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ABSTRACT We present a first-principles study of the electronic transport properties of metallic and

semiconducting carbon nanotube (CNT) junctions connecting two graphene layers, for different CNT lengths and

link structures. Transport is analyzed in terms of the scattering states originated from the 7 and 7* states of the

finite-length CNTs, which couple to the graphene states producing resonances in the transmission curves. We

find that, for metallic CNTs, the conductance is nearly independent of the tube length, but changes strongly with

the link structure, while the opposite occurs for semiconducting CNTs, where the conductance in the tunneling

regime is mainly controlled by the tube length and independent of the link structure. The sizable band offset

between graphene and the CNTs yields to considerable effects on the transport properties, which cannot be

captured using simple empirical models and highlights the need for a first-principles description.
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quantum transport - density functional theory

he study of electronic transport both

in carbon nanotubes and in

graphene has been the focus of a
great deal of work' owing to the intrigu-
ing fundamental phenomena that these
materials exhibit, and the promise of out-
standing applications in nanoelectronics.
Despite having the same chemical compo-
sition and local atomic structure (sp? car-
bon), the electronic properties of these
nanostructures depend dramatically on
their topology and intermediate and long-
range structure (e.g., chirality for nanotubes,
edges for graphene). This variety of proper-
ties allows for a plethora of different appli-
cations, in many of which the formation of
junctions between parts with distinct elec-
tronic properties plays an essential role.

Here, we consider the possibility of fu-

ture devices that may use combinations of
graphene layers and CNTs for nanoelectron-
ics applications. For instance, nanotubes
might be used as interconnects to transmit
signals between two graphene-based nano-
devices, in the same way as metallic wires
do between traditional silicon-based tran-
sistors. One might also envision more ambi-
tious scenarios,® in which nanotubes could
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be used as vertical connections in three-
dimensional architectures that would pro-
vide a better use of chip space. In these 3D
circuits, nanotube transistors could be used
as switches to reconfigure the circuit’s func-
tion. In any of these or other possible appli-
cations, understanding the transport prop-
erties of graphene—nanotube connections
is a prerequisite, and the objective of this
paper.

We present first-principles studies of
the geometry, electronic structure, and
transport properties of systems consisting
on single-walled carbon nanotubes con-
necting two graphene sheets. We consider
CNTs with different chiralities (both metal-
lic and semiconducting) and lengths, and
compute the conductance between the
two sheets through the nanotube. In the
structures studied here, graphene and nano-
tubes are linked covalently in a seamless
sp? structure. Such connections are ex-
pected to provide the best conductance
characteristics, since they are the weakest
perturbing links and preserve the chemis-
try and local sp? bonding of both nanotubes
and graphene, in contrast with links
achieved by chemical functionalization
(e.g., via peptide and disulfide links) consid-
ered by other authors.*

Experimental evidence for the possibil-
ity of building such a connection has been
provided by some recent works. Kondo et
al? reported the synthesis, by means of
chemical vapor deposition techniques, of
composite structures with horizontal
graphene multilayers connected to verti-
cally aligned multiwalled carbon nano-
tubes. Refinement of this technique could
possibly yield methods to build
graphene—nanotube contacts in a con-
trolled manner. More recently, Kane et al.®
have suggested that highly conductive con-
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tacts between platinum electrodes and nanotubes, ob-
tained by a high temperature annealing treatment, are
due to the formation of a graphene layer on the metal-
lic surface, which is thought to be covalently linked to
the nanotube. These works seem to indicate that, be-
sides their experimental feasibility, such connections
should have good conductance characteristics.

From the theoretical side, graphene—CNT covalent
interconnections have been previously considered in
the literature, although these works did not focus on
the electronic transport properties. Matsumoto and Sai-
to” were the first to study such structures, focusing on
the geometry and electronic states of graphene sheets
with a periodic arrangement of covalently linked (6,6)
CNTs in a triangular lattice, using an sp> nonorthogo-
nal tight-binding (TB) model, and local density approxi-
mation (LDA) calculations only for selected systems.
More recently, Gonzalez et al.® have presented a de-
tailed study of the electronic properties of links be-
tween graphene and metallic armchair (6n, 6n) and zig-
zag (6n,0) CNTs, using a simple 1 orbital TB Hamiltonian
and a continuum theory based on Dirac fermion fields.
They considered the case of junctions of a single nano-
tube with a single infinite graphene layer, as well as pe-
riodic arrays of junctions in a triangular lattice like those
studied by Matsumoto and Saito. In both studies, the
geometry of the junctions has six heptagons evenly
spaced along the link between graphene and CNT, and
no edges or termination of the graphene layer(s) were
considered. The systems are therefore highly symmet-
ric, maintaining the G, symmetry of graphene. Finally,
Dimitrakakis et al.® and Varshney et al.'® also considered
3D structures of graphene layers linked by nanotubes,
but they focused on the possible hydrogen storage ap-
plications and on their thermal transport properties,
rather than the electronic transport. This is, therefore,
the first study of the electronic transport between
graphene sheets through covalently linked nanotube
junctions.

RESULTS AND DISCUSSION

Our goal of studying both semiconducting and me-
tallic CNTs implies that we must consider chiralities
(n,m) different from the (6n,6n) and (6n,0) investigated
in previous studies,”® which are all metallic (as occurs
for nanotubes with (n — m) = 3/, with / being zero or
any positive integer'''?). In general, covalent links be-
tween any (n,m) CNT and graphene can be accom-
plished, but the resulting structures have a symmetry
lower than G, with a more irregular arrangement of
heptagons, and possibly showing the presence of rings
other than hexagons and heptagons. Baowan et al."*
have considered the possible ways in which armchair
(4,4) and zigzag (8,0) nanotubes can be attached co-
valently to graphene to form a seamless sp? structure,
finding a large number of possibilities with different
numbers and sizes of rings (from tetragonal to decago-
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Figure 1. Scheme of the connection of graphene with the
(4,4) and (8,0) CNTSs for the different structures considered.
The small circles show the carbon atoms from graphene that
bind to the atoms of the nanotube edge (not shown). The
numbers indicate the sizes of the rings that result at each
site upon the nanotube attachment.

nal). Here, we have considered some of the structures
proposed by Baowan et al., for the metallic armchair
(4,4) and the semiconducting zigzag (8,0) CNTs, both
having similar diameter (making the comparison of the
transport properties more relevant). From all the pos-
sible structures of the link with graphene, we have se-
lected only two for each nanotube that, a priori, seem
more reasonable, shown in Figure 1. For the (4,4) tube,
we consider the two link structures that have only six
heptagonal defect rings in the junction between
graphene and the nanotube (denoted as #3-b and
#9-a by Baowan et al.). For the (8,0) tube, we also con-
sider two structures: the only one that has only six hep-
tagonal rings and one that has two heptagonal and
two octagonal rings (denoted as #6 and #3, respec-
tively, by Baowan et al.). All these structures present a
C,, symmetry, which is a reduced one in comparison
with the symmetries of the graphene sheet and the
nanotubes.

For the relaxed structures (see Methods), we calcu-
late the conductance from first-principles, by means of
the TranSiesta method,’* within the nonequilibrium
Green'’s function (NEGF) formalism. The system is di-
vided into left and a right leads and a central scatter-
ing region.' The problem is solved in the scattering re-
gion, using the open boundary conditions imposed by
the leads (in our case, semi-infinite graphene layers)
through their self-energies. The central region includes
the CNT and the portion of graphene layers around the
junction with their hydrogen termination (see Figure
2). For computational convenience, as it is frequently
done in this kind of calculations, we consider periodic
boundary conditions in the direction perpendicular to
the transport (x axis in Figure 2). Therefore, we are actu-
ally computing the conductance through a periodic lin-
ear array of nanotubes connecting two semi-infinite
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Figure 2. Setup used for the transport calculations: an array of nanotubes connecting two semi-infinite graphene sheets.
The dotted lines enclose the atoms explicitly considered in the simulation box, which is repeated periodically in the x direc-
tion. The scattering region (shown in green) includes the CNT, the graphene—CNT junctions and part of the graphene sheet
(including the H-saturated edges). The leads (in blue) are ideal, semi-infinite two-dimensional graphene sheets, where the
darker areas correspond to the atoms explicitly considered in the simulation box in the calculation of the NEGF’s, while
lighter areas are described through self-energies.

graphene sheets, and careful k-point sampling in this ner is that of a single repeated cell (i.e., the conduc-
direction (i.e., along the graphene edge and the nano-  tance through each of the CNTs contacting the

tube array) is required to obtain reliable results for the  graphene sheets). The implications of our calculations
conductance.'® We denote the k-points along the edge  for the limit of a single CNT connection will be discussed
direction as kj. The conductance calculated in this man-  in detail below.
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Figure 3. Transmission (shown in logarithmic scale) versus energy (referred to the Fermi level) of the graphene—nanotube
junctions: (a) (4,4), link #3-b; (b) (4,4), link #9-a; (c) (8,0), link #3; (d) (8,0), link #6. For each junction, different curves corre-
spond to different nanotube lengths, as indicated in the legend. The inset in panel b shows a linear scale plot of the trans-
mission around the Fermi energy for the 4.2 nm (4,4) nanotube with link #9-a.
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Figure 4. (a) Contour plot of a quasi-localized wave function confined at the interface between graphene and the (8,0) nano-
tube, for the #6 link. The state corresponds to the transmission peak located just above the Fermi energy in Figure 3d. Graph-
ics b and c show the two scattering states for the (4,4) nanotube #9-a link, at E = 0.36 eV, corresponding to the two trans-
mission eigenchannels shown with full and dashed lines in Figure 6a, respectively.

Figure 3 is a summary of our transport calculations,
showing the transmission curves for four different nano-
tube lengths (from around 2—5 nm) for each of the
four types of junctions.

For metallic (4,4) tubes, the transmission has values
in the range from 0.01 to 1, in the energy window con-
sidered. The drop in the conductance at the Fermi level
is due to the semimetallic character of graphene, and
will be discussed later. Oscillations are present owing to
the discrete structure of electronic states in the nano-
tube, which depends on its particular length. This leads
to a different structure of peaks for each length, which
becomes denser for longer nanotubes, as expected. The
structure of the link also has a strong effect on the trans-
mission curves, which are considerably different due
to the different coupling between graphene and CNT
states for each link structure. For the range of lengths
considered here, the average transmission is essentially
independent of the length of the CNT, a clear indica-
tion of ballistic transport through strongly propagating
and delocalized nanotube states. Our results for metal-
lic nanotubes give support to the recent suggestion of
improved contact characteristics of nanotubes on plati-
num electrodes upon formation of a graphene layer
on the metallic surface.®

For semiconducting (8,0) tubes, a wide low-
transmission region around the Fermi level is clearly ob-
served, corresponding to the forbidden energy gap of
the pristine, infinite nanotube (0.8 eV). The transmission
outside this gap is relatively large and close to unity,
as for metallic nanotubes, which indicates ballistic con-
duction at energies at which the nanotube sustains va-
lence or conduction states. Therefore, doped nano-
tubes (for which the Fermi level is located within the
band edges) should be expected to have transport
properties similar to those of metallic nanotubes.
Within the gap, the transmission is considerably smaller,
but far from negligible, specially for the shorter nano-
tubes. This is due to the existence of metal-induced gap
states (MIGS) within the gap of the nanotube, which de-

www.acsnano.org

cay exponentially from the graphene—nanotube inter-
face. This yields an exponential dependence of the
transmission with nanotube length, characteristic of
the tunneling regime. Again, the structure of the link
strongly affects the shape and values of the transmis-
sion curves. Part of this difference is associated with the
fact that the location of the band gap of the nanotube
with respect to the Fermi level of graphene differs for
both links, implying a different band alignment for each
structure. This can be traced back to the different strains
of the (8,0) nanotube for the two types of connections:
the #3 link produces a strong distortion of the nano-
tube, from the ideal circular section to a pronouncedly
flat one. This strain produces an upward shift of the CNT
bands which leads to a different band alignment with
the graphene sheet. Therefore, engineering the contact
structure could be used to tune somewhat the trans-
port properties of the CNT—graphene links.

In the transmission curves for the (8,0) nanotube,
we observe the appearance of some peaks within the
energy gap region of the CNT. The position of these
peaks is quite independent of the nanotube length, but
their heights decay exponentially with it. These peaks
are associated with defect states localized at the inter-
face between graphene and the nanotube. Gonzalez et
al.® predicted this kind of states confined at the inter-
face between metallic nanotubes and graphene, under
certain conditions. Here, we find them also for the case
of semiconducting nanotubes. Figure 4a shows an ex-
ample of such a state for the case of the #6 link for the
(8,0) nanotube. The state plotted is responsible for the
transmission peak just above the Fermi level for this link
(see Figure 3d), and there is a similar one which ac-
counts for the peak below the Fermi energy. The local-
ized nature of these states explains the evolution of the
transmission peaks with nanotube length (unchanged
energy position but decreasing height).

The distinct behavior of the transmission curves for
metallic and semiconducting nanotubes is more clearly
evidenced in Figure 5, which shows the conductance
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Figure 5. Conductance G = I/V computed for a voltage of
0.6 V, for the (4,4) and (8,0) nanotubes (left and right pan-
els, respectively), as a function of nanotube length. Symbols
show values computed for different link structures, follow-
ing Figure 1. Lines are just to guide the eye.

4

s

(-
4 310

G = I/V at a finite voltage of 0.6 V. This is obtained by in-
tegrating the transmission curves shown in Figure 3
(obtained in the limit of small voltages), in an energy
window of 0.6 V centered at the Fermi energy. This rep-
resents an average of the transmission curves in the en-
ergy window considered, which washes out the details
in the structure of peaks and reveals the main trends
with respect to CNT length and link structure. Here we
can see clearly that the conductance of the metallic (4,4)
CNT is not very sensitive to the nanotube length, but
changes significantly with the structure of the link. The
average conductance is, nevertheless, significantly
smaller than the maximum intrinsic conductance of
the nanotube (2Gy). For the semiconducting tube the
behavior is the opposite: the finite voltage conductance
changes exponentially with the length of the tube (as
corresponds to the tunneling regime), but is mainly in-
dependent of the structure of the link (despite the fact
that the transmission curves are significantly different,
as discussed above).

We now analyze the transmission curves presented
in Figure 3 in terms of contributions from different
eigenchannels of the transmission matrix and for differ-
ent ki-points along the direction of the graphene edge.
For illustration, in Figure 6 we show the results for a
4.2 nm long (4,4) nanotube, connected to graphene
with #9-a links. In each panel, two transmission eigen-
channels are shown for a particular k-point (other
eigenchannels give negligible contribution to the total
transmission). We will first focus on the top panel, which
corresponds to a k-point which contains the K-point
of the graphene Brillouin zone; for this point, graphene
supports states at all energies in the window consid-
ered, since the Dirac point is contained in the sampling.
For each of the two nonvanishing eigenchannels, the
transmission is made up of resonances which corre-
spond to transmitting states of the nanotube at particu-
lar energies. These resonances have maxima with large
transmission values, often very close to 1, as corre-
sponds to discrete contact states coupled symmetri-
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Figure 6. Transmission curves resolved in k| (along the di-
rection of the graphene edge) for the two main transmis-
sion eigenchannels for the 4.2 nm long (4,4) nanotube with
#9-a links, for three different k-points. In panel a, the k-
point contains the Dirac point of graphene. Panels b and ¢
are for k-points with increasing distance from it.

cally to wide-band electrodes. The effect of having a dif-
ferent link structure to each graphene sheet, leading
to asymmetric contact structures, will likely yield reso-
nances with lower transmission (work in this direction is
underway).

To gain insight into the nature of the two transmis-
sion eigenchannels, we have calculated the corre-
sponding scattering states'”-'® (using the Inelastica
code'®) for several energies. We find that the two trans-
mission eigenchannels shown in Figure 6 with full and
dashed lines correspond closely to standing waves of
the finite nanotube originating from the CNT bonding
(m) and antibonding (m*) states,?° respectively, which
couple to states of graphene with the similar charac-
ter. This is shown in Figure 4b,c which plots the scatter-
ing states computed at 0.36 eV (where both transmis-
sion eigenchannels show maxima in Figure 6a.). Plots at
different energies show states with similar character,
but different numbers of nodes along the carbon nano-
tube, as expected from the energy versus wavelength
dependence of the standing waves. The width of the
resonances, which reflects the efficiency of the coupling
of the CNT waves with the graphene states, depends
on both the specific eigenchannel and energy.

Careful inspection of Figure 6a shows an effect that
was not easily identified in the total transmission curves
of Figure 3: there is a clear offset between the band
structure of the (4,4) nanotube and that of graphene.
Ideally, in a zone-folding approach or a simple 1 orbital
TB Hamiltonian description, the energies of the Dirac
point (Fermi level) of graphene and that of the metal-
lic nanotubes are the same, and there is no band off-
set between both systems. However, the transmission
curves in Figure 6a clearly shows that the (4,4) CNT
states are shifted by about 0.2 eV above the Fermi level
of graphene. This offset is due to the finite and small ra-
dius of the nanotube, and its value is in close agree-
ment with the difference in work functions of ideal, in-
finite (4,4) CNT and graphene, as calculated by Shan and
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Cho.?" For the (4,4) nanotube, the offset obtained is
nearly the same for both CNT—graphene links, unlike
in the case of the (8,0) nanotube discussed above,
which depends strongly on the link structure and the
associated strain. These band offset effects, which can
be very relevant for electronic transport properties, are
straightforwardly obtained from first-principles calcula-
tions as those presented here, whereas they are com-
pletely absent from simplified descriptions such as  or-
bital TB Hamiltonians.

We now turn to the discussion of the k| depen-
dence of the transmission curves, as shown in Figure
6. The transmission at the Fermi level is nonzero only
for the ki-point which contains the K-point of the
graphene Brillouin zone (top panel), since only there
does graphene support electronic states at that energy.
For other kj-points, the transmission shows a gap corre-
sponding to the one in the bulk graphene band struc-
ture projected at that surface k-point. Following the
shape of the Dirac cones, the size of the gap increases
linearly with the distance to the K-point. Upon kj aver-
aging, the transmission at the Fermi energy goes to
zero, as can be seen in all the curves in Figure 3, follow-
ing the V-shaped density of states of graphene (this
can be seen more clearly in the inset in Figure 3b). This
reflects the fact that, for infinite graphene, only two
channels contribute at the Fermi level (the two states
at the Dirac point), giving a total conductance of 2G, for
the whole graphene sheet, so that the conductance
per supercell (which is what is calculated here) drops to
zero. Therefore, the drop in the transmission and con-
ductance at the Fermi level in our calculation is related
to the finite number of channels of graphene, rather
than to the scattering properties of the nanotube con-
tacts. In this sense, graphene acts as a rather peculiar
bulk electrode, since around the Fermi level it sustains
fewer conduction channels than the contact (the peri-
odic arrangement of nanotubes has two channels per
nanotube), so the conductance of our system around
the Fermi level is determined by the electrode rather
than the contact. To extract conclusions about the con-
ductance of a single nanotube contact between

METHODS

Our first-principles calculations are based on density func-
tional theory (DFT) as implemented in Siesta.?>~2* We use the
GGA functional in the PBE form,? Troullier-Martins pseudopo-
tentials,2® and a basis set of finite-range numerical pseudoatomic
orbitals for the valence wave functions.?” For the equilibrium
structures (relaxed using a double-{ polarized basis?’) we calcu-
late the conductance from first-principles, using a single-{ basis
set, by means of the TranSiesta method,'* within the nonequilib-
rium Green’s function (NEGF) formalism. The graphene—CNT
connections (including the H terminations at the graphene edge)
were relaxed within the scattering region (green in Figure 2), us-
ing a slanted supercell geometry. The atoms in the leads (blue at-
oms in Figure 2) were forced to remain at the ideal planar
graphene structure.
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graphene sheets, we should replace the periodic im-
age setup by a single nanotube contact. Alternatively,
we can compute the conductance of a given supercell
with a nanotube link, normalized by the conductance of
the same graphene supercell, which yields the average
transmission per incoming graphene channel. This ac-
tually removes the drop of the conductance at the
Fermi level and leads to transmission curves with a reso-
nance structure similar to the kj-resolved ones shown
in Figure 6. We should finally note that, as shown by
Gonzalez et al.® suppression of the transmission prob-
ability for graphene states at small energies around the
Fermi level is also possible in contacts of a single nano-
tube with infinite graphene due to symmetry mis-
match between the wave functions of both systems.
We have not observed this suppression in the nano-
tube arrays sandwiched between semi-infinite
graphene sheets studied here, as shown in Figure 6a.

CONCLUSIONS

We have presented first-principles calculations of
the structure and transport properties of links between
metallic and semiconducting nanotubes between two
graphene layers. We have shown the common features
for both kinds of nanotubes (large, ballistic conduc-
tance for energies within the band regions), and the dis-
tinct behavior around the Fermi level. The semicon-
ducting nanotube contacts are characterized by a
conductance which decreases exponentially with nano-
tube length for energies within the band gap of the
nanotube, and nearly independent of the structure of
the link. Metallic tubes, on the other side, show a con-
ductance that is quite independent of the nanotube
length but sensitive to the structure of the link between
CNT and graphene. Effects of band alignment have
been found in the range of several tenths of eV, which
can only be described by means of first-principles calcu-
lations. We have shown the character of the conduct-
ing states as resonances of nanotube standing waves
and identified states which are localized at the
graphene-nanotube link.
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