
Chapter 6
Magneto-Transport on Epitaxial Graphene
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6.1 Introduction

Graphene, a monolayer of carbon atoms tightly packed into a two-dimensional
(2D) hexagonal lattice, has recently been successfully isolated from highly ordered
pyrolytic graphite (HOPG) and shown to be thermodynamically stable and to exhibit
astonishing transport properties, such as an electron mobility of �25;000 cm2=Vs
and velocity of �108 cm=s at room temperature [1–3]. With the high carrier mobility
enabled by its unique electronic structure, graphene has attracted many research
efforts recently. Initial works have demonstrated the great potential of graphene
for modern electronics applications. These efforts are focused on overcoming the
challenges faced to incorporate graphene into microelectronic applications. The
three particular challenges are developing a synthesis technique to manufacture
graphene over wafer-scale areas, opening an energy bandgap in graphene, and
forming a high-quality gate dielectric on the surface of graphene.

An interesting differentiation between the many well-established semiconductor
materials in microelectronic industry and graphene is how it was discovered. Most
semiconductor materials are created through deposition or melt processes, but the
origin of graphene is unique. The first successfully isolated sheet of graphene
was formed by Geim and Novoselov through a mechanical exfoliation technique
which used cellophane tape to remove and subsequently transfer graphene sheets
from HOPG to SiO2 [2]. This produced graphitic flakes tens of microns in size
upon which electronic devices were fabricated. The pioneering work on isolating
graphene has been recognized by earning its discoverers the Nobel Prize in Physics
for 2010. Since the mechanical exfoliation technique does not require expensive
equipment, this approach is still widely used for research purposes. Various
alternative methods have been studied and developed to fabricate uniform graphene
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on a large-scale with controlled layer thickness, including epitaxial graphene grown
through the thermal decomposition of SiC [4–9] or chemical vapor deposition
(CVD) growth of graphene on metallic substrates, such as copper or nickel [10–
13], as described in Chap. 7.

Epitaxial graphene grown on the surface of SiC was first demonstrated three
decades ago by Van Bommel [14] and developed further recently by de Heer and
Berger et al. [4, 15]. This synthesis technique has proven to be one of the best
available to produce high-quality, large-scale graphene. Compared to exfoliated
graphene, epitaxial graphene formed by the thermal decomposition of SiC has
provided the missing pathway to a viable electronics technology. The electronic
band structure of graphene leads to a unique property which is its zero-bandgap.
An energy bandgap is essential for typical digital applications as well as most
RF applications. Many methods to engineer a bandgap within graphene have been
studied such as tailoring nanoribbon structures [16–23] and using bilayer graphene
with a displacement field [24–28]. Top gate configuration is a must for any device
applications which require high-quality gate dielectric on graphene. Unlike silicon
and other conventional semiconductor materials, the unique sp2 hybridization of
graphene provides no chemical bonds on the surface. This lack of bonds makes the
surface chemically inert, which is problematic for forming high-quality dielectrics.
There are many different solutions being investigated to solve this problem. One
such approach is through the use of atomic layer deposition (ALD), the-state-
of-the-art dielectric technique developed in Si CMOS technology [29, 30]. It has
been found that a surface treatment of NO2 gas can be used to functionalize the
surface of graphene prior to the subsequent ALD of oxide [31]. Also, ultrathin seed
layers such as an oxidized Al layer, a commercial NFC 1400–3CP (JSR Micro,
Inc.), or perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) polymer layers
have been investigated [32–35]. Recently, a novel seed layer process using ozone
and trimethylaluminum (TMA) as precursors at room temperature was also studied
[36]. It is of great importance to provide a high-quality dielectric which does not
degrade the channel mobility of graphene transistors. The dielectric should have
high phonon energy and low interface trap density to minimize phonon scattering
and impurity scattering.

In this chapter, the epitaxial graphene work on SiC performed at Purdue
University in the past years is summarized. The summary includes the synthesis
process, which uses an Epigress VP508 SiC hot-wall CVD reactor for graphene
growth [5, 33, 37–40]. The physical characterization of the epitaxial graphene is
discussed from systematic studies by scanning tunneling microscopy (STM), atomic
force microscopy (AFM), transmission electron microscopy (TEM), and Raman
spectroscopy. Furthermore, the ALD growth mechanism is investigated and ALD
high-k/graphene integration is explored. Charge mobility is characterized by Hall
mobility measurements and field-effect mobility characterization from top-gated
devices. The authors have observed for the first time the half-integer quantum Hall-
effect on epitaxial graphene which confirms that epitaxial graphene on SiC shares
the same electrical properties as exfoliated graphene [33]. Similar findings were also
reported by other groups independently [41–43]. Detailed magneto-transport studies
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on monolayer graphene on SiC (0001) are also presented. Ballistic and coherent
transport on nanostructured graphene films are also studied as well as spin transport.
Related work has also been carried out at the George Institute of Technology, Naval
Research Laboratory, Hughes Research Lab, IBM T.J. Watson Research Center, and
many other universities.

6.2 Epitaxial Graphene Synthesis

The key to forming epitaxial graphene on SiC relies on controlling the prefer-
ential desorption of silicon atoms from the substrate. The first gas phase mass
spectrometry studies of the thermal decomposition of SiC occurred in the late
1950s. It was shown that the most prevalent gaseous species sublimating from a
thermally decomposing SiC substrate is atomic silicon [44, 45]. This desorption of
silicon leaves behind a non-stoichiometric substrate in the form of a carbon rich
surface as described in Chap. 5. After self-reconstruction and relaxation, the surface
carbon minimizes its free energy through the formation of graphitic bonds. In situ
studies using X-ray photoelectron spectroscopy (XPS) as well as Auger electron
spectroscopy (AES) have demonstrated the formation of carbon-to-carbon sp2 bonds
[46]. These bonds form the hexagonal, or honeycomb-like, lattice characteristic of
graphene. This graphitic film on SiC is generally referred to as epitaxial graphene.

By varying the thermal decomposition conditions, such as growth temperature,
growth time, and chamber pressure, the material properties of the epitaxial graphene
can be changed. As a simple example, increasing the growth time can increase the
thickness of the epitaxial graphene. While true graphene is only a single monolayer
thick, epitaxial graphene on SiC can possess the same electrical characteristics
despite being multiple atomic layers thick. This is due to the symmetry and
rotational stacking sequence of the individual layers within the epitaxial graphene
[47]. Rotational stacking faults within epitaxial graphene serve to electronically
decouple the individual layers and break the stacking symmetry of Bernal stacked
graphite, which is the most common graphitic polytype. Depending on the polar
face and growth conditions, uniform films with thicknesses of 1–2 layers or up to
tens of layers can be reproducibly and reliably formed over the wafer scale.

The following is the developed process details used to grow high-quality
graphene films on SiC. The epitaxial growth starts with a wet cleaning procedure
using a Piranha bath and HF dip. Then the samples are transferred into an Epigress
VP508 hot-wall CVD reactor for SiC surface preparation, and subsequently,
graphene formation. The growth procedure is as follows:

1. A reactive hydrogen environment at 1;500ıC is held for 10 min to remove
polishing scratches.

2. The chamber is allowed to cool (typically to 700ıC or below) while the hydrogen
is evacuated.
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3. The desired growth environment replaces the hydrogen, either high-vacuum or
low-pressure Ar (1–100 mbar).

4. The chamber is brought to 1;100ıC and then ramped at 10ıC=min to the desired
growth temperature (generally 1;350–1;650ıC) for a desired length of time
(generally 10 min).

5. Allow the chamber to cool naturally.

The growth conditions, film morphology, and electrical properties of the epitaxial
graphene films differ markedly between films grown on the C-face (SiC .000N1/)
and films grown on the Si-face (SiC (0001)). This is because SiC is a polar material.
It has been confirmed by several research groups that the graphene film is thicker
for C-face grown graphene than Si-face under similar growth conditions [48]. For
the C-face, there is only a single silicon-to-carbon sp3 bond holding the desorbing
silicon atom to the surface of the substrate, whereas for the Si-face, there are three
bonds holding the silicon atom to the surface.

After growth and cooling, samples are taken out and inspected optically and
with AFM. The AFM profilometry micrographs in Fig. 6.1 demonstrate how a
growth condition, temperature in this case, affects the surface morphology. The
hold time is kept constant at 10 min and a high-vacuum environment is used for this
particular set of experiments. Comparing the micrographs, the most drastic change
is seen between the 1;450ıC and 1;500ıC growth temperatures. At temperatures
� 1;500ıC, several-micron large regions of smooth graphene films are obtained
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Fig. 6.1 AFM profilometry micrographs of C-face 4H–SiC substrates after H2 etching and thermal
decomposition at 1;350ıC; 1;450ıC; 1;500ıC; 1;550ıC, and 1;600ıC for 10 min in vacuum (low-
10�5 mbar). The images were taken by G. Prakash under the guidance of Prof. Reifenberger at
Purdue University
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which are delineated by ridges that are tens of nanometers high. As determined
from angle-resolved XPS, the film itself grows linearly in thickness with increasing
temperature. At 1;475ıC, it is 1.7 nm thick and it is 5.7 nm thick at 1;600ıC.
Optimizing the growth conditions allows for thinner films. For example, gaseous
argon can be used as a growth ambient as opposed to vacuum. At 1;600ıC, using
10 mbar of argon overpressure instead of a vacuum environment is found to decrease
the epitaxial graphene thickness by 1.1 nm. The argon overpressure creates an
additional kinetic barrier to silicon desorption which can help control epitaxial
graphene formation.

Unlike on the C-face, epitaxial graphene formation on the Si-face proceeds in
a rate limited manner, which allows for synthesizing more uniform films. The
morphology of epitaxial graphene film on the Si-face has a comparatively lower
RMS roughness than the C-face due to a lack of ridges, as depicted in Fig. 6.2.
Held at 1;550ıC under vacuum for 10 min, the Si-face has epitaxial graphene
covering approximately 95% of its surface. However, the typical Hall mobility of
graphene formed on the Si-face under vacuum is �1;300 to 1;600 cm2=Vs, which
is significantly lower than the C-face samples grown at the exact same condition
which exhibit a mobility value of �5;000 to 6;000 cm2=Vs.

In addition to AFM, STM has also been used to study the surface of epitaxial
graphene. An Omicron ultrahigh-vacuum STM with etched tungsten tips is operated
at room temperature in the low 10�10 Torr regime. The XY piezocalibration was
checked independently by imaging atoms in HOPG. Figure 6.3a shows a three-
dimensional representation of epitaxial graphene blanketing the intrinsic terraces of
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Fig. 6.2 AFM profilometry micrographs of Si-face SiC substrates after H2 etching and thermal
decomposition at 1;400ıC; 1;450ıC; 1;475ıC; 1;500ıC; 1;525ıC, and 1;550ıC for 10 min in
vacuum (low-10�5 mbar)



166 P.D. Ye et al.

Fig. 6.3 (a) STM image of a graphene film formed on a carbon-face on-axis semi-insulating
4H–SiC substrate. The 1.2 or 1.4 nm steps are unit steps in the basal plane of the SiC substrate. (b)
Atomic resolution STM image of a triangular sublattice of carbon atoms in a graphene film. Due
to the offset between two sublattices in a multiple graphene film, only every other surface atom is
imaged. The STM work was carried out by Prof. Reifenberger’s group at Purdue University

the SiC surface. The local density of states (LDOS) are probed and exhibited in
Fig. 6.3b. The measured lattice constant is found to be approximately 2.5 Å which
is very close to that of graphene, which is 2.46 Å. Furthermore, the graphene on SiC
has the same LDOS as on HOPG. Over atomistic length scales, this is material evi-
dence of the high-quality graphene grown epitaxially on thermally decomposed SiC.

In addition to surface analysis, an atomistic side-view of epitaxial graphene can
be obtained through the use of cross-sectional high-resolution TEM (HRTEM). This
provides insight into the number of layers formed. Figure 6.4a shows a HRTEM
micrograph of graphene layers formed on a Si-face sample held at 1;550ıC for
10 min under high-vacuum. The sample is prepared for TEM via focused ion
beam (FIB) extraction and then imaged at 300 kV with an FEI Titan 80–300. As
can be seen, there is one monolayer of graphene plus a SiC reconstructed buffer
layer between the graphene and SiC substrate. Throughout the tens of microns
imaged from the extracted sample section, there are typically between 1–2 layers
of graphene with a very few regions showing no signs of graphene. This lack of
uniformity occurs since graphene formation relies on the pseudo-random process of
Si desorption. Figure 6.4b shows another cross-sectional HRTEM image; this time
of epitaxial graphene formed on the C-face after thermal decomposition at 1;500ıC
under vacuum. As previously mentioned, this thickness discrepancy between polar
faces is common and thicker films are usually formed on the C-face of SiC under
similar growth conditions.

Hall bars are fabricated on epitaxial graphene on both polar faces to understand
the quality of the film over a larger length scale than the atomistic views provided by
HRTEM and STM. The measured Hall mobility values for both C-face and Si-face
devices are presented in Fig. 6.5. The positive correlation between growth pressure
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Fig. 6.4 HRTEM micrographs of (a) Si-face and (b) C-face SiC substrates after 1;550ıC and
1;500ıC thermal decomposition for 10 min, respectively. The FIB and TEM work was performed
by R. Colby under the guidance of Prof. Stach at Purdue University

Fig. 6.5 (a) Average room-temperature Hall mobility values versus pressure for both C-face and
Si-face devices. The graphene coverage is discontinuous at chamber pressures above 50 mbar for
the C-face and 10 mbar for the Si-face. The number next to each point represents the number of
devices tested, and the dotted lines serve as guides to the eye. (b) There is no apparent correlation
between the thickness of a Hall bar and its measured Hall mobility or carrier concentration. This
implies that there is not equal conduction from each graphene layer in the film

and mobility for the C-face is similar to that found by Tedesco et al. [48]. This
correlation continues to the point where a large enough Ar overpressure inhibits
Si desorption from the SiC sample and epitaxial graphene formation is halted.
At 100 mbar (50 mbar) and 10 min growth time, AFM and Raman spectroscopy
indicate there is no longer a continuous film of epitaxial graphene on the C-face (Si-
face) surface. Instead, on the C-face, isolated patches of epitaxial graphene are found
at random locations across the surface. With increased growth time, it is expected,
based on previous research, that a continuous film would be achieved at 100 mbar;
but for this set of experiments, growth time is held constant at 10 min. There is not
a clear increase in Hall mobility values as pressure increases on the Si-face, unlike
the trend other groups have observed [49, 50]. This discrepancy could be caused
by an increasing density of discontinuities in the epitaxial graphene. As growth
pressure increases, so too does the suppression of Si desorption, which leads to a
discontinuous epitaxial graphene film. Thus, there is a decrease in the percentage
of the surface which is covered by epitaxial graphene as growth pressure increases.
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This notion is confirmed via AFM phase contrast imaging. These discontinuities
serve as scattering sites, thereby lowering the overall measured Hall mobility.

Figure 6.5b shows an apparent lack of correlation between the thickness of each
device and its Hall mobility and carrier concentration value. This is important,
because it implies that each graphene layer within the epitaxial graphene does not
contribute equally to conduction. If there were equal conduction, then for each
additional layer, there would be a monotonic increase in carrier concentration with
thickness. Correspondingly, there would be a decrease in the Hall mobility value,
since carrier concentration and Hall mobility are inversely related. Instead, neither
of these trends are apparent in Fig. 6.5b.

6.3 Dielectric Integration on Epitaxial Graphene

ALD is a thin-film growth technique for depositing uniform and conformal films
with atomic precision. ALD is a special modification of the CVD method with the
distinctive feature of alternate and cyclic supply of each gaseous precursor to the
reactor chamber at relatively low temperature 200–350ıC. The alternating pulses of
the precursors are chemisorbed on the substrate surface and excesses are removed
by a purge step. The key feature of the ALD methods is the saturation of all the
reaction and purging steps, which makes film growth self-limiting on the surface.
The precision achieved with ALD allows processing of nanometer-scale films in a
controlled manner. ALD methods and applications have developed rapidly over the
last ten years, particularly for high-k gate oxides. ALD high-k Hf-based oxide has
become a manufacturing process to replace SiO2 in 45 nm node Si complementary
metal-oxide semiconductor (CMOS) digital integrated circuits starting in the second
half of 2007. It is natural to extend this state-of-the-art CMOS oxide processing
technology to graphene. However, the ALD process on graphene is expected to
be very different from the deposition on conventional semiconductors or oxides,
because the perfect graphene surface is chemically inert [51].

Figure 6.6a shows an AFM topography image of fresh HOPG surface with an
atomically smooth .rms D 0:04 nm/ carbon surface and atomically sharp step edges
created by broken graphene layers. From the line profile (not shown), the step height
is measured to be 0.3–0.4 nm, confirming that it is generated by a single graphene
layer. Figure 6.6b shows an AFM image of a similar area after 10 cycles, i.e., 1 nm
of ALD Al2O3 process at 250ıC growth temperature. From these images and line
profile data (not shown), the graphene surface remains atomically smooth with an
rms roughness of 0.04 nm, indicating that no Al2O3 films are grown on graphene
surface. This demonstrates that conventional H2O-based ALD process cannot grow
two-dimensional, continuous, and isotropic oxide films directly on pristine graphene
surfaces. On the other hand, Al2O3 nanoribbons with 1.5 nm height and several
nanometers wide are clearly observed at step edges, indicating that ALD Al2O3

films only grow along the step edges.
It is widely believed that an ultrathin high-k dielectric integration on graphene

would be the next major road block toward the realization of high-performance
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Fig. 6.6 (a) AFM images of HOPG surface with graphene terraces and (b) similar surface after
1 nm thick ALD Al2O3 growth

graphene-based electronic devices. Much research has been carried out in this field
using specific seeding or interfacial layers, as has been done with Ge or III–V semi-
conductors. These research efforts can be categorized as: (1) trimethylaluminum
.TMA/ C NO2 seeding layer [31, 51], (2) TMA C O3 seeding layer [36], (3) a
fully oxidized Al seeding layer [32,33], (4) organic PTCA or PTCDA seeding layer
[30,35], and (5) diluted spin-coated polymer NFC 1400–3CP as a buffered dielectric
[34]. Significant additional research is needed to characterize the interface quality
and optimize the dielectric formation process at the device level. Our approach is
to form ALD high-k gate stack integration on epitaxial graphene films by inserting
a 1 nm thick fully oxidized Al film as a seeding layer. The gate stack formation
does not degrade the electrical properties of epitaxial graphene films significantly.
The half-integer quantum Hall-effect (QHE) is observed in gated epitaxial graphene
films on SiC (0001), along with pronounced Shubnikov-de Haas (SdH) oscillations
in magneto-transport [33]. The observation of quantum features demonstrates the
reasonable success of integration of ALD high-k on epitaxial graphene.

6.4 Top-Gate Graphene Field-Effect Transistors

For most potential graphene applications, it is crucial to have a top gated working
transistor that can be integrated into a conventional CMOS process flow, and that
enables device scaling. Conventional transistors are made on semiconductors with
moderate bandgap .Si � 1:12 eV; GaAs � 1:4 eV/. Bandgap is an important
characteristic of the semiconductor that enables the device to turn off and minimizes
leakage current at off state. The bandgap energy also influences two performance
parameters that tend to offset one another: drive current (mobility) and on–off ratio.
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Generally, for narrow bandgap semiconductors, the light effective mass enables high
mobility and even ballistic transport. However, in narrow bandgap semiconductors,
the off current becomes excessive because band-to-band tunneling current is large.
Graphene has very high mobility and room temperature ballistic transport over
a few hundred nanometers, which is one of its most attractive properties for
device performance. The biggest concern currently for graphene is the poor off-
state characteristics. Narrow ribbon widths down to less than 10 nm are required
to induce a bandgap and achieve acceptably low off currents. Narrow ribbons of
these dimensions are still a challenge, even with modern lithographic techniques
[16,17]. The edge roughness of the nanoribbon at 10 nm scale leads to the significant
degradation of the intrinsic mobility. Graphene edge surface passivation is another
active field currently [52–54].

Because the density of states (DOS) in graphene is linear with respect to the
energy level, gate voltage can modulate the DOS linearly to enable modulation of
current in the channel. Top-gated transistors have been fabricated and characterized
on epitaxial graphene on SiC on both (0001) and .000N1/ face of SiC [5]. The device
structure of the fabricated graphene FET is shown in Fig. 6.7a. Device isolation
of the graphene film was realized by 120 nm deep SF6-based dry etching with
photolithographically defined photoresist as a protection layer. Ti/Au metallization
was used to form Ohmic contacts on graphene as source and drain. Physical vapor
deposited (PVD) SiO2 was used as a top gate dielectric. Finally, conventional
Ni/Au metals were electron-beam evaporated, followed by lift off to form the
gate electrodes. The process requires three levels of lithography (isolation, Ohmic,
and gate), all done using a contact mask aligner. PVD dielectrics can be simply
applied to graphene devices instead of ALD. However, it is also a challenge to form
nanometer thin high-quality dielectric on graphene by the PVD approach.

Figure 6.7a shows the DC output characteristic with a gate bias from 1 to 2.5 V
on a device with a fully covered gate. The measured graphene FET has a designed
gate length .Lg/ of 400 �m and a gate width .Lw/ of 50 �m, with a gate oxide of
50 nm SiO2. The gate leakage current is very low, below 10�9 A under the same
bias conditions, corresponding to a gate leakage current density of 3 � 10�6 A=cm2.
The drain current can be modulated by approximately 50% with gate bias of a few
volts. A reference SiC sample without the graphitization treatment, processed at
the same time, shows no current .<40 pA/, which confirms conduction through
the graphene layers only. Figure 6.7b illustrates the transfer characteristics of
this graphene FET at Vds D 2:0 V. The drain current or conductance exhibits
a region of minimum at Vgs � �0:8 V. This dip in single-graphene layer is
well-documented and corresponds to a minimum conductivity of �4e2=h at the
charge neutrality point or Dirac point, where e and h are the electric charge and
Planck’s constant, respectively. It is the same physical origin here for multilayer
graphene films. The device cannot be turned off because graphene or graphite is a
semimetal with no bandgap. A finite bandgap can be created by patterning graphene
into graphene nanoribbons, but the dimensions of such ribbons press the limits of
modern lithography. The slope of the drain current shows that the peak extrinsic
transconductance .Gm/ is �1:4 mS=mm, due to its extraordinarily large gate length.
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Fig. 6.7 (a) Ids vs. Vds as a function of Vgs on a few-layer graphene FET measured at room
temperature. Vgs changes from 2.5 V (top) to 1.0 V (bottom) in 0.5 V steps. Inset: device structure
of the top-gate transistor on epitaxial graphene on SiC substrate. (b) Transfer characteristics of the
same device at Vds D 2 V. The dashed lines are corrected one around Dirac point after extracting
the p–n junction resistance or odd resistance component

The channel mobility can be simply estimated by:

� D �
.�Id=Vds/ =

�
Lw

ı
Lg

��ı
Cox�Vgs (6.1)

using the surface-channel device formula. Here, Cox is determined by "0"rA=d ,
where "0 is the permittivity of free space, "r is 3.0 for PVD SiO2 without annealing,
A is the cross-sectional area, and d is the gate oxide thickness. The extracted
electron effective mobility is as high as 5; 400 cm2=Vs. The device characteristics
become ambipolar for low charge density near the Dirac point. A simple approach,
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proposed by Huard et al., is used to further characterize the sample by extracting the
p–n junction resistance [55], as shown by the dashed lines in Fig. 6.7b. The corrected
electron mobility drops from 10% to 30% around Dirac point at Vgs D �0:8 V. Note
that this correction is not necessary under unipolar conditions or at high charge
density.

6.5 Half-Integer Quantum Hall-Effect in Epitaxial Graphene

Recent reports of large-area epitaxial graphene by thermal decomposition of SiC
wafers have provided the missing pathway to a viable electronics technology [4–9].
An interesting question that remains to be addressed is whether the electrical prop-
erties of epitaxial graphene on SiC are similar to those in exfoliated graphene films
[1–3]. For example, the well-known quantum Hall-effect (QHE), a distinguishing
feature or hallmark of a 2D electronic material system, has been observed only very
recently in epitaxial graphene on both the Si-face [33,41,42] and the C-face [43] of
SiC. This question is discussed in this section.

Graphene layers on the Si-face of SiC, with a one-nanometer fully oxidized Al
seeding layer grown by ALD to form an Al2O3 gate dielectric, were used to examine
transport properties. The graphene growth temperature and time were 1;600ıC for
10 min in a vacuum of 10�5 mbar. Standard Hall-bar devices for magneto-transport
measurements were fabricated. Four-point magneto-transport measurements were
performed in a variable temperature (0.4 K to 70 K) 3He cryostat in magnetic fields
up to 18 T using standard low frequency lock-in techniques. The external magnetic
field .B/ was applied normal to the graphene plane. Figure 6.8a shows the magneto-
resistance Rxx and the Hall resistance Rxy as a function of magnetic field B from
�18 T to 18 T at 0.8 K. From the Hall slope, the electron density is determined to
be 1:04 � 1012=cm2 and Hall mobility of 3;580 cm2=Vs at 0.8 K. No significant
mobility degradation is observed after ALD gate dielectric. At high magnetic fields,
Rxy exhibits a plateau while Rxx is vanishing, which is the fingerprint of the QHE
and SdH oscillations. One well-defined plateau with value .h=2e2/ is observed
at jBj > 15:5 T, while two higher-order plateaus are developing with values of
.h=6e2/ and .h=10e2/, respectively. The pronounced SdH oscillations with at least
four distinguishable peaks are also observed at the corresponding magnetic fields.
The precision of the plateau is better than 1 part in 104 within the instrumental
uncertainty. It shows the QHE in epitaxial graphene is also applicable for metrology
applications. The Rxy quantization in this epitaxial graphene film is in accordance
with Œh=.4nC2/e2�, where n is the Landau level index, found in exfoliated graphene
as a distinguishing feature of Dirac electrons. It is significantly different from
conventional Fermi electrons with plateaus of .h=ne2/. The observed well-defined
half-integer QHE reproduces the unique features observed in exfoliated single-
layer graphene including a Berry phase of  . The observed QHE on this epitaxial
graphene confirms that epitaxial graphene on SiC (0001) and exfoliated single-layer
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Fig. 6.8 (a) Hall resistance and magneto-resistance measured in the device at T D 0:8 K and
with floating gate bias. The horizontal dashed lines corresponding to h=.4n C 2/e2 values. The
QHE of the electron gas in epitaxial graphene is shown one quantized plateau and two developing
plateau in Rxy, with vanishing Rxx in the corresponding magnetic field regime. (b) Four-terminal
resistance as a function of top gate bias .Vg/ of the device, grown at 1;600ıC in vacuum on SiC
(0001), measured at 420 mK with zero magnetic field (open circles) and �5 T (solid lines). Inset:
SEM image of a fabricated device. The scale bar is 20 �m

graphene are governed by the same relativistic physics with Dirac particles as
transport carries [1–3].

Similar four terminal longitudinal resistivity �xx and Hall resistivity �xy can also
be measured at a constant high magnetic field by changing the carrier density.
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Figure 6.8b shows the magneto-transport measurement for a similar device at
420 mK, where the top gate is varied between �5 V and 5 V. At zero magnetic field,
�xx drops from �8:6 k� to �1:2 k�, with an on–off ratio of �7. The increase of �xx

with the decrease of Vg confirms the initial n-type doping of the graphene channel.
So far, in this bias range, the Fermi level cannot sweep through the charge neutrality
point, due to the heavy doping during the initial graphene growth. At �5 T, most
remarkably, �xy exhibits clearly quantized plateaus at h=2e2; h=6e2 for electrons
accompanied with the minimum in �xx, and the higher order plateaus are developing.
It leads to the same conclusion as described above that monolayer graphene can be
formed on SiC (0001) surface and its electrical property is the same as the exfoliated
single-layer graphene governed by the relativistic physics with Dirac fermions as
transport carriers.

Applying negative bias can dramatically decrease the carrier density, and makes
the low filling factor QHE more easily visible. This approach is exploited by biasing
the device at �5 V, which corresponds to an electron density of 2:2 � 1011=cm2 and
mobility of 3; 250 cm2=Vs at 420 mK, and measuring the temperature dependence
of �xx and �xy as shown in Fig. 6.9. Note that �xx does not fully vanish at high
magnetic field even at the lowest temperature. We ascribe this observation to
the defect induced scattering that broadens the Landau level and the relatively
large contact resistance, which is more than 10 k� �m caused by the fabrication
process. Nevertheless, the n D 0 quantum Hall plateau and the corresponding
SdH minimum are still pronounced, even at temperatures as high as 70 K, reaching
the liquid nitrogen temperature. More efforts on measuring the same device at
room temperature (not shown) reveal the modulation in �xx and saturation in �xy

at 18 T. We believe with further engineering on the device fabrication as well as
graphene film growth, it is very possible to observe the n D 0 quantum Hall plateau
at room temperature and reasonable magnetic field. Room temperature QHE on

Fig. 6.9 Temperature dependence of �xx and �xy at Vg D �5 V. (a) Pronounced SdH minimum
remain up to 70 K. (b) Pronounced n D 0 quantum Hall plateau remains up to 70 K. It is expected
to remain up to room temperature
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Fig. 6.10 (a) Temperature dependence of �xx for a device, grown at 1;600ıC and 10 mbar argon
ambient, at Vg D 1:8 V from 1.6 K to 160 K. (b) Landau plot of the maximum of the SdH
oscillations up to 18 T at 1.6 K. n is the Landau index and Bn is the magnetic field at the
corresponding maxima of the oscillations. The circles are the experimental data and the solid line
is the linear fitting. The zero y intercept indicates the Berry’s phase of   [3]

epitaxial graphene could be an interesting topic as a quantum resistance standard
for metrology applications [42].

To further understand the underlying physics, Landau plot, e.g., the Landau
index vs. the inverse of the magnetic field, is investigated as shown in Fig. 6.10b.
Here, we start with a sample grown at 1;600ıC in a 10 mbar argon ambient, which
has a much higher electron density, while more suitable for this purpose due to its
more pronounced SdH oscillation peaks, as shown in Fig. 6.10a. The Landau index
data are taken at the maximum of the SdH oscillations up to 18 T at 1.6 K. The open
circles are the experimental data and the solid line is the linear fitting. The zero
y intercept indicates the Berry’s phase of  , the hallmark feature for monolayer
graphene in electrical transport. From the slope, we can find the carrier density to
be 2:46 � 1012=cm2, consistent with 2:37 � 1012=cm2 deduced from the Hall slope.

The damping of the SdH oscillations in Fig. 6.10a is caused by thermal
broadening of Landau levels. The temperature dependence of the relative peak
amplitudes in graphene is given by [56]:

An .T /=An .0/ D tk=sin htk; (6.2)
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Fig. 6.11 (a) Fitting to the Fermi velocity vF according to the Landau level separation. (b) Relative
SdH peak fitting according to (6.1) for different temperatures at each peak

where An.T / is the relative peak amplitude of the nth SdH peak at temperature T ,
and tk D 2 2kBT=�E.B/ with:

�E.B/ D EnC1 .B/ � En .B/ (6.3)

D
�p

n C 1 � p
n

�
vF

p
2eB„ (6.4)

the Landau level separation (Fig. 6.11). The experimental value of Landau level
separation is determined by fitting the relative SdH peaks according to (6.2) for
different temperatures at each peak, as shown in Fig. 6.10b. The relative amplitude is
normalized for each peak, for better viewing. The corresponding �E.B/ is plotted
versus B as the open circles in Fig. 6.10a. The dotted line is the fitting of �E.B/

versus B according to (6.4). The fitted vF is 1:01 � 108 cm=s. Similar analysis were
carried out for two other devices grown at 1;600ıC SiC (0001) in vacuum, with vF D
1:05 � 108 cm=s and 9:94 � 107 cm=s, respectively. The fitted Fermi velocity agrees
remarkably well with the accepted value of vF D 1:00 � 108 cm=s for graphene.

In the center of the impurity broadened Landau level, the localization length
	, i.e., the spatial extension of the electron wave function, diverges as a power
law 	 � .E � Ec/

�v with a universal critical exponent v [57], where Ec is the
energy of a Landau level center. Since Ec varies as the B varies, the derivatives
.d�xy=dB/max between the plateau to plateau transition, and the half-width in
�xx which is defined as the distance �B between the two extreme in d�xy=dB ,
provide the experimental measure of the delocalization phenomenon in the integer
quantum Hall regime [57]. It has been found that, below a certain characteristic
temperature Tsc; .d�xy=dB/max � T �
 and �B � T 
 , where 
 � 0:42 is
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Fig. 6.12 The derivative .d�xy=dB/max as a function of temperature for the n D 1 plateau to
n D 0 plateau transition of sample 1,118 A. The open circles are the experiment data and the solid
line is the fitting for the highest 6 temperature points. (b) �xy of sample 1,118 A from 420 mK to
70 K at Vg D 0 V

universal for conventional 2D systems [57–59], and exfoliated graphene [60]. Here,
we demonstrate that the universal scaling behavior also holds for epitaxial graphene.
Compared to the other conventional 2D systems, graphene Tsc is much high than
the very low temperature (mK), thus allowing us to probe the same physics at
temperatures higher than liquid helium temperature.

Figure 6.12 shows the temperature dependent quantum Hall-effect from 420 mK
to 70 K at Vg D 0 V for a sample grown at 1;600ıC on the Si-face of SiC. Since
this specific sample shows the best plateau to plateau transition, it is a good starting
point to analyze the scaling behavior. Figure 6.12 shows the temperature dependent
derivative .d�xy=dB/max for the n D 1 plateau to n D 0 plateau transition of the
same sample. The open circles are the experiment data and the solid line is the fitting
for the highest 6 temperature points. As the temperature drops down, .d�xy=dB/max

starts to saturate, showing that 	 is not dominated by temperature, but rather by
an intrinsic length scale, possibly equivalent to the sample size [57–59]. The slope
shows 
 D 0:42 ˙0:01 agrees remarkably well with the accepted universal value of
0.42. We did detailed studies on two devices with B sweeps and another two devices
with gate bias sweeps. All four devices show the near universal value of 0.42 on the
filling factor 2 to 6 transitions.



178 P.D. Ye et al.

6.6 Ballistic and Coherent Transport on Epitaxial Graphene

Antidot arrays are interesting structures to study because of their transport prop-
erties in conducting electronic materials. Antidots can be regarded as groups of
imposed scattering centers that limit the ballistic transport or the mean free path of
carriers [61]. Antidot arrays can also be considered as an ensemble of Aharonov–
Bohm (AB) rings connected together [62]. Moreover, antidot arrays are ideal for
investigating quantum coherence effects and phase coherence length of carriers.
Antidot arrays impose lateral potential barriers that could create a bandgap in
graphene [63], similar to the creation of the energy gap by introducing lateral
periodic potentials from positive ion cores in a real semiconductor crystal. We
have studied the magneto-transport properties of nanostructured antidot arrays in
epitaxially grown graphene films on SiC .000N1/. Pronounced AB oscillations, weak
localization, and commensurability oscillations are observed, directly related to the
electrical characteristics of epitaxial graphene films such as mean free path and
phase coherence length.

The device structure of the fabricated graphene antidot array is shown in
Fig. 6.13a, b. The graphene film for this particular experiment was grown at 1;600ıC
in vacuum for 10 min on C-face of SiC substrate. Device isolation and antidot
formation of the graphene film is realized by O2 plasma based dry etching with
electron-beam-lithography (Vistec VB-6 UHR-EWF) defined HSQ resist as the
protection layer. The diameter of the holes is around 40 nm and the defined antidot
array period is 80 nm. Ti/Au metallization is used to form the two terminal Ohmic
contacts on graphene film. Two-point resistance measurements are performed in
a variable temperature (0.4 K to 70 K) 3He cryostat in magnetic fields up to 18 T
using low frequency lock-in techniques. The external magnetic field .B/ is applied
normally to the graphene plane.

Figure 6.13c shows the magneto-conductance G.B/ of graphene antidot arrays
as a function of perpendicular magnetic field at 0.47 K. The trace is essentially
symmetric, G.B/ D G.�B/, which is the reciprocity relation mandatory for
a two-terminal measurement of a stable device. There are three distinguishing
features of the measured magneto-conductance. The first is the pronounced weak
localization dip around zero magnetic field. The second is distinct conductance
minima at ˙4 T and ˙8 T. We attribute these minima to the commensurability
between the cyclotron orbits of carriers in certain magnetic fields and the period
of artificial holes as illustrated in Fig. 6.13b. There are three distinct types of
carriers involved in magneto-transport in antidot arrays: pinned orbits, drifting
orbits, and scattering orbits [61]. Pinned orbits remain localized about their orbit
centers as shown in Fig. 6.13b and cannot contribute to transport. Pinned orbits
play a central role here since they remove a fraction of carriers from the transport
process. The magneto-conductance shows minima when the carriers with pinned
orbits are trapped in this antidot array. Using the commensurability relation 2Rc D
2
p

 Ns.„=eB/ D a, the carrier density Ns is determined to be �7:5 � 1012=cm2

within the right range for graphene films grown on C-face SiC, where Rc is the



6 Magneto-Transport on Epitaxial Graphene 179

2μm

Ti / Au

Ti / Au

–15 –10 –5 0 5 10 156.9x10–5

7.0x10–5

7.1x10–5

7.2x10–5

7.3x10–5

7.4x10–5

11

4

G
(S

)

B(T)

4

T = 470mK
a = 80nm
d = 40nm

1 4

100 nm

a

b

c

Fig. 6.13 (a) The sample layout with 2 �m�2 �m graphene area and two-terminal metal contacts.
(b) Electron microscopic image of antidote arrays with �40 nm holes and �80 nm pitches. The
commensurate orbits around 1 antidot and 4 antidots are sketched to illustrate the physical origin
of Weiss oscillations. (c) Magneto-conductance of the graphene antidote arrays measured at T D
477 mK. On top of the commensurability oscillations, periodic features are clearly visible as also
highlighted in Fig. 6.14a

cyclotron radius, h is the Planck constant, and a is the period of antidot arrays. The
elastic mean free path le is estimated to be about 220 nm in a reference sample
without antidots. The elastic mean free path is le D 2D=vF, where the carrier
diffusive constant D D EF=2Nse

2�, Fermi energy EF D „vF
p

 Ns, and � is
zero-field resistivity of graphene films [4]. The le is larger than the circumference
of a single antidot .�125 nm/, but slightly smaller than the circumference of
the central pinned orbits .�250 nm/. The conclusion from this estimate is that
transport is not fully ballistic. The reason for the observation of the second magneto-
conductance minima, corresponding to the pinned orbits around four antidots and
requiring a much larger le, is not clear. Another possibility is magnetic focusing
related phenomenon localized with the nanostructures of 40 nm dimension. The
third feature is the tiny structures superimposed on the measured trace, for example,
between ˙2 T and ˙7 T. Universal conductance fluctuations are suppressed since
the sample size .�2 �m/ is much larger than the phase coherence length. A quantum
interference effect is still observable because the antidot size .�40 nm/ is smaller
than the phase coherence length. These tiny periodic features are identified as AB
oscillations, which are related with each magnetic quantum flux penetrating in one
antidot cell. AB oscillations on an exfoliated graphene film have been demonstrated
experimentally on a single lithographically defined ring [64].

The black thick curve in Fig. 6.14a shows the measured magneto-conductance
between C2 and C12 T with superimposed oscillatory features. By taking the
difference of the measured curve and the black baseline curve obtained from
smoothing the measured one, a pronounced AB periodically oscillatory curve is
exhibited as shown as the grey curve in Fig. 6.14a. The AB oscillation period
�B � 0:5 T in this field range is consistent with the condition that the magnetic
flux enclosed within the unit cell of the square antidot lattice changes by a single
magnetic flux quantum, i.e., �B D .h=e/=a2 with a D 80 nm. The rms amplitude
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Fig. 6.14 (a) The solid curve is the measured magneto-conductance. The thin curve is the
“baseline” after smoothing the original measured curve. The periodically oscillatory curve is the
subtraction of the two black curves. Vertical straight lines are guided by eyes showing periodic B

feature of observed AB oscillations. (b) Fourier spectrum of the oscillatory grey curve between 2 T
and 12 T. The solid curve is after 6 points smoothing. The two vertical straight lines with arrows
indicate the positions for half-height of the observed h=e peak, as used for the calculation of the
inner and outer radii of AB-“ring” structure around one antidot

of AB oscillations is �0:01e2=h. For detailed discussions, Fig. 6.14b illustrates the
Fourier power spectrum of Fig. 6.14a with a broad peak centered around 0.47 T, with
0.57 T and 0.40 T as the edge of the half-height width. It corresponds to the inner
radius, middle radius, and outer radius of 48 nm, 53 nm, and 57 nm, respectively,
if �B D .h=e/=. r2/, where  r2 is associated with the effective antidot area.
It is consistent with the designed geometry well with 40 nm holes and 80 nm
pitches. The relatively large inner radius could be related with overdeveloped resist
patterns, plasma over-etching, and certain depletion length of graphene edges with
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unpassivated dangling bonds. The magnetic length [lB D p„=eB D 9:2 nm at
B D 6 T] or similar edge channels in the quantum Hall regime could also affect
the data. The observed AB oscillations demonstrate that the epitaxial graphene on
SiC is of high-quality and at least has the quantum coherence length larger than 80–
100 nm. The weak peak features around 1=B D 4.1=T / could be related to h=2e

oscillations [64].
While universal conductance fluctuations are generally observed in small

graphene flakes, weak localization correction is strongly reduced compared to
the conventional two-dimensional (2D) systems due to suppressed backscattering in
graphene loosely coupled to the substrate [65–67]. Short range scattering in epitaxial
graphene caused by tight binding to the substrate, short range scattering on the edges
of antidots, and warping of the Fermi surface at high densities introduces intervalley
scattering [68], which restores weak localization corrections [69]. We observe
pronounced negative magneto-resistance at low fields with a sharp cusp at zero
field characteristic of weak localization in 2D, as in Fig. 6.15a. Moreover, at higher
fields magneto-resistance changes sign, which is expected for the case of strong
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Fig. 6.15 (a) Magneto-resistance as a function of the sample temperature from 477 mK up to 70 K.
The solid black curves are fitted weak localization curves in antidot arrays [70]. (b) The coherence
length L˚ and intervalley scattering length Li of graphene film with antidot arrays versus sample
temperatures. (c) Temperature dependence of AB oscillations. The traces are vertically shifted for
clarity
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intervalley scattering [70]. We used the theory developed in [70] to analyze the
data and extract both the phase coherence length L˚ and the intervalley scattering
length Li, shown in Fig. 6.15b. Li is found to be temperature independent and is
approximately equal to the distance between antidots, suggesting that scattering on
the antidot edges is the dominant intervalley scattering mechanism in our samples.
L˚ decreases with the increasing temperature, although it does not follow 1=T

dependence found in unpatterned graphene [68]. We note that the range of field,
where weak localization is observed in antidot arrays is much larger than that for
unpatterned samples. The temperature dependence of AB oscillations is also plotted
in Fig. 6.15c, which is consistent with the data in Fig. 6.15b of weak localization
peak fitting.

The intrinsically weak anti-localization of graphene and the restoring of weak
localization by defects are of interest to further investigate and unveil the quality
of epitaxial graphene. We have studied weak localization on unpatterned epitaxial
graphene on SiC (0001). Figure 6.16b shows ��xx D �xx.B/ � �xx.B D 0 T/ with
Vg D 1:8 V at various temperatures for a sample grown at 1;600ıC in a 10 mbar
argon ambient. At the lowest temperature (e.g., 1.6 K), an overall negative magneto-
resistance at low B is observed, typical of weak localization [71]. Although weak
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Fig. 6.16 Weak localization. (a) Phase coherent length for different devices. The corresponding
electron densities are 2:0 � 1011 (bottom), 7:7 � 1011; 1:0 � 1012, and 2:4 � 1012=cm2. (b)
Magneto-resistance ��xx D �xx.B/ � �xx.B D 0 T/ of sample 1,117 A for Vg D 1:8 V at various
temperatures. The colored curves are experiment data, and the black curves are the fit. (c) Extracted
characteristic lengths from the weak localization as a function of temperature for sample 1,117 A



6 Magneto-Transport on Epitaxial Graphene 183

localization in graphene is usually strongly reduced compared to the conventional
2D systems due to suppressed backscattering, strong intervalley scattering in
epitaxial graphene tends to restore weak localization [69, 70, 72, 73]. We have fitted
our experimental data using a theory developed by McCann et al. as before [70], and
extracted the L˚ (phase coherence length), Li (intervalley scattering length), and L�
(intravalley scattering length) for each temperature as shown in Fig. 6.16c. Notice
that all three lengths are much smaller than the sample size, indicating the edge is
not the dominant scattering source, but rather disorder within the sample dominates
scattering. L˚ increases with decreasing temperature and reaches �1 �m at 1.6 K,
while Li and L� are rather temperature insensitive. The extremely short Li (a few
nm) indicates a strong coupling of the single layer graphene to the SiC substrate,
significantly different from the case studied in antidot case described in the above
paragraphs or in [74], where the multi-layer graphene on the C-face SiC is relatively
loosely coupled to the substrate, and the intervalley scattering arose mostly from the
shape edges created by the antidot arrays. L� here is about 40–50 nm, much larger
than Li, indicate moderate amount of other source of disorder larger than atomic
scale. Similar analysis was also carried out for other devices grown at 1;600ıC in
vacuum. They show the similar temperature dependence and the extracted L˚ are
plotted against temperature for all devices as in Fig. 6.16a. They all decrease with
the increase of the temperature, and decrease with decreasing carrier density across
different samples, due to the effect of enhanced electron–electron interactions [72].

6.7 Spin Transport on Epitaxial Graphene

Spin transport in graphene has attracted intensive interest [75–78] in recent years
for potential applications in spintronics due to its weak spin–orbit and hyperfine
interactions [79]. In this session, we report on the first SpinFET (spin valve
transistor) fabricated on an epitaxial graphene film grown on the C-face of a
SiC substrate by high-temperature sublimation. Spin dependent magneto-resistance
(MR) is observed from 400 mK to 3 K, showing a maximum spin signal of 0.25%
and a maximum spin relaxation length of 200 nm at 400 mK. The multi-layer
graphene film investigated here was formed on the C-face SiC at 1;550ıC. AFM and
SEM inspection confirms that it is possible to have a 2–10 �m domain size atom-
ically smooth graphene films at that growth temperature as described in Sect. 6.2.
Figure 6.17a shows the SEM image of one of the fabricated Ni0:80Fe0:20=Gr spin
valve devices. All patterns were defined by electron-beam lithography. Ti/Au
bonding pads were deposited on the graphene film, followed by an oxygen plasma
dry etching to isolate the central graphene area with a width .W / of 2 �m and a
length of 5 �m. Two Ni0:80Fe0:20 electrodes were evaporated for spin injection and
detection. They are 400 nm and 1 �m wide, with a separation gap .L/ of 400 nm.

Figure 6.17b presents a typical spin dependent MR measured at 400 mK. The
magnetic field is applied parallel to the ferromagnetic electrodes and swept firstly
from C0:5 T to �0:5 T and then from �0:5 T to C0:5 T. The MR curve exhibits a
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Fig. 6.17 (a) SEM image of a SpinFET fabricated on the epitaxial graphene film on SiC. (b)
MR of the spin valve device measured at 400 mK. The magnetic field is aligned parallel to
the ferromagnetic electrodes. The small vertical arrows show the magnetization of electrodes at
different B fields. Horizontal arrows indicate the B field sweep polarity. (c) MR of the spin valve
device measured at different temperatures from 400 mK to 3 K. The curves are shifted vertically
for clarity

clear spin-valve hysteresis loop with a steep change at around ˙5 mT and �50 mT.
The increase of MR is due to the magnetization reversal of the wider ferromagnetic
electrode. The switch can occur before the zero-field condition due to multi-domains
in the ferromagnetic electrodes, as discussed in [80].

A pronounced temperature dependence of the MR is observed in Fig. 6.17c.
The curves are shifted vertically for clarity. As can be seen, both the magnitude
and the width of the spin signals decrease as the temperature increases, and
eventually disappears at 3 K. The spin relaxation length .�sf/ can be estimated
from the magnitude of the spin signals. The graphene sheet resistance .�/ is
estimated to be �1 k�=sq and �200� in this device. However, the total resistance
is �2 k�. The contact resistance is much larger than the spin resistance [81, 82].
The large contact-resistance suggests the Ni0:80Fe0:20/graphene junctions could be
quasi-tunneling like. XPS studies of the Ni0:80Fe0:20/graphite interface indicates that
C–O bonds are formed if Ni0:80Fe0:20 is deposited on a DI water exposed surface.
Assuming that the interfacial C–O bonding leads to tunneling-like spin injection,
the spin signal for a local measurement on 2D system can be described simply as,
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Rs D 2P 2�sf�e�L=�sf=W , where the spin polarization P is 0.48 for Ni0:80Fe0:20

[81, 82]. The low-limit estimated �sf versus temperature is 200 nm at 0.4 K and
100 nm at 3 K. The reproducible step-like features are observed on up and down
slopes of MR around ˙5 mT and �50 mT. These may be related with a sequence
of mesoscopic domain switching in the ferromagnetic electrodes. The origin of
the observed strong temperature-dependent spin effect in graphene is not fully
understood. More work are needed on synthesis, process optimization, and physical
understanding for an epitaxial graphene SpinFET operating at room temperature.

6.8 Summary

We have systematically studied graphene synthesis on SiC substrates by high-
temperature sublimation in vacuum and argon ambient. Monolayer graphene on
Si-face of SiC with a room-temperature mobility of 1;500–2; 500 cm2=Vs and
multi-layer graphene on C-face of SiC with a mobility of 5;000–18;000 cm2=Vs
are obtained. A high-k gate stack on epitaxial graphene is realized by inserting a
fully oxidized nanometer thin aluminum film as a seeding layer followed by an
atomic-layer deposition process. The QHE and SdH in epitaxial graphene on SiC
(0001) are systematically studied at different temperatures and different top gate
bias. This quantum experiment confirms that epitaxial graphene on SiC shares the
same relativistic physics as the exfoliated graphene, and the universal scaling in
plateau to plateau transition also holds for epitaxial graphene films. Ballistic and
coherent transport properties are studied through graphene antidot arrays with the
pronounced AB oscillations. SpinFET is also demonstrated at low temperature on
epitaxial graphene. All the work shows that epitaxial graphene on SiC provides a
platform for future microelectronic and nanoelectronic applications beyond what
exfoliated graphene can offer.
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