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ABSTRACT: We show that inspection with an optical microscope allows
surprisingly simple and accurate identification of single and multilayer
graphene domains in epitaxial graphene on silicon carbide (SiC/G) and is
informative about nanoscopic details of the SiC topography, making it ideal
for rapid and noninvasive quality control of as-grown SiC/G. As an
illustration of the power of the method, we apply it to demonstrate the
correlations between graphene morphology and its electronic properties by
quantum magneto-transport.
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R apid proliferation of graphene to many hundreds of
research groups across the world owed in equal

proportion to a simple fabrication technique by exfoliation
and to its surprisingly straightforward observation by optical
microscopy (OM).1−3 To detect atomically thin flakes, they are
placed onto smooth silicon wafers coated with a dielectric of a
carefully chosen thickness and illuminated with light of a
matching wavelength. Interference of reflected light from the
dielectric layer/Si interface (dielectric layer = SiO2, Si3N, Al2O3,
etc.) enhances the contrast provided by graphene allowing one
to distinguish even individual monolayers.4,5 Being intrinsically
noninvasive, OM preserves the electronic integrity of graphene,
which is crucial for subsequent device fabrication in both
fundamental and applied studies. In seminal experiments,
following the identification of graphene flakes by optical
microscope, low-temperature magneto-transport revealed the
quasi-relativistic nature of carriers in graphene.2,3 Graphene
produced by other methods, such as chemical vapor deposition
(CVD), that can be transferred onto a suitable substrate can be
examined in a similar fashion. For this type of large-area
graphene, OM serves as a quality control in terms of, for
example, the domain size or the number of layers.6,7

Annealing of silicon carbide (SiC) at high temperature is a
reliable technique to produce monolayer graphene (SiC/G),
with several proof-of-concept electronic devices already
demonstrated on this material including transistors,8−10

sensors,11−14 and a quantum resistance standard.15,16 Research
and technology of SiC/G would benefit from simple and fast

methods for graphene quality control. As there is no
interference layer between graphene and SiC, the visibility of
monolayer graphene was theoretically anticipated to be very
weak.17 Despite the possibility to observe graphene on
transparent substrates using an optical microscope in trans-
mission or reflection mode,18 for SiC/G this type of imaging
has only been reported for multilayer graphene stacks on the
carbon face of the substrate.19,20 The need for quality control of
SiC/G derives from the modification of the SiC surface during
high-temperature annealing. The surface of silicon carbide
reconstructs during high-temperature annealing, leading to the
appearance of stepped terraces and nucleation of multilayer
graphene domains. These topographic features introduce
electron scattering and lead to uneven doping profiles, which
limit the performance of SiC/G electronic devices and prevent
their large-scale integration.21 Scanning probe microscopy
techniques (SPM) and Raman spectroscopy are often used
for characterization of graphene layers, but they are time-
consuming.22−25 Alternative characterization methods, such as
those that irradiate the delicate graphene monolayer with
electrons, are often invasive, introducing uncontrolled dopants
and scatterers in the graphene layer.26 Furthermore, invasive
characterization methods prevent the study of correlations
between the as-grown SiC/G morphology and its electronic
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properties. Establishing SiC/G as a wafer-scale technology
would require a demonstration of structural and electronic
homogeneity of the produced graphene monolayer on the same
scale, preferably immediately after graphene growth. Alter-
natively, such strict growth requirements might be relaxed by
the development of noninvasive quality control methods that
allow placement of devices in optimal wafer positions to avoid
defects.
Here we show that, contrary to widespread belief, the

observation of nanoscopic features in SiC/G is possible in a
simple setup consisting of an optical microscope equipped with
just a standard halogen lamp and a computer interface. Light-
transmission mode enables the identification of single- and
multilayer graphene domains, as well as vicinal substrate steps.
Reflection mode, on the other hand, provides higher contrast
imaging of the steps by utilizing interference effects. Although
possible through the eyepiece, the identification of multilayer
domains on SiC/G is sped up by real-time contrast enhance-
ment to increase the dynamic range of the image on a computer
display. The small optical contrast from a single layer of
graphene may be enhanced up to an order of magnitude in this
way, enabling the possibility of wafer scale characterization.
Steps on SiC become observable in transmission mode when
the focal plane is set a few micrometers above or below the
surface. We have also employed differential interference
contrast microscopy (DIC) in reflection mode to improve
the contrast and observe subnanometer features on the
surface.27,28 In this study of correlation between the
morphology of epitaxial graphene morphology and its
electronic transport properties we describe four large-area
SiC/G samples (7 × 7 mm2). We focus on graphene grown at
high temperature (T = 2000 °C) and 1 atm argon on the Si-
terminated face (0001) of semi-insulating SiC (Cree, miscut
angle <0.05), which is the technology of choice for most high-
performance epitaxial graphene electronic devices.10−16 For
electrical characterization we patterned Hall bar devices of
different sizes (180 μm × 50 to 8 μm × 2 μm) using standard
electron beam lithography and oxygen plasma etching as
described elsewhere.15,29 In addition to these four samples, we
have characterized different types of SiC/G samples (see
Supporting Information) including monolayer on the Si-face,
multilayer on the C-face, quasi-free-standing (hydrogen
intercalated) monolayer on the Si-face, and also graphene
grown on conductive (n+) SiC. The samples have been imaged
prior to, during, and after microfabrication without loss of
contrast in the presence of thick polymer resists (∼0.6 μm) or
contamination from polymer residues.
Optical imaging has allowed us to study the correlation

between the electronic properties of SiC/G with features
produced on the substrate during growth. With this method we
are able to inspect as-grown SiC/G samples and find suitable
wafer positions where devices can be patterned. The position
and orientation of devices on SiC/G wafer can have, under
certain circumstances, profound implications on their perform-
ance. For example, Figure 1a shows a Hall bar that has been
deliberately patterned in a region of the wafer which is free
from multilayer domains; Figure 1b, on the other hand, shows a
Hall bar that contains a bilayer graphene patch crossing the bar
channel. Both Hall bars were fabricated on the same chip
(sample SiC/G #1), and therefore the graphene layer has been
grown under identical conditions. To compare both devices in
terms of electronic properties we encapsulated the devices with
photosensitive polymers, tuned their carrier concentration by

irradiating them with ultraviolet light,29 and performed
magneto-transport measurements. At low temperatures, the
monolayer nature of the patch-free structure was revealed by
the observation of half-integer quantum Hall effect (QHE)
(Figure 1a), which is the fingerprint of monolayer graphene in
magneto transport.2,3 Under quantizing conditions, the quasi-
relativistic nature of carriers in graphene is manifested in an
anomalous set of Hall plateaux, RH = (h/4e2)(n + 1/2)−1, with
h the Planck constant, e the elementary charge, and n integer,
zero included. Resistance plateaux at the filling factor ν = 4(n +
1/2) = 2,6 (corresponding to n = 0,1) are visible, and the
sample enters the nondissipative quantum Hall state, once the
longitudinal resistivity along the entire channel is ρ13 = 0, at
magnetic fields B ∼ 14 T. Significantly, a vanishing resistance is
also measured in the Hall bar containing a patch as long as the
longitudinal voltage is measured in the purely monolayer region
(Figure 1b, terminals 1−2). However, when the longitudinal
voltage is measured across the bilayer patch, we observed a
large longitudinal resistivity ρ23 ≈ 4.5 kΩ at the maximum field
in our setup (B = 14 T). Previous reports of quantum transport
in SiC/G attributed similar behavior to the presence of terraces
perpendicular to the Hall bar channel.30 However, in our
measurements the bilayer-free Hall bar is also oriented
perpendicular to terraces on SiC (∼1 nm high), and we have
observed a fully developed half-integer QHE. The nonvanishing
longitudinal resistance is thus attributed to the bilayer domain

Figure 1. Use of optical microscopy to identify individual graphene
layers on the surface of sample SiC/G #1. (a) Hall bar (2 × 8 μm2)
consisting entirely of monolayer graphene, as revealed by the
observation of fully developed half-integer quantum Hall effect. The
inset is the measured relative intensity of light transmitted through SiC
and graphene in the area shown by the yellow vertical line. (b) Hall
bar containing mono- and bilayer graphene domains; while the
longitudinal resistance in quantizing conditions is ρ1−2 ∼ 0 for the
purely monolayer region, the minimum resistance across the bilayer
graphene domains is ρ2−3 ∼ 4.5 kΩ. Inset: relative light intensity
transmitted through a single layer compared to bilayer graphene on
SiC. The images of the Hall bars obtained by optical microscopy have
been separately contrast-enhanced for presentation purposes in order
to compensate for illumination artifacts introduced by the neighboring
metallic contacts (e.g. see the bright perimeter of the contacts).

Nano Letters Letter

dx.doi.org/10.1021/nl402347g | Nano Lett. 2013, 13, 4217−42234218



crossing the Hall bar channel, which behaves as a metallic short
that couples opposite edge states via transverse transport
channels.31 This remarkable difference in performance for the
two Hall bars stresses the importance of patterning graphene
devices in suitable areas of SiC/G, especially when their
dimensions are comparable to the typical size of multilayer
domains on the chip.
We quantified the intensity of light transmitted through a

single layer compared to that in silicon carbide as ΔI1LG‑SiC =
(I1LG − ISiC)/ISiC = −(2.4 ± 0.1)% (inset in Figure 1a). The
corresponding value between monolayer and a bilayer stripe is
ΔI2LG‑1LG = −(1.3 ± 0.2)%. Outside the uncertainty of our
measurements we have not found any spread in the relative
contrast measured in either reflection or transmission mode or
by analyzing samples before or after patterning. The rapid
identification of multilayer domains on SiC/G is facilitated by
contrast enhancement. We employ a real-time gamma
correction in software, such that the pixel intensity of the
image displayed in the computer screen (Iout) is related to the
sensor intensity (Iin) as Iout ∝ IIn

γ, with γ < 1 (typically ∼0.2−
0.4). We emphasize that the measurements of relative intensity
ΔI1LG‑SiC and ΔI2LG‑1LG do not include any contrast enhance-
ment (gamma correction), which is only used to quickly
identify multilayer domains on the SiC/G surface.
In general, the observation of atomically thin layers with an

optical microscope can be explained by considering the strong
light-graphene interaction: a freestanding monolayer blocks
about 2.3% of incident light.32 In the case of SiC/G, the
observation of monolayer is more challenging because the SiC
substrate degrades the contrast roughly by a factor of 2
compared to graphene/vacuum interface. Employing a simple
Fresnel model,33 we estimated the optical contrast per
graphene layer in reflection to be (R − R0)/R0 ≈ 1.5% and
(T − T0)/T0 ≈ 1.3% for transmission mode (see Supporting
Information). This value is in good agreement with the
measured contrast between monolayer and bilayer (inset of
Figure 1b). However, for the case of optical contrast between
the SiC substrate and monolayer graphene grown on the Si
face, the higher contrast can be explained by considering the
presence of the buffer layer. Also referred to in literature as the
zero-layer, this is a graphene-like layer covalently bonded to SiC
that is a byproduct of graphene growth. The buffer is
electrically insulating at low frequencies and therefore does
not contribute to electron transport in DC measurements.
However, since the buffer layer has a graphene-like structure

and the high-frequency (optical) conductance of a graphene
stack consisting of N number of layers is very close to NG0,

32,33

we speculate that the observed higher optical contrast is due to
the higher optical conductivity of the system composed of a
buffer and a graphene monolayer (N ∼ 2).
The optical characterization of SiC/G is complemented with

the observation of stepped terraces on SiC and their impact on
the electronic transport properties of graphene. We found that
these topographic features are easily phase-imaged by DIC in
reflection mode, and depending on their height and relative
orientation they can affect the performance of the device to a
different extent. Figure 2a,b shows the same area on a second
sample (SiC/G #2) as imaged by DIC and atomic force
microscopy (AFM); qualitatively, DIC images are remarkably
similar to those obtained by AFM scans, and by direct
comparison it is shown that, while heights ≥1 nm are routinely
observed, even subnanometer-range features on SiC can in
principle be observed with this optical technique. In electron
transport, we found that shallow steps (height ∼1 nm) have
little impact on device performance. For instance, the device
presented in Figure 1a was patterned oriented perpendicular to
shallow stepped terraces, and half-integer QHE displayed by
the device supports the idea of graphene following the substrate
as a “smooth carpet over steps”. Nonetheless, we investigated
further the effect of higher steps by using DIC imaging to
identify terraces on the SiC/G #2 substrate prior to patterning.
On this particular chip, chosen because it contained regions
with shallow (∼1 nm) and high (∼20 nm) steps, Hall bars were
patterned perpendicular or parallel to the stepped terraces.
Again, in devices placed on shallow steps, we observed no
difference in the transport properties, and the high-quality
monolayer was confirmed by fully developed half-integer QHE;
typical mobilities were of the order of ∼2000 and as high as
6700 cm2 V−1 s−1 at liquid helium temperature (see the
Supporting Information). The situation was substantially
different when devices are patterned on high terraces (Figure
3a); in this case the observed average carrier concentrations
were systemically higher (n ≈ 4 × 1012 cm−2), and the
corresponding mobility was lower (μ ≈ 600 cm2 V−1 s−1)
irrespective of device orientation. We confirmed the effect of
high terraces on a device fabricated right at the onset of high
steps (Figure 3b). This device allowed the effect of step height
to be compared on the same device. Step heights measured by
AFM at the three crosses of the Hall bar were about 1 nm, 5
nm, and 20 nm, respectively. The as-fabricated carrier

Figure 2. Observation of stepped terraces on the surface of sample SiC/G #2 by differential interference contrast microscopy (DIC) (a) and atomic
force microscopy (AFM) in tapping mode. (b) Three distinctive topographical features are encircled for comparison. The inset shows the surface
height along the dashed line (30 μm). While 5 nm high steps are easily identified, the minimum observable height feature using an optical
microscope is below 1 nm.
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concentrations for these three regions was measured through
low-field Hall as n = 1/eRH and found to increase from n1 ≈ 2.1
× 1012 cm−2 to n3 ≈ 3.75 × 1012 cm−2; the corresponding
mobilities decreased from μ1 ≈ 1600 cm2 V−1 s−1, to μ3 ≈ 860

cm2 V−1 s−1. We propose that the source of the increased
electron doping at higher steps is the more dense surface
coverage by bilayer graphene confirmed by OM (see the
Supporting Information), since high steps on SiC serve as
nucleating centers for the growth of multilayer domains. The
high-quality graphene on our samples is achieved because the
majority of the steps created on the 4H SiC polytype during
growth at high temperature and Ar pressure are 0.5 nm
(∼35%) and 1 nm (∼25%).34

In addition to the identification of terraces by exploiting
interference effects in DIC imaging, we show that it is possible
to obtain quantitative data about unit cell-high steps on SiC.
While DIC imaging provides high contrast of subnanometer
features, it does not provide directly quantitative information
since the contrast observed in the image is not linearly
proportional to the phase information. To obtain quantitative
information we employed transport of intensity (TI) analysis in
transmission mode,35 which permits the retrieval of phase
information from the difference between an in-focus image and
a slightly defocused image (see the Supporting Information).
For SiC/G we found that the optical contrast of nanometer-
high steps is indeed enhanced by setting the focal plane about a
micrometer above or below the surface. When the focus is
above the surface (front focus), a bright-dark doublet is
observed at the step edges, but the situation is reversed (bright
and dark switch positions) when the focus is set below the
surface (back focus). A TI analysis performed by taking just two
intensity images at different z-planes (Δz = 1.5 μm) revealed
that the minimum step height that we can reliably resolve is
∼1−3 nm, as confirmed by AFM scans on the same position of
the sample (Figure 4a,b). Compared to AFM, the advantage of
TI stems from its simplicity and speed, since it only requires the
subtraction of two images obtained by setting the focus a
known distance above and below the SiC/G surface. No further
rescaling or calibration is required as we confirmed by direct
comparison of AFM and TI in Figure 4a,b (see script for
analysis in the Supporting Information).
Overall, optical imaging could be used to complement or

even replace established characterization methods such as low
energy electron microscopy (LEEM) or scanning probe

Figure 3. Studies of correlation between stepped terraces on sample
SiC/G #2 and electronic properties enabled by optical microscopy and
Hall effect measurements. (a) For Hall bars (50 × 180 μm2, indicated
by dashed yellow line) patterned perpendicular to high terraces
(height ∼20 nm), the average carrier concentrations and mobilities
were found to be higher compared to devices patterned on shallow
terraces (height ∼1 nm) on the same chip (n ∼ 4 × 1012 cm−2 and μ =
600 cm2 V−1 s−1). In measurements, current flows from source (S) to
drain (D) and the Hall voltage is measured in terminals VH1 = V1 − V4,
VH2 = V2 − V5, and VH3 = V3 − V6 in magnetic fields up to B = 1 T.
Carrier concentrations are calculated as n = 1/eRH. (b) Large-area Hall
bar (50 × 180 μm2) patterned parallel to terraces on SiC, at the onset
of high steps. The carrier concentrations, shown in units of 1012

electron·cm−2, were measured to be higher as the step height
increased. The maximum mobility corresponds to the region with
shallowest steps.

Figure 4. Imaging of nanometer high terraces on the surface of sample SiC/G #2. (a) The transport of intensity analysis allows one to obtain
quantitative information about SiC topography down to ∼2 nm, as confirmed by atomic force microscopy (AFM) in tapping mode. (b) Three
distinctive features in topography are encircled for comparison. The inset shows the surface height along the dashed line (15 μm) obtained by AFM
(dark-blue dashed line) and transport of intensity analysis (light-blue line). The line profile corresponding to TI shows that the lateral resolution is
about 1 μm (diffraction limited).
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microscopy (SPM). OM of multilayer graphene domains on
SiC/G results in images that qualitatively resemble those
obtained by LEEM,18,36,37 showing that similar information can
be obtained in a much simpler way. Figure 5a shows an image
of a nominally monolayer graphene for sample SiC/G #3
obtained in the light transmission mode. In this image the
brighter area is monolayer graphene, and the dark stripes,
where light is more strongly attenuated, correspond to bilayer
graphene domains oriented along the terraces on SiC. In the
case of imaging in reflection mode, the tone is inverted as
shown in Figure 5b: bilayer graphene stripes appear brighter,
and monolayer graphene appears darker. SPM techniques can
provide quantitative information about the SiC surface or even
about the number of graphene layers as in the case of Kelvin
probe force microscopy (KPFM).38,39 Figure 5c shows a direct
comparison of a epitaxial graphene structure patterned by
electron beam lithography on SiC/G #4 as imaged by both
KPFM (inset) and OM. Since KPFM maps the surface
potential it has better performance when samples are free of
any contamination. To obtain the surface potential map of
Figure 5c, the graphene surface was cleaned of organic resist
residuals using relatively slow contact mode AFM cleaning (i.e.,
∼1000 s per 100 μm2 scan).40 In comparison, OM requires no
special preprocessing as demonstrated on both the channel
area, which is free of resist, and to the rest of the sample, which
is contaminated with resist residues. OM can be regarded as an
instantaneous way of obtaining qualitatively similar information
as KPFM and LEEM, especially if the minimum feature size is
above the diffraction limit; in this regard, the minimum bilayer
domain that we have reliably imaged is about 1 μm (see
Supporting Information).
In summary we demonstrate a simple technique for rapid

characterization of graphene grown on silicon carbide. This
method gives qualitatively similar information about the
topography and layer coverage to that obtained by LEEM,
AFM, and KPFM but in a much faster and noninvasive way.

This is crucial for the design of epitaxial graphene devices with
optimal performance. The use of optical microscopy has helped
us understand the correlation between morphology of SiC/G
and its electronic properties. We have shown that a single layer
of graphene on SiC can be identified using optical microscopy
and proved its monolayer nature by the observation of half-
integer quantum Hall effect. We also demonstrated that unit-
cell high terraces in our samples are not detrimental for
electronic properties of epitaxial graphene on SiC, but bilayer
domains are. The presence of bilayer domains on our samples is
minimized because the majority of the steps created on the 4H
SiC polytype during growth at high temperature/pressure are
maximum one unit cell. Optical microscopy can serve as an
enabling technology for material scientists to study the
formation of defects on SiC/G during growth (stepped terraces
and multilayer domains) on the way toward a wafer scale
production of epitaxial graphene.
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Figure 5. Observation of single and bilayer graphene domains on SiC/G. (a) Image taken in an optical microscope in transmission mode, arrows
point at two bilayer patches appearing as dark stripes due to stronger light absorption. (b) In reflection mode, the contrast is inverted: bilayer
graphene domains appear brighter. Both images obtained by optical microscopy have been contrast-enhanced for presentation purposes. (c) An
optical microscopy (OM) image (transmission) of an electron-beam fabricated Hall bar (24 × 120 μm2) on SiC/G #4. The brightest regions in the
optical image correspond to bare SiC accessible after etching of graphene during the last micro fabrication step. Dark areas in the corners of the
image correspond to metallic contacts. The inset shows a Kelvin probe force microscopy (KPFM) image of the same device obtained prior to optical
imaging. Resist debris resulting from AFM cleaning are observable in the OM image (e.g., yellow rectangle). On both OM and KPFM images, the
bright contrast corresponds to a single layer and dark to a bilayer graphene.
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