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Atomic-scale transport in epitaxial graphene
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The high carrier mobility of graphene1–4 is key to its
applications, and understanding the factors that limit mobility
is essential for future devices. Yet, despite significant progress,
mobilities in excess of the 2× 105 cm2 V−1 s−1 demonstrated
in free-standing graphene films5,6 have not been duplicated
in conventional graphene devices fabricated on substrates.
Understanding the origins of this degradation is perhaps the
main challenge facing graphene device research. Experiments
that probe carrier scattering in devices are often indirect7,
relying on the predictions of a specific model for scattering,
such as random charged impurities in the substrate8–10. Here,
we describe model-independent, atomic-scale transport mea-
surements that show that scattering at two key defects—
surface steps and changes in layer thickness—seriously de-
grades transport in epitaxial graphene films on SiC. These
measurements demonstrate the strong impact of atomic-scale
substrate features on graphene performance.

Our results are based on scanning tunnelling potentiometry
to measure local electric potential as current flows through
a graphene film. By measuring local perturbations caused by
substrate steps and changes in graphene thickness, we demonstrate
that such heterogeneity is critical to transport in graphene. Substrate
steps alone can increase the resistivity several-fold relative to
a perfect terrace, and direct calculation shows that resistance
arising from the intrinsic wavefunction mismatch will always
exist at junctions between monolayer and bilayer graphene.
The performance of graphene devices on SiC surfaces is thus
fundamentally limited by the ability to control both the layer
thickness and substrate perfection.

Figure 1a and b show low-energy electron microscopy (LEEM)
images obtained immediately after graphene growth on two
SiC(0001) substrates with different step densities (see Methods).
The graphene thickness can be determined straightforwardly with
LEEM from the reflectivity of the low-energy electrons, which
depends on thickness through quantum confinement effects11.
In Fig. 1a the sample consists of ∼80% monolayer graphene
(grey regions labelled 1), ∼10% ‘buffer’ layer that has a C-
rich 6

√
3 × 6

√
3 structure (white regions) and ∼10% bilayer

graphene (dark regions). In Fig. 1b the fractions of monolayer and
bilayer graphene (labelled 1 and 2 respectively) are almost equal.
Identifying by atomic-resolution scanning tunnelling microscopy
(STM) the same areas that were imaged by LEEM enables us
to characterize monolayer, bilayer and buffer-layer graphene.
Consistent with other work12–14, each has a distinctive appearance
(Fig. 1c,d). Because substrate and graphene step configurations can
be determined through STM height measurements, we can obtain a
comprehensive picture of nanoscale topography.

In Fig. 1e, we show the experimental approach used to obtain
maps of the electrical potential through scanning tunnelling
potentiometry15,16. Two static probes (1 and 3) contact the surface
at a separation of∼500 µm. A voltage applied between these probes
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induces current flow through the graphene sheet, while a third,
scanning probe (2) measures the local potential.

The potential can be measured on the macroscale, by stepping
probe 2 across the surface, or on the microscale, by scanning probe
2 over a smaller area, in which case the topography of the sample
can be acquired simultaneously. (Note that traditional four-probe
measurements require all probes to contact the surface.) Figure 1f
shows the macroscale potential. The total resistance (including
the contact resistance and the resistance of the graphene sheet)
and total current passing through the graphene are also measured.
The potential distribution in this two-dimensional system is then
modelled16 as a Laplace problem with fixed boundary conditions at
the tips (see Methods). By fitting the potential acquired along the
line between probes 1 and 3, macroscopic conductivities σavg can be
determined for the two samples (Table 1).

In Fig. 2, we show microscale potential measurements over
regions measuring hundreds of nanometres. The topography and
graphene thicknesses are shown in Fig. 2a. Without applying a
voltage between probes 1 and 3, the potentialmap (Fig. 2d) is almost
featureless, as expected. But when a voltage is applied (Fig. 2b,e),
the maps show two distinct features: dramatic potential jumps at
the step edges, and a potential gradient on the terraces. These effects
change sign when the applied voltage is reversed (Fig. 2c,f), showing
that themeasurement is directly related to transport.

The terrace gradient demonstrates that graphene terraces have a
finite conductivity, presumably due to random scattering sources
at the terraces (such as defects13, long-range scattering7–10 or
phonons6) and at the interface17, but the potential discontinuity at
the step edges indicates additional scattering at these locations. Car-
rier scattering seems to be particularly strong at the heterogeneous
junctions betweenmonolayer and bilayer graphene, and weaker but
still visible at locations where a uniform graphene bilayer crosses
a substrate step (top right corner of each map). Potential profiles
across two terraces and a monolayer–bilayer junction are shown
for a series of applied voltages in Fig. 2i,j. The linear relationships
between the terrace gradient and monolayer–bilayer jump and the
applied voltage are demonstrated in Fig. 2k.

On the terraces, the linear dependence of slope on applied
voltage suggests that the terraces are behaving Ohmically: the local
electric field E (the potential change per unit length) is related
to the local current density j by j = σtE, where σt is a constant
(but local) terrace conductivity. We cannot measure the current
density locally. However, we can estimate it by noting that all
measurements were made approximately half way between the
fixed probes, where the average current density can be calculated
from the measured total current using the Laplace equation
above. The local current density may differ somewhat from the
average current density, but this approach enables us to estimate
local terrace conductivities for monolayer graphene (Table 1).
(Bilayer graphene shows similar resistivity to monolayer graphene,
as can be inferred for example from Fig. 2i,j.) On the basis of
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Figure 1 | LEEM, STM andmacroscale potential measurement of graphene on SiC. a, Bright-field LEEM image of graphene on 0.06◦-miscut 4H SiC(0001),

field of view 10 µm. b, Bright-field LEEM image of graphene on 0.5◦-miscut 6H SiC(0001), field of view 3 µm. c, STM of monolayer graphene (STM bias

voltage V= −0.05V, tunnelling current I=0.1 nA) showing a honeycomb structure with a moiré pattern; roughness induced by the interface also evident.

d, STM of bilayer graphene (V= −0.05V, I=0.1 nA) showing a hexagonal structure and smoother surface. e, Scanning electron microscopy image of the

scanning tunnelling potentiometry experiment. An a.c. voltage V13 (Vr.m.s. = 2mV, frequency f = 2 kHz) is applied between fixed probes 1 and 3 to maintain

scanning probe 2 in the tunnelling range, measuring through a feedback loop the potential when no net current flows at probe 2. f, Potential measured (at

∼72K) by stepping probe 2 across the surface to points along the dashed line in e with positions determined with scanning electron microscopy. Black

square data points were measured on the low-miscut sample at V13 = 252mV; the total current is 0.906mA and hence resistance is 276�. Red triangular

data points are for the high-miscut sample, where the measured resistance is larger (722�) at the same probe spacing; V13 =659mV was used to achieve

the same total current. Solid lines are the results of fitting a two-dimensional calculation of current flow using probe contact areas of 60 µm.

scanning tunnelling spectroscopy results also obtained on these
samples (Supplementary Fig. S1) and angle-resolved photoemission
spectroscopymeasurements from the literature18,19, we estimate the
electron density in the monolayer graphene to be ∼1013 cm−2 and
the local mobility for monolayer graphene on terraces at 72 K to be
∼3,000 cm2 V−1 s−1 in both samples.

The monolayer–bilayer graphene junction also obeys Ohm’s law
(Fig. 2k): the linear dependence of voltage jump 1V on applied
voltage and hence local electric field indicates that 1V is also
proportional to the local current density, that is, 1V ∝ j. With the
local current density j estimated as above, the monolayer–bilayer
junction resistanceρstep can be extracted (Fig. 3d) usingV = jρstep.

Where a single, continuous layer of graphene crosses a substrate
step, the effect is weaker but still quantifiable. In Fig. 3a,b, single-
layer graphene crosses 0.5-nm-high substrate steps. Although the
potential discontinuity at the steps is hard to discern in individual
scan lines (Fig. 3b), averaging shows the magnitude of the effect
(Fig. 3c). It is also clear from Fig. 3c that higher steps show a greater
potential jump (for similar terrace gradient and hence local current
density). Ohm’s law is followed (Supplementary Fig. S2), so values
for the step resistance ρstep can be calculated. Although changes

Table 1 |Conductivity of graphene on SiC substrates with

different miscut angles.

Low miscut

(∼0.06◦)

High miscut

(0.5◦)

Average conductivity σavg

from macroscale

measurement (mS)

4.32±0.09 1.46±0.03

Conductivity of monolayer

graphene σt from microscale

measurement (mS)

5.0±0.7 4.4±0.7

in graphene conductance near steps have been described20, this
technique provides a quantitativemeasure of the extra resistance.

Figure 3d summarizes the results for monolayer graphene
crossing substrate steps, and formonolayer–bilayer junctions of dif-
ferent configurations.Monolayer graphene crossing single (0.5 nm)
substrate steps shows a resistance of 6.9±2.9� µm. The resistance
seems to increase linearly with step height, 14.9± 3.6� µm for
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Figure 2 | Scanning tunnelling potentiometry of terraces and monolayer–bilayer junctions. a–f, Topography (a–c) and potential maps (d–f) recorded

simultaneously (a.c. voltage Va.c. = 2mV,I= 50 pA; room temperature) with V13 =0 (a,d), V13 = 1.53V and total current 5.73mA (b,e) and

V13 = −1.53V (c,f). The voltage range is shown on the colour scale; zero is arbitrary. The step heights and graphene thickness (labels in a and c) are

identified from STM. The local current density midway between the fixed probes is 4× 10−6 A µm−1. g,h, Simulated potential maps calculated using the

experimental boundary potential conditions. Step edges s1, s2 and s3 have resistances of 41, 13 and 69� µm respectively. i,j, Line profiles of the potential

averaged from the rectangle in b, shown for the V13 values indicated (mV). Data are offset vertically for clarity. The terrace slopes on the monolayer and

bilayer sides are similar for each voltage, suggesting that the resistivity of the bilayer graphene is similar to that of the monolayer graphene in this region.

k, The electric field on the terraces (slopes in i and j; monolayer and bilayer terraces being similar) and the potential jump at the monolayer–bilayer junction

(jump heights in i and j) as a function of V13.

1.0 nm steps and 24.7±4.3� µm for 1.5 nm steps. One example of
bilayer graphene crossing a step is also included, and it follows the
same trend. Monolayer–bilayer junctions have a higher resistance,
20.9±5.7� µm and 28.4±7.0� µm for planar and stepped junc-
tions respectively. Monolayer–bilayer junctions at a double-height
step provide the highest resistance seen here, 88� µm.

We find that the upper graphene layer is continuous over the
monolayer–bilayer junction (Supplementary Fig. S1b), consistent
with other reports14. Given the continuous nature of the graphene
sheet, the substantial resistance of the junction is perhaps counter-
intuitive, and might suggest the presence of defects or scatterers at
the graphene edge. To understand this, we calculated the resistance
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Figure 3 | Single-layer graphene overlaying substrate steps. a,b, STM topography (a) and scanning tunnelling potentiometry (b) recorded simultaneously

at V13 = −1.53V; data measured at low temperature (∼72K) to reduce scan noise. The local current density is 6.4× 10−6 A µm−1. c, Potential profiles of

monolayer graphene over single-, double- and triple-height substrate steps. The values of the terrace gradients are indicated to give an idea of variability in

the data and enable us to calculate that 0.5, 1.0 and 1.5 nm steps contribute resistance equivalent to ∼40, 80 and 120 nm of monolayer terrace width

respectively. d, The resistance of configurations with different numbers of layers and topographic step heights s. Inset diagrams show the configuration,

with the buffer layer omitted for clarity. The bilayer is typically at the lower terrace. All data were obtained at low temperature except for the bilayer

(triangular) data point, and all data are from the low-miscut sample except for the 88� µm data point, which is from a different but nominally identical

sample, and the bilayer data point, which is from the high-miscut sample. For monolayer graphene over 0.5, 1.0, 1.25 and 1.5 nm steps, seven, five, two and

three steps respectively were measured. For monolayer–bilayer junctions with 0 and 0.5 nm topographic height changes, two and five steps respectively

were measured. Vertical and horizontal error bars are root mean squared values calculated from variations in resistance and in measured step height

respectively. For the 88� µm data point only one step was measured and no error bar is shown.

using a standard tight-binding model of the monolayer and bilayer
wavefunctions21. For energies near the Dirac point, a continuum
approximation is generally considered adequate22,23. However, in
view of the considerable doping here, we use a full atomistic
approach with exact boundary conditions (effectively equivalent to
the non-equilibriumGreen function approach used for overlapping
nanoribbons24; see Supplementary Information for details). The
model has five parameters: in-plane and interlayer matrix elements
t , bilayer bandgap ∆ and the respective doping levels EF, all
of which are known for epitaxial graphene on SiC (refs 19,21).
With these values (tin−plane = 3.1 eV,tinterlayer = 0.4 eV,EF = 0.45 eV
in monolayer, 0.3 eV in bilayer, ∆ = 0.15 eV), we calculate
resistances ∼25� µm and ∼14� µm for junctions with armchair
and zigzag orientation, respectively. The junction measured has
predominantly armchair orientation. The agreement between
calculated and measured values is striking, although this could
be partly fortuitous given the uncertainties in doping level and
bandgap. These results clearly show that a high resistance is an
intrinsic property of an idealmonolayer–bilayer junction.

The 25� µm resistance corresponds to an average transmission
factor of T ≈ 1

2
, consistent with that found at low doping22,23.

We find that the poor transmission is largely a result of the
wavefunction mismatch between monolayer and bilayer, unavoid-
able because the bilayer wavefunctions have large amplitude on
both layers: wavefunction matching requires intermixing with
an evanescent state from a higher-energy band of the bilayer.
Thus, wavefunction mismatch is an inherent characteristic of this
interface, and calculations using standard methods confirm that

this inherent mismatch is sufficient to account for the magnitude
of resistance observed experimentally. We also find consider-
able interband (K–K′) scattering for the armchair orientation,
so chirality is not conserved13. Even for the zigzag orientation,
where by symmetry there is no K–K′ scattering, there is still a
strong wavefunction mismatch; and the calculations suggest a large
resistance, although the conservation of chirality for the zigzag
orientation contributes to the lower resistance when compared with
the armchair orientation.

For a continuous graphene layer going over a substrate step, we
suggest that the origin of the step-induced resistance may be in-
trinsic, induced for example by σ–π hybridization arising from the
curvature of the graphene sheet near the top and bottomof the step.

The combination of potential mapping and modelling has
thus shown that substrate steps, terraces and thickness changes
all contribute to the resistance. Each element can be treated
as following Ohm’s law at the nanoscale. Steps and junctions
strongly affect transport. A 0.5 nm substrate step contributes extra
resistance equivalent to a ∼40-nm-wide terrace. 1.0- and 1.5-nm-
high substrate steps contribute resistance equivalent to ∼80 and
∼120 nm of terrace respectively, and monolayer–bilayer junctions
contribute ∼100 nm or more. We can verify this understanding
of current flow by simulating the potential distribution across the
sample. In Fig. 2g,h, we show a simulation with fixed boundary
potentials taken from the experimental data in Fig. 2a–f. The results
are in close agreement with the data, enabling resistances to be
estimated that are consistent with the values obtained above from
analysis of line profiles.
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Figure 4 |Details of current flow around steps. a, Topography of

monolayer graphene across substrate steps and a 1.25-nm-deep vacancy

island (V=0.2V, I=0.1 nA). b, Potential map (385 nm×264 nm,

V13 = 1.53V,Va.c. = 2mV,I= 50 pA). c, Simulation of the same region

showing equipotential contours and electron flow (arrows). The local

current density is 6.9× 10−6 A µm−1.

Macroscopic conductivity measurements thus provide only a
small part of the full picture required to understand transport
through graphene on SiC. Miscut steps, islands formed during
the growth process and thickness variations will all reduce the
macroscopic conductivity. For example, the two samples in Table 1
show similar (within 11%) local conductivities measured on
single terraces. Yet in the high-miscut sample the macroscopic
conductivity was ∼3× lower than the local value, whereas the
low-miscut sample showed a difference of only ×1.2. Steps from
even a 0.7◦ miscut should double the resistance in the miscut
direction and lead to anisotropy in transport, as already seen
by four-probe measurements25. We believe that these results are
also relevant to graphene on other substrates. Local variations in
conductivity have already been seen within and between graphene
flakes on SiO2 (ref. 26). But even for a structurally perfect graphene
layer, substrate-induced steps may reduce mobility on substrates
such asmica27 and boron nitride28. As the properties and processing
of dielectrics such as SiO2 are improved, the effects of thickness
changes and distortions to the graphene sheet will become more
important in determining device properties.

We finally consider the possibilities suggested by local control
of current flow. The steps and boundaries analysed so far were
generally perpendicular to the current. In Fig. 4a we show how
current flows in two dimensions when the resistive features have
a more complex geometry, here a closed loop. Such features distort
the flow of current (Fig. 4b), as seen in the simulated equipotential
contours and the small reduction in current density inside the island
(Fig. 4c). It is interesting to speculate whether spatial control of step
configurations could be used to concentrate current into specific
regions of a graphene sheet for new device designs.

Methods
Graphene growth and imaging. Growth of graphene layers took place in an
ultrahigh-vacuum low-energy electron microscope, electron-beam heating the
sample to 1,300 ◦C while exposing undoped Si-terminated SiC(0001) wafers to
5×10−6 torr disilane29,30. The instrument used was the IBM LEEM-II (refs 29,30).
Growth in situ enabled the step density and configuration of the sample to be
determined and the graphene thickness monitored during and after growth.
Growth was terminated when samples showed large area fractions of monolayer
graphene as well as smaller fractions of bilayer graphene. Some samples also
contained lithographically defined patterns so that the same areas could be imaged
in LEEM and STM. After graphene growth, samples were transferred through
air to an ultrahigh-vacuum system containing a four-probe, low-temperature
scanning tunnelling microscope and a scanning electron microscope. The scanning
tunnelling microscope is a Unisoku UHV-LT four-probe, low-temperature
scanning tunnelling microscope operated with an RHK SPM-1000 controller.
Scanning electron microscopy images were acquired using an FEI 2LE Schottky

column. Brief heating to 600 ◦C in a preparation chamber was used to desorb
species such as water before loading into the STM stage. Scanning tunnelling
microscopy and spectroscopy as well as scanning tunnelling potentiometry15,16

were then carried out, either at room temperature or at 72 K. In scanning tunnelling
potentiometry, two probes set up a potential difference between two points on the
sample, while a third probe measures the local potential between the two probes.
The local potential is determined in a tunnelling experiment, by measuring the
condition in which no tunnelling current flows (that is zero potential difference
between the tip and the location on the sample at which the tip is positioned).
Contact potential thus does not play a role. Furthermore, the contact resistance
at the fixed probes only determines the potential drop at the contact regions
and has no effect on results from local potential measurement. The data were
acquired with a PtIr tip, cleaned in situ by approaching a metallic target while
applying a high electric field, and using home-built electronics based on the
circuit described in ref. 15.

Macroscale conductivity measurement. We assume that the graphene sheet has
a uniform conductivity on the macroscale. In this two-dimensional system, the
voltage on the surface should satisfy ∇2V = 0. Assuming point contacts for the
fixed probes, and taking the probe positions as (d/2,0) and (−d/2,0) and V = 0 at
the origin, the distribution of the potential is

V (x,y)=Aln

(

√

(x+ (d/2))2 +y2
√

(x− (d/2))2 +y2

)

(1)

Integrating the current density along the y axis, we obtain the total current

I =
∫ +∞

−∞

∂

∂x
V (0,y)σavg dy =

∫ +∞

−∞
A

d

(d/2)2 +y2
σavg dy = 2πAσavg

where σavg is the ‘macroscopic’ conductivity and A is a fitting constant
with units of voltage.

Finally, the ‘macroscopic’ current density at the origin is given by

j =
4Aσavg

d
=

2I

πd

We measure V in several places by stepping probe 2 along the line between probes
1 and 3. Fitting the V values to equation (1) yields a value for A. We also measure
d and I directly. From A, d and I , we obtain the values for σavg and j used in the
analysis. In reality, the contact tips have finite size and irregular shape, within
which the potential is constant. The voltage difference between the two contacts is
V13. To fit equation (1) we assume circular contacts of diameter ∼60 µm estimated
from scanning electron microscopy.
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