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An investigation has been conducted into the electron transport properties in carbon nanotube (CNT)–graphene contacts with a fully non-
equilibrium Green’s functions method combined with the density functional theory. Four different models are considered, where the
contact geometries are varied. Their similar electron transmission characteristics are demonstrated with little dependence on the contact
conditions at high energy and considerable dependence at low energy. The vacuum gap hinders the electron transport, resulting in an
additional contact barrier. The electron transmission is mainly performed between the boundary carbon atoms of the CNT and the nearest
graphene atoms, and the imperfection of the edge carbon atoms in a hexagonal lattice destroys the ballistic transport in graphene and the
CNT at the contact. The current–voltage characteristics are presented as well. This reported work gives an insight into the electronic
transport properties of the contacts and suggests that graphene is a suitable electrode material for applications in full-CNT devices.
1. Introduction: Carbon nanotubes (CNTs) and graphene have
attracted great interest because of their unique electrical, optical,
thermal and mechanical properties [1–5]. CNTs are promising
candidates for nanoscale electronics, and some nanoelectronic
devices based on individual CNTs have been studied, such as
quantum wires, field-effect transistors, logic gates, field emitters,
diodes, inverters and so on [6]. The performance of CNT devices
crucially depends on the contacts between the CNT and the
electrode [7, 8]. However, large electrical contact resistance
between CNTs and a metal electrode hinders their practical
electronics applications [7–9]. Graphene does not possess a
bandgap [3], which makes it difficult to create graphene-based
transistors with large on/off ratios, but its large electron mobility
at room temperature and high mechanical strength makes it an
ideal electrode material [3, 10]; for example, graphene is used to
replace the expensive ITO electrode material in the solar cell [11,
12]. On the other hand, high-quality graphene can be fabricated
with chemical vapour deposition on a wafer scale [13, 14].

Previous studies of CNT–metal contacts with first-principles cal-
culation presented a Schottky barrier at the nanotube–metal interface
[15, 16], which limits the electronic transport capability severely.
High work-function metal contacts can reduce the Schottky
barrier, but the height is still big (e.g. the reported lowest is ∼0.4
eV for Pd) [17–19]. What is more, the metal wetting to the CNT
is not perfect because the metal surface is not atom flat. An atomic-
level physical gap exists between the CNT and the metal, inducing
additional contact resistance [20, 21]. Graphene has similar chemical
bonding to CNT, which makes it possible to be used as electrode
material in CNT devices to minimise the contact resistance.
Therefore the full advantageous transport properties of both gra-
phene and nanotubes may be achieved. So far, only a few investiga-
tions on the properties of CNT–graphene contacts have been
conducted [22–25]. The calculated Schottky barrier height of the
contact is significantly lower than the reported metal electrodes,
for example, it is 0.09 eV for (8, 0) nanotube–graphene contact
[22], indicating that graphene is an excellent electrode material for
semiconducting CNTs. Measurements with a graphitic interfacial
layer inserted between the single-wall CNT and the metal electrode
showed that the graphitic layer reduced the contact resistance as the
wettability to the CNT was improved because of the formation of
chemical bonding to the CNT [23]. However, another group
claimed that graphene is not a suitable electrode candidate for tran-
sistor devices when studying few-layer graphene and larger
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nanotubes [24]. Nevertheless, the lack of detailed analysis on the
contact geometry still makes it difficult to understand the electronic
transport properties at the CNT–graphene contact.

In this Letter, self-consistent simulations are performed by non-
equilibrium Green’s functions (NEGFs) with a combination of
density functional theory (DFT) [26, 27]. Calculations of electron
transport from a CNT (8, 0) to a graphene sheet at their contact
with different geometries are conducted, where the overlap length
of the contact as well as the edge condition of the graphene and
CNT (8, 0) are varied. On the basis of these models, we study
the electronic transmission coefficients affected by the contact
region length, the edge profile of the graphene sheet and the
vacuum gap between the CNT and the graphene. Transmission
spectrums and pathways are calculated to give another insight
into the electronic transport properties. Current–voltage curves for
the CNT (8, 0) in contact with graphene are discussed at the end
of this Letter.

2. Calculation models: Four different CNT (8, 0)–graphene
contact models are considered (see Fig. 1), consisting of three
regions, that is, a graphene electrode, a CNT electrode and the
central contact region linking them. In models (a), (b) and (c),
the zigzag-edged graphene contact with the CNT is in the
transverse transport direction and the graphene in model (d) is
armchair-edged. The overlap length between the CNT and the
graphene is 5 Å in (a), (b), (d) and 10 Å in (c). For comparison,
the contact edge in (a), (d) is passivated by hydrogen. The
vacuum gap of the graphene and CNT (8, 0) is set to 2.0 Å at
first. All the models are optimised until the force on each atom in
the contact region is less than 0.005 eV/Å. It appears that there is
no covalent chemical bond formation between graphene and CNT
atoms, suggesting that the π-conjugation of the graphene and the
CNT in the contact models is not destroyed.

Their electronic transport properties are then calculated with fully
self-consistent NEGF combined with DFT. The Perdew Burke
Ernzerhof version of the generalised gradient approximation is
adopted for the electronic exchange and correlation functional,
and the valence electrons are expended in a numerical atom-orbital
basic set of double zeta plus polarisation. Other technical para-
meters include a density mesh cutoff of 50 Hartree and the
Brilloiun zones sampled with a 3 × 3 × 15 grid of k points. A toler-
ance of 0.001 of the total energy is used as the convergence
criterion.
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Figure 1 Top view of four models investigated in this Letter
Transport direction is along the Z direction and the vacuum gap between
CNT (8, 0) and graphene is 2 Å
CNT (8, 0) is on the top of graphene
a, b Zigzag-edged graphene with 5 Å overlap; terminal edge of (a) is
passivated by hydrogen atoms
c Zigzag-edged graphene with 10 Å overlap
d Armchair-edged graphene with 5 Å overlap and hydrogen-passivated
terminal edge
3. Results and discussion: The calculated transmission coefficient
without bias for the individual zigzag-edged graphene, the CNT
(8, 0) and model (a) are shown in Fig. 2a. The transmission gap
of the CNT (8, 0) is located between −0.28 and 0.27 eV, which
agrees with its bandgap of 0.55 eV by experiment [28]. For
model (a), the transmission gap of the CNT (8, 0) is retained,
which indicates that the CNT (8, 0) retains its semiconducting
nature and a very low barrier in the CNT (8, 0)–graphene contact.
Another transmission valley presents at the energy range of
[0.42–1.02] eV, where the electron transport is suppressed by
scattering. The transmission coefficient is decreased compared
with the individual CNT (8, 0) or graphene, this is because there
is no chemical bond formation between graphene and CNT
atoms, and this destroys the ballistic transport in the CNT and
graphene.
The transmission coefficients at zero bias for the aforementioned

four contact models are plotted in Fig. 2b. We can note that the
transmission coefficients have the same transmission gap near the
Femi level, and the energy range E = [−0.28–0.27] eV agrees
Figure 2 Transmission coefficient at zero bias for individual zigzag-edged graphen
gap 2 Å (Fig. 2b); for four different models with vacuum gap 3.35 Å (Fig. 2c)
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with the bandgap of the CNT (8, 0). Meanwhile, the amplitudes
of the transmission spectrums and their peak positions are quite
similar although the transmission coefficients of each model are
not exactly the same. However, transmission coefficients of con-
tacts without the hydrogen-passivated terminal edge in models (b)
and (c) have more resonance peaks in the energy range [−1.10 to
−0.48] eV, which means that the hydrogen-passivated terminal
edge contact as models (a) and (d) are more at equilibrium. For
contact with 10 Å overlap, the transmission coefficient is smaller
in the energy range [0.27 to 1.02] eV, but changes little in other
energy ranges. Their little dependence on the contact conditions
at high energy and considerable dependence at low energy suggests
that all-carbon CNT-based devices with the graphene electrode are
feasible. It is obviously more practical for those CNT devices which
usually work at high bias to adopt the graphene electrode without
considering the edge geometry, for example, thermal-based
sensors like flow sensors [29], actuators like microbubble genera-
tors [30] and so on.

Some experiments have disclosed that the contact resistance is
large for the metallic CNT and metal contact [10], where the
Schottky barrier should not exist. Besides, there is additional
contact resistance for the atomic-level physical gap, which exists
between the CNT and the metal, and the cohesion is inversely cor-
related with the metal–carbon vacuum gap [31]. To investigate the
vacuum gap effects on the transmission property of the CNT–
graphene contact, we shifted the vacuum gap from 2 to 3.35 Å.
Subjected to the same preceding technical parameters, the resultant
transmission spectrums are shown in Fig. 2c. The transmission
spectrums are similar but model (c) obviously has peaks at
− 0.57 and 0.37 eV. By comparison with the vacuum gap 2 Å, a
trend can be deduced, that is, the bigger the gap in the contact,
the smaller the transmission coefficient.

To achieve further investigation, the electron transmission
pathway and current density of contact model (a) at energy of 1.6
eV is calculated, where the potential is 0.8 V left and −0.8 V
right. As shown in Fig. 3, the incident electrons transmit through
the CNT along the device direction to the graphene at each bond
and atom. Red arrows denote electron transfer pathways, showing
that electron transmission from the CNT to the graphene is mainly
performed between the nearest boundary carbon atoms. In addition,
electrons transferring from hydrogen atoms to carbon atoms contrib-
ute little to the current flow, but keep the contact more at equilib-
rium. The current density in the CNT drops at the boundary
contacting the graphene sheet, which is because the imperfection
of the edge carbon atoms in a hexagonal lattice generates contact
resistance, and destroys the ballistic transport in the graphene and
the CNT when electrons transfer through the contact. The result is
coincident with the transmission coefficient decreasing at the
e, CNT (8, 0) and model (a) (Fig. 2a); for four different models with vacuum
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Figure 3 Transmission pathway of model (a) in Fig. 1 at energy 1.6 eV
(Fig. 3a) (arrows stand for main electron transfer pathways), inset shows
magnified contact region; current density of model (a) at bias of 1.6 V
along Z direction, averaged in X direction (Fig. 3b)
contacts. On the basis of the above certain specifications, our current
simulation results demonstrate that contact overlap has little effect
on the electron transport and graphene is a promising excellent elec-
trode to construct all-carbon CNT devices.

The above self-consistent calculations at different bias and the
transmission spectrums indicate the probability that the electron
with incident energy E is transferred from the left graphene elec-
trode to the right nanotube electrode. The integration of the trans-
mission spectrum yields the electric current [27], and the current–
Figure 4 Current–voltage curve of CNT–graphene contact model (a)
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voltage (I–V ) curve of model (a) as an example is shown in
Fig. 4. There is barely current through the contact at low bias, but
the current increases at high bias. This remains the transport
nature of semiconducting CNTs. A curve ‘step’ appears at a bias
of about 0.9–1.4 V. The current at higher bias is more than 20
μA, which is larger than that in the model with a bigger vacuum
gap, for example, 3 Å, in accordance with the tendency in transmis-
sion coefficients.

4. Conclusion: In summary, we have employed NEGFs with a
combination of DFT to investigate the electronic transport
properties of the CNT–graphene contact with geometry effects. It
is found that the covalent bond is difficult to form in the contact.
Electron transmission coefficients are similar with little
dependence on the contact conditions at high energy, but it is
sensitive at low energy. On the other hand, the vacuum gap
makes an additional contact barrier and hinders electron transport.
Electron transmission mainly occurs between the boundary
carbon atoms of the CNT and the nearest graphene atoms, but
non-chemical bonding destroys their ballistic transporting. Our
work gives a useful insight into the electron transport properties
of the contact and suggests that the contact can be used at high
bias without considering the edge geometry. Therefore graphene
is a better electrode material than metal for CNT devices in
the circumstances and corresponding full carbon devices can be
expected.
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