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This work presents a first-principles study of parallel and crossed junctions of single-wall carbon nanotubes
(SWNT). The crossed junctions are modeled by two-dimensional grids of zigzag SWNTs. The atomic and
electronic structure, stability, and energetics of the junctions are studied for different magnitudes of contact
forces pressing the tubes towards each other and hence inducing radial deformations. Under relatively weak
contact forces the tubes are linked with intertube bonds which allow a significant conductance through the
junction. These interlinking bonds survive even after the contact forces are released and whole structure is fully
relaxed. Upon increasing contact force and radial deformation the tube surfaces are flattened but the interlink-
ing bonds are broken to lead to a relatively wider intertube spacing. The intertube conductance through such a
junction diminish because of finite potential barrier intervening between the tubes. The linkage of crossing
tubes to form stable junctions is enhanced by a vacancy created at the contact. The three-dimensional grid
structure formed by SWNTs is also investigated as a possible framework in device integration.
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I. INTRODUCTION

The intensive research on carbon nanotubes1 has revealed
a variety of properties2–11 which make them important in
nanoscience and nanotechnology. In particular, carbon nano-
tubes can be semiconducting or metallic depending on their
chirality and radius.2–6 Moreover, their electrical and mag-
netic properties can be modified by external agents; namely
by functionalization11 and by radial strain.11–14Their reactiv-
ity to foreign molecules and atoms is enhanced to a large
extent by their curvature.4,15 Several atoms are shown to be
adsorbed on the tube surface with significant binding
energies.16 While they are very strong axially and have a
high Young’s modulus, they are very flexible radially and can
sustain high radial deformation.17,18 It has been shown that a
semiconducting tube becomes metallic as a result of radial
deformation transforming the circular cross section into an
elliptical one.14,18

Thus single-wall carbon nanotubes(SWNT) have been
considered as a major nanostructure for future nanoscale
electronics.10,11,19–21Not only various devices to be fabri-
cated from SWNTs, but also SWNT based interconnects
have been of interest.22,23 Recent theoretical analyses have
shown that electronic devices together with their metallic
interconnects can, in principle, be fabricated on a single
tube.14

Parallel, cross, and Y junctions of carbon nanotubes, be-
cause of their unusual physical properties, have been studied
experimentally and theoretically.24–39 Based on generalized
tight-binding molecular dynamics(MD) calculations Menon
and Srivastava24 proposed that stable T junction of SWNTs
can form the smallest prototypes of microscopic metal-
semiconductor-metal contact. Yildirimet al.26 investigated
the character of link between tubes in SWNT ropes under
pressure. In addition to the van der Waals packing they found
two more different phases with local minima where the link-

age is provided by CuC bonds between adjacent parallel
zigzag SWNTs. However, similar interlinking CuC bonds
did not form between the(6,6) parallel tubes even if they are
deformed under a very high pressure. Terroneset al.34 have
fabricated stable junctions of various geometries(1,X,T,Y)
in-situ in a transmission electron microscope. Electron beam
exposure at high temperatures induced structural defects
which promoted the joining of tubes. Classical MD calcula-
tions have been carried out to simulate various junctions of
SWNT.33,34 Employing empirical potential MD, Krashenin-
nikov et al.35 simulated the bombardment of nanotubes and
demonstrated that crossed nanotubes can be welded. Re-
cently, Yoonet al.30 presented a first-principles study of de-
formation and quantum electronic conductance of junctions
formed by two crossed(5,5) metallic SWNTs. Despite, high
contact forces, the CuC bonds between these tubes did not
form to link the junction.

The conductance through nanotube junctions has been
also a subject of interest. Using an atomic force microscope,
Postmaet al.29 manipulated SWNTs to create a junction such
as buckles and crossings within individual metallic SWNT
connected to metallic electrodes. They showed that these ma-
nipulated structures behave as tunnel junctions. By changing
the angular alignment of the atomic lattices at the SWNT-
graphite contact it has been shown that the contact resistance
can be varried by more than an order of magnitude in a
controllable and reproducible manner, indicating that mo-
mentum conservation also dictates the junction resistance.28

Buldum and Lu32 carried out electron transport calculations
through the junction of two crossing SWNTs. By rotating
one of the tubes they found that intertube conductance is
strongly dependent on the atomic registry between two tubes.
It is now well understood that the junctions of SWNTs ex-
hibit novel electronic properties so that they can be ideal
nanostructures to fabricate robust molecular scale
electronics.27,31As a kind of nanotube contact, the geometry
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of telescopic arrangement of two shells of a MWNT have
been recently considered for calculating inter-shell
currents.40 They find a trend of a quasi-linear increase in the
inter-shell conductance with the increase in the length of the
overlap region.

All previous studies have indicated the importance of
nanotube junctions in device applications and brought about
issues to be addressed both theoretically and experimentally.
In particular, the description of the atomic structure of the
contact between two tubes as a function of contact forces(or
uniaxial stress), and electronic energy structure and elec-
tronic potential have needed a detailedab-initio analysis. It
is now important to know under what circumstances crossed-
nanotubes remain attached(or welded) to each other and the
junction becomes a conductor. Also questions as to the roles
of the atomic registry forces pressing the tubes to induce
radial deformation and point defects at the contact in forming
junctions have remained to be clarified.

In this paper we present a detailed, first-principles analy-
sis of the junction of crossed and parallel semiconducting
SWNTs in different atomic registries as a function of
uniaxial stress pressing the tubes. We examined their ener-
getics, stability and electronic properties. As a first-step in
three-dimensional(3D) device integration based on SWNTs,
we also examined a 3D grid made by the periodical stacking
of SWNTs. Our results are summarized as follows:(i) The
intertube interactions and resulting electronic properties are
strongly dependent on the radial deformation of the tubes at
the contact. They do not vary continuously, but exhibit vari-
ous phases depending upon the strength of the contact forces.
(ii ) A vacancy created at the contact promotes the linking
through sp3-like bonds forming between tubes.(iii ) These
sp3-like bonds link crossing tubes not only mechanically, but
also electronically, and may survive even after the contact
forces are released.

The organization of this paper is as follows. In Sec. II, we
first present the computational details which are used in our
study. In Sec. III, we specify various junctions and give a
detailed analysis of their atomic and electronic structures.
The 3D grid structure is discussed in Sec. IV. In Sec. V, the
results of our transport calculations are presented.

II. COMPUTATIONAL MODEL AND METHOD

First-principles total energy and electronic structure cal-
culations have been performed using the pseudopotential
plane wave method41 within the generalized gradient ap-
proximation(GGA).42 We treated both crossing and parallel
junctions of(8,0) zigzag tubes within the supercell geometry
as described in Fig. 1. Two crossed tubes(also a crossbar
structure) are modeled by parallel rows of(8,0) tubes along
thex direction which are placed on similar but perpendicular
rows of (8,0) tubes along they direction. This way, a 2D
square grid of crossed tubes is generated. These grids are
repeated periodically along thez-direction with a vacuum
spacing of 10 Å between grids. Owing to this large vacuum
spacing and supercell lattice parametersa=b=12.76 Å= [3
3 lattice parameter of(8,0) tube, cSWNT] along thex and y
directions the coupling of adjacent junctions of the grids is

expected to be small. However, the tube sides between two
adjacent junctions can be affected from the radial deforma-
tion of the contact. In a crossbar having free ends, the circu-
lar cross section of the bare tube is expected to be recovered
after some distance from the junction. As for the junction of
parallel tubes, they are modeled by two infinite parallel(8,0)
SWNTs in contact.

Normally, two crossed or parallel, stress free tubes are
linked with a very weak van der Waals interaction with a
spacingsvdW,3.3 Å. Then, the distance from the top of one
tube to the bottom of the other one,D=DvdW>svdW+2R1
+2R2, whereR1 and R2 are radii of free tubes. In order to
create contact beyond van der Waals linkage, carbon atoms
located at the top and bottom of the junction are fixed at a
given distance,D,DvdW as indicated in Fig. 1. This situa-
tion is equivalent to generate contact forcesFpsDd which
press two tubes towards each other. The rest of the atoms in
the supercell are relaxed to minimize the total energy. At the
end, the tubes in contact are deformed radially to have ellip-
tical cross sections and a spacingssDd between the tubes is
achieved after the relaxation. By changingD different con-
tact forcesFpsDd yielding different spacingsssDd are ob-
tained to examine the effect of the deformation at the junc-
tion. In the force-free calculations, all the atoms in the
supercell have been relaxed.

We considered two different atomic registries at the con-
tact as described in Fig. 1:(i) the H-H registry where a
hexagon on one tube lies over a hexagon on the other tube;
(ii ) the B-H configuration where one CuC bridge-bond
along the axis of the tube faces a hexagon on the other tube
at the center of contact. By removing the vacuum spacings

FIG. 1. (a) Supercell used to simulate a junction of two crossed
tubes.FpsDd is the contact force generated due to a fixed distance
D,DvdW, andssDd is optimized spacing between the surfaces of
two SWNTs at the contact.(b) Bridge-Hollow (B-H) atomic regis-
try between two parallel zigzag SWNT, where the CuC bonds of
top SWNT along its axis face the hexagon of the bottom SWNT.(c)
The same as(b) for the crossbar structure.(d) Hexagon-hexagon
(H-H) atomic registry for the crossbar structure. The lattice param-
eter of the bare(8,0) tube iscSWNT=4.25 Å.
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between adjacent 2D grids, 3D grid structures(where each
tube is now in contact with two perpendicular tubes from
above and below) have been constructed. We used 5k-points
within the Monkhorst-Pack43 specialk-point scheme in the
sampling of the Brillouin zone of the 2D grid. For the 3D
grid structure 14 specialk-points have been used.

Since the main objective of this study is to reveal the
electronic properties of SWNT junctions, we carried out an
extensive analysis for the quantum transport of electrons. To
this end, we used nonequilibrium Green’s function formal-
ism together with an empirical tight-binding method to in-
vestigate the electron transport from one finite tube to the
other one through the junction. Each finite tube is attached to
a different reservoir. The details of the method are explained
in Sec. V.

III. ATOMIC AND ELECTRONIC STRUCTURE OF
JUNCTIONS

A. Junctions of crossed SWNTs

We considered 2D grids having either H-H or B-H atomic
registry at the contact region. For the H-H registry, we stud-
ied only one junction which hasD=12.53 Å. The relaxed
junction together with CuC bonds connecting two SWNTs
is illustrated in Fig. 2. The circular cross sections of tubes are
significantly deformed. The deformation energy is calculated
as the difference between the total energy of two noninter-
acting bare tubes and the total energy of crossed ones and is
found to be 19.1 eV per supercell(or per 6 unit cells of
SWNT). The electronic band structure of the corresponding

2D grid structure in the H-H registry is semiconducting and
has a band gap of,0.3 eV.

Junctions of crossed(8,0) tubes in the B-H registry have
been treated for five different values ofD as illustrated in
Fig. 2. As one goes from junction B-H1 to B-H5, the dis-
tanceD has decreased gradually(12.35, 11.95, 11.55, 10.35
and 9.15 Å, respectively). While D is reduced from
12.35 Å to 9.65 Å, some physical properties have displayed
irregular changes. Figure 3 shows variations of the spacing,
energy and contact forces withD; namelyssDd, ETsDd and
FpsDd, respectively. It should be noted thatFpsDd=0, for
values ofD that makeED a local minimum. The changes of
the spacing, bonding and atomic structure, as well as the
electronic structure are nontrivial, even paradoxical. For ex-
ample, B-H1 and B-H2 junctions have small spacings
fssDd,1.7 Åg, which allow the bond formation between the
crossed tubes. The tubes by themselves display high curva-
ture, where the CuC bonds can form between their sur-
faces. On the other hand, in spite of smallerD and stronger
Fp in the B-H3–B-H5 junctions, their spacingsssDd increase
to ,2.7 Å and the interlinking bonds at the contact are bro-
ken. This situation arises due to the flattening of the curved
tube surfaces at the junction. While contact atoms in B-H1
and B-H2 geometries are formingsp3-like bonds between the
tube surfaces, the flattened surfaces of B-H3–B-H5 junctions
behave more graphite-like with large intertube spacings and
finite potential barrier FBsz=s/2d=Vesz=s/2d−EF.0
(whereVe is electronic potential energy).

Depending on the value ofssDd and the presence of in-
terlinking bonds, we distinguish two different types of junc-

FIG. 2. Relaxed atomic structures of two crossed(8,0) SWNTs
with different atomic registries(H-H and B-H). B-H junction has
been studied for five different spacing values ofssDd labeled by
B-H1, B-H2, B-H3, B-H4 and B-H5.

FIG. 3. (a) Variation of relaxed spacings, between two crossed
nanotubes and(b) its energy (shown by diamonds) and contact
force Fp (shown by triangles) as a function ofD. The stress per
supercell and atomic configuration of the junction are shown by
insets. In (a) filled circles, light diamonds and triangles indicate
B-H, H-H registries and the B-H registry including a single va-
cancy, respectively. In(b) diamonds and triangles are joined by
lines as a guide to the eye; but the detailed structure of possible
local minima are omitted.
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tions. Junctions such as B-H1 and B-H2 have established
electronic contact between the tubes, while in B-H3–B-H5
junctionsssDd increases and interlinking bonds at the contact
are broken. These cases can be analyzed by charge density,
rTsr d, and electronic potential energy,Vesr d, contour plots as
shown in Fig. 4. For example, small spacingssDd,1.6 Å of
B-H2 junction allows the formation of CuC bonds between
the surfaces of two SWNTs. These interlinking bonds are
easily distinguished in Fig. 4, whereas in the B-H3 junction
ssDd has increased to,2.7 Å, and a finite potential barrier
FB has developed between two tubes.

Important features of the electronic structure of the junc-
tions are revealed from the electronic band structure of the
corresponding 2D grid structure along thekx- and
ky-direction. The grid formed of H-H junctions is a semicon-
ductor with a band gap ofEg=0.3 eV in spite of the CuC
bonds which connect crossing SWNTs. Similarly, the 2D
grids of B-H1 and B-H2 junctions are semiconductor, but the
band gap gets gradually smaller. It is 0.17 eV in the former,
but is reduced to 0.1 eV in the latter. The gap is closed in
B-H3 and B-H4 structures owing to a relatively stronger de-
formation of tubes at the contact. Interestingly, upon further
decreasing ofD, the gap opened again and hence 2D grid
becomes again a semiconductor. The metallicity at the inter-
mediate levels of deformation is due to the radial deforma-
tion of each tube at the contact. Because ofs*−p*
hybridization,4,14,18 the conduction band of thep*-singlet
states dips below the Fermi level of both SWNT. First clos-
ing then opening of the band gap of the 2D grid structure is
a behavior specific to the junction of crossed(8,0) tubes.
Note that the metallization of the grid is due to a relatively
short distance(approximately one unit cell of SWNT) be-
tween two adjacent nodes. If the edges of the squares of the
grid were taken long enough, the central regions of SWNT
between two nodes would be unaffected and remain unde-
formed in spite of the severe radial deformation at the con-

tacts. Under these circumstances the 2D grid would maintain
its gap. On the other hand, the edges of the 2D grid made by
metallic SWNTs(such as armchair tubes) is expected to re-
main metallic no matter what the character of the junction is.
The conductivity is then controlled by the contact resistance
of the metallic tubes.

B. Effect of vacancy and carbon impurity

Crossbars have been produced by the exposure of the
junction to the electron beam, where one generates several
imperfections.33,34As a possible imperfection we considered
the effect of a vacancy existing on one of the tubes at the
contact region. In spite of a high deformation and smallD in
the B-H5 junction the spacing between the tubes has been
rather large. After creating a vacancy on the surface of one of
the tubes the bonding character near the vacancy has been
changed from asp2- to a sp3-like configuration; thereafter
the spacing has decreased and eventually an interlinking
bond has formed. It appears that an imperfection like a va-
cancy at the contact provides an electronic charge distribu-
tion and atomic structure which are suitable for linking of
two tubes. The linkage and eventually welding(or merging)
of two tubes at the junction can take place by the creation of
a large number of vacancies or divacancies. Interestingly, we
found that the 2D grid having a single vacancy at the contact
is semiconducting with a band gapEg,0.25 eV.

The effect of vacancy is further examined in Fig. 5 by
comparing total charge density and SCF-potential in a plane

FIG. 4. Contour plots of total charge densityrT and SCF elec-
tronic potentialVe of B-H2 and B-H3 junctions. In the right panels
the potential energy in the white regions is higher than the Fermi
energy, i.e.FB.0. FIG. 5. Relaxed atomic structure, total charge densityrT and

SCF-electronic potentialVe of the junction of crossed SWNTs. Left
panels: B-H5 contact; right panels: B-H5-type contact including a
single carbon vacancy.(a) and (b) are charge density contour plots
on a lateral plane bisecting the spacings between tubes.(c) and(d)
are the same for the electronic potential energy. WhileVe.EF at
the contact and henceFB.0 in (c), the potential barrier is col-
lapsed and an orifice is formed between two tubes through the con-
tact in (d).
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bisectingssDd between the tubes at the junction. In the ab-
sence of vacancy B-H5 junction has lowrT, but Ve.EF in
the same plane. A finite barrierFB develops, and prevents
electrons from the ballistic motion between the tubes. The
situation is, however, different if a vacancy is incorporated to
one of the tubes at the contact. In the region of the interlink-
ing CuC bond induced by the vacancy, we see high charge
density and low potential. This situation is reminiscent of the
fact that the interlinking CuC bond made an orifice or hole
through the potential barrier. Such an orifice can allow the
ballistic electron transfer if its diameter is large so that an
effective barrier does not develop due to size effects.

A single carbon atom placed between two tubes and on
top of the mutual axial bonds crossing at the contact can
form four directional and strong bonds. The interlinking of
the tubes is found to be favorable energetically. We found the
total energy of the whole system is lowered by 4.6 eV. This
means that an energy of 4.6 eV is required to disconnect the
crossed(8,0) tubes linked by a single carbon atom.

C. Parallel tubes

The junctions made by parallel tubes may display a be-
havior which is slightly different from the crossing SWNTs.
Earlier Yildirim et al.26 examined the interlinking of SWNTs
forming a 2D hexagonal lattice under pressure. In addition to
the interlinking of tubes via van der Waals attractive interac-
tions under zero pressure, they found two different local
minima of the Born-Oppenheimer surface at different ranges
of applied pressure. In the phases corresponding to these
minima, CuC bonds have formed to link the tubes in one
direction in the first minimum and in two directions in the
second minimum. The present structure and model differs
from those of Yildirimet al.,26 since only two parallel tubes
are considered in contact. Two free SWNTs are expected to
be linked by the van der Waals interaction withsvdW
,3.3 Å and DvdW>svdW+2R. By constraining them with
D,DvdW, we see that interlinking bonds are easily formed
between two tubes for lowFp. In contrast to what one sees in
the junctions of crossing tubes, these bonds continue to exist
even under strong contact forces. The spacingssDd is in the
range of,1.6 Å no matter what the value ofD is. Each
interlinking bond pulls and connects two C atoms, one from
each tube, and changes the localsp2-type bonding tosp3-like
bonding configuration(see Fig. 6).

D. Free junctions

Having examined the energetics and atomic structure of
junctions of crossing and parallel tubes, we next address the
question as to what happens if the contact force is released
and hence the tubes are left free. It is important to know
whether the junction survives or the linking of tubes ceases.
To this end, we optimized B-H2 and B-H3 junctions after
FpsDd is released(or the constraint due toD is lifted). Note
that under contact forces, the former had interlinking bonds,
but the latter had relatively largerssDd whereby interlinking
bonds were broken. Once theFp is released from the B-H2
junction, the deformation of SWNTs steadily relaxed to re-

assume their original bare circular shape. After the full relax-
ation the CuC bonds continued to link two SWNTs, but the
form of the cross section at the contact region has changed
and the upper tube has rotated as shown in Fig. 7. The cur-
vature increased locally at both ends of interlinking CuC
bonds to comply with thesp3-like bond configuration. It ap-
pears that the B-H2-type junction forming under weakFp
can provide a connection between crossed SWNTs as a local
minimum. However, the B-H3 junction behaves differently
upon lifting of the contact forces. Without being captured in
any local minimum, cross sectional deformation is gradually
eliminated and eventually two SWNTs become disconnected.

FIG. 7. Relaxed atomic structure of a junction B-H2 after the
contact forcesFp are released.

FIG. 6. Relaxed atomic structure of the junctions between two
parallel tubes under different contact force orD. (a) Large D and
hence weak deformation.(b) Small D, hence strong deformation.
(c) Relaxed junction after the contact force in(b) is released. Par-
allel tubes have B-H registry.
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In the case of parallel junctions two tubes remained con-
nected with interlinking CuC bonds as shown in Fig. 6(c)
even after the contact force is released.

In closing this section we note that Yoonet al.30 investi-
gated the junction of crossed(5,5) SWNTs by performing a
constrained total energy minimization within a supercell
structure, in which only the positions of the atoms near the
junction are relaxed while fixing the center-to-center inter-
tube distance at the boundaries to produce the desired contact
force. By using the Landauer-Büttiker45,46 formula they cal-
culated intertube and intratube conductance as a function of
the contact force. These calculations30 of crossed nanotube
junctions differ from the present one in many respects. First
of all the (5,5) metallic tubes considered by Yoonet al.30 do
not form the interlinking CuC bonds between the tubes.
Consequently, the large spacingss>3.35 Åd occurring in the
absence of the contact force, is reduced only to,2.5 Å un-
der strong contact force. Although this spacing is still too
large to form CuC interlinking bonds, it may allow a sig-
nificant wave function overlap of individual tubes at the
Fermi level and hence may enhance the tunnelling current as
in fact found by Yoonet al.30 In the present study(8,0)
zigzag tubes can form CuC bonds at the contact which, in
turn, may lower or even collapse the tunnelling barrier. For
the same reason the variation ofs with Fp is more complex
and varies from 3.35 Å(van der Waals linking not included
in this study) to ,1.6 Å. Our work also differs from the
earlier one by the constrains which create the contact force
between crossed tubes. Similar to the experimental condition
using an Atomic Force Microscope, we pressed the tubes
from top and bottom(namely by fixing only a few atoms
designated in Fig. 1 at a desired distance) and relaxed the rest
of the atoms. As a result, the deformation of the tubes are
more realistic, in particular, for the case of strongFp.

IV. 3D GRID STRUCTURE

The 3D grids of SWNTs add an additional dimension to
the planar structures and may be of use in 3D integration and
other similar applications such as forming a 3D periodic
framework for the artificial crystal structure of giant mol-
ecules. Here we studied a 3D grid made of a supercell con-
taining 6 unit cells of the(8,0) SWNT. As described in Sec.
II, our model for the 3D grid structure shown in Fig. 8 is
generated by stacking the B-H1 junctions along thez-axis.
The contact force is imposed by fixing the supercell param-
eter along thez-axis at a specific value, which leads to cer-
tain deformation of tubes upon relaxation. Owing to the ini-
tial structure and the supercell parameters, the SWNTs along
they-axis form interlinking bonds with the SWNTs along the
x-axis from only one side. At the other(opposite) side of
SWNTs the spacings between adjacent tubes is large and
does not allow any interlinking bonds. Accordingly, a poten-
tial barrier develops which prevents the ballistic electron
transfer along thez-axis. Such a one-sided linking of tubes at
the junction appears to be circumstantial, however. Under
different Fp either two-sided linkings or two-sided detached
junctions with larges may occur.

The electronic band structure shown in Fig. 8 confirms the
situation that the 3D grid structure is electronically discon-

nected along thez axis. It has a band gap of 0.15 eV, and flat
bands. We, however, note that the electronic and mechanical
properties of the grid structure can be tuned by changing the
supercell parameters. The electronic and mechanical linking
of SWNTs alongx, y, andz directions depend on the contact
forces inducing radial deformation, and on the lateral lattice
parameters. Upon releasing the contact force, the interlinking
bonds can provide stability and may lead to metallic proper-
ties. Nevertheless, the model discussed here demonstrates
that the stable 3D grid and crystal structure can, in principle,
be formed from SWNTs. These 3D grid structures can be
modified by external agents, such as stress, modulating ab-
sorption of molecules and atoms. For example, through the
decoration of transition metal atoms or magnetic molecules
the grid can gain magnetic properties. 3D grids made by
armchair tubes have metallic interconnects between nodes.

V. ELECTRON TRANSPORT

The rapid advances in the measurements of electrical con-
ductance of individual molecular- and atomic-sized devices
require commensurate advances in the theoretical under-
standing of the detailed microscopic mechanisms. Modeling
of a single element of nanodevices is needed to provide in-
terpretations to predict device characteristics. Several ap-
proaches have been developed to calculate the quantum con-
ductance in nanostructures, based on semiempirical(tight-
binding, Hückel) models. More recently, a variety of first-
principles formulations have appeared.Ab initio approaches
have also been extensively used to characterize the electrical
transport properties of nanostructures.

FIG. 8. Energy band structure along thez-axis shown by an
inset, and the relaxed atomic structure of the corresponding 3D grid
of the (8,0) zigzag tubes.
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In the present study to analyze the conductance properties
of junctions of two SWNTs we used the Green’s function
technique combined with the Landauer-Büttiker formalism
and a parametrized tight binding model.44 The junction is
taken to be coupled to two semi-infinite electrodes(reser-
voirs) from the end surfacesL andR as depicted in Fig. 9.

The conductance through the junction is given by the
Landauer type formula45,46 in terms of the Green’s functions
of the junction and the coupling of the junction to the
electrodes;47

G =
2e2

h
TrsGLGrGRGad, s1d

where Gr and Ga are the retarded and advanced Green’s
functions of the conductor andGL and GR are the coupling
functions of the conductor to the electrodes. The retarded
Green’s function is given by the expression

Gr = se − H − SL − SRd−1, s2d

whereH is the Hamiltonian of the conductor region, andSL,
SR are the self-energy terms due to the electrodes. The self-
energies and the coupling functions are related through
GLsRd=−2 Im SLsRd. In this approach the properties and the
effects of the electrodes are represented by the self-energy
terms which we have parametrized by the corresponding
line-width functions sGLsRddi j =gdi j , where the indices run
through the orbitals of the surface atoms at the contacts.
Such parametrization of self-energy terms corresponds to the
approximation of the wide-band limit48 where the level
shifts, ReSLsRd, are neglected and the linewidths are taken as
an energy-independent constant,g, for every level of the
surface atoms. After a few trials, in our calculations we chose
g=0.5 fixed, which provides a sensible broadening of con-
ducton channels shown in Fig. 10.

Within the tight-binding model all these functions are
4n34n matrices(n is the number of atoms in the junction
region) expressed in terms of thes, px, py, pz parametrization
of carbon as given in Ref. 44. Here, the selection of range for
suitable nearest neighbor interactions in the matrix elements

kwi,nsr duHuw j ,msr −Ri jdl (or setting a cutoff distance so that
Rij ,Rcutof f yields a nonzero interatomic interaction) and the
appropriate scaling factor of energy parameters are essential.
To this end, we examined the distribution of interatomic dis-
tances in these structures. Figure 10(a) shows the ordering of
interatomic distanceRij in the B-H2 junction. Here we can
clearly distinguish three nearest neighbor distances; namely
the first nearest neighbor distance withRij ,1.75 Å, and sec-
ond and third nearest neighbor distances withRij ,2.91 Å.
Then, Slater-Koster Hamiltonian parameters of the tight-
binding model are as follows: The on-site energies arees=
−7.3 eV for thes-orbital andep=0 for the triply-degenerate
p-orbitals. The nearest neighbor pairs determined by the con-
dition that the interatomic distanceRij being less than 1.75 Å
are assigned the hopping parametersVsss=−4.30 eV, Vsps

=4.98 eV,Vpps=6.38 eV andVppp=−2.66 eV. Further inter-
actions are taken into account up toRij =2.91 Å which cov-
ers all the 2nd and 3rd nearest neighbors pairs by using
scaled parametersVsss=−0.18a, Vsps=0, Vpps=0.35a, and
Vppp=−0.10a with the scaling parametera=s3.335/Rijd2.
This set of tight-binding parameters were successfully used
earlier44,49 to calculate electronic properties of carbon nano-
tubes having deformed cross-sections. The original deriva-
tion of these empirical tight-binding parameters was per-
formed by fitting to theab-initio-calculated band structure of
bulk graphite.50 The similarsp2 coordination of atoms both
in graphite and in SWNT makes this parametrization reason-

FIG. 9. An atomistic model which describes the electronic trans-
port through the junction.L andR are reservoirs where finite tubes
forming the junction are coupled to.

FIG. 10. Calculated conductanceG versus energyE for various
junctions.(a) Distribution ordering of interatomic distances in the
B-H2 junction, i.e.,Rij versus the number index of sorted distances.
The dashed line at 1.75 Å and 2.91 Å correspond to the domains of
tight-binding parametrization;(b) the B-B junction of two parallel
tubes connected by a carbon atom;(c) the B-H2 junction of crossed
tubes.(d) The B-H2 junction relaxed after contact forces are re-
leased;(e) B-H3 junction;(f) B-H4 junction;(g) A junction having
H-H registry; (h) the B-H6 junction which is B-H5 including a
single vacancy. In all plots the coupling parameter is fixed atg
=0.5. Zero of energy is set at the Fermi level.
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ably valid for SWNTs as well. To test the tight-binding
model we have calculated the ballistic conductance of infi-
nite (5,5) and(8,0) SWNTs and found agreement with earlier
calculations.

Using the above model we made conductance calculations
for junction of parallel tubes connected with a carbon atoms,
B-H2, force-free B-H2, B-H3, B-H4, H-H and B-H6(i.e., the
B-H5 junction which has a vacancy) configurations. Figure
10 shows the intertube equilibrium conductances of these
systems. All conductance values for these structures do not
exceed the unit quantum of conductanceG0=2e2/h.

In Fig. 10(b), despite a large separations,2.2 Åd between
two parallel tubes, significant intertube conductance, 0.5G0,
is achieved through the carbon atom that connects the tubes.
The existence of the extra C atom between the tubes pro-
vides a ballistic channel for the conduction, however, the
scattering mechanisms and the effect of the contact resis-
tance limit its value below the unit quantum of conductance.
The contact geometry of two parallel SWNTs that we studied
can be contrasted to that of the telescopic arrangement of
double wall carbon nanotubes(DWNT) as considered in Ref.
40. In the latter case, although the distance between the walls
is comparable to our case, the intertube conductance they
calculate is more than two orders of magnitude smaller due
to the potential barrier between the walls of DWNT. In that
case the system is in the tunnelling regime.

The contact force dependence of the intertube conduc-
tance in(5,5) crossed nanotube junctions was investigated in
calculations by Yoonet al.,30 and a strong dependence on the
contact force was calculated. On the contrary, in the present
study using(8,0) zigzag tubes, intertube conductance is in-
versely proportional with the contact force. For the B-H2
structure we calculated the equilibrium conductance as
0.28G0. Conductance plots for B-H3 and B-H4 junctions
support the previous conclusions reached through the analy-
ses of contact structure and electronic potential. Hence the
intertube conductance of highly compressed junctions is neg-
ligible due to a wideFB intervening between tubes. The
conductance of the junction which was relaxed after con-
straints on the B-H2 lifted and henceFP was released in-
creases to 0.40G0. A slight increase ofG can be attributed to
the reduced deformation of contact in the absence of the
constraints. The conductance of H-H junction on the Fig.
10(g) is comparable to those of B-H2 and B-H2(r). The
B-H5 junction, with a larges and finiteFB between tubes,
hasG,0. There is an empty gap of,0.5 eV for ballistic
conductance. However, upon the creation of vacancies, the
potential barrier has collapsed and the calculated conduc-
tance increased to a value close to 0.8G0. We note that the
model used in calculatingG in Fig. 9 has short arms of(8,0)
SWNT leading to the junction. These short arms, which are
also deformed underFp appear to be conductor, in spite of
the fact that a long bare(8,0) is a semiconductor.

VI. CONCLUSIONS

In this work we present a first-principles study of junc-
tions of parallel and crossing tubes using a periodically re-
peating supercell model. Junctions with different registry and

radial deformation have been considered. Two tubes which
are normally under a weak and attractive van der Waals in-
teraction can be further linked by pressing them towards
each other. Compressing tubes radially induces deformation
and changes the circular cross section into an elliptical one.
We showed that two parallel(8,0) tubes can be linked by
CuC bonds between the tubes under weak as well as strong
contact forces. The junctions of crossed nanotubes are stud-
ied by using a 2D grid model for a wide range of contact
forces. It has been shown that certain physical properties do
not vary continuously with the contact forces. The CuC
bonds interlinking the tubes can form under relatively weak
contact forces. These bonds survive even after the contact
forces are released. However, strong forces induce significant
radial deformation and give rise to flattening of the tube
surfaces. Once the surfaces becomes locally planar at the
contact, the curvature effects diminish. At the end, interlink-
ing bonds are broken and the spacing between chemically
inactive flat surfaces increases as in graphite layers. Under
these circumstances a finite potential barrier between tubes
hinders ballistic electron transport from one tube to other.
The potential barrier collapses if linking bonds between the
tubes are present.

The formation of interlinking bonds can be enhanced by
making the contact chemically active. This can be achieved
by implementing imperfections, such as substitutional impu-
rities with valencies different from four(such as B, N, P,
etc.) or more conventionally by creating vacancies and diva-
cancies. A single carbon atom between tube surfaces can also
provide the interlinking. A single vacancy created on one of
the tube surfaces makes the junction chemically active and
establishes ansp3-like bonding configuration. As a result, the
potential barrier is collapsed through interlinking bonds. Our
results related to junctions with vacancy explain how the
stable crossbar structures can be fabricated byin situ pro-
cesses. An alternative process to make crossbar, T and other
types of junctions is to weld the tubes at the junction site by
the chemisorption of atoms, which make stable chemisorp-
tion bonds. Here we mention the Ti atom, which is easily
adsorbed and also can make thick coating of SWNTs. The
calculation of quantum ballistic conductance through various
junctions confirm the analysis based on potential energy and
atomic structure for the behavior of the contact as a function
of the contact force.

We also examined the 3D grid structure of tubes by using
only limited supercell size consisting of 333 unit cells of
(8,0) zigzag tube laterally. Our results indicate that formation
of linking bonds, stability and variation of electronic struc-
ture depend on the applied contact force. We believe that 2D
and 3D grid structures can render a framework to integrate
SWNT-based devices or functionalization by adsorption of
molecules.
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