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Trilayer graphene exhibits exceptional electronic properties that are of interest both for fundamental science and for technological applications. The ability to
achieve a high on—off current ratio is the central question in this field. Here, we propose a simple method to achieve a current on—off ratio of 10* by opening a
transport gap in Bernal-stacked trilayer graphene. We synthesized Bernal-stacked trilayer graphene with self-aligned periodic nanodomain boundaries (NBs) on
the technologically relevant vicinal cubic-SiC(001) substrate and performed electrical measurements. Our low-temperature transport measurements clearly
demonstrate that the self-aligned periodic NBs can induce a charge transport gap greater than 1.3 eV. More remarkably, the transport gap of ~0.4 eV persists
even at 100 K. Our results show the feasibility of creating new electronic nanostructures with high on—off current ratios using graphene on cubic-SiC.
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raphene is a single-atom-thick carbon
G sheet with extraordinary properties

unrivalled by any other known mate-
ria which will likely lead to a revolution in
many areas of technology. It displays linear
band dispersion,”'® massless Dirac Fermions,''
and extremely high mobility.'? Potentially,
graphene-based electronics could consist of
just one or a few layers of graphene; however,
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the absence of a band gap presents a conun-
drum for the implementation of conventional
device architectures, similar to those based
on semiconducting materials."* '8 Several
methods have been proposed for opening
band or transport gaps in graphene, such as
patterning single-layer graphene into narrow
ribbons,® introducing nanoholes into the
graphene sheets,?® applying a perpendicular

VOL.9 = NO.9 = 8967-8975 = 2015 K@NL

* Address correspondence to
wuhc@bit.edu.cn,
chaika@issp.ac.ru.

Received for review May 12, 2015
and accepted August 22, 2015.

Published online August 24, 2015
10.1021/acsnano.5b02877

©2015 American Chemical Society

NANO

i N\
WWwWW.acsnano.org

8967



13-1821-24 25,26
d/

electric fiel or applying mechanical strain.
Unlike bilayer graphene, gap opening in trilayer graphene
depends on the stacking order of the layers, and notably
for ABA (Bernal) stacking, it remains metallic even in the
presence of a perpendicular electric field.>?' ~2* Generally,
the fabrication, and thus the stacking order, of trilayer
graphene devices relies on the mechanical exfoliation
of graphite crystals." Although mechanical exfoliation
of graphene from graphite is an effective and successful
sample preparation method for fundamental research,
it is found that roughly 60% of trilayer samples pre-
pared this way have a pure ABA stacking order, while
the remainder exhibit mixed ABA—ABC stacking orders.
Alternatively, chemical vapor deposition?’~2 and vacuum
synthesis on silicon carbide surfaces®® 32 are excellent
ways to fabricate large-area few-layer and mono-
layer graphene. It is known that the graphene produced
by these techniques typically contains domain bound-
aries,** 3 which can considerably modify the electronic
transport in the graphene.3>3® Recent theoretical investi-
gations show that for graphene with self-aligned nano-
domain boundaries (NBs), depending on the structure
of the NBs, there are two distinct transport behaviors:
either high transparency or perfect reflection of charge
carriers over large energy ranges.® Although this would
provide a new way to control the charge carriers without
the need to introduce bulk band gaps, there has been no
direct experimental evidence so far. The main challenge is
to produce graphene with self-aligned periodic NBs.

In this paper, we propose a simple method to syn-
thesize graphene with self-aligned periodic NBs on
a semiconducting substrate compatible with silicon
technologies and give a clear demonstration of the
existence of a transport gap. Our ABA-stacked trilayer
graphene with self-aligned periodic NBs was syn-
thesized on SiC(001) thin films grown on vicinal Si(001)
wafers. Our transport measurements clearly demon-
strate that the self-aligned periodic NBs induce a
charge transport gap which can reflect charge carriers
over a remarkably wide range of energies (0.4—1.3 eV).
Moreover, a high on—off current ratio of 10* was
achieved with a voltage of 0.7 V below 50 K and with
a voltage of 0.25 V at 100 K. Our studies pave a way to
tailor the transport properties of trilayer graphene.

RESULTS AND DISCUSSION

For this study, uniform trilayer graphene with a
preferential NB direction was fabricated on vicinal
SiC(001)/Si(001) wafers using Si-atom sublimation fol-
lowed by high-temperature surface graphitization in
ultrahigh vacuum (UHV).2°~32 The step direction on the
substrate was close to [110], as shown in Figure 1.
Raman spectroscopy, scanning tunneling microscopy
(STM), low-energy electron microscopy (LEEM), low-
energy electron diffraction (LEED), and angle-resolved
photoelectron spectroscopy (ARPES) were used to
characterize the synthesized trilayer graphene. Figure S1

WU ET AL.

Figure 1. STM characterization of the vicinal SiC(001). Two-
and three-dimensional representations (inset) of a 51 x
31 nm? atomically resolved STM image of the SiC(001)3 x 2
reconstruction. The image demonstrates that the step
direction is close to the [110] direction of the SiC crystal
lattice. The image was measured at U= —2.3 Vand / = 80 pA.

shows the typical Raman spectrum of graphene on the
vicinal SiC substrate measured using a wavelength of
532 nm. The G’ or 2D band can be fitted well with six
Lorentzians with full widths at half-maximum (fwhm)
ranging from 21 to 24.5 cm™ ', indicating that the gra-
phene grown is trilayer graphene with NBs present, which
is also consistent with the electron reflectivity curves mea-
sured in different areas of the graphene/SiC(001) sample
(Figure S2b). More details about the Raman characteri-
zation can be found in the Supporting Information.
Figure 2a,b shows large-area STM images of trilayer
graphene on the vicinal SiC(001) substrate. Interestingly,
our synthesized graphene contains nanometer-scale
domains with boundaries elongated in one direction,
which is very close to the step direction of the vicinal
SiC(001) sample before graphene synthesis (Figure 1).
More remarkably, those nanometer-scale domain struc-
tures are continuous even at the intrinsic surface defects
(micrometer-sized domain boundaries) as observed in
Figure 2a. Therefore, we present a simple method to
synthesize graphene with self-aligned periodic NBs.
However, LEED characterization suggests that the periodic
structures at the nanodomain boundaries between do-
mains are not uniform and straight over the entire sample.
The reason for this is the great difficulty in preparing
uniform and straight steps for the entire SiC substrate.
Figure 2c shows an atomically resolved STM image
containing several nanometer-scale domains connected
to each other through the NBs. Detailed analysis of the
high-resolution STM images measured near the NBs
shows that, in most cases, NBs on the vicinal sample
(Figures 2c and S3) are rotated by 3.5° relative to one
of the (110) directions, as depicted in Figures 2e and S4.
The mechanism responsible for this arrangement can be
understood as follows. There is a zigzag structure on the
left-hand side and an armchair structure on right-hand
side of the NBs (Figure S4a), and the angle on the
left side between Gr, and the substrate SiC[110] and
the angle on the right side between Grg and SiC[110] are
both 13.5°. This implies that carbon atoms deposited on
top of the SiC have equal probability of developing
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Figure 2. STM characterization of the graphene grown on vicinal SiC(001). (a,b) Large-area STM images of graphene
nanoribbons synthesized on the vicinal SiC(001). Inset in panel (a) shows the fast Fourier transform of the STM image, proving
one preferential direction of the NBs on the vicinal sample. (c,d) Atomically resolved STM images of graphene nanoribbons
showing the system of domains rotated 17° clockwise (Grg) and 10° counterclockwise (Gr,) relative to the NB, which is rotated
3.5° counterclockwise from the [110] direction (c) and the atomic structure of the NB (d). The images were measured at
U= -100 mV, | = 68 pA. (e) Schematic model of the NB for the asymmetrically rotated nanodomains in panels (c) and (d).
For the angles shown, a periodic structure of distorted pentagons and heptagons is formed.

zigzag or armchair structures. Considering the compli-
cated structure near NBs, there are three different
graphene structures present: pentagonal, hexagonal,
and heptagonal. The internal angle of a pentagon is
108°, a hexagon is 120°, and a heptagon is 128.57°.
When a pentagon grows next to a hexagon, the angle
difference is 12° smaller, while for a heptagon growing
next to a hexagon, the angle is 8.57° more. Therefore,
NBs on top of the SiC deviate from the symmetry of the
line by 3.43°, which is consistent with the experimental
result of 3.5°. For the left-hand side of the NB, a zigzag
structure is developed from the NB. This means that two
hexagons transform into one pentagon and one hepta-
gon, so the angle difference is (8.57 + 12°)/2 = 10.28°.
For the right-hand side of the NB, the armchair structure
developed means hexagons must merge with two sides
of a pentagon, so the total angle change is 8.57° x 2 =
17.14°. As Figure 2e illustrates, this asymmetry near the
NBs leads to the formation of a periodic structure along
the boundaries, with a period of 1.37 nm. The periodic
structure consists of distorted heptagons and penta-
gons (Figure 2e), which produce the modulations in
the atomically resolved STM image measured at the NB
(Figure 2d).

In order to extract information about the electronic
structure and the stacking order of the nanostructured
trilayer graphene synthesized on cubic-SiC(001), we
performed ARPES measurements (Figures 3 and S5)
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and analyzed the fine structure of the multiple bands
seen near the K, and K points in Figure 3c. Addition-
ally, to gain a better understanding of the experimental
data, we performed simulations of photoemission from
samples hosting two rotational domains of the trilayer,
accounting for the observed momentum splitting Ak =
0.12 A~". Simulations were performed for the band
structure of graphene corresponding to Bernal or rhom-
bohedral stacking. The band structure of the ABA- and
ABC-stacked trilayer graphene acquired within the tight-
binding (TB) model was taken from the literature.3” The
section of the trilayer band structure along the direction
perpendicular to the T'—K line of the surface Brillouin
zone, which corresponds to the acquisition direction
of the experimental dispersion shown in Figure 3¢, was
simulated by an array of energy distribution curve (EDC)
slices composed of the Lorentzian peaks residing at
the energy positions of the trilayer bands. As ARPES is
a nonlocal method, it sums up photoemission signals
from all the various structural phases of graphene at the
sample surface. Therefore, the rotational variants of the
graphene domains and their rotational displacements
were considered in a framework of rotated Brillouin zones
and approximated in a simulation set by corresponding
multiplication and displacement of the model band
structure along the momentum axis K. This approach is
illustrated in Figure S6. In particular, photoemission from
two principal rotational variants of the trilayer graphene
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Figure 3. ARPES characterization determining the electronic structure and the Bernal stacking nature of the trilayer graphene
on the vicinal SiC(001). (a) Effective surface Brillouin zone corresponding to four rotated domain variants. (b,c) Dispersion of
the -band in the graphene along the directions indicated in panel (a). (d) Simulations for ABA-stacked trilayer graphene with

a high density of nanodomain boundaries.

on SiC(001) were constructed through the superposition
of two identical TB band structures of the trilayer dis-
placed by +0.06 A~ relative to the K point. We assume
that intensity of photoemission from the trilayer's bands
is proportional to the density of states (DOS) of graphene.
Therefore, it was approximated for each trilayer band by
a linear function of the binding energy. In fact, there is
no noticeable impact of this factor on the results of the
simulation (e.g., qualitatively similar results were obtained
also for a constant DOS). Conversely, the crucially im-
portant factor for agreement or disagreement between
the experiment and simulations is the width of the
Lorentzian peaks composing EDC slices. In our simulation,
we varied the fwhm of the Lorentzians between 100 and
800 meV to test the correlation between the measured
(Figure 3c) and simulated dispersions over energy. Very
good correlation between measured ARPES dispersions
(Figure 3c) and simulations (Figure 3d) was achieved for a
fwhm of the 7z-bands as large as 600 meV and for an initial
band structure corresponding to the ABA trilayer. Thus,
it can be concluded that the stacking order of the trilayer
graphene on the cubic-SiC(001) is indeed of ABA-type.
Moreover, the fwhm = 600 meV is 3 times larger than
the fwhm measured by ARPES for high-quality quasi-
freestanding single-layer graphene on hexagonal SiC, Ir,
or Au8~% such significantly enhanced broadening can
be ascribed either to geometric contributions from a
minority of rotational variants distinct from the nano-
domains rotated by +13.5° from the (110) directions
or to quantum scattering of quasiparticles on structural
imperfections. Both origins of the broadening are asso-
ciated with the large number of rotational NBs. The
ARPES measurements conducted on the graphene/SiC-
(001) samples also reveal that the Dirac points are very
close to the Fermi level (Figures 3c and S5).This is in
full agreement with theoretical simulations for ideal
trilayer graphene (Figures 3d and S6), which assume that
a negligibly small doping level is present in our trilayer
graphene.

Figure 4a shows a schematic drawing of a typical
graphene nanogap device. Devices with sub-30 nm
nanogap contacts were fabricated using standard elec-
tron-beam lithography techniques. Ti/Au (5/45 nm)
electrodes were deposited by electron-beam evaporation.

WU ET AL.

The bias voltage was applied perpendicular to the NBs
to measure the local transport properties due to the NB
defects. Figure 4b shows the temperature-dependent
resistance (R—T) measured with a bias voltage of 0.5 V.
The resistance is around 1000 €2 at room temperature
and increases significantly with decreasing temperature.
Moreover, below 100 K, we cannot detect an appreciable
current signal for a bias voltage of 0.5 V, which clearly
demonstrates a transport gap in the synthesized tri-
layer graphene. We fitted the R—T curve with R(T) ~
Ro exp(E./ksT), where R, is the fitting parameter, kg is
the Boltzmann constant, and E, is the activation energy.
The fitting gives an activation energy of 130 meV. To
further demonstrate the existence of the transport gap,
we measured [—V at 10 K (Figure 4c) and plotted the
corresponding d//dV in Figure 4d. Interestingly, for a small
bias voltage, we cannot detect any reasonable current
signal, and the corresponding d//dV is around 0.01 uS,
indicating the existence of a transport gap. The transport
gap derived from the di/dV plot is approximately 1.3 eV at
10 K. To understand the effect of the NBs on the electron
transport properties, we simulated current across the NBs
as a function of gate voltage. In our calculations, we used
the unit cell as shown in Figure 5a, and the gate voltage is
adjusted through the on-site energy. A nonequilibrium
Green function is used, and the current is calculated with
Landauer—Keldysh formalism.*'*? Details about the simu-
lation can be found in the Methods section. Our simula-
tions are summarized in Figure 5b. There is a plateau
region where electrons cannot travel, indicating that a gap
does open with current driven across the self-aligned NBs
and can be tuned with the gate voltage.

Figure 6ab shows temperature-dependent /—V
curves. The transport gap can be clearly observed
below 100 K but disappears at temperatures above
150 K. To obtain the exact value of the transport gap,
we plotted the corresponding d//dV curves in Figure 5¢
for temperatures below 150 K. Remarkably, the trans-
port gap is approximately the same at 50 and 10 K
but substantially lower (0.4 eV) at 100 K. When a bias
voltage smaller than the transport gap is applied, the
conductivity of the device is only 1072 uS, but this
increases to 10 uS when the bias voltage is larger than
the transport gap, which gives a high on—off current

A N N
VOL.9 = NO.9 = 8967-8975 = 2015 A@@L%{\j

WWwWW.acsnano.org



c 004
0.02f
g 0.00
.02}
-0.04 L - - - ;
2 1 0 1 2
V(V)

InR (InQ)
G

©0
T

S I A I
1000/T (1/K)

-
o_\
-

di/dV ( uS)

Y —
o o
LTy

1

.

.

.

L

-
S,
&

-l
2 A 0 1 2
V()

Figure 4. Electrical detection of the opening of a transport gap in Bernal-stacked trilayer graphene on a vicinal SiC substrate.
(a) Schematic drawing of the nanogap device. (b) R—T curve measured with a bias voltage of 0.5 V. (c) -V curve measured at
10 K and (d) corresponding d//dV curve to demonstrate the existence of a transport gap.
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Figure 5. Current as a function of gate voltage. (a) Schematic drawing of the model used, where L is the length of the NB, W is
the width of the armchair structure, and W, is the width of the zigzag structure. (b) Current as a function of gate voltage

calculated from first-principles simulation.

ratio of 10%. Moreover, in our nanogap contact devices,
the NBs are uniform and directed along the step direc-
tion on the vicinal substrate (Figure 4a), which gives
this system the potential for high-density memory appli-
cations. We would like to point out that it was suggested
by Huang et al. that the scattering rate for a periodic
boundary can be written as

$2m,
Wk)) = ———— x
W = Rk

/11 + exp(— 4k20?) — 2 exp(—2k26?)cos(2k,d)]}

{[1 — exp(—4k20?)]

where d is the periodicity along the boundary. Thus,
attaining a larger on—off current ratio may result in a
reduction in the mobility.

WU ET AL.

The observed temperature dependence of the trans-
port gap could be attributed to two possible mecha-
nisms.2>?%3¢ First, it was suggested by Yazyev and
Louie*® that a charge transport gap of

2t 138

Eg:h’l/F—N

3d d(nm) (eV)

can be formed by a nonsymmetric NB associated with
a lattice mismatch at the boundary line, where # is the
reduced Planck's constant, v is the Fermi velocity.
As indicated in Figure 2d,e, the asymmetric rotation
of the graphene lattices in the neighboring domains
relative to the NB leads to a 1.37 nm periodicity along
the NB. According to the theory,* this periodicity should
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Figure 6. -V curves measured at different temperatures with current across the self-aligned NBs. (a) /- V curves measured at
10,50, and 100 K. (b) /- V curves measured at 150, 200, 250, and 300 K. (c) Corresponding d//dV curves for temperatures below
150 K. (d) Schematic drawing of interstitial defects in trilayer graphene.

produce a transport gap of approximately 1.0 eV, which
is consistent with our transport measurements. There-
fore, our electrical and STM characterizations support
the explanation of the transport gap being based on
the Yazyev and Louie theory of asymmetrically rotated
domains>® for the Bernal-stacked trilayer graphene with
the NBs oriented close to the [110] direction (Figure 2e).
The disappearance of the transport gap at temperatures
above 150 K in this case can be related to the presence
of defects in the graphene trilayer. It is known that
defects can remarkably modify the transport properties
of graphite and graphene.*® There are two kinds of
defects in our trilayer graphene: defects at the NBs
and interstitial defects in subsurface layers. In STM
experiments (Figure 2¢,d) and Raman characterization
(Figure S1), we found that defects at the NBs are stable
even at room temperature. Thus, they should not have
a pronounced impact on the temperature dependence
of the trilayer graphene's conductivity (Figures 4 and
6). However, the stability of interstitial defects in sub-
surface layers (Figure 6d) is temperature-dependent.
In graphite, the migration activation energy of inter-
stitials, which is usually below 0.03 eV,**™* depends
on the presence of domain boundaries and the stress
in the layer. In our trilayer graphene on vicinal SiC,
defects and interstitials may exist, which may be frozen
under 100 K and migrate at higher temperatures
(100—300 K).** The mobility of such interstitial defects
could be responsible for the disappearance of the
transport gap at temperatures above 100 K (Figure 6).

Another possible origin of the transport gap observed
in trilayer graphene on vicinal SiC(001) at temperatures
below 150 K could be related to mechanical strain

WU ET AL.

applied to the graphene nanoribbons during the sample
cooling. It was shown that applying a uniaxial mechan-
ical strain to bilayer graphene®® or a graphene nano-
ribbon?> can provide a band gap on the order of 0.2—
04 eV, which is also in agreement with the electrical
measurements (Figure 6). For our graphene grown on
vicinal SiC, to relieve the in-plane compressive strain,
ripples can be formed at asymmetric NBs.3® Indeed,
Figures 2¢d and S3 show that the boundaries of all
the individual domains on the SiC(001) do possess such
a rippled morphology. As shown in our previous work,*°
the graphene is quasi-freestanding on the SiC, with
only some parts of the layers (usually NBs) supported
by the substrate. The thermal expansion coefficients
and their temperature dependence are remarkably
different for SiC*® and both micrometer-sized and
nanostructured graphene,*=®' which can induce
in-plane strain and lead to the ripple formation during
sample cooling after high-temperature graphene
synthesis.

To clarify the origin of the charge transport gap,
we measured [—V at 10 K with the current applied
along the boundaries (Figure 7a). No transport gap
is observed, and the /—V curve displays nonlinear
behavior. This indicates that the observed charge
transport gap for current across the NBs is mainly due
to the self-aligned periodic NBs, which can reflect
charge carriers over a range of energies. It also rules
out the effect of the contact resistance between
graphene and electrode. In addition to this, we
also conducted photoemission experiments on the
vicinal SiC(001) samples at temperatures between
100 and 300 K (Figure 7b). Our experimental data
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The sample was biased at —18.2 and —8.42 V at 104 and 300 K, respectively.

undoubtedly show that the valence band edge
position does not change with decreasing tempera-
ture, proving that the observed transport gap is not
related to a band gap opening during the sample
cooling. At the same time, the secondary electron
cutoff (SEC) measurements reveal a change of the
work function between 150 and 100 K of ~0.36 eV,
that s, the values observed in the transport measure-
ments (Figure 6¢). Thus, both /—V characterization
and low-temperature photoemission measurements
lead us to conclude that the observed charge trans-
port gap most probably should be attributed to the
self-aligned periodic NBs.

METHODS

Uniform trilayer graphene was fabricated on SiC(001) thin films,
grown on vicinal (2° miscut) Si(001) wafers, using Si-atom sub-
limation followed by high-temperature surface graphitization in
the UHV preparation chamber of a room temperature GPI-300
scanning tunneling microscope.**’ The base pressure in the
analytical chamber was in the range of 4—6 x 10~"! mbar. It did
not exceed 2 x 107 '° mbar during the direct current heat-
ing of the 3 x 8 x 0.5 mm? SiC(001)/5i(001) samples at tem-
peratures of 1300—1350 °C and rapidly recovered after the
thermal cycles. The graphene synthesis included an UHV
deposition of several monolayers of silicon atoms onto the
clean, carbon-rich SiC(001)-1 x 1 surface and annealing at
gradually increasing substrate temperatures in the range of
700—1300 °C until the carbon-rich ¢(2 x 2) reconstruction was
achieved. The typical duration of each annealing step lead-
ing to the consecutive assembly of the (3 x 2), (5 x 2), c(4 x 2),
(2 x 1), and c(2 x 2) reconstructions was in the range of
10—30 min depending on the temperature applied and the
pressure in the UHV chamber. Then, flash heating (10—20 s)
at 1350 °C with postannealing at 600—700 °C was used to
convert the ¢(2 x 2) surface reconstruction into a honeycomb
lattice. Full details of the graphene synthesis and step-by-step
STM studies of the SiC(001) surface atomic structure during
synthesis have been described elsewhere3' The principal
difference between the current graphene fabrication pro-
cedure and previously reported works>>®' is the utilization
of the vicinal (stepped) SiC(001)/Si(001) substrate.

The growth of few-layer graphene on cubic-SiC(001) in
UHV at pressure below 2 x 107'% mbar is self-limiting
at three graphene layers.3°3' The graphitization occurs in
a multistage process and is extremely dependent on sample

WU ET AL.

CONCLUSION

In summary, we have presented transport studies on
trilayer graphene synthesized on vicinal cubic-SiC(001)
substrates. Our electrical measurements clearly demon-
strate the opening of a transport gap in the nanostruc-
tured graphene synthesized on this stepped surface.
Remarkably, the effect can be observed even at 100 K
and produces a current on—off ratio of 10, This transport
gap was notably observed in the Bernal-stacked trilayer
graphene. This behavior shows that it is possible to create
new tunable electronic nanostructures with graphene on
cubic-SiC, thus creating opportunities for a wide range of
new electronic applications.

cleanliness, pressure in the vacuum chamber, etc. For these
reasons, it is very difficult to obtain a uniform graphene
coverage of less than three monolayers on a millimeter-scale
SiC(001) sample. Therefore, for the transport measurements,
we used vicinal SiC(001)/Si(001) samples with a uniform
trilayer graphene, as proven by LEEM and ARPES data
(Figures S2 and S5).

All STM experiments were conducted at room temperature
with single-crystalline tungsten tips cleaned and sharpened in
the UHV chamber.>2 STM topographic images were processed
using WSxM software.>> ARPES experiments were performed
with an ARPES 1%endstation equipped with a Scienta R8000
hemispherical electron analyzer operated at the UE112-
PGM2a beamline at BESSY-II. All ARPES measurements were
performed at a photon energy of 62 eV with a linear (mixed s + p)
light polarization. The beam spot size on the sample was about
0.4 mm. Before ARPES characterization, the trilayer graphene/
SiC(001) samples were annealed in the corresponding UHV
preparation chambers at a variety of temperatures ranging
from 200 to 1000 °C to remove possible contamination. SEC
and valence band spectra of graphene synthesized on vicinal
SiC(001) as a function of temperature in the range of 104—
300 K were taken using the endstation of the Russian German
Laboratory at BESSY-Il. The LEEM and micro-LEED measure-
ments were done using a SPELEEM microscope (Elmitec
GmbH) installed on beamline 1311 at the MAX-laboratory in
Sweden.

The device with nanogap contacts was fabricated by elec-
tron-beam lithography using single-layer positive tone resist
poly(methyl methacrylate) supplied by MicroChem Corp. After
development, thick metal contacts consisting of Ti (5 nm)/Au
(45 nm) were deposited by e-beam evaporation.
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Electron Transport Calculations. We used the tight-binding approxi-
mation with a nearest neighbor hopping energy t (t = 2.7 eV) to
describe the graphene system>*

H=-ty G+ 3Uuc/G

irj i

where C,fr (C)) creates (annihilates) an electron at site i and U; is the
on-site energy at site i. Since a defect causes very small devi-
ations in the bond length,”>*® we therefore propose that all of the
hopping energies are the same because all the carbon atoms are
assumed to be equidistant.

In the electron transport simulation, we use nonequilibrium
Green function theory, and the Landauer—Keldysh method is
used to calculate the transmission and /—V behaviors for the
NBs in our system.**2 The transmission function between the
leads is evaluated by

Tpg = TrL,GRT,GM

where G" (G") is the regular (advance) Green's function of the
system. The lead broadening function Ty = i(Spq) — Zhig)s
where %, is the self-energy of the lead. The conductance G(E)
can be obtained from the transmission function by G(E) =
GoT(E), where G, = 2e/h is the conductance quantum. Finally,
the current can be obtained by / = (2e/h)fT(E)[fp(E) — fo(E)IdE,
where f,q) is the Fermi distrbution of each lead.
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