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Epitaxial graphene layers grown on single-crystal SiC have large structural coherence domains and can be
easily patterned into submicron structures using standard microelectronics lithography techniques. Patterned structures show two-dimensional electron gas properties with mobilities exceeding 3 m2/Vs. Magnetotransport measurements (Shubnikov – de Haas oscillations) indicate that the transport properties are
dominated by the highly doped graphene layer at the silicon carbide interface. They reveal the Dirac nature of the charge carriers as predicted for a single graphene layer. The properties of Dirac fermions can
be conveniently explored in epitaxial graphene with long electronic phase coherence at the micron scale.
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction
The discovery of fullerene and carbon nanotubes has spurred interest for graphitic materials. It was soon
realized that carbon nanotubes have remarkable electronic properties, such as ballistic transport even at
room temperature, quantum conductance, chirality and size – dependent electronic structure. Electronic
structure calculations have in fact shown that these properties stem from the properties of graphene (a
single layer of graphite), which constitute their basic structure. This has motivated us to develop ultrathin graphite sheets and study their electronic properties [1, 2].
The key feature of the electronic structure of graphene is the presence of (only) two bands crossing at
the Fermi level which have a linear dispersion relation: E(k) = ħvFk [3]. Contrary to normal systems, the
velocity vF is independent of energy, and electronic propagation in graphene can be regarded as propagation of light in a medium. This has interesting consequences on the transport properties. First is forbidden backscattering [3]. In 1D graphene systems, ballistic transport is therefore expected [4], as indeed
observed in carbon nanotubes [5, 6]. In narrow ribbons of epitaxial graphene (width ≤le) we have presented evidence for long electronic mean free paths le and long phase coherence lengths [2]. Second, an
anomalous Berry phase is predicted. This has given rise to quantum Hall effect plateaus at n + 1/2 values
in exfoliated graphene, contrary to the usual integer magnetic field Landau quantization [7, 8]. The Landau spectrum has a characteristic square root dependence on magnetic field, which was also recently
demonstrated in epitaxial graphene [9]. Evidence for the particular electronic structure of graphene and
graphite was looked for in photoemission experiments [10–12].
We have recently found evidence that the magneto-transport properties of ribbons of ultra-thin graphite epitaxially grown on single crystal wafers of SiC are those of graphene, with anomalous Berry’s
phase, energy independent velocity vF = 106 m/s, as calculated and as observed in exfoliated single
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Fig. 1 (online colour at: www.pss-a.com) AFM picture of extended flat
graphitized terraces. Graphene layers drape over the SiC substrate steps.

layer graphene. The long mean free path, high electronic coherence and high mobility (larger than
2.5 m2/Vs), yielding electronic confinement in our narrow patterned ribbons, most certainly also stem
from the char- acteristic electronic structure of graphene. The purpose of this paper is to extend the previous measurement to higher field and lower temperature.

2 Graphene growth and structural characterization
Epitaxial multilayer graphene is thermally grown in vacuum on the 000 1 face of diced commercial SiC
wafers after surface flattening by hydrogen etching [1, 2, 13]. After evaporation of metal contacts
(Pd, Au), the films are patterned with an electron-beam and oxygen etched to define Hall bar structures.
The structure of the films is characterized by various surface tools in ultra high vacuum. As evidenced
from low energy electron diffraction, an ultrathin graphite layer grows epitaxially on the SiC surface. X-ray diffraction reveals a thickness of 5–10 layers, and that graphene grown on the (000 1 ) face
has a structural coherence larger than 300 nm [14, 15]. STM measurements show the 6 3 ¥ 6 3 reconstruction of the graphene on the SiC(0001) surface while the scanning tunneling spectroscopy measurements show the graphitic band structure and that the graphene layers grow over steps on the SiC surface.
Extended terraces of tens of micrometers are routinely measured by atomic force microscopy (AFM)
under ambient conditions, as shown in Fig. 1.

3 Transport experiments
High field measurements have been performed up to 23 Tesla at the High Magnetic Field Laboratory –
CNRS in Grenoble in a dilution refrigerator. Here we present results on a Hall bar sample
(1 µm × 6.5 µm) measured in a four-probe configuration with a lock-in technique.
The dependence of the square resistance ρxx on magnetic field at 180 mK is presented in Fig. 2.
The magnetoresistance shows maxima (Shubnikov de Haas (SdH) oscillations), which are
clearly seen after a smooth background subtraction (Fig. 2). A maximum occurs in the resistance at field Bn when the Fermi energy EF crosses a quantized energy level En in field. In graphene:
En(B) = 2neBv02  [16], and hence Bn = B0/n, where B0 = EF2/(2ev20  2) =  kF2/2e. Each maximum is labeled with n and plotted as a function of 1/Bn in a Landau plot (inset of Fig. 2). The well identified peaks
(n = 2–15) (the second quantum level is reached at 20 T) define a straight line: Bn–1= (n + γ) B0–1. From
the slope we define kF and ns = 4kF2/4π =3.7 × 1012 carriers/cm2, and the intercept at zero γ = 0 ± 0.09 is
consistent with previous experiment [2].
The two magnetoresistance traces for upward and downward magnetic field sweeps are reproducible
down to the finest features (better than 0.1% at low field B < 10 T). This is exemplified at low field
in Fig. 3 where a smooth background was subtracted from the resistance data Rxx = ρxx × length/width.
Note in particular the reproducible resistance fluctuations at fine scale and the zero field resistance peak.
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Fig. 2 (online colour at: www.pss-a.com) Top panel: Square resistance ρxx as a function of magnetic
field at 180 mK showing the Shubnikov de Haas oscillations. Bottom panel: ρxx with a smooth background
subtracted. The magnetoresistance peaks at Bn are labeled with their Landau level index n. Inset: Landau
plot: n versus 1/Bn is a straight line, which intercepts the y-axis at γ < 0.1, consistent with a Berry phase
Φ = π, the slope gives a carrier density ns = 3.7 × 1012 cm–2.
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Fig. 3 Low field dependence of the resistance on magnetic field with a line subtracted (at 180 mK). It
shows the reproducibility of the universal conductance fluctuations and the zero field weak localization
peak. Full line: trace upward in field, dotted line, trace downward.
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By attributing the peak to 2D weak localization, we estimate a phase coherence length Lϕ of the
order of 0.7 µm (this is a lower bound due to the low resolution of the very low field data). This estimate
is consistent with the amplitude of the universal conductance fluctuations (UCF) ∆RUCF ≈ 5 Ω, i.e.
∆GUCF ≈ 0.1e2/h.

4

Discussion

The high-field low-temperature data nicely confirm previous results obtained for a narrow ribbon
of epitaxial multilayer graphene. At low temperature, the SdH peaks can in principle be separated from
the UCF peaks by their temperature dependence. The UCFs decay in temperature with a function of
(Lϕ/L), with Lϕ ≈ T p. The amplitude of the SdH peaks varies according to the Lifshitz–Kosevich equation: A(T)/A0 = u/sinh (u) where u = 2π2kBT/∆E(B) and ∆E(B) is the separation between the energy level
in field. At the resistance maxima ∆E(B) = E(Bn) – EF, so that ∆E(B) ≈ EF/2n proportional to B
for Dirac electrons. Confinement was clearly identified in a 500 nm width ribbons by finding ∆E(B)
essentially constant with field at low field. This is not expected to be the case here in a wider ±2D ribbon
(Lϕ ≤ W).
From the square resistance ρxx = 175 Ω, and the carrier density ns = 3.7 × 1012 cm–2 we deduce a
mobility µ = 1/(ensρxx) = 0.95 m2/Vs, a diffusivity D = 0.1 m/s and an electronic mean free path
le = 2D/vF ≈ 200 nm. High mobility values in the range 1–3 m2/Vs are commonly observed in our samples. Remarkably, narrow ribbons down to 50 nm retain a high mobility. More precisely, the resistance
of narrow ribbons is often observed to be in the range of the ballistic resistance, as defined by
R = 1/(4Ne2/h), with the number of channels N = kFW/π depending on the width W. This indicates that
even narrow ribbons keep long electronic mean free paths.
The relatively large carrier density corresponds to EF = 2500 K, which is consistent with the estimate
of EF from the analysis of the temperature dependence of the SdH peaks [2] and from photoemission
data (EF/kB = 2700 K for 2 EG layers on (0001)SiC) [12]. Also Hall effect measurements indicate
that carriers are electrons, in agreement with ab initio calculations of graphene layers in epitaxy on SiC
[17].
The carrier density is remarkably constant from sample to sample. Note that besides the patterning, no
subsequent treatment is applied to the samples after graphitization. We have measured many samples
showing SdH oscillations with little (less than 10%) variation in ns from sample to sample. In fact a carrier density of ns ~ 1 × 1012 electrons/cm2 is consistent with a charge density at the interface producing an
electric field to compensate the work-function difference between the materials. Only the interface layer is expected to be significantly charged [18, 19]; the other layers are essentially neutral. Infrared Landau level spectroscopy [9] indeed reveals the presence of neutral graphene layers of density
ns ≈ 1010 carriers/cm2. Therefore we believe that the electronic transport in ribbons is dominated by the
layer at the interface.
The SdH oscillations are consistent with doped graphene. In agreement with our previous observation
in epitaxial graphene in a smaller magnetic field range (0–9 T) [2], the Landau plot of Fig. 2 gives
γ = <0.1, consistent with a Berry’s phase of π. It is specifically not consistent with γ = ±0.5 as would be
the case for normal electrons. This γ value is expected for graphene [16], and has been observed in exfoliated single graphene layers [7, 8]. Our observation seems at first surprising in a system which consists
of several layers. Recent calculations indeed show that the electronic structure of stacked uncharged
graphene layers can vary significantly with the number of layers and the stacking order [20]. We first
note that we have indication that the transport in our sample is essentially dominated by the interface
layer. Second, X-ray diffraction studies [15] and IR Landau spectroscopy [9] indicate that multi-layered
epitaxial graphene resembles more a stack of independent graphene layers than regular Bernal stacked
graphite. IR spectroscopy clearly demonstrate that the Landau energy level spectrum of the neutral layers
varies as B , like single graphene layers and with a velocity vF that of graphene (106 m/s), indicating
unambiguously that the system does not behave like graphite.
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