP ≈ 1.2. The measured anisotropy values of
AS4 = 1.79 and AS5 = 1.66 are much higher and are attributed
again to bilayer graphene on the terraces. Both samples show

larger bilayer coverages compared to S3, and by taking into
account the much higher step concentration in S4 and the giant
step edges in S5, respectively, this should drastically increase
ρperp and the anisotropy. On the other hand, the transport along
the terraces can vary, e.g., caused by local planar ML−BL
transitions. This is reflected by the higher ρpar value of S5
compared to that of S4, which results in a smaller anisotropy
value, AS5 < AS4, although ρperp of S5 shows the highest value of
all samples. This is probably due to the very high terrace steps
in S5, which cause extensive graphene bilayer stripes along the
upper side of the step edges.

■ CONCLUSION
In summary, we studied the resistance anisotropy in epitaxial
graphene grown by different sample preparation and growth
methods on 4H- and 6H-SiC(0001) substrates with small and
large miscut angles. In agreement with STP measurements, the
rotational square probe measurements reveal very small
resistance anisotropies of ∼3% for graphene layers grown by
PASG on SiC substrates with a small miscut angle. This
anisotropy value is traced back to the step resistances of the
monolayer graphene across the SiC steps measured by STP on
the nanoscale. The main reason for the vanishing small
resistance anisotropy was identified to be the absence of bilayer
domains while the specific step resistances are similar to other
graphene. The PASG and fine growth optimization methods
allow the uniform fabrication of ultrasmooth graphene with
most of the terrace step edges being 0.5 nm or lower, which
prevent the formation of graphene bilayer domains. In
particular, on the 6H-SiC substrate, a very high percentage of
90% is achieved with a typical pattern of alternating steps of
0.25 and 0.5 nm in height, which is related to the SiC layer
sequence in this polytype. This study shows that graphene
growth using the PASG method and fine-tuning of the growth
parameters bears the potential to reduce the terrace step
heights down to an ultimate level of a single Si-C bilayer.
Because SiC substrate steps cannot be entirely avoided, it is
impossible to achieve perfect resistance isotropy for epitaxial
graphene. However, for the produced bilayer-free graphene on
ultralow terraces, negligible small deviations from isotropy can
be obtained. In general, this study highlights the importance of
bilayer-free graphene growth for all kinds of epitaxial growth
techniques, whenever isotropic properties are demanded for
perfect device performance. It makes the device orientation
independent of step direction and improves the freedom for
designing device layouts, thereby promoting the potential for
future device applications of epitaxial graphene.
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