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Electrical Contact Resistance at
the Carbon Nanotube/Pd and
Carbon Nanotube/Al Interfaces in
End-Contact by First-Principles
Calculations

Reported in this paper is a quantum mechanics study on the electronic structure and
contact resistance at the interfaces formed when an open-end single-walled carbon nano-
tube (CNT) is in end-contact with aluminum (Al) and palladium (Pd), respectively. The
electronic structures are computed using a density functional theory (DFT), and the
transmission coefficient is calculated using a nonequilibrium Green’s function (NEGF) in
conjunction with the DFT. The current—voltage relation of the simulating cell is obtained
by using the Landauer—Buttiker formula, from which the contact resistance can be deter-
mined. Our results show that the electronic structure and electron transport behavior are
strongly dependent on the electrode. It is found that the CNT/Pd interface has a weaker
bond than the CNT/Al interface. However, the CNT/Pd interface shows a lower electrical
contact resistance. [DOI: 10.1115/1.4004095]
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Introduction

Carbon nanotube (CNT) is one of the most promising candi-
dates in nanoscale electronic devices due to their size, structural
strength, and excellent electrical and thermal properties [1]. It has
been reported that an individual semiconducting CNT can operate
either as a conventional metal-oxide semiconductor field-effect
transistor or an unconventional Schottky barrier transistor when it
makes a contact with a metal electrode. Thus, in potential elec-
tronic device applications, one of the key issues is the electrical
contact resistance between semiconducting single-walled CNTs
and the metallic electrodes [2].

Various metal electrodes, such as Ti, Pd, Cu, Au, Mo, Ni, and
Pt, have been used to form the contact with CNTs. The electronic
structures between CNTs and metal electrodes have also been
studied by several researchers [3—9]. However, most of these stud-
ies mainly focused on the side-contact or embedded-contact
between CNTs and metal electrodes. In practice, the end-contact
between CNTs and electrodes is often needed for the potential
electronic interconnections. In addition, recent research has shown
that each wall of multiwalled CNTs contributes to the saturation
current to obtain a very high current-carrying capacity, which
means the multichannel electron transport could be achieved by
opening multiwalled CNTs [10]. Thus, open-end CNT making
end-contact with electrodes is gaining more attention from the
industry. Although a few studies have been published on end-con-
tact between CNT and metal electrodes [11-15], the interaction
and the electron transport at the CNT/metal interface have not
been fully studied yet.

Recently, the authors have reported a study on the electronic
structure and electrical contact resistance between a semiconduct-
ing CNT (10, 0) in end-contact with copper (Cu), using first-prin-
ciples calculations [16]. In this paper, the same methodology used
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in Ref. [16] will be adopted here to study the electronic structure
and electrical contact resistance between a semiconducting CNT
(10, 0) in end-contact with two other metal electrodes, namely, Al
and Pd. The CNT tube is approximately 1 nm long. The metal
electrode consisted of 6 X 6 x 6 atoms. The scattering region is
composed of CNT tube and two surface layers of electrode. The
separation distance between CNT and metal electrode surface was
determined by minimizing the interaction energy of the system.
The local density of states near the CNT/metal interfaces are
computed using a density functional theory (DFT), and the trans-
mission coefficient is calculated using a nonequilibrium Green’s
function method in conjunction with the DFT. The current—volt-
age relation of the simulating cell is obtained by using the Lan-
dauer—Buttiker formula, from which the contact resistance is
determined. Our results show that the electronic structure and
electron transport behavior are strongly dependent on the elec-
trode. It is found that the CNT/Pd interface has weaker bond than
that of the CNT/Al interface. However, the CNT/Pd interface
shows a lower electrical contact resistance.

First-Principles Simulations

The simulation cell is a two-probe system consisting of a semi-
conducting (10, 0) CNT with each end connected to a metal elec-
trode (Al or Pd), see Fig. 1. The first-principles simulations were
conducted using the ATK ToolKit code [17], in which the density
functional theory with double-¢ plus polarization (DZP) basis sets
is combined with the Keldysh nonequilibrium Green’s function
method to calculate the electronic structure and transport proper-
ties of the CNT/electrode contact system. All calculations were
performed based on the generalized gradient approximation
(GGA) with Perdew—Burke—Ernzerhof (PBE) pseudoatomic
potentials [18].

An electrical voltage is prescribed across this two-probe system
to generate a steady-state current. The electron transport direction
along the tube axis is the z-direction and the other two orthogonal
directions are the x- and y-directions. The contact resistance of the
CNT/electrode interface is derived by the current—voltage relation
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Fig. 1 Simulation cell of the two-probe system, CNT in end-
contact with electrodes

(i.e., the I-V curve). The current—voltage relationship can be
described by the Landauer—Buttiker formula [19], which relates
the current to the voltage via the transmission probability T(E, V).

1) =2 [ ErE VI E - 0) ~fE- )] O

I

where p; and p, are the chemical potential of left and right
electrodes

fE—p) = 1/{1 +exp[E — ,U/kBTtemp]}

is the Fermi—Dirac distribution function, kz is the Boltzmann con-
stant, and T\ denotes the temperature. The noncoherent charge
transport processes are not considered, consequently coupling of
different transverse modes are neglected. In this case, computation
of the /-V relation amounts to the evaluation of the transmission
function through independent k|| (surface-parallel direction recip-
rocal lattice vector point) channels and their integral over the 2D
reciprocal unit cell Q

T(E,V) = éL dk TSI(E,V) )

where Q is the area of the reference unit cell surface. In order to
compute TXI, the matrix version of the NEGF approach is
employed, which is a well-developed general formalism to treat
various nonequilibrium charge transport phenomena. The k-point
sampling in Brillouin Zone integration parameters is 3, 3, and 50
in the x-, y-, and z-directions, respectively.

We note that when an electrical voltage is applied, the two-
probe system will be out of its initial equilibrium state. To mini-
mize such disturbance, a fully self-consistent calculation has been
performed in our calculations. In order to achieve the convergence
at high bias (e.g., 2 V), the voltage was increased incrementally.
At each increment, the system configuration was stored and used
as the initial configuration for the next increment.

Results and Discussions

To characterize the bond between the CNT and metal electro-
des, the Mulliken population of the two-probe system was com-
puted to separate the electron density into atomic contributions.
The Mulliken overlap population (MOP) between the atoms for a
particular orbital was then extracted to reveal the chemical bond-
ing characteristics qualitatively [20].

Figures 2(a) and 2(b) present the MOP of the Al/CNT/AI and
Pd/CNT/Pd systems, respectively. Only the scattering region that
includes CNT and two layers of atoms on the metal surface is
shown in these figures. Thicker lines represent higher bond
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(a) (b)

Fig. 2 Computed Mulliken Overlap population of electrode/
CNT/electrode two-probe systems. Only the scattering region
was presented herein. The green spheres represent the
electrode atoms (Al or Pd), and blue spheres represent the C
atoms in CNT: (a) AI/CNT/AI; (b) Pd/CNT/Pd.

strength. Note that the metallic bond between the metal atoms is
not illustrated here.

It is seen that for both Al/CNT/Al and Pd/CNT/Pd systems,
chemical bond is formed at the interface. Furthermore, the CNT/
Al interface shows higher bond strength than that of the CNT/Pd
interface. More specifically, our numerical results show that the
average Al-C and Pd—C bond strengths are, respectively, ~90%
and ~60% of the C—C bond strength in the CNT. The higher
Al-C bonding may be attributed to the higher chemical reactivity
of Al with C. For example, aluminum carbide will be formed
when aluminum and carbon is heated up to 1000 °C [21].

The electronic structure at Fermi level is crucial to the electron
transport at the interface. Figure 3 shows the computed local den-
sity of states (LDOS) at Fermi level (Eg=0), which is projected
onto a cross-section parallel to the CNT axis of the simulation
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Fig. 3 Local density of states (LDOS) of CNT/metal end-
contact systems: (a) AI/CNT/Al system; (b) Pd/CNT/Pd system
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Fig. 4 Transmission contours at Fermi energy for AI/CNT/Al and Pd/CNT/Pd sys-
tems at different applied bias voltages: (a) AI/CNT/AI: 0.1 V; (b) AI/CNT/AI: 2 V; (c)

Pd/CNT/Pd: 0.1 V; (d) Pd/CNT/Pd: 2V

cell. The LDOS contours of metal atoms (e.g., Al or Pd) near the
interface are significantly different from that of the bulk atoms.
This implies that strong interactions have occurred at the CNT/
metal interface. In addition, the C atoms at CNT/Pd interface ex-
hibit more LDOS, compared to the CNT/Al interface. This implies
a more active electron transport in the Pd/CNT/Pd system than in
the AlI/CNT/ALl system. This conclusion will be confirmed later by
the transmission coefficient calculations.

Figure 4 shows the detailed transmission coefficient relating to
the k-sampling of AI/CNT/Al and Pd/CNT/Pd systems at the
Fermi energy under two bias voltages, 0.1 V and 2.0 V. It is
observed that the transmission coefficient is a function of applied
bias voltages. Overall, the Pd/CNT/Pd system has a higher trans-
mission coefficient than the AI/CNT/Al system. For the Al/CNT/
Al system, the transmission coefficient near the Gamma (0, 0)
k-point reaches its highest value under a lower bias (0.1 V), and
its lowest value under a higher bias (2.0 V). For the Pd/CNT/Pd
system, the transmission coefficient near the (0, 0) k-point reaches
its highest value under both lower (0.1 V) and higher biases (2.0
V). Further investigations, such as the transmission eigenvalues at
a certain energy level, and the bond coupling between the C and
metal atoms, will be required to fully understand the dependence
of the transmission coefficient on the applied bias voltages.

The transmission spectrum at various bias voltages can be cal-
culated based on Eq. (2). The results are shown in Fig. 5. Again, it
is seen that both systems, the transmission coefficient shows a
strong dependence on the applied bias voltages. Furthermore, the
Pd/CNT/Pd system exhibits higher transmissibility than the Al/
CNT/AI system, particularly around the Fermi energy, which is
consistent with the results in shown in Fig. 4.

Figure 6 shows the /-V curves for the two systems considered
here. Note that at low applied voltage regime (0.0-0.1 V), the I-V
relationship is linear [4,5,16]. Thus, the total resistance of the sys-
tem can be computed via the Ohmic law. By averaging the data
between 0 and 0.1 V, we found that the total electrical resistance
of 8.2 kQ for the Al/CNT/AI and 4.0 kQ for Pd/CNT/Pd, respec-
tively. It has been reported that the steady total resistance of a Al/
CNT(5,5)/Al end-contact system is 7.39 kQ [22], which is the
same order as the AI/CNT(10, 0)/Al system in this study. As
shown in Ref. [16], much of the total resistance is attributed to the
contact resistance at the CNT/metal interfaces, since the total bulk
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resistance of the CNT and metal probes is negligible. Therefore,
at each CNT/metal interface, the contact resistance is 4.1 kQ and
2.0 kQ for the CNT/Al and CNT/Pd interfaces, respectively.

If one assumes that the CNT/metal contact area is the open-end
cross-section area of the CNT, and the CNT vgall thickness is the
van der Waals radius of a carbon atom (1.7 A), the contact area
can be computed. For the (10, 0) CNT with diameter 7.774 A, the
contact area so computed is 0.83 nm?. Thus, the corresponding
contact resistivity is ~3.4 kQ nm? for the CNT/Al and 1.66 kQ
nm? for the CNT/Pd interfaces, respectively. In other words, the
end-contact resistance is higher at the CNT/Al interface than at
the CNT/Pd interface.

Intuitively, one would think that a stronger chemical bond at
the interface should induce higher electron transmission across the
interface, thus lead to lower contract resistance. This is not gener-
ally true in that the MOP results shows a higher chemical bonding
at the CNT/AI interface than at the CNT/Pd interface, yet the
CNT/Al interface show higher contact resistance than the CNT/Pd
interface. In other words, there is generally no positive correlation
between the charge transfer and the electron transport at the CNT/
metal interface.
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Fig. 5 Transmission spectrum of AI/CNT/Al and Pd/CNT/Pd
systems at different prescribed bias voltages
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Fig. 6 Current-voltage (V) curve of AI/CNT/Al and Pd/CNT/Pd
systems

Conclusions

Two metal electrodes, namely Al and Pd, were used to form
end-contact with an open-end CNT. The Mulliken Overlap Popu-
lation (MOP) results show that a stronger chemical bond is formed
at the Al/CNT interface than at the Pd/CNT interface. However,
the Pd/CNT/Pd system shows better electron transport and lower
contact resistance. We conclude from these results that there is
generally no positive correlation between the charge transfer and
the electron transport at the CNT/metal interface.
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