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Introduction

Because graphene is two-dimensional,'? scanning tunneling
microscopy (STM) is ideal for its characterization.* To date,
many STM studies have been carried out on graphene.’”
Because of its atomic resolution, STM is able to probe impor-
tant local physical and electronic details of both pristine and
modified epitaxial graphene that other techniques are unable
to access. In this review, we first introduce the basic working
principles and setups used for STM and scanning tunneling
spectroscopy (STS).The capabilities of STM/STS are then illus-
trated by instructive examples of epitaxial graphene character-
ization. Molecular interactions, intercalation, and fundamental
studies of epitaxial graphene are also discussed.

Principles of STM

When an atomically sharp STM tip is brought within a few
nanometers of a surface and a voltage bias (from a few milli-
electronvolts to a few electronvolts) is applied across the gap,
electrons can quantum-mechanically tunnel through the poten-
tial barrier presented by the gap. This induced tunneling current
is exponentially dependent on the gap distance, enabling STM
to be a highly sensitive probe. Spatial variation in surface topog-
raphy can thus be detected through changes in tunneling current.
The electronic charge density distribution on the surface also
determines the location and energy from which electrons tunnel,
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thereby allowing imaging of the precise atomic and electronic
structure of the surface.

Tip motion is controlled by a piezoelectric mount that
responds mechanically to small changes in the applied voltage.
There are two modes of topographical imaging: The first is
constant-current mode, in which the tunneling current is kept
constant by means of a feedback loop as the tip scans across the
surface. This current feedback loop instructs the tip to retract
from (approach) the surface when there is an increase (decrease)
in the current. The other mode is constant-height mode, in
which the current is allowed to vary as the tip is scanned across
the surface at a fixed distance above it. Schematics for constant-
current and constant-height modes are shown in Figure 1a-b,
respectively.

The resultant variation of the tip height or current with the tip
position is recorded as an STM topography image. STM can be
performed in a liquid or at pressures ranging from atmospheric
pressure to ultrahigh-vacuum (UHV) conditions of less than
10~ mbar. In this review, we focus on STM in UHV, where
the ultimate atomic resolution is routinely achievable because
contamination is minimized.

The current that an STM tip emits or receives due to quantum-
mechanical tunneling is a combination of three factors: applied
voltage, distance between tip and surface, and local density of
electronic states (DOS). The voltage determines the difference
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Figure 1. (a-b) Schematics of a scanning tunneling microscope in (a) constant-current
and (b) constant-height modes. (c—e) Energy level diagrams for the sample and tip, where
@, and @; represent the corresponding work functions. Dashed lines, vacuum levels; solid
horizontal lines, Fermi levels below which sample states are occupied; wavy lines, sample
density of states (DOS). (c) Sample and tip at thermal equilibrium, separated by a small
vacuum gap, with zero applied voltage bias and thus no electron flow. (d) Same as (c) but
with negative tip bias, so that electrons tunnel from the occupied electronic states of the
tip to the unoccupied states of the sample. (€) Same as (d) but with positive tip bias, so
that electrons tunnel in the opposite direction. Parts (c)—-(e) adapted from Reference 10.
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Figure 2. (a) Typical scanning tunneling microscopy (STM) image (100 x 100 nm?2,
Vy, = 1.78 V) of monolayer and bilayer epitaxial graphene (EG) on 6H-SiC(0001),
with the line profile across the monolayer and bilayer regions superimposed in white.
(b) High-resolution STM image (20 x 20 nm?, V,,, = 0.5 V) of a typical boundary, from the
boxed region in panel (a), showing the coexistence of monolayer and bilayer EG, with
corresponding atomically resolved STM images (1.5 x 1.5 nm?, V,, =-0.1 V) in the insets.
(c) Corresponding detailed image (8 x 8 nm?, V,,, =-0.1 V), clearly revealing the physical
continuum at the domain boundaries between monolayer and bilayer EG. The inset shows
the Bernal stacking of bilayer graphene. (d) Schematic model of the atomic structures of
neighboring monolayer and bilayer EG on the same terrace. Blue bars represent the buffer
layer on Si-face SiC, which has a 6/3 x6+/3830° reconstruction. Reproduced with

permission from Reference 11. ©2008, American Chemical Society.
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in the Fermi energy level between the tip and sur-
face and, thus, the number of tunneling electrons.
The probability of electron tunneling between the
tip and surface decreases exponentially with the dis-
tance between them. The DOS at specific energies
of both the tip and surface determines how many
electrons can tunnel. These factors are illustrated in
the energy level diagrams of Figure 1c—e.!

Techniques such as photoemission spectroscopy
measure the average DOS over an area, but STM
measures the variation of the local DOS at the
atomic scale. STS probes the energy dependence
of the local electronic structure and the effects that
surface impurities have on it.

During STS, the tip—sample distance is kept
constant by turning off the constant-current feed-
back loop. A voltage bias applied across the tip
and sample is varied, and the measured derivative
of the current with respect to the applied voltage,
the differential tunneling conductance (d//dV), is
recorded. A negative tip bias V', (equivalent to a
positive sample bias, V., of the same magni-
tude) probes the DOS of the sample above the Fermi
level. A positive ¥y, (or negative V,,,.,.) probes
states below the Fermi level. The DOS is directly
proportional to d7/dV.

For greater signal-to-noise ratio, an electronic
lock-in method is used whereby a high-frequency
sinusoidal voltage modulation is superimposed on
the applied voltage bias. The first harmonic of the
modulated current then gives the desired differential
conductance. In particular, for d//dV mapping, the
voltage bias is kept constant, and the derivative of
the current is recorded as the tip scans. Hence, the
spatial distribution of electronic states with energy
specified by the applied voltage bias can be probed.

Physical characterization
The appearance of graphene under a scanning tun-
neling microscope varies with the applied bias, as
well as the number of layers. At higher voltage
biases, the graphene atomic structure of epitaxi-
ally grown graphene is not easily imaged because
there are energetically accessible electronic states
in both the graphene and underlying substrate. This
is shown in Figure 2 for graphene on the silicon-
terminated basal plane of SiC, otherwise known as
the Si face or SiC(0001) (see the article in this issue
by Nyakiti et al.). At a tip voltage bias of 1.78 V,
the underlying buffer layer is observed in Figure 2a
instead of the atomic-scale honeycomb structures
of graphene."

Atlow biases (<0.4 V), however, electron tunnel-
ing from graphene dominates because of a lack of
SiC electronic states in the bandgap of the substrate.
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Figure 3. Rotational stacking faults between layers in multilayer
epitaxial graphene (MEG) on SiC(0001). (a) STM topograph
showing the moiré superlattice on the top layer of a nominally
10-layer MEG sample. (b) High-resolution image of the

V13 x\13R46.1° superlattice. (c) v13 x~13R46.1° unit cell of
the moiré pattern with respect to the topmost graphene layer.

a and b are graphene unit vectors. Dark circles are carbon
atoms; gray circles are carbon atoms of the layer below, rotated
by 32.204° from the top layer. Reproduced with permission from
Reference 35. ©2008, American Physical Society.

The graphene electronic orbitals involved are the low-lying
n orbitals, which reflect the six-membered benzene rings of
graphene. These rings are visible in the monolayer regions of
the high-resolution STM images of Figure 2b—c. For bilayer
graphene, three-fold symmetry is observed because the AB
(Bernal) layer stacking distinguishes the two carbon atoms in
the graphene unit cell (colored blue and red in the top inset of
Figure 2b).

As described earlier, the interfacial buffer layer can be imaged
under the graphene and contributes to the surface roughness
measured by STM.'>"" This roughness decreases with the num-
ber of graphene layers, as shown in the line profile in Figure 2a.!"
The roughness of the imaged underlying buffer layer is larger
over the monolayer graphene in the center than over the bilayer
graphene at the sides, allowing one to distinguish between
regions with different numbers of graphene layers.

The growth modes of epitaxial graphene on metal?*?* or
SiC!-132431 substrates can also be investigated by STM. An
example is epitaxial graphene on SiC(0001). Regions of mono-
layer graphene are seen to be continuous with those of bilayer
graphene in Figure 2c¢. Step heights of 0.09 nm, 0.34 nm, and
0.25 nm are also measured across various steps. These heights
cannot be solely attributed to the variations in the substrate
terraces, as each SiC bilayer is 0.25 nm in height.

The arrangement of the epitaxial graphene layers and the
associated height variation is modeled in Figure 2d. This model,
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Figure 4. (a-b) STM images of a Ru(0001) surface with
adsorbed graphene, prepared by segregation of carbon
from the bulk. (a) Fully covered surface after annealing at
1470 K, showing the hexagonal Ru(0001)/graphene moiré
pattern, which is much larger than the graphene unit cell.

(b) Atomically resolved STM image of the moiré pattern in
(a), also revealing the graphene periodicity. The high (H),
intermediate (I), and low (L) regions correspond to different
alignments between the graphene and the metal substrate.
Parts (a) and (b) reproduced with permission from Reference
48. ©2007, American Physical Society. (c) Top and (d) side
views of four unit cells of the moiré structure, 6 nm x 5.2 nm.
For clarity, only one layer of ruthenium atoms is shown in
(c). The diagonal line cuts across the | and H regions. In

(d), the buckling of the graphene layer can be clearly seen,
where h;, and h,,, are the minimum and maximum heights,
respectively, of the graphene above the metal surface. Parts
(c) and (d) reproduced with permission from Reference 49.
©2008, Royal Society of Chemistry.

in which the number of layers changes immediately at a sub-
strate step, directly reflects an assumed reverse step-flow growth
mechanism. Growth occurs with sublimation of silicon atoms
from three SiC bilayers to form a new buffer layer, and the
silicon—carbon bonds of the pre-existing buffer layer break to
form a new graphene layer. By depositing cobalt atoms, which
form physisorbed clusters of high (low) density on the buffer
layer (graphene) surface and observing the height changes with
annealing temperature and time, Poon et al. confirmed the same
phenomena.?®%

Rotational mismatch between graphene layers can also be
determined by STM. For silicon-terminated SiC, because of
the bottom-up growth mode and the presence of an interfacial
buffer layer with well-defined orientation, all of the grown
graphene layers are Bernal stacked. However, on carbon-
terminated SiC(0001), adjacent graphene layers have random
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orientations because of the absence of a similar buffer layer.?’
The graphene layers are rotationally disordered and effectively
decoupled, both physically and electronically.?”2* This is
demonstrated in Figure 3, where rotational disorder is present
between the top two layers of multilayer graphene grown on
SiC(0001).3** Because of the ~30° rotation between these two
layers, a V13 x+/13R46.1° superlattice is observed in Figure 3a.
Such disorder results in the graphene layers not being Bernal
stacked, in contrast to those of graphite and epitaxial graphene
grown on the Si face of SiC(0001). In Figure 3b, one can still
faintly make out the hexagonal structure, with three of the six
atoms having a lower intensity because of the presence of a
misaligned bottom layer. The small size of this effect indicates
effective decoupling between the layers. Indeed, magnetotrans-
port and STS measurements of such systems yield signature
monolayer graphene results.?”3¢-38

For growth on metals, the incommensurability of lattice con-
stants between the graphene layer and the underlying substrate
produces moiré patterns that can be observed by STM . #20:39-46
Because of the in-plane lattice mismatch between graphene
(2.41 A) and Ru(0001) (2.71 A), for example, the positions of
carbon atoms relative to metal atoms vary with a periodicity
of 30 A. This periodicity manifests as a moiré pattern,**” as
shown in Figure 4a.

Figure 4b reveals that the moiré pattern has

These measurements also reveal dramatic differences between
monolayer and bilayer graphene.

Dispersion relations

Graphene monolayers and bilayers exhibit linear and parabolic
band dispersions, respectively (inset of Figure 5a).%%% For
monolayer graphene, the DOS is linearly proportional to the
crystal momentum near the Dirac point and is zero at the Dirac
point. This is reflected in scanning tunneling (ST) spectra as a
dip in the conductance. Bandgaps can also be identified by the
absence of conductance.

A characteristic ST spectrum obtained from monolayer gra-
phene on SiC(0001) is shown in Figure 5a.° The minimum at
zero bias is characteristic of two-dimensional electronic sys-
tems. The other minimum located 0.4 eV below the Fermi level
(occupied states, positive tip bias) reflects the position of the
Dirac point. This implies electron doping of graphene due to
charge transfer from the interfacial layer.'®"°

In another example, Figure 5b% shows that, when aryl radicals
are covalently bonded to epitaxial graphene, the ST spectrum
exhibits a lack of conductance, indicative of a bandgap. For
epitaxial bilayer graphene on SiC(0001) (Figure 5c), because
of the asymmetric charge transfer between the substrate and
the two graphene layers, a small bandgap (<0.1 eV) is present
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Figure 5. (a) Scanning tunneling (ST) spectrum, showing the conductance, d//dV, as a
for a pristine monolayer on SiC(0001). Inset shows the schematic

ips

contrast is inverted in the low regions because
of the periodic reversal in the position of the
second carbon atom from fcp to hep positions
on the substrate.

Electronic characterization

STS can detect changes in the electronic
structure of graphene, such as quantization of
electronic states in a magnetic field**>**! or elec-
tronic perturbations due to interlayer effects,
deformation,>>5 and physical confinement.’®’

band structures of pristine monolayer (left) and bilayer (right) graphene, which exhibit

linear and parabolic dispersions, respectively. Part (a) reproduced with permission from
Reference 9. ©2011, American Chemical Society. (b) ST spectrum versus Ve = =V, Of
graphene covalently bonded to aryl radicals, showing a featureless bandgap straddling
the Fermi level (Ve = 0 V). Part (b) reproduced with permission from Reference 60.
©2010, American Chemical Society. (c) Top: Band structure of pristine bilayer graphene

on SiC(0001). Bottom: Theoretical and experimental ST spectra versus V., for pristine
bilayer graphene on SiC(0001). The arrows indicate the associated increase in DOS at the
conduction-band maxima and valence-band minima at sample biases of 0.5 V and 0.2 V,
respectively, and that of the Dirac point at a sample bias of -0.3 V. The arrow at a sample
bias of +0.15 V indicates the inflection of the DOS due to the theoretically predicated steplike
increase in DOS. A1, A2, and B represent different locations on the sample. Part (c)
reproduced with permission from Reference 7. ©2008, American Physical Society.
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around the Dirac point at 0.3 eV.” When a bandgap is present,
the DOS at the maximum/minimum of each parabolic band
dispersion is enhanced. This is reflected in the ST spectra of
bilayer graphene on SiC(0001) in Figure 5c¢ by the presence
of two conductance peaks, one on each edge of the bandgap.

Suppressed backscattering

Because of the linear dispersion of graphene, the electrons
in graphene are described as massless Dirac fermions. Such
fermions have electronic properties that can be visualized
using STM. One such property is the suppression of electron
backscattering in monolayer graphene, because the chirality of
the electrons forbids reversal of their crystal momentum in a
single scattering event.®"%2 In Figure 6, this effect is shown
for epitaxial graphene on SiC(0001). At low voltage biases
(i.e., energies close to the Fermi level), the variations in the
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topographical features are similar to the changes in the DOS. To
visualize the change in wave vectors of the electrons scattering
off subsurface impurities and point defects on the graphene sur-
face, Fourier transformation of the STM images in Figure 6a—b
from real-space coordinates to reciprocal-space coordinates was
carried out, as shown in Figure 6¢ (monolayer) and 6d (bilayer).
The differences in appearance are immediately apparent.

For monolayer graphene (Figure 6¢), the central circle
observed for bilayer graphene (Figure 6g) is absent. This
absence demonstrates the suppression of intravalley back-
scattering that occurs in monolayer graphene, which is
attributed to the electronic chirality associated with the Dirac
cones, as shown in Figure 6f and 6h. For monolayer graphene
in Figure 6f, the pseudospins at opposite ends of the constant-
energy contour are the inverse of each other. Therefore, the
overlap between the backscattered electron waves and the
incident wave is zero, resulting in the

suppression of intravalley backscatter-
ing. This suppression does not occur for
bilayer graphene, as shown in Figure 6g.
Hence, a central ring of radius 2¢; is
observed that results from the intravalley
backscattering of bilayer graphene elec-
trons with a change in electron wave vector
from +¢; to —g,, as depicted in Figure 6h.
For a more in-depth discussion of the
other features related to intervalley
scattering, please refer to the article by
Brihuega et al.®!

Modification of graphene

Local modifications of graphene, such as
addition of defects®”63-% and atomic*>7¢7-78
and molecular®°7°-%5 adsorption, have
been performed to alter its properties,
for example, doping or opening a band-
gap. Such effects can be characterized
using STM. An example is the selective
adsorption of hydrogen atoms on epitax-

ial graphene on Ir(111).* As discussed
previously for Ru(0001), because of
the lattice mismatch between graphene
and the metal, a moir¢ pattern is observed
(Figure 7a) before any hydrogen exposure.

In Figure 7b, as atomic hydrogen is

Figure 6. (a-b) Low-bias STM images of (a) monolayer (ML) and (b) bilayer (BL)
terraces. (c—-d) Two-dimensional fast Fourier transform maps of the images in (a) and

(b), respectively, illustrating the change in wave vectors of the scattered electrons. The
six prominent spots arise from the reconstruction in the buffer layer. (e) Central region

of (c), showing no intravalley-backscattering-related ring. (f) Intravalley backscattering is
forbidden in ML graphene, because the pseudospin (pink arrows) is inverted for states
on opposite sides of the constant-energy contour of the electron. (g) Central region of
(d), showing a clear ringlike feature of radius 2q; related to intravalley backscattering, which
is allowed in the BL. g; is the wave vector of the scattering electron with respect to the

K point of the Brillouin zone. (h) Schematic of intravalley backscattering for BL graphene.
Reproduced with permission from Reference 61. ©2008, American Physical Society.

introduced, the hydrogen atoms selec-
tively adsorb on the bright spots (high
points) of the moiré pattern. At higher
coverage, they form ringlike structures
decorating the superlattice but still adsorb
only on the bright areas of the moiré
superlattice, as shown in Figure 7c—e.
A Fourier transformation of the image in
Figure 7e, shown in Figure 7f, confirms
this selective adsorption, as the peak
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Figure 7. STM images of hydrogen adsorbate structures following and preserving the
moiré pattern of graphene on Ir(111). (a) Clean graphene on Ir(111). (b—e) Graphene
exposed to atomic hydrogen for (b) less than 15 s, (c) 15 s, (d) 30 s, and (e) 50 s, showing
the hydrogen structures increasingly decorating the bright parts of the moiré pattern with
increasing hydrogen dose. (f) Top: Fourier transform of the image in (), confirming that
the hydrogen adsorbate structures preserve the moiré periodicity. Bottom: Line profile
through the Fourier transform along the line in the top panel. The separation of the peaks
corresponds to a real-space distance of 21.5 A = 25 A x cos(30°), confirming the moiré
superlattice periodicity. Reproduced with permission from Reference 42. ©2010, Nature
Publishing Group.

separation distance matches the moir¢ periodicity.
Such a patterned adsorption of hydrogen has
a significant effect on the electronic structure
of graphene. Angle-resolved photoemission
spectroscopy measurements revealed that the
selective adsorption opens a bandgap of at least
0.45 eV because of the quantum confinement of
the electrons in graphene*? (also see the article
in this issue by Conrad and Hicks).

In addition to modification through atomic
or molecular adsorption, intercalation of epi-
taxial graphene to introduce novel elements
between the graphene and the underlying sub-
strate has been demonstrated. Hydrogen,'* 158688
oxygen,¥% metals,*4¢°"% fluorine,”® and even
molecules® can be intercalated between epitax-
ial graphene and its substrates. Modification of
the graphene—substrate interface on SiC(0001)
occurs when the new species migrates to and
reacts with the silicon bonds holding the buffer
layer to the substrate, releasing this layer to
form graphene (see the article in this issue by
Nyakiti et al.). The reacted layer then acts
as the new interface. This interface could
result in light p-type doping for the as-released

* pre-xisti ng
graphene

-

L e
e,

" e

Zo
(=]

permission from Reference 9. ©2011, American Chemical Society.
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Figure 8. (a) STM image (20 nm x 20 nm) showing an intercalation-induced quasi-free-standing graphene monolayer joined continuously
with a pre-existing graphene monolayer. Inset: High-resolution 8 x 8 nm? STM image of clean EG revealing a reconstructed underlying
buffer layer. (b) STM image (7 nm x 7 nm) of the intercalated surface. (c) Averaged d//dV spectra recorded on ((1)) pre-existing graphene
and ((2)) decoupled graphene at points away from the protrusion, such as that indicated by the blue arrow in (b). (d) d//dV spectrum
recorded over protrusions on decoupled graphene, as indicated by the white arrow in (b). In (d), the resonance peak is attributed to the
effect of an electronegative fluorine atom. (e-f) Schematic models describing (e) C4,F,s molecules deposited on a surface having a buffer
layer everywhere and a region with an additional monolayer of graphene and (f) the continuous surface of a quasi-free-standing graphene
monolayer and a nonintercalated graphene monolayer on a buffer layer after annealing at both 150°C and 850°C. Reproduced with
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graphene when less electronegative elements such as hydrogen
are used” or in a strongly p-doped layer when strongly elec-
tron-withdrawing elements such as fluorine are introduced.”
n-Doped graphene layers formed by intercalating lithium atoms
have also been reported.”

Figure 8 demonstrates fluorine intercalation using adsorbed
C4Fas molecules as a source of fluorine.’ The epitaxial graphene
surface prior to intercalation has both a buffer layer and a gra-
phene monolayer. CyF,; molecules are deposited, and the sample
is annealed, giving the structure shown in Figure 8a. The absence
of the underlying buffer layer confirmed that intercalation took
place. Spectra ((1)) and ((2)) in Figure 8c correspond to the pris-
tine monolayer epitaxial graphene and the intercalated graphene,
respectively. The Dirac point has shifted to the Fermi level, because
of the elimination of the buffer layer and the associated charge
transfer from it. In Figure 8b, the small numbers of protrusions
on the intercalated graphene are attributed to fluorine adatoms.
STS performed over the protrusions indicated a resonance peak
attributable to the influence of an electronegative potential exerted
by the adatom on graphene. Graphene at these points is slightly
p-doped, reflecting the electronegative adatom potential. The
intercalation process is schematically illustrated in Figure 8e—f.

Conclusions

Scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) measurements allow for the characteriza-
tion of topological and electronic properties of graphene on the
local scale that macroscopic tools might fail to detect. STM can
be used to determine the number of graphene layers, as well
as defects, rotational disorder between graphene layers, and
mismatch between graphene and its substrate. Modification of
graphene at the local scale can have a significant effect on the
attributes of the entire graphene layer. Therefore, STM is an
atomically precise characterization tool for understanding the
properties of pristine and modified graphene.
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