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This paper studies the quantum conductance properties of three-terminated carbon nanotube Y-junctions, which

are built by connecting three (5,5) single-walled carbon nanotubes. The results show that the quantum conductance at

the Fermi energy oscillates periodically with the junction’s size, and the number of oscillating periodic layers is 3 which
is the same as that in the two terminated (10,0)/m(5,5)/(10,0) junctions. Moreover, this Y-junction with different
size exhibits an obviously different distribution of electron current in the two drain branches, called shunt valve effect

of electronic current. Thus the degree of this effect can be controlled and modulated directly by constructing the three

branches’ sizes or the distribution of defect. The results show in detail that the difference between the two drain currents

can be up to two times for some constructions with special sizes. In addition, the uniform distribution of defects in the

Y-junction leads to lower quantum conductance than that of other defect configurations.
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1. Introduction

Molecularly perfect materials such as single-wall
carbon nanotubes (SWCNs) can provide new opportu-
nities for designing nanometer-sized electronic devices.
Carbon nanotube not only has the magnitude order of
micrometer of length compared with the diameter of
several nanometers, but also metallic nanotube is one
good quantum conductor wire because the localization
length of he telectron can be up to pm magnitude.!!
Based on the ballistic and phase-coherent natures of
the electron transport, various interesting nanoelec-
tronic devices, such as the directional coupler,? the
quantum stub transistor,® and the three-terminal
ballistic junction!*® have been proposed. As is well
known, two nanotubes can be connected through the
defects of pentagon and heptagon first postulated by
Chico et all¥ There are many works studying the

[6-13] Tp

electronic properties of two-terminal junction.
particular, the Y-shaped three-terminal ballistic junc-
tion, also known as the Y-branch switch, was proposed
as a promising alternative for future low-power, high-
speed switching devices.[¥ Recently, CNT Y-junctions
were produced by Li et al.,l'¥ and theoretically stud-
ied by Refs. [15] and [16]. These tubular heterostruc-
tures called intramolecular heterojunctions offer new
perspectives for nanoelectronic technology. So it could

be envisioned to integrate an electronic circuit of nan-

otube based architecture. However, it is ambiguous
of the growth mechanism and stability of defect dis-
tribution in multi-terminated junctions. Andriotis et
al.’ reported that the possible role of topological
defects at the junction in insulating the current flow
in primary channel is not entirely clear. The posi-
tions of the defects relative to the junction can be
expected to be a factor in rectification. Valle et al.['f]
investigated that the interference between the defec-
tive states and the extended continuum background
leads to Fano resonances. In their work, the junctions
based on CNT consist of the different chiral tubes, in-
terface states between the two different chiral tubes.
In recent years, super CNTs have been proposed by
linking CNT Y-junctions into a tube structure.['7:18l
They presented that for perfect Y-branched CNTs
the angle between two neighbouring branches should
be 120°, and the radii of the three branches should
be equal. According to our knowledge, the interface
states between two different chiral tubes generally lead
to strong resonances.'” Therefore these problems are
still required to investigate in detail.

Physically, as we know, the band structure of arm-
chair nanotubes consists of two non-degenerate bands
which cross the Fermi level at k = 27/3ag, with lat-
tice constant ag. In our previous work, only when
layer number is m = 3 x n + 2 with n being inte-

ger, can one probe the Fermi level exactly where the
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two bands overlap. This characteristic is obviously
shown in those two terminated (10,0)/m(5,5)/(10,0)
junctions.!”) In our previous work,'? we connected the
three limited-length (5,5) tubes with each other, called
Through the three
branches there is not oscillation in the conductance

as Y-junction (5,5) nanotube.

with the junction size since there is not the interface
states. And the conductances through three branches
are the same as each other because of the symmetry
among three semi-infinite (5,5) tubes and are inde-
pendent of the sizes of three tubes. The differences
in conductance among the four kinds of Y-junction
are mainly from their defect of geometric structures.
However, when the electrodes connected with these
junctions are taken place by three metal electrodes,
we think that the periodic oscillation characteristic in
electronic properties with the junction size still ex-
ists in these three-terminated (5,5) Y-junctions, due
to the quantum confinement and the band mismatch
at interface between the junctions and the metal elec-
trodes. In this paper, we investigate the size effect in
this Y-junction devices in detail. Furthermore, we find
that it exhibits some interesting effects in their quan-
tum conductance. Specially, these properties could be
influenced and modulated by the junctions’ size and
the distribution of defect. Therefore, we believe that
these properties are desirable for the design of nano-
scale size molecular devices based on CNT.

In this work, we adopt a tight-binding Hamilto-
nian and follow the single-particle Green’s function
formalism to obtain local density of states(LDOS)
within real-space renormalization techiques.['3:19]
Taking into account that electron transport on the
molecular scale became a topic of intense and rel-
evant applications, we also calculated the quantum
conductance and the I-V characteristics of the four Y-
junctions, adopting the Landauer-Kubo formalism. (2!
This work is organized as follows: in Section 2, we
present the theoretical method and the four symmet-
ric geometrical configurations of (5,5) Y-junction. In
Section 3, we proceed with the numerical calculations,
and give discussions. Finally, the summary is given in
Section 4.

2. Theoretical method

We performed the LDOS and quantum conduc-
tance to characterize the electronic properties within
a tight binding description of the carbon bonds. Our

tight-binding Hamiltonian is of the form:["]

H= > VipelCHCjo+CisCly), (1)
<1,7>,8

Z<m‘> is

neighbouring atoms, the two-centre hopping integral

where the restricted to nearest-
Vipr = —2.75 eVI™) for centre apart from Y-junction.
On-site energy is set to zero, so E = 0 eV is the Fermi
energy. The three electrodes are assumed to be one
dimensional lead with a single channel. Among the
nearest sites in the electrodes, the hopping integral is
also set to be V,p». We consider that the electrode is
one-dimensional metallic chain. In this case, because
we consider ballistic transmission, the bottleneck of
the molecule—electrode contact should not be smaller
than the order of the hopping integral V... Thus

the hopping integral V! _ between the atom at the

o
edges of junction (shovslr)l in Fig.1) and the atom of
the electrodes is taken as the half of the value Vjpr.
All the hopping parameters are independent of the
bond length, curvature, or any rearrangement due to
the presence of defects. Therefore, these results show
the changes induced solely by the alterations in the
topology of these Y-junctions.

Surface Green’s functions for the metallic chains
are calculated through the solution of matrix like
Dyson equations obtained by successive decimation of
unit cells. Let us consider a system composed of a
heterojunction C' connected to three semi-infinite one
dimensional chains, ¢ (i=1, 2, 3). A fundamental re-
sult in the theory of electronic transport is that the
conductance through a region of interacting electrons
is related to the scattering properties of the region it-
self via the Landauer formula: 7 = (2¢?/h)T;;, where
T is the conductance, and the transmission function
T;; is expressed as

Ty = Te(IGe T GE) - (6,5 = 1,2,3), (2)

where G and G¢ represent the retarded and ad-
vanced Green’s function of the heterojunction, respec-
tively, I; and I'; represents the couplings of the het-
erojunction to the ¢th and jth branches, respectively.
The Green’s functions (G¢) as a function of energy
E are calculated with a previously published surface
Green’s function matching technique.['?!
Subsequently, by introducing the pentagon and
heptagon defects into the contacting region, we con-
structed four Y-junctions"? with symmetric geomet-
rical structure, which are shown in Fig. 1. The (Y-
a), (Y-b) and (Y-c) all have six heptagon defects,

057206-2



Chin. Phys. B Vol. 19, No. 5 (2010) 057206

which are symmetrically distributed with respect to
the cross-centre. But the distance between defect and
the cross-centre is different for these three models, re-
spectively. Among these three configurations, the dis-
tribution of six heptagon defects in (Y-a) is the most
uniform one in the region of junction. For (Y-c) the
six heptagons centrally localize near the cross-centre.
Another (Y-d) model has three octagons, which are

symmetrically distributed at the out-side of the con-
nections, away from the cross-centre. According to
the results of optimization of geometrical structure by
using the universal force field,?!) and analysing both
total energy and bond strength, we believe that the
junction (Y-a) is the most stable one among these Y-

junctions.

Y-junction model: 0/0/0

Fig. 1. Four models of three-terminated symmetric Y-junction CNT, in which the solid spheres at three ends

will be connected with three semi infinite metal chains, respectively. The sizes of these models shown here are

noted by 0/0/0, which is the smallest size for each model in this present work.

Then we use three integers [/m/n to note the Y-junction size. The three integers [, m and n represent the

layer numbers of the three branches, respectively. In our present work, each layer includes 10 atoms in (5,5)

tube.

3. Results and discussion

Only when layer number m = 3 x n + 2 with n being integer, can one probe the two bands crossed at the

Fermi level exactly in armchair tube. In Y-junction (5,5) nanotube, we think there still exists the size effect

in its conductance because of the existence of quantum confinement and the interface states. Firstly, we take

the first branch as the source one and the two others as two drains.

For metal chains its band structure is
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E = -2V} cos(ka) with a = 1. Due to the flat band structure of chain, there is no any sharp peaks near the
Fermi energy in the quantum conductance in Y-junctions. So the quantum conductance is mainly infected by

the mismatch between two kinds of states of chain and junction.

3.1. The four situations of three branch sizes

Now we investigate the electronic properties and the quantum conductance of these three-terminal Y-
junctions (shown in Fig. 1). At different energies the quantum conductance is very complicated for different
size l/m/n.

Since the size of Y-junction is controlled by the lengths of three branches, respectively, we increase the
junction size according to the following four situations: (i) m/m/m with the same layers in the three branches;
(ii) m/m/n with the same layers in the source branch and one of two drain branches. (iii) I/m/m with the
same layers in the two drain branches; (iv) {/m/n with the three integers different from each other.

The common characteristics in these four cases are that the space between conductance peaks reduces and
the number of peaks increases around the Fermi energy level with the increase of size, as shown in the Fig. 2.
Another interesting feature is that the quantum conductance at the Fermi energy periodically oscillates with
the size of the junction. Comparing 3/3/3 with 0/0/0, they have the similar behaviour of quantum conductance
at the Fermi energy. Similar characteristic also exists in 0/1/1 and 0/4/4 in Fig. 2. Moreover, we also calculate
the quantum conductance of the Y-junction with larger size in order to obviously observe this oscillation. Figure
2 shows that this periodic oscillation with increasing size exists along the three directions of three branches in
(Y-a) junction, respectively. And the oscillating periodic length along three branches all is 0.369 nm about the

distance between 3 layers.
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Fig. 2. The quantum conductance of (Y-a) junctions for (i), (ii) and (iii) situations, respectively. The grey

dotted line corresponding to 772 and the black solid line corresponding to 713.

For the former three situations, the two quantum conductances through two drain branches are shown in
Fig. 2. In the first case m/m/m, Ti2 and T3 are always equal due to symmetric geometric structures. The
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conductance at Fermi energy through each drain branch is about 0.26(2¢2/h) for 0/0/0, 0.14(2¢2/h) for 1/1/1,
and 0.23(2¢%/h) for 2/2/2, respectively. The maximum of the total conductance at the Fermi energy through
two drain branches is not high only about 0.50(2¢2/h). However, the electronic current through two drains has
the same value at different voltages and increases smoothly with the increase of voltages, shown in the Fig. 3.
Thus the (Y-a) junctions with the size of the first situation could be as one stable perfect like-metal junction
under any voltage.
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Fig. 3. At Vo = 0 eV, V3 = 0 eV the currents through two drain branches in (Y-a) junctions with 2/m/n
(m,n = 0,1,2,3) sizes vary with the voltage Vi on the source branch, respectively. The grey dotted line
corresponds to 12 and the black solid line corresponds to I;3.

In the second situation m/m/n, the source branch and one drain branch are symmetric with respect to
another drain branch. Although the drain has the same size as the source, its quantum conductance is not
always larger than that of another drain branch. From Figs. 2 and 4, we find that the T}5 at Fermi energy
in 2/2/3n and 1/1/3n are larger than Ti3, even three times larger than Tj3 in 2/2/3n. But in 0/0/3n + 1
(or 2) the T2 at Fermi energy is three times lower than Th5. Now comparing the total conductance values at
Fermi energy, we find that it is about 0.55(2¢2/h) in 0/0/3, 0.34(2¢2/h) in 1/1/3, and 0.58(2¢2/h) in 2/2/3,
respectively. But in 2/2/3m + 1, its total conductance is up to 0.90(2¢2?/h), and its two conductance through
two drain branches are about the same value. These features are also obviously shown in the current—voltage
characteristic of two drain branches in Fig. 3. In 2/2/3 and 2/1/2 the I, at large voltage is larger than I;3.
Specially, in 2/2/1 the I;5 is 0.53A even about two times of I;3. The results show that the junction with the
size in this situation is not like metal junction. However, this difference between the electronic current of two
drains is like the shunt valve of electronic current. Therefore, according to the results above obtained, we can
propose one way to control the two different drain’s current by designing the two drain branches with different
sizes, such as 2/2/1.

In the third situation I/m/m, the two drain branches are symmetric with respect to the source branch. So
the two quantum conductances have the similar behaviours near the Fermi energy. This mirror symmetry can
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also be seen in the two junctions with sizes 2/k/i and 2/i/k in the fourth situation. The quantum conductances
Ty2 and Ty5 in 2/i/k correspond to the Ti3 and Tia in 2/k/i, respectively. From Fig.4, comparing the total
conductance at Fermi energy for 0/3/3, 1/3/3 and 2/3/3, for the case 3l + 2/m/m, we find that its total
conductance is the highest among these three cases. So by designing the source branch size we can control the
distributary properties of electronic current in this Y-junction. Furthermore, analysing the size types with the
similar quantum conductance through two drains near the Fermi energy, such as {/m/m in the third situation
and the m/m/m in the first situation, we find that the total conductance in I/m/m is up to about 0.9(2¢2/h)
higher than the value in the first situation m/m/m. And from Fig. 3, its electronic currents through two drains
have not any difference near the zero voltage, but have more obvious step-like characteristic with voltage than
that in m/m/m. Therefore, the (Y-a) junctions with these sizes [/m/m also could be as one stationary perfect

like-metal junction near zero voltage.

(a) 0/m/n (n=0, 1, 2, 3) b) 1/m/n (n=0, 1, 2, 3) (c) 2/m/n (n=0, 1, 2, 3)
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Fig. 4. The conductance and LDOS at the Fermi energy of (Y-a) junctions with different sizes noted by three

integers I/m/n, taken as three layer numbers in three branches, respectively.

For the fourth situation, the sizes are 3] + 1/3m + 2/3n(l,m,n are three different integers), and three
integers can exchange their positions under holding of one drain branch size being multiples of 3. Then from
Fig. 3, we can find that the conductance T15 in 1/2/3 is 0.22(2¢%/h), about three times lower than 0.68(2¢%/h)
of T13. However, as shown in Fig. 3, we find that near zero voltage 15 is larger than I3, but at larger positive
voltage I3 is larger than I15. So we can design the junction with this size as the one kind of device that can
modulate the relative value of two drains’ current like the shunt valve controlled by voltage.
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3.2. The influence of defect distributions

Due to both the various types of size and the com-
plex defect distribution, it is difficult to illustrate the
In this sub-
section, we only consider the four Y-junction models

influence in detail in one short paper.

with the same size 0/i/0 to investigate the influence
of defect distribution on the quantum conductance.

In Fig. 5, it obviously shows the oscillation char-
acteristic of quantum conductance at the Fermi en-
ergy with the size. From the distribution of the six
heptagon defects in the three models shown in the
Fig. 1, for the uniform spreading situation in the (Y-
b) model, the conductance through two drains is two
times lower than that of other models. Comparing
the relative centralized distribution of the six hep-
tagon defects in (Y-a) with the most centralized (Y-c)
model, we find that their total quantum conductances
are very similar, but the geometric structure of (Y-a)
is more stable than the (Y-c) model.

0.5

(Y-a): 0/2/09 A =
0.1 /\ e
o) 0.15 (Y-b): 0/4/0 /. 5 7
g 0.10 AN
E ool A~
0.19(Y-c): 0/if0 -, Sy
06 ~ “(Y_d): 0/i/0 A A o
0.2

i/layer

Fig. 5. The conductance at the Fermi energy of four Y-
junctions with sizes 0/i/0, 4 is the layer number in the
second branch, respectively. The grey dotted line corre-
sponds to T13 and the black solid line corresponds to Tha.

According to these results, the uniform distribu-
tion of defects is disadvantageous to the transport of

carriers. It also shows that the defect distribution can
change the scattering path of the carriers. In addi-
tion, in the (Y-c) model the conductance through the
branch with the 0 size is lower than another drain
branch, being contrary to other three models. When
there are only three octagons at the out-side of the
connections, the total conductance in (Y-d) model is
about 0.68(2¢%/h) which is higher than that in the
above three models. And the difference between two
drains’ quantum conductance can be up to five times
in (Y-d) model with size 0/1/0. It shows that the size
effect in (Y-d) model is more remarkable.

Although there are different defect distributions
in these four models and the behaviour of oscillation
are different from each other, the oscillating periodic
length is the same about 3 layers.

4. Summary

In our conclusion, for these (5,5) Y-junctions, the
quantum conductance at Fermi energy periodically os-
cillates with the junction size. Furthermore, with dif-
ferent sizes Y-junction exhibits some interesting ef-
fects in their quantum conductance such as shunt ef-
fect. These properties could be influenced and mod-
ulated by three branch sizes and defect distribution.
For some special sizes, the difference between two cur-
rents through two drain branches may be up to two
times. So these special sizes could have an obvious
electronic shunt effect in these nanoscale-size molecu-
lar devices, which is useful for the design of nano-scale
size molecular devices connected with metal chain.
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