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Electronic Confinement and
Coherence in Patterned

Epitaxial Graphene

Claire Berger,™ Zhimin Song,* Xuebin Li,* Xiaosong Wu,* Nate Brown," Cécile Naud,?
Didier Mayou,” Tianbo Li,* Joanna Hass,* Alexei N. Marchenkov,* Edward H. Conrad,*

Phillip N. First,® Walt A. de Heer*

Ultrathin epitaxial graphite was grown on single-crystal silicon carbide by vacuum graphitization.
The material can be patterned using standard nanolithography methods. The transport properties,
which are closely related to those of carbon nanotubes, are dominated by the single epitaxial
graphene layer at the silicon carbide interface and reveal the Dirac nature of the charge carriers.
Patterned structures show quantum confinement of electrons and phase coherence lengths beyond
1 micrometer at 4 kelvin, with mobilities exceeding 2.5 square meters per volt-second. All-
graphene electronically coherent devices and device architectures are envisaged.

he fundamental limitations of silicon-
Tbased microelectronics have inspired

searches for new processes, methods,
and materials. We show here that the proper-
ties of epitaxial graphene are suitable for co-
herent nanoscale electronics applications (7).
In particular, an ultrathin graphite layer
grown on a commercial single-crystal sili-
con carbide by thermal decomposition has
high structural integrity. The single graphene
layer at the graphite-SiC interface has im-
pressive two-dimensional (2D) electron gas
properties, including long phase coherence
lengths (even at relatively high temperatures)
and elastic scattering lengths that are deter-
mined primarily by the micrometer-scale
sample geometry. Magnetotransport measure-
ments of patterned structures reveal signatures
of quantum confinement, thus demonstrating
that graphene ribbons act as electron wave-
guides. The material can be patterned, and
intricate submicrometer structures can be
constructed using standard microelectronics
lithography methods, in contrast to the
closely related carbon nanotube electronics.
The transport properties show that electrons
in the interfacial graphene layer dominate
the transport and that they are Dirac
fermions, as recently observed in mechan-
ically exfoliated graphene layers (2, 3). The
properties of Dirac fermions, which are also
responsible for transport in carbon nanotubes
(4), can be conveniently explored in epitax-
ial graphene.

The electronic properties of sp?-bonded
carbon structures (which include bulk graph-
ite, graphene ribbons, carbon nanotubes, and
aromatic molecules) result from the overlap
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of p, atomic orbitals on neighboring carbon
atoms. Simple tight-binding calculations
show that in graphene, m-bands are formed,
with electronic energy dispersion E(p) =
+volpl, where the carrier momentum
p=h/(kZ + k) (5-7), v is the velocity,
and f is Planck’s constant divided by 2m.
Consequently, like photons, the velocity of
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electrons is independent of energy. The pre-
dicted velocity vy = 3agyo/2h = 10° m/s,
where y9 ~ 3 eV is the interatomic overlap
energy and ay = 1.42 A is the interatomic
spacing. The Fermi surface of neutral graph-
ene (Fermi energy £y = 0) shrinks to a point,
so that it is a zero-band-gap semiconductor
(6). When carriers in graphene are confined,
their properties depend on the confinement
geometry, as is true for other 2D electron
gases (8). However, in contrast to conven-
tional 2D electron systems, which are elec-
trostatically confined at a buried interface,
epitaxial graphene (/, 9, 10) is a well-defined
material that is robust, so that in principle
it can be sculpted down to the molecular
level.

We present production methods for epitax-
ial graphene (EG) and show that the transport
properties of a representative patterned EG
structure are due to carrier confinement and
coherence. From magnetoresistance (MR) and
Hall-effect measurements, we find that the
material that dominates the transport is in fact
graphene. This conclusion follows from the
following measured properties: Berry’s phase
@, = n, Fermi temperature 7, = 2490 K,
Fermi velocity v, = 1.0 x 10° m/s, mobility

Fig. 1. Production and char-
acterization of EG. (A) LEED
pattern (71 eV) of three mono-
layers of EG on 4H-SiC(0001)
(C-terminated face). The outer-
most hexagon (spots aligned
on the vertical) is graphene
1 x 1 diffraction. Bright sixfold
spots aligned on the horizon-
tal are SiC 1 x 1. The smallest

hexagon is the result of a
V3 x /3 reconstruction of
the interfacial layer, as are
the spots lying just inside the
graphene pattern. Graphene
thickness is determined via
Auger spectroscopy (attenua-
tion of Si peaks). (B) AFM
image of graphitized 4H-SiC,
showing extended terraces.
STM studies indicate that the
graphite is continuous over
the steps (1). (C) STM image
of one monolayer of EG on
SiC(0001). Tunneling condi-
tions (tip bias —0.8 V, current
100 pA) preferentially image

structure beneath the graphene
layer. Two interface corruga-

tions are apparent, with periods 6 x 6 (1.8-nm triangular superlattice) and v/3 x /3 (smaller spots
with 0.54-nm spacing) relative to the SiC surface unit cell. (D) STM image of interface reconstruction
beneath one monolayer of graphene on SiC(0001) obtained after lithography. General features are as
seen in (C). (E) SEM of patterned EG. Dark regions are the EG (still coated with electron-beam resist).
(F) EFM of another patterned EG sample, showing a horizontal ribbon (bright contrast) with tapered
voltage contacts left and right, which is flanked by diagonally oriented side gates above and below the
ribbon. Contrast is obtained through electrostatic forces between the probe and the graphene structure
to which potentials are applied, thus allowing functioning devices to be measured.
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u = 2.7 m?/Vs, carrier diffusion constant D =
0.3 m?/s, elastic mean free path /, = 600 nm,
and phase coherence lengths of /, = 1.1 um
at 4 K and 500 nm at 58 K. Furthermore,
quantum-confined states are observed.

The production of EG on diced (3 mm by
4 mm) commercial SiC wafers (/1) is illus-
trated in Fig. 1. In summary, the steps are (i)
hydrogen etching to produce atomically flat
surfaces (/2), (ii) vacuum graphitization to
produce an ultrathin epitaxial graphite layer
(9, 10), (iii) application of metal contacts
(Pd, Au), (iv) electron-beam patterning and
development, (v) oxygen plasma etch to
define graphite structures, and (vi) wire
bonding. To date, more than 200 SiC sample
blanks have been processed, of which 22
have been patterned and measured in detail
[see also (7)]. The structural order has been
characterized by low-energy electron diffrac-
tion (LEED), Auger electron spectroscopy,
x-ray diffraction (/3), and scanning tun-
neling microscopy (STM) (7). The electronic
structure has been characterized by angle-
resolved photoelectron spectroscopy [ARPES
(14)], scanning tunneling spectroscopy (STS)
(1), and electronic transport [see below and
(1)]. Patterned surfaces are routinely mea-
sured by atomic force microscopy (AFM) and
electrostatic force microscopy (EFM) under
ambient conditions. The results are summa-
rized in Fig. 1. As evident from LEED, an
ultrathin graphite layer grows epitaxially on
the SiC(0001) surface. X-ray diffraction
shows that graphene grown on the 0001 face
has a structural coherence of at least 90 nm
(13). On the Si-terminated SiC(0001) sur-
face, LEED and STM measurements reveal
a (6v/3 x 6v/3)R30° interface reconstruc-
tion. STS measurements reveal the gra-
phitic band structure, and STM and STS
together suggest that graphene layers can
remain continuous over steps on the SiC
surface (/). The ARPES data (for two EG
layers on 0001 SiC) suggest a Dirac elec-
tronic dispersion and a Fermi temperature
of 2700 K (74). This relatively large energy
indicates that the interface layer is charged,
with a charge density ¢ ~ 1 x 10!?
electrons/cm? (see below). As usual for
such interfaces, the electric field caused
by the surface charge compensates the work
function difference between the materials.
Only the interface layer is expected to be
highly charged (15, 16); the (few) other
layers are essentially neutral. Thus, the
interface layer should dominate the trans-
port properties, which are essentially iden-
tical to those of isolated graphene (see
below). The interface layer is further dis-
tinguished from any others by a weak su-
perlattice structure imposed by the epitaxial
match to SiC (7).

We briefly summarize some relevant
properties of confined Dirac electrons in

graphene. For a graphene ribbon of width 17/,
the boundaries impose a constraint on the
transverse motion so that (for not too small
n) k, is quantized: k, = nn/W, where n is
an integer (/7). Hence, the energy of the
nth electronic subband is E,(p.) = volp| =
fivor/ (k2 + k2) = \/(E? + n?AE?), where
AE = AE(W) = nthvy/W ~ (2 eV-nm)/W, and
E, = hwk,. Hence, these electrons propagate
like electromagnetic waves in waveguides. A
more detailed analysis shows that undoped
graphene (i.e., £r = 0) can be tuned to be
either a metal or a semiconductor with a
band gap on the order of AE(W) (18, 19).
This is an important property that undoped

graphene ribbons share with undoped carbon
nanotubes.

For any 2D electron system (20-22), a
perpendicular magnetic field B creates a dis-
crete energy spectrum (Landau levels) due to
quantization of the cyclotron orbits (radius R, =
pleB). The energy states for Dirac electrons are
given by E,(B) =./(2neBvih) (2, 3, 23)
where #n is the integer Landau level index
[by contrast, E¥(B) = (n + Y2)heB/m* for
“normal” electrons, where m* is the effective
mass (20)]. Shubnikov—de Haas (SdH) MR
maxima were observed at magnetic fields B,
such that E (B ) = Er. Hence, B, = By/n,
where By = E/(2evih) = hiki/2e (24-26).
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Fig. 2. Magnetotransport of a lithographically patterned graphene Hall bar (SEM micrograph,
lower inset) measured at temperatures T = 4, 6, 9, 15, 35, and 58 K, and magnetic fields -9 T<B <

9 T. (A) Components of the resistivity tensor p are shown (inset; p,, =

derived from p: (p*)=1 = p= - (p°)~2, where p =

RolW¥IL, py = Ry). p*

1125 ohms and py, = 0. Hence, the slight slope

inp,, appears to be caused by a conducting layer p° on top of the graphene layer. The graphene
mobility is p* = 2.7 m?/V's. (B) AR, obtained from the measured R,, by subtracting a smooth
background. Peak positions are indicated (peak 11 is missing). The peak character changes near B =
4.5 T. The peak amplitudes are essentially constant below 2 T and increase above 2 T. Inset: Detail of
the oscillations near B = 1 T. The amplitude of the universal conductance fluctuations (noise-like
structures) increases with decreasing temperature.
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Next, consider a graphene ribbon of width
W in a magnetic field. It is intuitively clear
that for low magnetic fields, when W < 2R_
the ribbon cannot support a cyclotron orbit,
so the above picture needs to be modified
(20, 22). For graphene, 2R = 4n/k;, which is
260 nm for » = 20. Quantitatively, Berggren
et al. (27) found that for a normal 2D elec-
tron system confined to a strip of width W,
E,(BV)=/IE, (W) + E,(BY), where E, ()=

(nmh/W)?12m* (20). Analogously, for graphene

ribbons, E (W) = nnhv /W, and an ap-
proximate expression for the energy levels
can be obtained (28):

E,(BW) = [E,(W)* + E,(B)*]'* =
{[nnhve/W1T* + [2neBViaP}Y* (1)
Recent numerical results agree very well with

this analytical form (29). As for normal elec-
trons, SdH peaks are expected when £ (B W) =

Cu

o Theory (Eqg.1) 7
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Fig. 3. Demonstration of confinement. Inset: Landau plot demonstrating the linear dependence of
the measured inverse MR peak positions 1/B,, on the peak index n when the cyclotron diameter is
smaller than the ribbon width. The linear fit for small n (bold line) intercepts the ordinate at n =
0.05, consistent with the graphene value y = 0 and Berry’s phase @, = & (the slope of the fit
corresponds to B,, which determines k). The observed deviations from linearity occur for larger n
when confinement becomes important; these correspond well with Eq. 1 predictions. The
confinement is further illustrated by plotting AR, in terms of the variable n(B) from Eq. 1, which
shows that the peak positions approximately coincide with integers. For color code, see Fig. 2.

Fig. 4. Landau level excita-

tion energies AE(B). Inset:
Normalized MR amplitudes
AR, (BDIAR (BT = 4 K)
are fitted to Eq. 2; fit ex-
amples are shown for B =
7T(n=5),5T(=7),and
1T (n = 23-24). Note that
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AE(B) increases approxi-
mately linearly for B > 2
as predicted theoretically
(open circles from Eq. 1).
In this region AE(B) ~ .
Ec/2n. For smaller fields .,
AEB) — Eg/n__., where -
Ny 15 the number of sub-

bands in zero field. Good 0
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correspondence with theory 0
is found for W* = 270 nm.
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E.. Consequently B, = B /n for small n, where-
as for large n ~ n__ the peak spacing be-
comes more regular: B, — B ., ~ By/n__,
where n_ = EJ/AE(W) is the number of
populated transverse modes.

To illustrate the properties of carrier confine-
ment and coherence, we next present magneto-
transport data from a representative patterned
EG structure. The sample is a Hall bar (rib-
bon) of width ' = 500 nm created on the
graphitized 0001 face of a high-quality semi-
insulating 4H-SiC substrate (Fig. 2A, lower
inset). Contacts are bonded on Pd/Au de-
posited pads. Four-point measurements were
made using standard lock-in methods, with
excitation currents through the ribbon limited
to 100 nA. Voltages were measured over a
6-um length L of the ribbon. MR and Hall-
effect data were acquired at six temperatures
from 4 to 58 K and in magnetic fields from
-9 to +9 T. Field sweeps were repeated to
verify reproducibility.

Figure 2A shows that p_ = R_ W*/L
(where p_ is the resistivity and W* the
effective ribbon width), and the Hall resistance
R, =p,, of the sample. p _ increases approx-
imately linearly with increasing field. At high
fields, SdH oscillations are clearly seen in the
p,. curves and step-like features are observed in
p,,- Subtracting a common smooth curve from
the MR data reveals a rich, reproducible, and
temperature-dependent structure (Fig. 2B). Pro-
nounced, regularly spaced SdH maxima are
distinguished clearly at high fields, whereas at
low fields MR peaks are visible but are less
well defined. Increasing the temperature de-
creases the amplitude of the peaks, with the
high-field peaks decreasing more slowly than
the low-field peaks. At a given temperature the
amplitudes are relatively constant for B <2 T
and increase uniformly for B> 2 T. Positions of
29 distinct SdH peaks B, have been identified
and are indicated in Fig. 2B. Features are
identified as SdH peaks when they present a
clear maximum, and they are present at all of
the measured temperatures. A complication is
the reproducible fine structure observed through-
out the MR spectra, which can obscure the SdAH
peaks for small fields. These are (universal)
conductance fluctuations. As discussed below,
the temperature dependences of universal con-
ductance fluctuations (UCFs) and SdH oscil-
lations are well understood and quite distinct.
Incorporating this information results in an
ambiguity of less than 10% in the number of
peaks assigned according to the above criteria.

A Landau plot of the peaks [i.e., B! versus n
(20, 24, 30)] is shown in the inset of Fig. 3B.
The low index peaks (n = 4 to 12) define a
straight line: B! = (n + v)B,! with B, = 35.1 £
0.8 T and y = —0.05 £ 0.14. This value of vy is
consistent with a Berry phase ®, = m, as
expected for Dirac fermions and previously
observed in graphene (2, 3, 23, 26). It is spe-
cifically not consistent with y = +0.5, as would
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be the case for normal electrons (23). Note
that the same result was found for various
subsets of peaks in the interval n = 4 to 12.
For a 2D electron gas in general, we have
k= +/(2eBy/h). From B, we find k. = 3.3 x
108/m, and the carrier density n, = g g k¥/4n =
3.4 x 106 electrons/m? (where g, = 2 and g, =
2 are the spin and valley degeneracies) (20, 21).
The deviation from linearity for the larger
index peaks (n > 14; B < 2.5 T; 2R_> 170 nm)
indicates confinement (20, 27), as explained
below.

We next analyze the individual SdH peaks.
The amplitudes of SdH peaks decrease with
increasing temperature because higher Landau
levels are thermally populated. The tempera-
ture dependence of the peak amplitudes is
given by the Lifshitz-Kosevich (LK) equation
(23, 31):

A,(T)/4,(0) = u/sinh(u) )

where 4 (7) is the peak amplitude (or peak area)
of the nth SdH peak at temperature 7, and u =
2n2k, TIAE(B), where AE(B) = E,_(B) — E,(B).
Experimental values for AE(B) were determined
by fitting SdH peaks to the LK equation for six
different temperatures. In Fig. 4 the results are
plotted as solid circles; values of AE(B) cal-
culated from Eq. 1 are shown as open circles.
A nearly linear increase for B > 4 T and saturation
at low fields is observed in both theory and
experiment. For large B, AE(B) ~ E.B/2B, =
Ep/2n; for small B, AE(B) = hnv,/W. Con-
sequently, the data in Fig. 4 can be used to
find Eg/kg = 2490 + 80 K and v, = E/hk, =
E./h+/(2eBy/h) = (1.00 £ 0.03) x 10° m/s.
Our experimental v, agrees remarkably well
with the accepted value for graphene (6).
Furthermore, E is also consistent with re-
cent ARPES measurements (/4) on two-
layer EG grown on SiC(0001), which found
E./ky = 2700 K. Hence, experimental evi-
dence (measured @, v,, E.) strongly sup-
ports the conclusion that the material is
indeed graphene.

For small B, the saturation of AE, (B)/k,, at
80 £ 10 K indicates quantum confinement.
The number of confined subbands should be
N ~ Ef/AE(B — 0) = 31 + 3, consistent
with the observed n,, =29 + 3. However the
hard wall boundary condition would predict
that n = Wkp/n = 52. This discrepancy
suggests that the carrier confinement width
of the ribbon is less than the lithographic
width W = 500 nm (subsequent AFM and
EFM studies confirmed that the physical
width of the ribbon is compatible with the
lithographic width; this does not preclude
edge roughness effects). In fact, the best fit
to the data using Eq. 1 is for W* =270 nm,
as shown in Fig. 4 (see below for further
evidence of reduced width). Similar discrep-
ancies have been observed in several rib-
bons. The smaller effective width may be

related to carrier scattering from steps on
the substrate (Fig. 1; steps tend to run par-
allel to the ribbon) or to a stronger con-
finement potential caused by charge transfer
to states at the ribbon edges (edge rough-
ness, chemisorbed molecules, and intrinsic
edge states could contribute), or it may have
a more fundamental origin. In Fig. 3 the MR
data are presented with the Landau index
n(B) as the abscissa, obtained by inversion
of Eq. 1 (for E, = E.), where the experi-
mental values v, = 1.0 x 10° m/s, E. = 2490
kg, and W* =270 nm were used. If Eq. 1 is
correct, the measured SdH peaks should
coincide with integers. The correspondences
up to n = 22 are remarkable (note that the n =
11 peak is missing at low T), providing
additional support for our conclusion that the
SdH peaks are determined by both Landau
orbital quantization and transverse quantum
confinement.

The overall linear increase in the MR (Fig.
1A, inset) may result from a conducting layer
on top of the graphene [i.e., a thin graphite
layer, consistent with independent x-ray
measurements on similar samples (/3)]. The
slope is removed completely by subtracting
from the measurement the conductivity of a
layer with resistivity p® = 1125 ohms/square,
and with negligible Hall coefficient. This
procedure results in p* and p%* values
that are similar to those reported for iso-
lated graphene. Hence, the resistivity of the

graphene layer is p* = 68 ohms/square,
versus 63 ohms/square for the sample before
correction. The integrated carrier density
derived from the Hall resistance is ny,, =
6.5 x 10'%/m?, compared with n, = 3.4 X
10'9/m? found for the graphene layer (see
above). The difference can be attributed to the
integrated carrier density of the conducting
(presumably neutral graphite) layer. Hence, we
find the graphene mobility p* = (nep*)™ =
2.7 m?/V-s, and carrier diffusion constant D =
E./2ne?* = 0.30 m?/s. From D = [*v /2, we
obtain /* = 600 nm, where [* is the carrier
mean free path in the graphene. This value is
in excellent agreement with the limiting value
I* ~ 3nW*/4 = 635 nm for a ribbon 270 nm
wide with only diffuse elastic boundary
scattering (20), which implies that the resist-
ance is determined primarily by the confining
geometry and not by defect scattering in the
material.

Alternatively, the conductance of a graphene
ribbon can be estimated from the Landauer
equation (21): G = (e*/h)g g XT,, where XT, is
the sum over transmission coefficients of the nth
modes (0 < T'< I). The 7, values are obtained
approximately as 7, = [ /L, where [ is the mean
free path of the nth mode (27). If we assume
elastic scattering at the boundaries without mode
mixing, then [, is the distance along the wire
between scattering events for the nth mode—
that is, [, = k/k,W = W[(kWnny — 112
Hence, G = (e¥h)(g.g W*/L) Z[(n,, /ny — 1]"2.

1420}

1410

Rey (Ohm)

1400

1450

Resistance ()

1390 .
-0.1

0 0.1 0.2

Magnetic field (T)

Fig. 5. Electronic coherence determined from weak localization and conductance fluctuations. The weak
localization peak observed in the MR near B = 0 results from electronic coherent backscattering effects.
The temperature dependence of the absolute amplitudes and the widths depend on the phase
coherence length [ (T) and the geometry [note the low-temperature saturation of [ (T) ~ 1.1 um]. The
UCF structures have widths that are similar to the WL peak (~0.03 T, considerably narrower than the
SdH peaks). The theoretical fits (bold lines, plotted only for B < 0), using only [ (7) as a parameter,
describe reasonably well both the WL peaks and the UCF amplitudes (bold horizontal lines). Inset:
Sample resistance as a function of temperature for B = 0.
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With % =270 nm, L = 6 um, and n,_, = 29, we
find R = 1/G = 1430 ohms, or p, = RW*/L =
64 ohms/square, in remarkable agreement
with experiment.

The sample resistance decreased uniformly
from 1490 ohms at 7'= 180 K to a minimum
of 1410 ohms at 7 = 30 K, below which it
increased (Fig. 5, inset). From 300 to 30 K,
the resistance decreased only 13%, which
indicates [from Matthiessen’s rule (20, 21)]
that the electron phonon-scattering time is
~4 x 10712 s at 300 K. The increase of re-
sistance below 30 K is caused by the in-
creasing phase coherence length /, (20, 22, 32).
The resistance increase is a manifestation of
constructive quantum interference between
time-reversed trajectories, which enhances
the probability for an electron to be localized
at a scattering site (20, 22, 32). This well-
understood weak localization (WL) effect is
undone in a magnetic field because time
reversal symmetry is lifted (20, 22). The pro-
nounced peak in the low-field MR at B = 0
shows this WL effect (Fig. 5). Clear universal
conductance fluctuations flank the peak. The
reproducible UCFs are caused by quantum
interference from elastic scatterers (e.g., at
the ribbon edges). For all fields, the widths of
UCF features are similar to the WL peak
width, in contrast to the SAH peaks, which are
much wider. The WL peak saturates at low
temperatures (peaks for 4, 6, and 9 K are
similar), whereas the amplitude of the UCFs
increases very rapidly with decreasing tem-
perature (which also distinguishes UCFs from
SdH peaks).

Weak localization and UCFs have been
exhaustively investigated in 2D electron sys-
tems. Before saturation below 9 K, the
observed decrease of the WL peak with in-
creasing 7 fits a 7?3 dependence, which
indicates that electron-electron scattering is
the primary dephasing mechanism (22). The
decrease in amplitude of the UCFs with in-
creasing 7' is caused by a reduction of /,
combined with “thermal smearing,” which is
characterized by the thermal length /[t =
\/ (RD/kgT).

On the other hand, the WL is not sensitive
to /,. Its width AB is essentially determined
by the field for which an electron trajectory
of length /, encloses one flux quantum (for
this sample /, > W, so that flux cancellation
effects also need to be taken into account).
Following the thorough development reviewed
by Beenakker and van Houten (20), the field is
parameterized in terms of /g = \/D1g, where
Ty = 3RIH(W2v ) (AR /3WE + 1), and [ =
(h/eB)? is the magnetic length. The WL
contribution to the conductance (for /, >
I* > W) is

AGyL = —4(Go/L)[(I,* + Ig*) '/ =

(l¢_2 + 11;2 + Z*—2)—1/2] (3)

and the root mean square amplitude of the
UCFs is given by

AGycr =
V24Go(l/LYP11 + (9/2m) (o /1)1
(4)

The only free parameter in these expressions
is /(7). The origin of the commonly observed
low-temperature saturation of the WL is still
debated intensely (22). Here we assume that
it is caused by a physical limitation to /,
which appears to be the finite sample length.
The effective phase coherence length [} =
(D> + (L, /2m)2]"12 saturates at L_ /21
(22). The fits shown in Fig. 5 correspond to
L, =7 pm and [(T) = (7 um)7-23 [at 4 K,
[¥=11pm, and 1, = ([F)*/D=4 x 107" s;
at 58 K, Z;“ =430 nm, and T, =6 X 1013 s].

This analysis clearly shows that the resist-
ance of the graphene ribbon is determined
primarily by boundary scattering, with a
coherence length far larger than the effective
ribbon width, even at 58 K. Therefore, as also
shown in our analysis of SdH oscillations, the
low-field resistance depends directly on the
eigenmodes of laterally confined carriers in
the graphene ribbon. Other samples indi-
cate that the width dependence of resistance
can persist up to room temperature. Because
electron-phonon scattering is weak even at
room temperature (see above), electron-electron
scattering should continue to be the dominant
dephasing mechanism under ambient con-
ditions (such scattering affects the resistance
only through phase-breaking, i.e., by limit-
ing /,). Accordingly, on the basis of the mea-
surements presented here, we expect to see
quantum interference effects over distances
exceeding 100 nm at room temperature (and
beyond 400 nm at liquid nitrogen temperature).
Moreover, quantum confinement should be
observable at room temperature in ribbons as
wide as 50 nm. In this context, we also note that a
ribbon 100 nm wide has been observed to sustain
a current of >100 pA at room temperature, and
that, like nanotubes (33), the conductance of
graphene ribbons increases approximately lin-
early with bias voltage at high bias.

These results raise new possibilities for
coherent EG electronics on an attractive size
scale and at relatively high temperatures. The
demonstrated material and transport properties
of EG could allow electronic devices and
interconnects to be designed that rely on the
wave properties of electrons and holes, so that
interference-based electronic switches can be
envisioned. Nanotubes, on the other hand,
require metallic interconnects that destroy phase
coherence. Furthermore, graphene is an ex-
tremely robust material that has the potential
to be patterned with atomic precision down to
the molecular level. Such precision might be
achieved through a combination of standard

REPORTS

lithographic and chemical methods, enabling a
wide variety of coherently connected molecular
structures. Finally, we note that it has been
previously determined that the carrier density
can be controlled electrostatically (1, 16, 34)
and that chemical doping of the edges also
is feasible (/, 35). Consequently, epitaxial
graphene provides a platform for the science
and technology of coherent graphene molecu-
lar electronics.
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Imaging Bond Formation Between a
Gold Atom and Pentacene on an

Insulating Surface

Jascha Repp,** Gerhard Meyer," Sami Paavilainen,? Fredrik E. Olsson,®> Mats Persson®

A covalent bond between an individual pentacene molecule and a gold atom was formed by means of
single-molecule chemistry inside a scanning tunneling microscope junction. The bond formation is
reversible, and different structural isomers can be produced. The single-molecule synthesis was done
on ultrathin insulating films that electronically isolated the reactants and products from their
environment. Direct imaging of the orbital hybridization upon bond formation provides insight into
the energetic shifts and occupation of the molecular resonances.

lectron transport through single mole-
Ecules in contact with metal electrodes has

turned out to depend crucially on the
details of the contact geometry (/), resulting in
poor reproducibility of experiments in different
setups. Control on the contact formation will
not only have to include the atomic-scale geom-
etry itself, but also coherent (strong coupling)
versus incoherent (weak coupling) electron
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Pentacene

transport, coupling with respect to the molecu-
lar orbitals, and possibly also the phase of the
orbital wave function at the contact point.

We show here that such control can be
achieved for connecting metal atoms to
n-conjugated molecules on insulating NaCl films
by means of single-molecule chemistry (2—5) in
a scanning tunneling microscope (STM) junc-
tion. The atomic precision in STM manipula-
tion and single-molecule chemistry can be
exploited to create different kinds of contacts
between a gold atom and a pentacene molecule.
The gold atom can be brought into various po-
sitions a few angstroms away from the mole-
cule, which facilitates an electron tunneling
current between the atom and the molecule
(weak coupling). Alternatively, the gold atom

of +0.34 V.

can be covalently bound to the pentacene
molecule to form a metal-organic complex, which
is accompanied by a strong and coherent elec-
tronic coupling between the two constituents, as
can be deduced from STM images. Moreover, the
possibility of creating different structural isomers
by bringing together the reactants in different
orientations enables control of the phase of the
molecular orbital at the contact point. The
influence of the contact formation on the elec-
tronic structure of the complex is evident from the
different frontier orbitals of the different isomers,
which can be directly seen in the corresponding
STM images (6). Frontier orbitals have previ-
ously been imaged for the case of pentacene
alone. We complement our results by using
density functional theory (DFT) calculations.
The experiments were carried out with a
home-built low-temperature STM operated at
5 K. NaCl was evaporated thermally onto clean
Cu(111) and Cu(100) single-crystal samples at
room temperature so that defect-free, (100)-
terminated NaCl islands of two atomic layers
in thickness were formed (7). Individual penta-
cene molecules and gold atoms were adsorbed
at a sample temperature of 7 ~ 5 K, with the
sample located in the STM. Bias voltages refer
to the sample voltage with respect to the tip. All
experimental data refer to the NaCl/Cu(100)
system, except where stated otherwise.
Single-molecule chemistry by means of STM
on an insulating surface follows a different route
compared with the well-established manip-
ulations on metal substrates, on which a single-

Fig. 1. Making and
breaking a chemical bond
between a single penta-
cene molecule and gold
atom on an NadCl bilayer
supported by a Cu(100)
substrate. (A) STM image
showing the molecule
and the gold atom be-
fore bond formation.
(B) Image showing a
molecule-metal com-
plex (6-gold-pentacene)
after resonant tunnel-

ing through the LUMO of the pentacene molecule. The sphere models show a cut
perpendicular to the long molecular axis (C) and a top view (D) of the calculated
geometry of the adsorbed 6-gold-pentacene complex. C, H, and Au atoms are rep-
resented by gray, white, and gold spheres, respectively. The Au-Cl and Au-C interatomic
distances are 2.4 and 2.1 A, respectively. The metal atom can be detached (E) and
reattached again (F) in a different position, forming another structural isomer of the
complex (5-gold-pentacene). All STM images are 26 by 22 A in size and taken at a bias
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