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Abstract

Electronic transport in carbon nanotube devices is calculated self-consistently and characterized by potential profile,
using a non-equilibrium Green function approach. We study the potential drop along structures with two types of
scatters: randomly disordered, and nanotube ‘heterojunctions’. While perfectly conducting tubes have a flat potential
along the tube axis, all the potential drop taking place at the contacts, highly disordered tubes display a linear potential
drop profile, showing diffusive conducting behavior. For a heterojunction in which three metallic tubes are connected
by topological defects, the potential drop takes place also at the defect located interfaces. Reference is also made to
experimental results and applications. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

A carbon nanotube is viewed as a hollow cyl-
inder, constructed by rolling up a graphene sheet
along a lattice vector (n,m). It is metallic if mod-
(n —m,3) =0, and otherwise it is semi-conducting
and typically has a 1 eV band gap for 1 nm tube
diameter [1]. Nanotube devices such as transistors
[2] and junction diodes [3] have been demonstrated
experimentally. Theoretically, despite calculations
exist for transmission vs. energy curves of nano-
tube devices [4], these are not enough to predict the
I-V characteristics of nanotube electronic devices.
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Proper self-consistent calculations, taking into
account the non-equilibrium electron distribution
have been done for linear chains [5], but not for
carbon nanotubes.

For electronic transport of nanotube devices
carrying the current flow, a self-consistent calcu-
lation has to be carried out to establish the po-
tential profile along the tube axis. In this work, we
formulate a self-consistent calculation using a non-
equilibrium Green function approach specific for
versatile nanotube devices. The calculations are
conducted for two typical nanotube device archi-
tectures. One is single nanotube devices to which
structural disorder is introduced. The other is a
nanotube heterojunction in which tubes with dif-
ferent helicities or (n,m) are connected by topo-
logical defects. The atomic structures are obtained
using the molecular dynamics method of Han [6].
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An extensive study of different heterojunctions and
their conducting properties will be published else-
where [7]. The calculated potential profile results
are used to understand electronic transport prop-
erties in nanotube transistors and heterojunction

diodes.

2. Theoretical method

Electronic structure of a system is treated within
a linear combination of atomic orbitals (LCAQO)
framework. The system is linked to two semi-infi-
nite tubes acting as emitter and collector. This is
taken into account in the Hamiltonian by adding a
self-energy part such that H = Hy+ X(E) [8],
where H, is of the system isolated from the emitter
and collector. The matrix X(E) is calculated by the
‘decimation technique’ of Guinea et al. [8]. The
normal equilibrium local density of states is given
by

1

ptot

In the absence of current this is used to obtain
the total charges of the system by integrating in
energy. If a bias is applied between the emitter and
collector, however, two Fermi levels (rather than
one) are defined in the system, and the total charge
at 0 temperature is given by

E¢(em)
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Here the transmitted density p"™" corresponds to
the density of states that enter from the emitter. In
terms of Green functions, the matrix for the
transmitted 1.d.o.s. at ring i of the tube is

&trans — sz?Dj (3)
where
_ 1
D; = (I - (g Tiin18101 Tiv1)) g P_? = Elm g
(4)

and g, ; is the Green function matrix corresponding
to layer 7 of the system when layers i and i + 1 are
uncoupled. T is the Hamiltonian matrix coupling

layer i to i + 1. Egs. (3) and (4) are matrix gener-
alization of the corresponding expressions in Ref.
[5]-

In the case of perfect transmission through the
tube (perfect translational symmetry), p"™" =
0.5p%". In the limiting case of zero transmission, at
the emitter side we have p"™" = p'' and at the
collector side p'™" = 0. In general, the transmitted
l.d.o.s. as a function of energy is non-trivial for
heterostructures, and has to be calculated from
Eq. (3). The external potential is included in the
Hamiltonian as H = H+ V, with

V= ZMWC]M (5)
W

Exchange and correlation terms can be included in
the LCAO Hamiltonian in the way explained in
Refs. [9,10]. In this work, we further simplify the
potential to be a diagonal matrix, so that

Vi=> 0yMudu (6)
k

where the electrostatic matrix between orbitals i
and j is calculated as in Ref. [10]. The self-consis-
tent potential is then iteratively computed until it
satisfies V** = Mq(V*), where q(V) is calculated
according to Eq. (2).

3. Results

We first qualitatively discuss the self-consistent
potential for single tube and heterojunction de-
vices between two infinite metallic planes under
applied bias. In the absence of disorder or perfect
tube structures, if bias is applied between the
electrodes joined by the nanotube, the potential
profile is flat along the nanotube with an imme-
diate potential drop at the contacts. This is be-
cause p"™™ = 0.5p'" so that raising E; (emitter) by
V' /2 and lowering E; (collector) by ¥V/2 do not
change the local onsite charge obtained from Eq.
(2). However, when disorder or other kind of
barriers for electron transmission are present in
nanotubes, p"* > 0.5p"" at the emitter side and
pres < 0.5p"" at the collector side. This implies
that more charges tend to accumulate on the
emitter side of the barrier, and less on the collector
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side. Thus a potential has to develop along the
tube to compensate this effect, being higher at the
emitter side and lower at the collector side. In
other words, part of the potential drop takes place
at the barrier as well as at the electrodes. For the
limiting case of an insulating barrier, the whole
potential drop ¥,,s occurs at the barrier. In the
present calculations we have considered electrons
flowing through an infinite tube, a segment of
which (44 rings) is modified by disorder. Two
planar infinite parallel metallic plates perpen-
dicular to the tube are located at the ends of the
segment, in order to electrostatically shield the
semi-infinite electrodes.

One way to model disordered nanotubes is to
add a random potential at every site. The distri-
bution of potential values can be simply taken as
equiprobable in the range —¢/2 < V < ¢/2, ¢ being
the disorder strength. When such a potential is
added to the Hamiltonian, part of the potential
drop takes place along the disordered region, and
increases as the degree of disorder increases. Fig. 1
shows examples of the calculated self-consistent
potential drop along a 5.3 nm long (5,5) nanotube
having three different degrees of disorder for a bias
of 4 V between the emitter and collector. The po-
tential value was averaged over the 10 atomic rings
nearest to the translational coordinate. Similar
potential profiles were reported experimentally
[11]. The argument proposed for the different slope
of the potential drop as a function of the density of
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Fig. 1. Examples of self-consistent potential averaged over the
10 closest atomic rings around the longitudinal position, for
three particular potentials with disorders degree ¢ = 3, 5 and 7
V (@, %, H) respectively. The applied bias is 4 V in the three
cases, and the length of the (5,5) tube is 5.3 nm.

defects bases on experimental observation is in
agreement with our calculation results.

Disorder strength is rather difficult to measure
experimentally, and can be characterized by the
electric current, a directly measurable quantity.
We thus plot results of potential drop along the
structure as a function of the total current, for
different random potentials (Fig. 2). If the disorder
is increased, the potential profiles become in-
creasingly inhomogeneous and far from the linear
shapes shown in Fig. 1. Therefore, only disorder
degrees smaller than 8 V (for a 5.3 nm long
structure) have been studied here. The maximum
available drop of 4 V (=Vy;,s) would show up as a
3 V drop if the profile were linear and averaged as
in Fig. 1, and would correspond to zero current.
The highest available current for the structure is
9.4 (2¢*V/h), in the absence of disorder, which
corresponds to 0 potential drop (at 4 V bias,
conduction takes place through more than two
subbands; biases smaller than ~1 V, in absence of
disorder, would yield a current of 2V;;,s2¢?/h). For
the simulated range of currents in Fig. 2, the av-
erage of the potential drop (solid line) shows some
curvature. The factors determining the curvature
degree require further analysis, and are out of the
scope of this paper.

Potential drop profiles due to disorder are ho-
mogeneously distributed along the disordered re-
gion. We can, nonetheless, study what happens if
the scattering is produced in a controlled way, for
instance, by making a heterostructure with tube
sections of different helicities. We study the case of

3 4 5 6 71 8
Current [2¢*V/h]

Fig. 2. Total potential drop (of the 10-ring averaged potential)
along the disordered segment, shown vs. current, for a set of
particular cases, together with their average curve (—).
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a (6,6)(12,0)(6,6) straight junction containing 10
atomic rings in the (12,0) section. Both (6,6) and
(12,0) tubes are metallic. However when matched
together a gap is formed from about —1.5 to 1.5
eV around the Fermi level [4], due to the different
angular momentum of the available electrons at
this energy in the two parts (L = 0 at the (6,6) and
L =4 at the (12,0)). Therefore, for the hetero-
junctions considered, electrons with L = 0 tunnel
between the electrodes, with a very small proba-
bility that depends on the length of the (12,0) re-
gion. At the same time, some L =4 states are
bound in the (12,0) segment, since they cannot
escape to the electrodes (in order to allow these to
be occupied by electrons in the self-consistent
procedure, some inelastic scattering broadening of
these states was assumed [12]. Fig. 3 shows an
example of the self-consistent potential along this
structure for a 5 V bias. The (12,0) segment goes
from X =12 to X =21, where X denotes the
atomic ring along the tube. Most of the potential
drop takes place near these two interfaces and in
the contacts. The total potential drop along the
structure at this bias is about 25% of the total bias.

The current induced potential drop along the
structure implies that the current vs. bias charac-
teristics of the device are different than just the
integral of the transmission at 0 bias. In Fig. 4 we
show the actual current as a function of bias, to-
gether with the integral of the 0 bias transmission.
The effect of the potential drop is to reduce the
current about 50% of what a no-drop profile
would yield.
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Fig. 3. Potential profile for the (6,6)(12,0)(6,6) metal-metal—
metal heterostructure under 5 V applied bias (see explanations
in text).
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Fig. 4. Current intensity, J(V), obtained for the heterostructure
from the zero bias conductance (—), actual values of J(V)
when the potential along the structure is self-consistently cal-
culated for each bias (e).

4. Conclusions

We have studied the self-consistent potential
drop profile along carbon nanotube devices when
a current is flowing, both for disordered and or-
dered (heterostructure) types of scattering defects.
A Green function formalism has been shown, ex-
tending the self-consistent procedure to non-equi-
librium situations. The self-consistent profile is a
function of the applied bias. For the disordered
potential case we find a roughly linear potential
drop along the structure. The total potential drop
as a function of disorder (characterized by current)
shows a non-linear component. When scattering is
produced by ordered structures, like a metal-
metal-metal heterostructure, potential drop is
shown to mostly take place at the interfaces be-
tween different helicities. The potential drop pro-
file affects the I(V) characteristics of the structure
in an important degree. Our study shows that just
a 0 bias transmission curve is not enough to define
the (V) characteristics of nanotube junction de-
vices. We have shown how these characteristics
can be calculated. The recently demonstrated
possibility to experimentally measure potential
profiles ‘in situ’ [11] is expected in the near future
to allow direct comparison with calculations.
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