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We have produced ultrathin epitaxial graphite films whicbvgehemarkable 2D electron gas (2DEG) behavior.
The films, composed of typically 3 graphene sheets, weremglgvthermal decomposition on the (0001) surface
of 6H-SIiC, and characterized by surface-science techaiqlibe low-temperature conductance spans a range
of localization regimes according to the structural statpiére resistance 1.8Kko 225 kK2 at 4 K, with positive
magnetoconductance). Low resistance samples show obidstict of weak-localization in two dimensions,
from which we estimate elastic and inelastic mean free pathdow field, the Hall resistance is linear up to
4.5T, which is well-explained by-type carriers of density $dcm? per graphene sheet. The most highly-
ordered sample exhibits Shubnikov - de Haas oscillationswborrespond to nonlinearities observed in the
Hall resistance, indicating a potential new quantum Hadtem. We show that the high-mobility films can be
patterned via conventional lithographic techniques, aeddemonstrate modulation of the film conductance
using a top-gate electrode. These key elements suggesbeieaevice applications based on nano-patterned
epitaxial graphene (NPEG), with the potential for largatséntegration.

The exceptional electronic transport properties of low-an insulating substrate at temperatures below 50K fonthe
dimensional graphitic structures have been amply demortype (nhitrogen) doping employed here. We use magnetocon-
strated in carbon nanotubes and nanotube-based trassistoductance measurements and the physics of weak-localizatio
Ballistic transport has been observed up to room temperatutto determine transport parameters of the graphite 2D electr
[4, 12,13], and quantum interferencéexcts at cryogenic tem- gas (2DEG), and we show that the character of the magne-
peraturesi|4}15,16]. Simple nanotube transistors [7, 8], andotransporlocalization spans a wide range of behaviors, de-
interconnected logic gatels [9] have been demonstratedhwhi pending on the amount of disorder in the film or substrate.
rely on the ability to control the nanotube conductance wia a Quantum oscillations in the magnetoconductance and in the
electrostatic gate. The basic transport parameters of thes Hall resistance are found for the most ordered sample. The
vices are so compelling that nanotubes are considered to lmharacter of these features suggests that the quantumfHall e
a candidate material system to eventually supplant silinon fect could be observed at lower temperatures, higher fields,
many electronic devices. in ultrathin graphite films of only slightly higher mobilityro

An under-appreciated fact is that most electronic properOUr knowledge, these are the_firsF transport measurements on
ties of carbon nanotubes are shared by other low-dimerisiongfiented and patterned graphite films of only a few monolay-
graphitic structures.  For example, planar nanoscopi€'s thickness (hence “graphene”films), although relatetstr
graphene ribbons (i.e. ribbons of a single sheet of graphitg?©rt €xperiments have been done on thicker (65-100 graphene
have been studied theoretically [10.] 11], and they exhibit2yers) free-standing graphite microdisks, which wereoaan
properties that are similar to nanotubes. Graphene ribborR@tterned by focused-ion-beam (FIB) lithography [13].
with either metallic or semiconducting electronic struetare Given the large mean free paths measured in high-quality
possible, depending on the crystallographic directionhef t graphitesi[14], the unusual electronic dispersion of gesgh
ribbon axis [10]. Thus, if suitable methods were developedand the fact that the carriers lie near an air-exposed srfac
to support and align graphene sheets, it would be possible tihis unique 2DEG system holds great scientific potentiat- Fu
combine the advantages of nanotube-like electronic propethermore, with sfiiciently high-quality material, ballistic and
ties with high-resolution planar lithography to achievegs  coherent devices analogous to nanotube deslgns [15] would
scale integration of ballistic devices. An essentidlatence be possible. This goal requires that the epitaxial grapbane
between nanotubes and planar graphene ribbons is the pressrvive the processing necessary for creation of submicron
ence of dangling bonds at the edges. Normally these wouldbbons [10] 11], and that the 2DEG can be gated electrostat-
be hydrogen-terminated, with little influence on the vatenc ically. Below we also demonstrate these critical elememnts f
electronic properties. However, edge atoms could be passihe realization of electronic devices based on nano-peter
vated with donor or acceptor molecules, thus tuning the-elecepitaxial graphene (NPEG).
tronic properties withoutféecting the graphitic backbone of  yjirathin epitaxial graphite films were produced on the Si-
the device. terminated (0001) face of single-crystal 6H-SiC by thermal

This Letter presents recent results [12] that show the twodesorption of Sil[16]_17, 18, 19]. After surface preparation
dimensional nature of electrical transport in ultrathiagrite by oxidation [20] or B etching [21], samples were heated by
(multilayered graphene) grown epitaxially on SiC(000H-6 electron bombardmentin ultrahigh vacuum (UHV; base pres-
SiC is a large bandgap (3 eV) semiconductor, which providesure 1x 10-19Torr) to ~1000°C in order to remove the ox-
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Sample C:Si ThicknesByx Mobility
A 10 3 ML 1.5 kQ 1100 cni/Vs

B o >5 2.2

C 9 3 22

D 10 3 33 15
E 9 3 225

F 7 25

TABLE I: Sample properties. Ratio of intensities in the C{Z¥/)
and Si(92eV) AES peaks, calculated thickness in graphen@mo
0 layers, square resistance at 4 K, and mobility (where medyur
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FIG. 1: (a)-(d) LEED patterns from Graphi&C(0001). The sam-
ple was heated several times to successively higher tetopesa(a)  (corresponding to a singlex66 domain) are found by STM
1050°C for 10 min. Immediately after oxide removal, showing SiC {, e up to several hundred nanometers in extent. Preligninar

1 x 1 pattern at 177eV. AES C:Si ratio 1:2. (b) 1@ 3 min. C - P
The V3 x V3 reconstruction is seen at 171 eV. AES ratio 1:1.9. (c)hlgh resolution LEED studies indicate that the graphepe la

1250°C, 20 min. 109 eV pattern showingfifacted beams from the €S are strained in-plane by 0.3-0.5%, with a mean structura
63 x 63 unit cell. Examples of first-order SiC and graphite spotscoherence length of greater than 20 nm.

are marked. Note the surrounding hexagons ok‘'®’ spots. AES Also shown in Fig.[Olf are derivative tunneling spectra
C:Siratio 2:1 ¢ 1ML graphite). (d) 1400C, 8 min. 98eV LEED (| /dV vs. V) acquired within the respective boxed regions
pattern. AES ratio 7.5:1~ 2.5 ML graphite).(e) STM image of a of the image. Thall/dV spectrum obtained from the lower

surface region of the sample described in Big. 1d. Insetmidally- - - - - .
resolved region (dierent sample, similar preparation). (81 /dV terrace (solid line) is consistent with that of a zero-gapise

spectra (log scale) acquired from the regions marked witheeo ~Conductor, as found typically for bulk graphite. On the uppe
sponding line types in the image at top. The solid line is aerav terrace, the & 6 domain images somewhatfidirently, and

age of 396 spectra atfiierent positions, the dashed line an averagethe dl /dV spectrum (dashed line) displays a region of con-
of 105. With a few “glitchy” exceptions, individual spectirmeach  stant, finite conductance around the Fermi energy (zerd.bias
region showed negligible variation from the averaggdV shown. Spectral shapes are very uniform within eack 6 domain.
Thedl/dV curves show that the electronic properties of the
film are not entirely homogeneous. This may relate to dif-
ide (some samples were oxidizdd-oxidized several times to fering lateral registry (i.e. not orientational) of the ghite
improve the surface quality). Scanning force microscopy im on the SiC substrate, or electron confinement withir 6
ages showed that the best initial surface quality was obdtain domains.dl/dV spectra acquired over the buckled region at
with H, etching (sample A). After verifying by Auger elec- the step edge are nearly identical to those found on the upper
tron spectroscopy (AES) that the oxide was removed, samplderrace, suggesting that the graphite layer remains asnis
were heated to temperatures ranging from 1256 1450°C  over the step.
for 1-20 min. Under these conditions, thin graphite layeesa DC and low-frequency AC conductance measurements
formed [16) 17, 18], with the layer thickness determined prewere made for temperaturds = 0.3-50K, and for mag-
dominantly by the temperature. Multilayered-graphene filmnetic fieldsH from 0-8 T on graphite films with thicknesses
thicknesses were estimated by modeling the ratio of medsuref typically 3 graphene sheets (see Tdble I). For Hethat
intensities in the Si 92-eV and C 271-eV Auger peaks (3 keVimeasurements, samples were defined using standard optical
incident energy)[22, 238, 24]. lithography (photoresist coating, plasma etching, plestist

Figuredd (a)—(d) show low energy electroffidiction pat- ~ removal via solvents). Four contacts were painted with sil-
terns (LEED) at dierent stages during the growth of a 2.5- Ver paste directly on the surface or on evaporated Pd-Au pads
monolayer (ML) graphite film grown in-situ. FiguE& 1e dis- ©n mm-size samples. For samples B, C and E, the voltage
plays an STM image from the sample obtained after stage (dprobe distancel, is 2mm. For the Hall bar samples A and D
The image reveals a distinct>66 corrugation of the over- Ov = 600 and 30@m respectively (see photo inset, Hi§. 2a).
layer [25] and a raised region along a step on the surfacdteported values below are the square conduct@nce
This modulation has been previously attributed to variegio  The 2D nature of electrical transport in the film is vividly
of the interlayer interaction arising from Moiré coincidexs  demonstrated in Fidl 2a by the large anisotropy in the mag-
between the graphite and SiC lattices within a fundamentahetoconductance [MG G(H)]: For H perpendicular to the
6V3x 63 surface unit cell [16, 25, P5,27]. LEED confirms graphene plane theftérential magnetoconductance (dMC
that the graphene sheets register epitaxially with the iypde dG/dH) is large and positive (35T at 4 K), whereas there
ing SiC, as shown in Fig§l 1c afil 1d. The mean height difis essentially no response wheilies in the plane (in-plane
ference between terraces (0.25nm), indicates that therstep MC was measured witH transverse to the current direction).
Fig.[e is a bilayer step in the SiC substrate. Terrace sizeBhis anisotropy is found in all of our samples, and indicates
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FIG. 2: (a) Magnetoconductané&H) for samples E, C and A in
perpendicular field for temperatures as indicated. Alsovshfor
samples E and C, the in-plane magnetoconductance at 5 K.thiote
strong anisotropy between the perpendicular and in-plafe ¢on-
figuration. In sample C, the conductance goes through a mawim
at about the same value of field and conductance far.dih sample
A Shubnikov-de Haas oscillations develop at high magnegild fi
Center-panel inset G(H) — G(H = 0) for sample B. Solid curve
are fits to the weak localization theory with no spin-orbiglging
elastic scattering lengtfy ~ 15nm and inelastic scattering length
6i(4K) ~ 100 nm. Lower-panel inset : Hall resistaniRg = V. /i
and magnetoresistané®y as a function of magnetic field at 4K for
sample A. Below 4.5 TR,y is remarkably linear, indicative oftype
carriers. At high magnetic field, the oscillations coincigith the
oscillations in the magnetoresistance. (b) Square coadoetas a
function of temperature for samples of various conductgseen-
ples A, B, C, D and E from top to bottom). Note that the conduc-

3

a large initial dMC (50Q:S/T at 4 K), the MC maximizes near
1.5T, then decreases, followed by a series of (Shubnikov-de
Haas) oscillations. A temperature-independent “fixed fjoin
atG = 680uS andH = 7.4 T is also observed.

As a function of temperature, the conductance increases
proportional to InT at low T, as shown in Fidl2b for samples
A-C. This is quite characteristic of a 2D electron gas in the
weak localization regime [31, B2]. The least conductive-sam
ples (D and EG < €/h = 38.8uS) deviate slightly from the
InT dependence, which is indicative of a transition to strong
localization [see for instance Ré&fl33].

Ina 2D system, carriers will localize at low temperature due
to constructive quantum interference of time-reversethgat
for carriers scattered elastically from static disorddi[3Ihe
interference is reduced (conductance increased) by brgaki
time-reversal symmetry through the application of a magnet
field, or by increasing temperature. These coherffatts are
manifest when the elastic mean free pétfs smaller than the
inelastic mean free patt(T). Forke£e > 1 (kg is the Fermi
wave vector), the system is in the weak localization regime.
Strong localization occurs for smallkg £, [33,134].

Shown in the center-panel inset of Hij). 2a is the perpendic-
ular MC of sample B for five dferent temperatures (circles),
and fits to the data according to 2D weak-localization theory
(lines) [32]. The entire family of MC curves is fit by a single
temperature-dependent paramét€r). Note that for trans-
portin two dimensions, the mean free paths are obtained from
the modeling without knowledge of either the Fermi velocity
or the carrier ffective mass. For sample B, we fifid= 15 nm
and¢; = 100 nm afl = 4 K. Weak localization fects are ob-
served over a much smaller range of magnetic field for sample
A, but a similar estimate give& = 20-30nm, and a much
larger inelastic mean free pat{(4K) ~ 300nm. From the
carrier densityn = 10'2cm2 per graphene sheet (see below),
we find for sample Ak ¢e ~ 5, in agreement with the weak
localization regime.

In two cases we have observed a reversal of the dMC. At

tance scale isc4 for samples D and E, compared to the scale forthe maximum MC for sample C (Fifil 2a), the conductance per

sample A-C. Samples A, B and C show dlifiorm in this decade of
temperature, characteristic of 2D weak localization.

graphene sheet (Talfle I) is#?/h, i.e. comparable to the con-
ductance quantum. This behavior, and the large change in MC
of this sample (550%) are reminiscent of disordered 2DEGs,
which have been explained in terms of a transition from an

that the motion of charge carriers is confined to the graphengnderson insulator to a quantum Hall liquld[35]. The second
planes. The observed positive dMC is in contrast to bulkcase is that of sample A, which underwent an improved sub-

graphite [2B], which shows negative dMC for well-ordered

strate preparation. For this sample, we also observe aalinit

single-crystals, and also a large anisotropy. However, cafmaximum in the MC, but at much lower field (1.5 T). Appar-

bon foils fabricated from exfoliated graphite [29] and ety
graphitic carbong [30] have positive MCs initially, whick-b

ently weak-localization dominates the MC behavior of sampl
A in the low-field region, but the longer scattering paths are

come negative at large fields. This behavior is a consequenggphased by a smaller magnetic field. The subsequent appear-

of disorder-induced localization in the sample.

ance of Shubnikov-de Haas oscillations indicates quatitiza

Figure[2a shows systematic changes in the perpendicwf the electron energy spectrum, and wave function coherenc
lar MC for samples of successively larger zero-field conducon a scale comparable to the cyclotron raditts30 nm at

tance (i.e. decreasing disorder).
4K slope is larger, at 385/T, and the MC attains an ap-
proximately temperature-independent maximum of 18%t

H ~ 3.5T. Sample A shows even more structure. Following

For sample C the initiabT), which is consistent with the elastic scattering lesgth

estimated above. The significance of the quasi-temperature
independent fixed point at 68& and a field of 7.4 T is not
yet fully understood. Note that/H at the crossing point is



equal to the mobility obtained from Hall measurements (see
below). This correspondence would be an expected conse-
guence of electron-electron interactions under weak ipaal

tion [33,136], but the observed quantum oscillations shaat th

at high fields the system is beyond this regime.

The Hall resistanc®,, was measured for samples D and
A in the Hall bar configuration (photo inset, Figl 2a) at a
bias current of 100nA. For sample D at 4R,, versusH
is linear from O to 8 T, with the slope corresponding to a den-
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sity n = 103 cm2 n-type charge carriers, and a mobility of Gate Voltage (V)

15cnf/Vs. Th? Hall voltage I.S also linear uzp to_g"ST N Sam- FIG. 3: Conductance as a function of gate voltage for samgle F
ple A, from which we de_t.erm'na = 3.6x10%?cm (n-type), 4K. Inset, sketch of the sample showing the contacts andjabg-
and an enhanced mobility of 1100éMs. The observation geometry (S, D, G= source, drain, gate). The top-gate is only par-
of a linear Hall dfect is particularly remarkable, since single- tially effective due to the open geometry. Nevertheless, a 2% change
crystal graphite samples display a substantial quadratic-c in conductance is observed.
ponent at small fields [29, B[7,138,139], due to three sub-bands
(one electron, two hole). Apparently, our samples cannot be
thus described. The carrier densities found here are comp#npurities, thus they scatter strongly. The coherencess lo
rable to those of other 2DEG systems, although the densit§t higher bias (higher kinetic energies). Zero-bias an@sal
per graphene sheet (102cm2) is higher than that found have also been observed in carbon nanotubes [42, 143, 44].
in high-quality graphites [28, 38, 39]. It remains to be dete It should be noted that the samples are remarkably stable
mined what &ect substrate doping has on the carrier densityover time. For instance, measurements in Figls. 2aland 2b
and mobility in the graphite film. were made 4 months earlier than those in the lower-panel in-
For the case of sample A, a carrier density can be obtaineset of Fig.L2a, with no particular storage precautions. The
from the period (in 1H) of the Shubnikov-de Haas oscilla- features observed are essentially the same, except fatd sli
tions. Assuming a circular 2D Fermi surface, we estimatedecrease in conductance and carrier density. The reseHs pr
n = 102cm2 (ke = 25 x 10°cm™). The carrier den- sented above for sample A also show that the multi-sheet epi-
sity determined by the Hallfiect is very nearly a factor 3 taxial graphene film survives conventional lithographio-pr
larger, which is the number of graphene layers measured vieessing extraordinarily well.
AES. Clearly, the simplest explanation would be that each Finally, as a preliminary demonstration of the device po-
graphene sheet supports a 2D electron gas which remains caential of this new 2DEG system, a large-area gated graphite
fined within the sheet. This would be consistent with thedarg channel field-&ect transistor (FET) structure was assembled.
anisotropy in conductivity for bulk graphite_[28]. The tem- A schematic of the “device” is shown in Fig. 3, as well as the
perature dependences of samples A—C also support this inteneasured source-drain resistance as a function of gate volt
pretation: dG/d(In T) falls between &e?/7h and 35¢?/rh, age. The top-gate structure consisted of a conductive coat-
about a factor 3 larger than the predicted weak-localipatio ing on a 100-nm-thick insulating aluminum oxide layer. The
contribution to the conductance58?/xh) In T [32]. gate covered only a portion of the graphite film between the
Above 4.5T in sample A, we observe nonlinearitiesjg ~ source and drain electrodes, leaving large ungated leakage
vs. H, as shown in Fig2a (lower-panel inset) fbr= 4K.  paths (see inset, Fifl 3). Consequently, the resistance mod
These coincide with the Shubnikov-de Haas oscillationként ulation is rather small (2%), but these results show clearly
magnetoconductance, showing that they have the same:origithat multi-sheet epitaxial graphene films can be gated,sn di
Either broadened quantum Hall plateaus, or bulk magnetainct contrast to thicker samples {45]. Thus we anticiphte t
guantum oscillations in a metallic system. If the Hall con- FET-type devices will be possible, particularly when tharch
ductance at the location of the local maximum $.5T) is  nel electronic structure is controlled by patterning thegdrite
normalized with respect to the number of sheets, one obtairigto a narrow stripl[10, 13, 46].
a conductance: 4€?/h which suggests a quantum Hall ef- The experimental results presented here demonstrate
fect (see also predictions in Reff40). Experiments at lowethe rich scientific promise of ultrathin epitaxial graphite
temperatures and higher fields will be necessary to veri§y th (“graphene”) films. Several points should be appreciated:
conjecture. First, the production method allows graphitic films to be
At 0.3 K, we also observe a pronounced zero-bias anomalgrown epitaxially, as evidenced by LEED and STM measure-
in the highly resistive sample D. The conductance is found tanents. From Auger spectroscopy we further conclude that
increase by about a factor 10 as the bias voltage is increasdie layers involve only a few graphene sheets. Remarkably,
from 0 to 25 mV [41]. For weak electron-electron interacsion the films are electrically continuous over several mm. Magne
it can be understood in terms of enhanced scattering of carrfoconductance measurements clearly reveal 2D electron gas
ers near the Fermi energy: the wavelengths of these carriegoperties, including large anisotropy, high mobilityda2D
are commensurate with the Friedel oscillations surroumdin localization, in samples patterned by conventional litlaeg



phy. Quantum oscillations observed in both the magneto|
conductance and the Hall resistance indicate a potential ne
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