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Abstract. We have constructed four types single-wall carbon nanotube intramolecular junctions (IMJs)
of (5,5)/(8,0), (5,5)/(10,0), (5,5)/(9,0)A, and (5,5)/(9,0)B along a common axis, and calculated their
electronic and transport properties using a tight binding-based Green’s function approach that is par-
ticular suitable for realistic calculation of electronic transport property in extended system. Our results
show that quasi-localized states can appear in the metal/semiconductor heterojunctions ((5,5)/(8,0) and
(5,5)/(10,0)junctions), which is desirable for the design of a quantum device; and the conductance of
M-M IMJs is very sensitive to the connectivity of the matching tubes, certain configurations of connection
completely stop the flow of electron, while others permit the transmission of the current through the inter-
face. These results may have implications for the device assembly and manipulation process of all carbon

nanotubes-based microelectronic elements.

PACS. 71.15.Dx Computational methodology (Brillouin zone sampling, iterative diagonalization,
pseudopotential construction) — 73.20.At Surface states, band structure, electron density of states —
73.40.-c Electronic transport in interface structures — 81.07.De Nanotubes

The rapid miniaturization of electronics to the
micrometer-scale has been a key force driving scien-
tific and economic progress over the past 25 years.
Nanometer-scale electronics (nanoelectronics) is the
closely watched next frontier [1]. The anticipated limits
to the further miniaturization have led to intense research
directed toward the development of molecular electronics.
The use of single-wall carbon nanotubes (SWNTs) has
stimulated these efforts because these molecules exhibit a
range of suitable properties, depending on their diameter
and chirality, SWNTs can be either one dimensional
metals or semiconductors. Various basic components have
been demonstrated, such as molecular wires, switches,
and diodes [2,3]. Bachtold et al. find that individual
semiconducting SWNT adsorbed between two metal
contacts on a silicon substrate behaves like the field-
effect transistors in today’s microcomputers, and several
nanotube devices integrated onto a chip demonstrate
digital logic operation [2,4,5]. Much smaller devices
could be made by joining two nanotubes or nanowires
to create, for examples, metal-semiconductor junctions,
in which the junction area would be about 1 nm? for
SWNTs. Until now, one of the major challenges facing
molecular electronics was the assembly of individual
molecules or molecular-scale structures into functioning
logic circuits. So, it is especially necessary to study the
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transport property through intramolecular junction of
carbon nanotubes.

The structure and properties of a defect-free SWNT
are completely determined by the circumferential vector
¢, = niaj + n2az = (ng,n2) that connects crystallo-
graphically equivalent sites on a two-dimensional graphene
sheet, where a; and as are the graphene lattice vectors
and n; and no are integers. The introduction of topologi-
cal defects in the hexagonal bond network of a nanotube
changes its chirality and therefore its electronic charac-
ters. The defects must induce zero net curvature to pre-
vent the tube from flaring or closing. Minimal local cur-
vature is desirable to minimize the defect energy. The
smallest topological defect with minimal local curvature
and zero net curvature is a pentagon-heptagon pair. On-
tube junction formed from the topological defect that con-
nects two nanotubes of different chirality in a seamless
way. Since nanotubes are metallic (M) or semiconduct-
ing (S), such a topological defect defined an molecular-
size M-M, M-S, or S-S heterojunctions may show unique
quasi-one-dimensional transport properties [6-9], thereby
opening up the intriguing possibility of forming all-carbon
nanotube-based microelectronics [1-4]. Some of these re-
markable theoretical predictions have been confirmed by
scanning tunnelling microscopy (STM) and scanning tun-
nelling spectroscopy (STS) experiments [10-12].

Single-walled carbon nanotubes (SWNTs) intramolec-
ular junctions (IMJs) are formed by interposing one or
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Fig. 1. Atomic structures of (5,5)/(8,0), (5,5)/(10,0),

(5,5)/(9,0)A, (5,5)/(9,0)B SWNT IMJs.

multiple topological pentagon-heptagon (5-7) defects (in
the normal hexagonal structure) between two nanotube
segments of different helicity. Experiments have shown
that IMJs are present in SWNT samples and topological
defects occur with a relatively high frequency in the sam-
ples grown by laser ablation [12]. To study the electronic
properties of IMJs and transport properties through IMJs,
we have constructed four types SWNT IMJ of (5,5)/(8,0),
(5,5)/(10,0), (5,5)/(9,0)A, and (5,5)/(9,0)B along a com-
mon axis as seen in Figure 1 where (5,5)/(8,0) and
(5,5)/(10,0) are metal/semiconductor IMJs, (5,5)/(9,0)A
and (5,5)/(9,0) B are metal/metal IMJs, A and B denote
two different configuration of 5-7 defects on the (5,5)/(9,0)
IMJs. The pentagon-heptagon pairs and their connections
mode to other hexagon bond net can be clearly seen from
a two-dimensional map of the IMJ structures (Fig. 2). All
the four IMJ structures are optimized using CFF95 force
field in Cerius2 program package and proved to be stable.

We describe the carbon nanotubes system by a tight-
binding model with one 7 electron per atom. Our tight-
binding Hamiltonian is of the form

H = prmZa;ra]— + c.c., (1)
(i7)
where the sum in ¢, j is restricted to nearest-neighbor, and

Vppr = 2.66 €V [6]. The other tight-binding terms are ne-
glected in this approach. On-site energies are set to zero.
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Within this theory, graphite sheets and defect-free nan-
otubes have complete electron-hole symmetry with their
Fermi levels at zero. For simplicity all nearest-neighbor
hopping parameters are assumed to be equal, indepen-
dent of the length, location, and orientation of the bonds
on the matched tubes. Deviations in bond lengths due to
reconstruction near the interface are neglected. Hence, we
study the changes induced solely by the alterations in the
topology of the hexagonal rolled lattice.

To investigate the electronic properties and quan-
tum transport through IMJs of carbon nanotubes, we
have used the tight-binding Green’s function-based ap-
proach [13,14]. This approach is particularly suitable for
realistic calculation of electronic transport property in
extended systems to a general configuration of a left-
lead/conductor/ right-lead (L-C-R). The method allows
us to fully consider the complete of the semi-infinite leads
with a very limited computational cost. Moreover, the
only quantities that enter into the present formulation are
the matrix elements of the Hamiltonian operator, with no
need for the explicit knowledge of the electron wave func-
tions for the multichannel expansion. In the present case,
the leads are ideal nanotubes, and the conductor is repre-
sented by a defective or the distorted region (junction). A
fundamental result in the theory of electronic transport is
that the conductance through a region of interacting elec-
trons (the C region) is related to the scattering properties
of the region itself via the Landauer formula:

where 7 is the transmission function and C is the conduc-
tance. the formula represents the probability that an elec-
tron injected at one end of the conductor will transmit to
the other end. The transmission function can be expressed
in terms of the Green’s functions of the conductors and
the coupling of the conductor to the leads [15,16]:

T = TI'(FLGEFRG%), (3)

where Gg %} are the retarded and advanced Green’s func-
tions of the conductor, and I'(z gy are functions that de-
scribe the coupling of the conductor to the leads. The
Green’s function for the whole system can be explicitly
written as

Go=(e—Ho— X, —Yp) 1, (4)

where we define Y = hTchLth and X = ththTRC
as the self-energy terms due to the semi-infinite leads, hrc
and hgrc are the coupling matrices that will be nonzero
only for adjacent points in the conductor and leads, and
gir.ry = (e — H{L,R})*l are the leads’ Green’s func-
tions. The self-energy terms can be viewed as effective
Hamiltonian that arise from the coupling of the conductor
with the leads. Once the Green’s functions are known, the
coupling functions I’y gy can be easily obtained as [17]

Piery =12 py — Ef{lL,R}} ; ()
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Fig. 2. Two-dimensional representations of (5,5)/(8,0), (5,5)/(10,0), (5,5)/(9,0)A, (5,5)/(9,0)B SWNT IMJs.

where the advanced self-energy Ef{lL, R} is the Hermitian
conjugate of the retarded self-energy Ef L.R}" The expres-
sion of the self-energies can be deduced along the lines of
reference [11] using the formalism of principal layers in
the framework of the surface Green’s function matching
theory [18]. We obtain

Sy =Hic(e—Hfy — (HS)'TL) " Hie, X

= Hor(e — Hy — HiTr) "' HE (6)
where HE I are the matrix elements of the Hamiltonian
between the layer orbital of the left and right leads,
respectively, and Ty p and T p are the appropriate
transfer matrices. The latter are easily computed from
the Hamiltonian matrix elements via an iterative proce-
dure [13,19]. Correspondingly, Hrc and Heg are the cou-
pling matrices between the conductor and the leads.

The knowledge of the bulk Green’s function G also
includes the electronic properties information of system,
which can be used to calculate the density of states (DOS)
and the local density of states (LDOS) wia the spectral
theorem of the bulk Green’s function.

D(E) = —~

™

Im[TrG(E)], LD, (E) = —%Im[Gn’n(E)],
(7
where D(FE) and LD, (E) are DOS and LDOS with en-
ergy E, and n is the atom label. The Green’s function(GF)
of the complete structure is obtained from the bulk GFs
of the constituent tubes and the interface Hamiltonian.

Localized and extended states are directly obtained from
the GF.
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The electronic properties of the metal/semiconductor
IMJs  ((5,5)/(8,0) and (5,5)/(10,0) junctions) and
metal/metal IMJs((5,5)/(9,0)A and (5,5)/(9,0)B) are il-
lustrated in Figures 3 and 4. We averaged the LDOS over
each interface region because quantum interference effects
distort the LDOS on individual atomic sites. Figures 3
and 4 show the atom-averaged LDOS of M-S interface
and M-M interface respectively, the LDOS of the con-
stituents perfect tubes are also plotted for comparison.
The Fermi energy er coincides with the atomic 7 level,
taken as zero of energy. The energies of the eigenstates
are within |E| < 3 X Vjpr, which is consistent with three
C-C bonds from each carbon atom. The (5,5) and (9,0)
tubes are metallic, with a nonzero density of states at ep.
The LDOS of these tubes present a plateau indicating
the existence of one-dimensional metallic energy bands.
The (8,0) and (10,0) tubes are semiconducting with finite
band gaps. Both isolated nanotube densities of states not
only present the two-dimensional van Hove singularities of
graphite at E = £V,,(£2.66 ¢V), but also sharp peaks

coming from the inverse square-root divergence ﬁ of the

spectra of the one-dimensional (1D) bands. These singu-
larities are due to the quantization of the 1D energy bands
in the circumferential direction. By comparison with the
interface LDOS, Figure 3 shows allowed states in the en-
ergy range of the gap of the perfect semiconducting com-
ponent, these metal-induced gap states are characteristic
of metal-semiconductor junctions. Figure 4 shows a slight
enhancement of the LDOS in the energy range around the
Fermi energy e although the conductance is suppressed
in this region. Of special interest in the electronic states
of these systems are the emergence of sharp peaks in the
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Fig. 3. Results for the S-M IMJs of (5,5)/(8,0) and
(5,5)/(10,0), the results of constituent perfect tubes are also
plotted for comparison.
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Fig. 4. Results for the M-M IMJs of (5,5)/(9,0)A and
(5,5)/(9,0)B, the results of constituent perfect tubes are also
plotted for comparison.

S-M junctions. It corresponds to interface quasi-localized
states, these discrete states can show Coulomb blockade,
resonant transmission and energy quantization, which are
desirable for the design for a quantum device [20]. This
result is consistent with the previous predict [5], their cal-
culations indicate the presence of a sharp MIG state in
(5,5)/(10,0) M-S junction.

The European Physical Journal B

(5.5)
0- e (10,0)
— (5,5)/(10,0)
8
~ 6 .
£
&
O s .
5L i
0
-10.0 10.0
Energy (eV)
T T T T
(5,5
e (8,0)
—— (5,5)/(8,0)
8
~ 6
<
NGJ
o
) s T
5L i
0

10.0
Energy (eV)

Fig. 5. Quantum conductances for the S-M IMJs of (5,5)/(8,0)
and (5,5)/(10,0), the results of component perfect tubes are
also plotted for comparison.
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Fig. 6. Quantum conductances for the M-M IMJs of
(5,5)/(9,0)A and (5,5)/(9,0)B, the results of component per-
fect tubes are also plotted for comparison.

The transport properties through IMJs are illustrated
in Figures 5 and 6, the quantum conductance of perfect
constituent tubes are also plotted for comparison. Within
the Landauer formalism, the ballistic conductance of per-
fect systems is proportional to the number of conducting
channels at the Fermi energy, that is, the number of
bands at this energy. All perfect metal tubes have two
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bands at ep, giving rise to a conductance of % (Fig. 6).
Whereas all semiconducting tubes have a gap at ep,
hence the quantum conductance are zero (Fig. 5). The
conductance of the matched tube is always smaller than
the conductance of the perfect tubes that form it, and
the suppression of the conductance to the conduction
band is bigger than that of the valence band. Any defect
degrades the conductance, and in a matched system
A/B medium B can be considered as a perturbation
to medium A and wice wversa. For the presence of a
vacancy in a monatomic chain completely suppresses
the conductance by removing the only existing channel,
since nanotube is a quasi-one-dimensional system and
multichannel, the conductance is in general not totally
suppressed; the extent to which it is depleted reflects the
dimensionality [21]. Figure 5 shows that the conductance
of M-S IMJs is still zero around Fermi energy er though
the allowed states appears in the energy gap around ep
(see Figs. 3 and 5); Figure 6 shows the conductance of
M-M IMJs along with the conductance of their perfect
components, as before, the conductance of the matched
tubes is lower at every energy than that of its perfect
constituents. The decrease in conductance is accompanied
by a small increase in the LDOS at the Fermi energy. This
is due to the appearance of defect states associated with
the pentagon-heptagon pairs within the metallic plateau
near the Fermi level. These localized states behave as
point scatterers in the electronic transmission process and
are responsible for the decrease in conductance [22]. For
the (5,5)/(9,0) M-M IMJ there exist two configurations
A and B. It is very interesting that though the LDOS
of the two configurations A and B of (5,5)/(9,0) look
very similar, their conductance differ strongly as seen
in Figure 6. The conductance of configuration B is
much smaller than that of configurations A around the
Fermi energy er. The two matched tubes in general have
different rotational symmetry about their cylindrical
axes, and the electronic states may be classified according
to discrete angular momenta L [21]. If the Fermi level
states of the two perfect constituents have different L
and the interface has common rotational symmetry with
the constituents, the perfectly interface can’t impart
any extra angular momentum to the electron, so the
conditions of energy and angular momentum conservation
can’t be satisfied simultaneously in the elastic scattering
conduction process; the electron wave is totally reflected,
and the conductance equals zero. For the two configura-
tions A and B of (5,5)/(9,0) M-S junction, though the
Fermi level states of the two constituents have different
angular momentum L, since the interface of configura-
tion A and B have no rotational symmetry, the interface
can impart angular momentum to the electron, transi-
tions through interface are permitted, this results in a
nonzero conductance around Fermi energy €r; meanwhile
the interface in configuration A is more irregular than
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that of configuration B, and can change the angular mo-
mentum L of the electron easier by scattering, so the con-
ductance of configuration A is much larger. The above
discussion about rotational symmetry has a meaning for
non-chiral nanotubes only. As we have not changed the
bonds strength at the matching region, this effect is at-
tributed to the change in the lattice connectivity. That
is, the conductance of two matched metallic SWNTs is
very sensitive to their connectivity, certain configurations
of the pentagon-heptagon pair defects completely stop the
flow of electrons, while others permit the transmission of
the current through the interface.

In summary, the electronic and transport properties
of four different IMJs have been investigated by using the
tight-binding-based Green’s function method. Our results
show that the structure defects can substantially modify
the electronic and transport properties of SWNT. For the
M-S IMJs, quasi-localized states can appear in the gap of
its constituent semiconducting SWNT, which is desirable
for the design for a quantum device; and the conductance
of a M-M IMJ is very sensitive to its connectivity, cer-
tain configurations of connection completely stop the flow
of electrons, while others permit the transmission of the
current through the interface. These results may have im-
plications for applications of present materials and aid in
further developing our understanding of these molecular-
scale structures.
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