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Abstract 

Scanning tunneling microscopy (STM) and spectroscopy (STS) are used to study 

the structural and electronic properties of bilayer epitaxial graphene on SiC(0001). 

Topographic images reveal that graphene conforms to the SiC interface morphology and 

is observed to be continuous across steps separating adjoining terraces.  Bilayer epitaxial 

graphene is shown to be Bernal stacked as is evidenced by bias-dependent topographic 

imaging.  STS maps of the differential conductance show that graphene lattice defects 

cause scattering of charge carriers near the Fermi level.  An analysis of stationary 

scattering patterns observed in the conductance maps determines the energy-momentum 

dispersion relation within 100 meV of the Fermi level.  In contrast to lattice defects, 

disorder at the SiC interface and at subsurface steps plays a much lesser role in the 

scattering of charge carriers. 



Introduction 

Graphene, a two dimensional layer of sp2-bonded carbon atoms, has received 

much attention in the scientific community due to its unique mechanical and electronic 

properties.1  These properties arise directly from graphene’s lattice structure.2,3  The 

lattice is comprised of two equivalent carbon sublattices whose quantum state symmetries 

result in reduced back-scattering of electrons and long coherence lengths.4  When a 

second graphene layer is added to form a bilayer, the sublattice symmetry is broken, 

resulting in variations of the electronic properties that depend on the stacking.5-7  One 

advantage of bilayer graphene is that a controllable energy gap can be induced by an 

electric field perpendicular to the layers.8,9  This induced gap, as well as inherent 

characteristics, make bilayer graphene enticing for potential device applications.1,10,11  

Magneto-transport characterization of graphene, which reveals many of its unique 

properties, has so far been performed on a few different forms of graphene: exfoliated 

graphene,1 epitaxial graphene on Si-terminated SiC ,12,13 and epitaxial graphene on 

C-terminated 

(0001)

SiC(0001) .14  In this paper, we consider epitaxial graphene grown on 

substrates. SiC(0001)

Epitaxial graphene on SiC offers a possible path for device applications and 

integration with mainstream electronics.1,12  Graphene can be grown in registry with the 

SiC substrate and patterned with well-established lithography procedures.12,14  Already, 

epitaxial graphene field effect devices have been demonstrated with gating from the top 

side.13  The observed transport properties in any graphene device depend on the various 

defects, which can reduce the quantum state symmetries and lead to backscattering.15   A 

study of graphene defects and their effect on local electronic structure is therefore 



necessary to fully optimize future graphene devices.  Scanning tunneling microscopy and 

spectroscopy provide unique tools to investigate defect structure and perturbations of the 

local electronic structure near defect sites.16,17 

In this work, the structure and electronic properties of bilayer epitaxial graphene 

were studied via STM and STS at cryogenic temperature.  Epitaxial graphene is found to 

follow the contours of the surface including: at a fine scale, the SiC 6 3 x 6 3 30R o  

interface reconstruction, and at larger scales, atomic steps separating adjoining terraces.  

Bias-dependent STM images of bilayer graphene are consistent with Bernal ABAB 

stacking, as found in the most common form of graphite.  To elaborate more on previous 

work, 22 we show that lattice defects in graphene strongly scatter carriers near the Fermi 

level leading to complex interference patterns in spatial maps of the differential 

conductance, dI/dV (a first order approximation of the local density of states of the 

sample).  In contrast, disorder at the SiC interface and at subsurface steps plays a much 

lesser role in the scattering of charge carriers.  An analysis of the interference patterns 

allows us to measure the energy-momentum relation for bilayer graphene near the Fermi 

level.   

Experimental 

 Epitaxial graphene was grown on the silicon-terminated face of 4H-SiC(0001) in 

a graphitization process involving the thermal desorption of silicon at high annealing 

temperatures.  Before graphitization, samples were etched for 30 min under a flow of 

molecular hydrogen near atmospheric pressure at a temperature of 1550 ˚C.  This process 

has been shown to remove polishing scratches that appear as nanometer deep gouges in 

atomic force microscopy (AFM) images.18  The etching leaves an ordered SiC step array, 



with terraces for nominally on-axis SiC samples typically 0.4 μm in size and separated by 

1 nm steps (the height of a 4H-SiC unit cell).18  Terrace size is determined by the miscut 

angle of the wafer.  It is still unclear whether the initial quality of the SiC substrate 

substantially influences the graphene growth with regard to domain size19 and defect 

concentration.20  After hydrogen etching, samples were graphitized by annealing to above 

1200 ˚C in ultra high vacuum (UHV) using electron bombardment heating.  The base 

pressure of the system was 1.33 x 10-8 Pa (1 x 10-10 Torr) with a maximum pressure of 

4.6 x 10-6 Pa (3.5 x 10-8 Torr) during graphitization.  The thickness of the graphene films 

was determined from an analysis of the ratio of silicon to carbon intensities obtained from 

in-situ Auger electron spectroscopy measurements.21  The overall quality of the epitaxial 

graphene also was evaluated in-situ by low energy electron diffraction.  The data shown 

in what follows are from samples with an average graphene thickness of 2.5 layers.  

Epitaxial graphene samples were grown at the Georgia Institute of Technology and then 

transferred to the National Institute of Standards and Technology (NIST) for low-

temperature STM measurements. After introduction into the UHV system at NIST, 

samples were outgassed at 800 ˚C for 5 min.  Graphene samples and iridium probe tips, 

cleaned by field evaporation, were loaded into the cryogenic STM system.  STM 

measurements were performed at constant tunneling currents after cooling to 4.2 K.  

Differential conductance, dI/dV, was measured with a lock-in amplifier, using a small 

voltage modulation, typically 0.4 mV to 1 mV, at a frequency of ≈ 500 Hz.  

 

Epitaxial Graphene 



In order to understand the role of defects in the transport properties of epitaxial 

graphene, we present a detailed low-temperature STM study of defects found on these 

surfaces, and their effect on the local electronic structure.  Survey topographs reveal 

different structures that are large compared to the graphene lattice and occur commonly 

on this surface, as seen in Fig. 1.  These structures are atomic steps (labeled A in Fig. 1a), 

tubular mounds (perhaps an early stage of carbon nanotube growth; labeled B in Fig. 1a), 

round mounds (labeled C in Fig. 1b) and the SiC interface reconstruction (seen as a small 

regular height modulation in the white box of Fig. 1b).  The B and C type mounds are 

rarely found on samples studied by room temperature STM after in-situ graphene growth.  

We believe that they are a consequence of atmospheric exposure, and subsequent UHV 

annealing.  However, these structures cause little scattering of charge carriers.  Strong 

scatterers of the electronic states are easily discernable in STM images from the 

appearance of a 3 x 3 30R o pattern with respect to the graphene lattice,22 whereas no 

such patterns are observed in the vicinity of the aforementioned structures.  Apparently, 

these extended defects scatter only weakly because the graphene lattice remains 

continuous over subsurface protrusions.20,22,23  An example is shown in Fig. 2 for an 

atomic step edge separating single-layer and bilayer graphene.24  The graphene lattice is 

clearly continuous over the step edge (Fig. 2b), though partially obscured in spots by 

interface states from the underlying SiC.23  The continuous top layer implies a break in 

the graphene layer closest to the SiC interface.  The blanketing nature of graphene is 

similar over steps in the SiC substrate.  In cases where the graphene lattice terminates at a 

step edge (a geometry that can be created by tearing the layer during mechanical 

cleavage), strong scattering with a 3 x 3 30R o periodicity is seen.25  We note an 



absence of 3 x 3 30R o  patterns at epitaxial graphene step edges (Fig. 2b), due to the 

continuity of the graphene.  Similar graphene continuity is observed over the tubular 

mounds found in the initial stages of graphene growth.20 

Bias-Dependent Imaging on Bilayer Graphene 

Bias-dependent STM imaging identifies the stacking of epitaxial graphene 

bilayers as Bernal, found commonly in bulk graphite.  Bias-dependent imaging is 

sensitive to spatial variations in the energy dependence of the local density of states for 

the two sublattices in graphene.  Figure 3a-c shows three STM images from a bilayer 

terrace.  At a sample bias of 0.1 V the graphene lattice appears triangular (inset of Fig. 

3a), indicating that only one of the two graphene sublattices is imaged.  Similar images 

have been observed in STM studies of bulk graphite26 and multilayer graphene 

surfaces.22,27-30  An ideal graphene lattice, composed of the A and B sublattices, is 

displayed in the inset to help illustrate the atomic positions.  As the sample bias is 

increased to 0.3 V (Fig. 3b and inset), STM images begin to show the second sublattice at 

a lower intensity.  At an even higher tunneling bias of 0.4 V (Fig. 3c and inset), the 

images show a honeycomb structure similar to that observed for single-layer graphene, 

where both sublattices are imaged at almost the same intensity.23,27-30 

This bias-dependent imaging occurs when the sublattices of graphene (equivalent 

for a single layer) become distinguishable due to the stacking of the two graphene layers.  

In Bernal stacking, one sublattice of atoms in the top layer (A sublattice) is positioned 

directly over atoms in the bottom layer.  However, atoms in the other top-layer sublattice 

(B sublattice) lie over hollow sites in the bottom layer, making the two sublattices 

inequivalent.  This configuration results in a reduction in the low-energy density of states 



for the A sublattice as compared to the B sublattice, which suppresses the A sublattice 

imaging at low tunneling energies.31,32  At energies larger than the interlayer hopping 

energy, the two sublattices have essentially identical density of states.  Since STM 

topography can be approximated as an integral over the density of states from zero volts 

(Fermi energy) to the applied bias voltage, the transition can be seen in the experimental 

data.  The STM images show qualitative agreement with the theory:  At low bias the A 

sublattice density of states is suppressed, yielding images of only the B sublattice (Fig. 

3a).  At higher bias, both sublattices image equivalently in the topography (Fig. 3c). 

A more quantitative analysis can be made by measuring the apparent height 

difference between atoms on the A and B sublattices and comparing to estimates based 

on the theoretical local density of states.31,32  We use a simple tunneling model33 and the 

sublattice densities of states calculated in Ref. 32 for bilayer graphene.  From the Tersoff 

and Hamann model, the tunneling current is given approximately by exp( 2 )o
i i iI I zκ≈ −  

( ), where is the tip-sample separation, and,i A B= iz κ is the tunneling decay constant.33  

The dependence on the local density of states is through the tunneling integral 

( )i
s

F

eVo
i E

I E dρ E∝ ∫ , where is the Fermi energy, FE seV is the sample bias multiplied by the 

electron charge, and (i E)ρ is the density of states on sublattice i .33  The density of states 

can be broken into two energy regions:  E  < τ , ( ) )A (BE Eρ ρ<  and E  > τ , 

( )A E ( )B Eρ ρ= , where τ is the interlayer hopping energy.31,32  Setting B AI I=  for 

constant current imaging, we derive an expression for the difference in the apparent 

height on the two sublattices:  
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Figure 3d shows as black squares the measured values of Bz zA− from the topographs in 

Fig. 3a-c.  Also included in the plot are relative heights at biases not shown in Fig. 3a-c 

(blue circles).  These data are taken on another area of the sample with a different probe 

tip, which verifies the consistency and reproducibility of the analysis. The solid line in 

Fig. 3d is Eq. 1 with 2 = 2 Å-1,33 = 0.3 eV,9,22 κ FE τ = 0.4 eV,32,34 and ( )i Eρ  from Ref. 

32.  Using this simple model we find good agreement with experiment, which implies 

that the stacking order of bilayer is Bernal and that the interlayer hopping energy, 

0.4τ ≈ eV.  Although the data is not extensive, the agreement between experiment and 

theory is remarkable, using parameters that have been determined independently. We 

point out that the imaging transition can be tip dependent, but is usually observed within 

the energy range shown in Fig. 3. 

Scattering in Epitaxial Graphene 

Differential conductance maps also yield a wealth of information about the 

electronic structure of bilayer graphene.  Conductance maps are essentially energy-

resolved pictures of the local density of states, with high spatial resolution.  STS 

conductance maps on epitaxial graphene reveal that lattice defects scatter electrons very 

strongly, in comparison to subsurface defects.22  Figure 4 summarizes these results.  Two 

different varieties of graphene defects are observed in Fig. 4a, one comprised of lattice 

defects and the other consisting of subsurface defects.  Fig. 4b shows a dI/dV map at -20 

mV taken over the area of Fig. 4a at a tunneling bias and current of 0.1 V and 0.5 nA, 

respectively.  Comparing the dI/dV map with the simultaneously acquired STM 



topography, it is clear that the lattice point defects, indicated by white arrows, cause the 

largest disturbances in the local density of states.  Circular conductance maxima can be 

seen, centered at the point defect sites. These prominent features may be a consequence 

of nonlinear, and potentially ambipolar, screening in this low-density system. The 

superposition of electron waves scattered from the collection of such lattice defects 

creates a stationary interference pattern.  The interference pattern shown in Fig. 4b has a 

long wavelength that is determined by intravalley scattering events that connect points at 

the same energy around the  points of the 2D Brillouin zone.22 K±

Higher resolution dI/dV maps reveal scattering with a short-wavelength 

modulation superimposed on the long-wavelength modulation, as shown in Fig. 4d, with 

the corresponding topography in Fig. 4c.  This short-wavelength modulation has been 

shown to arise from scattering between states on different constant energy contours from 

neighboring  points, often referred to as intervalley scattering.22,27  The scattering seen 

in Fig. 4d has a local 

K±

3 x 3 order with respect to the graphene unit cell, which is the 

same characteristic modulation period seen emanating from lattice defects in the 

topography.22  From measurements of the long and short wavelengths seen in the 

differential conductance maps, the local energy dispersion can be determined on a 10-nm 

length scale.   The dispersion was found to belinear,22 with a slope (Fermi velocity = 9.7 

x 105 m/s) and y-intercept (Dirac point energy = EF – 330 meV) that are in agreement 

with transport12 and photoelectron spectroscopy data for epitaxial graphene.9,35  Near the 

Dirac point, carrier wavelengths get bigger, requiring larger imaging areas and longer 

data acquisition times.  Acquisition times are already quite long and approach 



instrumentation limits (≈ 60 h for the complete data set in Fig. 4b).  Future improvements 

to data acquisition rates will be required to explore this energy range. 

Summary 

We have presented detailed measurements of the surface atomic and electronic 

structure of bilayer epitaxial graphene, obtained via STM and STS at cryogenic 

temperature.  STM imaging shows that epitaxial graphene follows the surface contours of 

the underlying SiC interface.  Bias dependent images determine that bilayer graphene is 

Bernal (AB) stacked.  Despite this Bernal stacking, bilayer graphene shows linear band 

dispersion within 100 meV of the Fermi energy.  Scattering from extended defects 

beneath the graphene surface is limited, while scattering from lattice defects causes the 

largest perturbations of the local density of states.  The suppression of intra- and 

intervalley scattering is one of the hallmarks of graphene leading to long coherence 

lengths.  This work shows that lattice defects break the local symmetry and cause 

enhanced backscattering.  Future work must address fabrication methods and seek further 

correlations between atomic scale measurements and observed transport properties.  
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Figure Captions 

Fig. 1.  Survey STM images display the different forms of extended features 

underneath bilayer epitaxial graphene on SiC.  (a) 1000 Å x 1000 Å STM topography at a 

tunneling bias and current of 0.4 V and 0.1 nA, respectively.  Arrows are shown that 

indicate surface steps (labeled A) and tubular mounds (labeled B) that may be the initial 

formation of carbon nanotubes.  (b) 500 Å x 500 Å STM topography at a tunneling bias 

and current of 0.3 V and 0.1 nA, respectively.  Indicated in this image are round mounds 

of possibly accumulated interface adatoms (labeled C) and the SiC interface 

reconstruction (height modulations seen in the white box).   

 

Fig. 2.  Epitaxial Graphene is shown to overlay surface steps, with little apparent 

scattering of electron states. (a) 300 Å x 158 Å STM topography at a tunneling bias and 

current of 0.3 V and 0.1 nA, respectively.  This 3.1 Å step separates a region of single-

layer and bilayer epitaxial graphene.  (b) 75 Å x 75 Å derivative image that was cropped 

from (a) as indicated by the white box.  As shown by the white lines, the top most layer 

of graphene is essentially unperturbed by the step edge.  Similar behavior is seen when 

epitaxial graphene overlays substrate SiC steps.  The bumps that appear on the bottom 

terrace (blue arrows) are actually the transmission of the interface states through the 

single-layer graphene.23(color online) 

 

Fig. 3.  STM measured apparent height differences between graphene basis atoms 

show Bernal stacking in bilayer graphene. (a-c) 95 Å x 95 Å STM topographs of the 

same area at a constant current of  0.1 nA and tunneling bias of (a) 0.1 V, (b) 0.3 V and 



(c) 0.4 V.  Insets in (a-c) are 15 Å x 15 Å cropped areas from the larger image, which 

give more insight into the atomic structure.  A schematic of a graphene lattice, showing 

approximate atomic positions, is overlaid on each inset.  Atoms on the B sublattice are 

shown in red and atoms on the A sublattice are shown in black.  (d) Plot of the apparent 

height difference between atoms on the B and A sublattices.  Experimental heights (black 

squares) were averaged from multiple line scans across several AB unit cells of the 

image.  Additional data at other biases (blue circles) are measured from another area of 

the sample with a different probe tip.  These relative heights are plotted along side the 

data from Fig. 3a-c for consistency and reproducibility. The data is compared with the 

calculated height difference (red line), obtained using independently measure parameters 

(see text). (color online)  

 

Fig. 4.  Scattering in bilayer epitaxial graphene.  (a) 400 Å x 400 Å STM 

topography displaying a variety of defects on the sample, taken at a tunneling bias and 

current of 0.1 V and 0.5 nA, respectively.  (b) Simultaneously acquired differential 

conductance map at – 20 mV, which shows that lattice defects (white arrows) cause the 

largest disturbance in the local density of states.  A long wavelength pattern also can be 

seen in the dI/dV maps and is attributed to intravalley scattering in the graphene  (c) 95 Å 

x 95 Å STM topography at a tunneling bias and current of 0.1 V and 0.5 nA, respectively.  

Simultaneously acquired differential conductance map at -5 mV, which shows a short-

wavelength modulation imaged as well as the longer period.  The interference pattern 

seen here is explained in terms of intervalley scattering in epitaxial graphene. (color 

online) 
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