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Hall effect measurements on epitaxial graphene (EG) on SiC substrate have been carried out as a function of
temperature. The mobility and concentration of electrons within the two-dimensional electron gas (2DEG) at the
EG layers and within the underlying SiC substrate are readily separated and characterized by the simple parallel
conduction extraction method (SPCEM). Two electron carriers are identified in the EG/SiC sample: one highmobility carrier (3493 cm2/Vs at 300 K) and one low-mobility carrier (1115 cm2/Vs at 300 K). The high mobility
carrier can be assigned to the graphene layers. The second carrier has been assigned to the SiC substrate.
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1. INTRODUCTION
Graphene is a flat monolayer material composed of carbon
atoms that are tightly packed into a two-dimensional (2D)
honeycomb lattice structure made out of hexagons, the
elementary building block of graphite.[1-3] The sp2 hybridized
bonding in graphene structures makes it extremely stable
chemically and mechanically.[2,3] The ballistic transports of
electrons in graphene with a mobility that can be exceed
100,000 cm2V−1s−1 makes them unique materials for electronic
applications.[2,3] The outstanding optical properties and
chemical and mechanical stability make it ideal for ultrahigh speed electronic and optical devices, such as field-effect
transistors, p-n junction diodes, terahertz oscillators, and
low-noise electronic and optical sensors.[4-6] Extensive
research has been conducted on fabricating high quality
graphene by various methods and on exploring unusual
physics properties since it was first discovered in 2004.[1]
Two representative approaches of obtaining graphene samples
have been successfully developed up to now.[7-11] In the first
method, single or a-few-layer graphene sheets are mechanically
or chemically split off the bulk graphite crystals and
deposited onto an SiO2/Si substrate.[8] It is this way that an
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almost freestanding graphene is produced, since the carbon
monolayer is practically uncoupled to the substrate. In the
other methods, single and multilayer graphene can be
epitaxially grown on 4H-SiC or 6H-SiC substrate, by the
thermal decomposition of either Si- or C-terminated surface
at high temperatures (up to 1200°C). The number of graphene
layers is controlled by temperature and time.[7,10,11] Epitaxial
graphene (EG) grown on SiC is suitable for large area
fabrication and is more compatible with the current Si
processing techniques for future applications. Nevertheless,
the EG may interact with the SiC substrate, which could
modify its optical and electronic properties.[9]
Since the carriers in different conducting channels do not
all have the same drift velocity, single magnetic field Hall
measurements can only give an approximate result about the
carriers in the multichannel conduction structures.[12-19] To
extract the contributions of 2DEG conductivity in graphene
layers and the parallel conduction in SiC substrate, the
simple parallel conduction extraction method (SPCEM) can
be used.[13,15,16] There may be an important parallel conducting channel even for the graphene layers and SiC
substrate.
In this study, we use a simple method for the Hall effect
measurements of mobility and carrier density at a single
magnetic analysis to successfully extract conduction channels
for a special case that is commonly encountered: one
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graphene layer channel and one SiC substrate channel. The
advantage of this method is primarily its simplicity. The
analysis can be performed with only one magnetic fielddependent measurement per temperature step.

2. EXPERIMENTAL PROCEDURE
Experiments were carried out on epitaxial graphene grown
on (10 × 10) mm2 nominally on-axis 4H-SiC (0001), Si-face
chemo-mechanically polished substrates. All of the substrates
were obtained from a single 4-inch wafer in order to avoid
the influence of large variations of un-intentional off-cut
from wafer to wafer. Three samples were grown during each
growth run to have similar graphene. Optimized surface
preparation and growth process was used to obtain 1 - 2 layers
of graphene. In-situ etching, graphene growth, and hydrogen
intercalation were performed on samples during the same
and single growth sequence without exposing samples to air.
A unique in-situ surface preparation method was adopted
from the on-axis homoepitaxial growth of 4H-SiC. The
samples were exposed to a mixture of silane and hydrogen
(0.006% silane in hydrogen) for 10 minutes at 1400°C. The
following graphene growth was performed in vacuum (59 × 10−6 mbar) at 1400°C for 1 hour. After graphene growth,
the samples were cooled down to below 500°C in vacuum.
The growth cell was then filled with hydrogen to a pressure
of 500 mbar and the intercalation process was made at
700°C for 1 hour. For the Hall measurements by using the
Hall bar geometry (Fig. 1), we designed and fabricated a
photomask with electron beam lithography in order to
perform each fabrication step with optical lithography. Ohmic
contacts were fabricated with the reverse lithography
technique. After development, 20 nm titanium and 100 nm
gold were deposited by electron beam evaporator, and then
followed with the standard lift-off process. The mesa

Fig. 1. Optical image of the Hall-bar device patterned on an EG/4HSiC sample.

lithography step was performed in order to preserve the
active graphene region, while etching the rest of the
graphene on the surface with O2 plasma. After the etching
process, 500 μm by 1100 μm, the active graphene region
was obtained. Interconnect metal lithography was performed
by using 30 nm/220 nm Ti/Au metal pair. Finally, devices
were bonded for Hall measurements.
The low magnetic field temperature dependent Hall Effect
measurements were done as a function of temperature from
1.8 to 300 K by using a Cryogen-free superconducting
magnet system (Cryogenics Ltd., Model no J2414). A static
magnetic field (B = 0.5 T) was applied to the sample
perpendicular to the current plane. In the experiments, a
conventional DC technique in combination with a constant
current source (Keithley 2400) and a nanovoltmeter (Keithley
2182A) were used. The Raman spectroscopy data was
collected by the Jobin Yvon Horiba system. As an excitation
source, a wavelength of 532 nm (2.33 eV) from a He-Ne
excitation laser was applied. The data is collected with a
100X objective with 0.9 numerical apertures. A slit size of
200 um and a hole size of 1100 μm is used throughout the
measurements.

3. RESULTS AND DISCUSSIONS
Standard Hall effect measurements of mobility and carrier
density at a single magnetic field are of limited use when
applied to systems with prominent mixed conduction because
they only provide the averaged values of both the carrier
concentration and mobility, which may not represent any of
the actual individual species.[12-19] In order to extract the
correct transport parameters of the individual channel in the
multilayered structure, such as GaAs/AlxGa1-xAs and AlxGa1-xN/
GaN heterostructures, several extraction techniques were
proposed.[12-16,18] Among these techniques, the quantitative
mobility spectrum analysis (QMSA) method is the most
popular.[14,15] The QMSA technique, which generates optimized
quantitative results from the experimental results, can be
effectively used for determining the individual carriers in
multilayered semiconductors.[14,15] It has no limits for the
carrier type and number of channels. However, in order to
extract the effect of low mobility bulk carriers, very large
magnetic fields (μminBmax >> 1) are required.[14,15] On the
other hand, a simple parallel conduction extraction method
(SPCEM), in order to extract the contributions of bulk and
2DEG carriers in a HEMT or MODFET structure, was
proposed by Lisesivdin et al..[18] The mobilities and carrier
densities of individual carrier channels in AlGaN/GaN
heterostructures[16,18] and GaN bulk layers[19] were investigated
successfully by using the SPCEM technique.
In the SPCEM calculations, some assumptions were
made:[18]
(1) There are two main contributions to conductivity:
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2DEG carrier in graphene layers and a 3DEG bulk carrier in
the SiC substrate.
(2) At low temperatures, bulk carriers are assumed to be
totally frozen. Therefore, the measured Hall carrier density
at the lowest temperature is accepted as the temperatureindependent 2DEG carrier density.
(3) The change in temperature-dependent measured carrier
density is caused by the thermal activation of bulk carriers
only.
(4) Densities of bulk carriers and the 2DEG are in the
same order.
In the SPCEM calculations, the mobility of a 2D carrier
(symbolized as carrier 1) and bulk carrier (symbolized as
carrier 2) were calculated by these equations;
Lo

Lo nH
μ1 ≅ μH ------LO
n1
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Fig. 2. Raman spectra of EG grown on Si-terminated 4H-SiC and 4HSiC substrate as indicated.
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In equations nH , μH , nH , and μH are Hall carrier
densities and Hall mobilities at high magnetic fields and at
low magnetic fields, respectively. Temperature-independent
LO
LO
2DEG carrier densities are calculated with n1 = nH at
the lowest temperature available. For the bulk carrier density
LO
LO
LO
contribution at each temperature step, n2 = nH – n1 were
used.[18]
The temperature dependence behavior of the Hall mobility
and Hall carrier density of the graphene/SiC sample is
shown in Fig. 2, measured at a magnetic field of 0.5 Tesla in
a temperature range between 1.8 and 300 K. At room
temperature, Hall mobility is 1291 cm2/Vs, and Hall sheet
carrier densities are 4.4 × 1011 cm−2. On the other hand, at 1.8
K, the Hall mobility of the EG on an SiC sample increases to
7.8 × 103 cm2/Vs and a Hall sheet carrier density decreases
to 6.0 × 1010 cm−2. This kind of behavior in nH and μH is
characteristic of the samples that have a dominant conduction
of 2DEG.[14,16,18]
The carrier transports parameters (mobility and carrier
density) as a function of temperature that are extracted from
the SPCEM procedure are presented in Fig. 3(a) and 3(b),
respectively. As clearly indicated by the mobility spectra in
Fig. 4(a), two electron carriers are identified in the EG/SiC
sample: one high-mobility carrier (7,772 cm2/Vs at 1.8 K
and 3,493 cm2/Vs at 300 K) and one low-mobility carrier
(1,115 cm2/Vs at 300 K). The data presented in Fig. 4(b)
indicates the two different sheet carrier densities. The sheet
carrier concentration for electrons in the graphene layers is
temperature independent according to assumption #3.
However, the sheet carrier concentration in the SiC substrate
shows the temperature dependent behavior. The high mobility
carrier, which shows the characteristic 2DEG mobilitytemperature behavior, has been assigned to the graphene. On
the other hand, the second carrier, which contributes much
less to the total conductivity, has been assigned to the SiC
substrate. We have a 2D gas of high mobility electrons in the
graphene layers parallel with much lower mobility electrons

Fig. 3. Temperature dependence of the Hall sheet carrier density (nH), and the Hall carrier mobility (µH), as measured by the Hall effect at
=0.5 T, for EG on 4H-SiC substrate.
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Fig. 4. Temperature dependence of (a) mobilities and (b) Hall sheet
carrier density (nH) of the carriers in SiC substrate and EG layers calculated by SPCEM.

in the SiC substrate layer. The mobility temperature behavior
of the second carrier, which is assigned to the SiC substrate,
is consistent with the literature data given for 4H-SiC
substrate.[20]
Raman spectroscopy is a powerful, fast, and non-destructive
method for the characterization of the structural and
electronic properties of graphite materials. It gives useful
information on the defects (D-band), in-plane vibration of
sp2 carbon atoms (G-band), and stacking orders (2Dband).[21-30] The G-band of graphite materials is a doubly
degenerate (TO and LO) phonon mode (E2g symmetry) at the
Brillouin zone center, whereas the D-band is due to phonon
branches around the K point and requires a defect for its
activation.[21,22,23] The evolution of the 2D-band for different
graphene sheets has been used for determining the graphene
thickness as well as for probing electronic structures through
the double resonance process.[28] The symmetry and
sharpening of the 2D-band can be used to detect the layer
number in graphene.[25,27,28] The electron or hole doping can
also be monitored from the stiffening and sharpening of the
G-band.[22,30]
Figure 4 shows the Raman spectra of EG + SiC (grown on
Si-terminated 4H-SiC) and SiC substrate. The Raman spectrum
of the EG + SiC sample has four dominated peaks located at
1,516, 1,592, 1,711, and 2,711 cm−1, of which the peaks at
1,516 and 1,711 cm−1 are from the SiC substrate. The Raman
scattering spectra of the EGs samples show the characteristic
G and 2D bands on the background of a more or less
pronounced signal from the SiC substrate.[29] The charac-

teristic graphene peak at 1,592 cm−1 is the in-plane vibrational
G-band, and the 2,711 cm−1 peak is the two-phonon 2Dband.
Significant blue shifts of the G and 2D band were
observed in the Raman spectra. The shifted position of the
2D peak at 2,711 cm−1 (compared with the Raman result
measured in the micromechanical cleavage graphene layer)
indicates the compressive strain of the graphene layer caused
by the SiC substrate, during the post-growth cooling down
procedure or charge-transfer doping from the substrate.[22,26]
Moreover, the tension strain in the graphene precursor will
induce a Raman shift to low frequency by approx. 12 cm−1 in
the G-peak. Based on a quantitative calculation under biaxial
strain,[22,26] the G-peak Raman frequency shift can be defined
as Δω G = Aεxx/ω G0 ≈ ασ where A = −1.44 × 107 cm−2, εxx is
a strain of a graphene layer under biaxial stress σ, ωG0 is the
G-peak Raman frequency of a strain-free graphene and α is
a stress coefficient of approx. 7.47 cm−1/GPa. Considering
the G-peak position of a strain-free graphene highly-oriented
pyrolytic graphite (HOPG) given in the literature as 1,580
cm−1,[26] the Raman frequency difference between the Gpeaks of the sample under study and that of the HOPG is
approx. 12 cm−1. Therefore, a biaxial stress of 1.61 GPa on
EG is obtained. Wang et al.[24] published a detailed investigation
on the Raman studies of the monolayer graphene produced
by micromechanical cleavage on different substrates, such as
standard SiO2 (300 nm)/Si, quartz, Si, glass, NiFe, and
PDMS. They conclude that the Raman features of mono
layer graphene are independent of the substrate used and the
effect of substrate on the atomic/electronic structures of
graphene is negligible. However, they reported a strong blue
shift of the G-band Raman spectra of the epitaxial graphene
mono layer on the SiC substrate, which were explained by
the strain effect caused by the covalent bonding between the
SiC substrate and epitaxial graphene, resulting in changes to
the lattice constant of graphene.[24] Similar, significant blue
shifts of all the Raman peaks were observed in the Raman
spectra of the EG grown on SiC substrates by Ni et al..[23]
They attributed this significant blue shift to the compressive
strain caused by the SiC substrate. And they conclude that,
for thicker EG, the strain relaxes and the Raman peaks shift
toward those of micromechanical cleavage graphene and
graphite.
The 2D peak shape is also used to distinguish single and
multilayer samples. The monolayer graphene has a sharp,
single 2D peak, in contrast with graphite and multilayer
graphene.[22,23,27] In the inset of Fig. 4, the Lorentz function fit
to the 2D peak of the Raman spectra of EG is shown. The
Lorentzian curve shape of the 2D peak is a feature of
epitaxial graphene layers and the signature of a system with
a single-band electronic dispersion. The 2D peak is, however,
much broader with a full width at half maximum (FWHM)
of around 71 cm−1. The broadening can be attributed both to
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defect scattering and two or more layer graphene.[26] Recently,
Ferrari et al.[23] demonstrated that the shape of the 2D Raman
peak may serve as the fingerprint to distinguish mono-, bi-,
and few-layer graphene. The 2D peak stems from a double
resonance electron phonon scattering process.[25,27] For mono
layer graphene, the 2D peak can be fit to a single Lorentzian
curve, whereas the multiple bands in bilayer or few-layer
graphene require fitting to four or more Lorentzian curves.
Although the Raman data of multilayer epitaxial graphene
were recently reported, a similar, clear procedure to differentiate
between single layer, bilayer, and multilayer graphene on
SiC is lacking.[25,27]

4. CONCLUSIONS
In the present work, in order to extract the conduction
effects of 3DEG in the SiC substrate effect, we performed
Hall effect measurements in the temperature range 1.8 - 300 K
on EG on the SiC substrate. In order to investigate the In
graphene layer on the SiC substrate, we have a 2D gas of
high mobility (7772 cm2/Vs at 1.8 K and 3493 cm2/Vs at
300 K) electrons in graphene layers parallel with much
lower mobility (1115 cm2/Vs at 300 K) electrons in the SiC
substrate layer. The high mobility carrier, which shows the
characteristic 2DEG mobility-temperature behavior, has
been assigned to the 2DEG. On the other hand, the second
carrier contributes much less to the total conductivity, and
has been assigned to the SiC substrate.
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