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First-principles investigation of the interaction of gold and palladium with armchair
carbon nanotube

Francesco Buonocore*

STMicroelectronics Srl TR&D Post Silicon Technologies, Via Remo de Feo, 1, 80022 Arzano Naples, Italy

(Received 20 October 2009; final version received 14 February 2010)

In this paper, we investigate the adsorption mechanisms at the interface between carbon nanotubes and metal electrodes that
can influence the Schottky barrier (SB). We developed a theoretical model based on the first-principles density functional
theory for the interaction of an armchair single-wall carbon nanotube (SWNT) with either Au(111) or Pd(111) surface. We
considered the side-wall contact by modelling the full SWNT as well as the end-contact geometry using the graphene ribbon
model to mimic the contact with very large diameter nanotubes. Strong interaction has been found for the Pd–SWNT
interface where the partial density of states (DOS) shows that d-orbitals of palladium are dominant at the Fermi energy so
that the hybrid Pd-orbitals have the correct symmetry to overlap with p-electrons and form covalent bonds. The SWNT can
only be physisorbed on the gold surface for which the contribution to the DOS of the d-orbitals is very low. Moreover, the
filling of antibonding states makes the Au–SWNT bond unstable. The average and ‘atom to atom’ energy barriers at the
interface have been evaluated. The matching of open-edge carbon dimers with metal lattice in the end-contact geometry is
more likely for large diameter SWNTs and this makes lower the SB at the interface.

Keywords: carbon nanotube; density functional theory; adsorption; metals; interconnects

1. Introduction

The subject of the interaction between carbon nanotubes

(CNTs) and metal surface or cluster has been gaining a

growing interest in the last years. Indeed, CNTs have been

proposed as innovative one-dimensional nanostructure

with superior electrical properties to be employed in

applications such as field-effect transistors (FETs) [1–3],

field-emission displays [4] or single-electron transistors

[5,6], where metal contacts can be required to integrate the

carbon wires within the device.

CNT-FETs fabricated using thick-gate dielectrics and

medium-to-high work function metals are mostly p-type in

air, but, after annealing in vacuum, they can be converted

to ambipolar and even further to n-type [7,8]. This was an

indication that Schottky barrier (SB) at the metal–CNT

interface dominates the transistor switching. The CNT-

FET can also operate in ways similar to conventional

MOSFETs (ohmic junction) [9].

Moreover, the feature sizes in Si integrated circuits are

continually reducing and the interconnects between each

transistor are forced to carry increasingly larger current

densities. Therefore, CNTs have also been proposed [10]

to be used as interconnects at the same time as CNTs can

carry very high current density, before failing as a result of

electromigration. Contacts with vanishing SB are essential

because the overall resistance is lowered.

It was evidenced [11] that the width of the SB depends

on the band gap of the CNT material (inversely

proportional to the diameter) and the work function of

the contacting metal. Either large diameter CNTs or metal

contacts with high work function give small SBs.

It has also been observed that irregular experimental

results are found for metals with high chemical reactivity

(e.g. Ti) for which metal carbide at the interface can be

formed after annealing [3], decrementing the quality of the

contact.

The theoretical investigation based on first principles

helped to improve the understanding of the mechanisms

that can influence the SB at the interface between the

single-wall carbon nanotube (SWNT) and metal. The

authors of the first models of the contacts on the atomic

scale [12,13] demonstrated that semiempirical descrip-

tions ignoring the microscopic features of the contacts

cannot suffice to fully understand the electronic structure

at the small metal–SWNT junction but the detailed atomic

geometries should be integrated. It was shown [13] that Au

does not side-wall bind to the SWNT, differently from

other metals (e.g. Mo, Pd and Pt), and this takes into

account of the large SB found in experiments at the Au–

SWNT interface.

The wetting of graphene surface by metal films or

clusters has been investigated [14], finding that metals

with smaller cohesive energy are expected to form clusters

more mobile on the surface, and larger cohesive energy is

expected to result in coalescence into bigger clusters and

non-wetted surface. Once this is clarified, it is understood
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that Pt, characterised by large cohesive energy, does not

create contacts as good as Pd does, despite the work

function of Pt being larger.

Recently, models of SWNT fully embedded in metal

have been proposed [15–17]. The inspection of the

electrostatic potential in the contact region is very

important in order to investigate the SB. In particular,

Zhu and Kaxiras [16] investigated the electrostatic

potential and found that there is no SB to electron transfer

between Pd and SWNT. On the other hand, it has been

demonstrated [17] that not only the chemical bond

occurring at the interface plays an important role in

determining the SB, but also the preservation or breaking

of the p-conjugation of the SWNT should be taken into

account.

In this paper, we investigate orbital overlapping

between the metal surface and the SWNT hybrid orbitals

by studying the partial contributions of metal and SWNT

states of different angular momentum to the density of

states (DOS). In this way, we describe how the bonding

takes place. Indeed, the angular momentum contributing

more to the DOS determines the symmetry of the hybrid

orbitals. In order to have overlapping orbitals, it is

important that the metal and the adsorbate hybrid orbitals

have the correct symmetry, and then metal and carbon

atoms can coordinate to form bonds.

We developed a model for an ideal metal–SWNT

contact in the side-wall geometry by first principles.

Therefore, we model a SWNT deposited above a metal

substrate, Pd(111) or Au(111), free to bind with the metal.

Moreover, we looked for insights also into the end-contact

geometry using the graphene ribbon model in vertical

contact with the metal surface to mimic the contact with

very large diameter SWNTs.

2. Theoretical method and model

Our theoretical investigation was carried out with

calculations based on the density functional theory

(DFT) within the generalised gradient approximation

with the Perdew, Burke and Ernzerhof correlation

functional. Our calculations were performed using the

DMol3 program (Accelrys, Inc., San Diego, CA, USA)

[18,19]. The electronic wave functions are expanded in

atom-centred basis functions defined on a dense numerical

grid. The chosen basis set was double numerical plus

polarisation where each basis function was restricted to a

global cut-off radius of 4.5 Å. The chosen cut-off value

leads to atomic energies with an accuracy of 0.1 eV/atom,

allowing calculations without significant loss of accuracy.

The core electrons of the metals were described using DFT

semi-core pseudopotentials (DSPPs) [20] that replace core

electrons by a single effective potential, reducing the

computational cost. DSPPs introduce some degree of

relativistic correction into the core.

All geometry optimisations were performed using a

scheme based on delocalised internal coordinates gener-

alised to periodic boundary conditions. The Brillouin-zone

integrations were performed using a 3 £ 1 £ 1

Monkhorst–Pack grid for the metal–SWNT systems and

a 6 £ 5 £ 1 Monkhorst–Pack grid for the metal–carbon

ribbon systems.

We have modelled an armchair (5,5) SWNT with a

diameter of 6.9 Å either physisorbed or chemisorbed by

the side wall to the gold or platinum electrode,

respectively. The metal surfaces have been modelled by

the repeated slab geometry which contains three atomic

layers, with the atomic coordinates of the lowest layer

constrained. The comparison with the five layer slabs

shows a gain of the total energy of 0.12 eV/atom and a shift

of the Fermi level (measured with respect to the vacuum

level) of 0.03 eV for both Au and Pd systems. Therefore,

our model is sufficiently accurate to describe the electron

hybridisation at the interface.

The geometry-optimised structures are illustrated in

Figure 1. The edges of the periodic cell are a ¼ 4.995 Å,

b ¼ 14.420 Å and c ¼ 25.0 Å for the Au(111)–SWNT

model, and a ¼ 4.765 Å, b ¼ 11.005 Å and c ¼ 25.0 Å for

the interface with Pd. The lattice parameter c is chosen in

the direction normal to the (111) plane along the z-axis,

while a and b are along the x- and y-axes, respectively. The

width of c is such that the interactions among the periodic

images of the system are negligible in the z-direction. The

lattice parameter of the SWNT along its axis has been

expanded (compressed) by 2.3% to match the surface

periodicity of the Au (Pd) slab.

3. Results and discussion

We present our results on the electronic structure and the

self-consistent-field (SCF) electrostatic potential of the

interfaces between the SWNT and the metal slabs.

The binding energy of the Au(111)–SWNT system is

0.70 eV and the SWNT–slab distance was initially set to

2.3 Å, but it increased to 3.6 Å as a result of full-structure

optimisation. The plane-averaged electrostatic energy of

the system has been calculated and is reported in Figure 2.

In this paper, we define the average energy barrier as the

difference between the maximum of the average electro-

static energy in the metal–SWNT interface region and the

Fermi energy, as illustrated in Figure 2. The Fermi energy

EF is defined from the condition
Ð EF

21
DOSðEÞdE ¼ N,

where DOS(E) is the DOS of the full system and N is the

total number of electrons. The average energy barrier

resulted to be 6.0 eV for Au. We have also calculated the

SCF electrostatic potential in a plane containing the two

nearest C and Au atoms with a distance of 3.685 Å. The

energy barrier that an electron has to overcome along the

shorter path between Au and C is 4.31 eV, and we call this

as the ‘atom to atom’ energy barrier.
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The same calculations were done for the Pd(111)–

SWNT system. The binding energy is 1.30 eV and the

SWNT–slab distance is 2.22 Å after geometry optimis-

ation. The binding energy is defined as E(SWNT–Metal)–

E(SWNT)–E(Metal), where E(SWNT–Metal) is the total

energy of the relaxed full system and E(SWNT)

(E(Metal)) is the total energy of the isolated SWNT

(metal slab) in the same relaxed geometry and unit cell of

the full system. The average energy barrier at the interface

with the SWNT was evaluated to be 2.4 eV but the SCF

electrostatic potential, mapped in Figure 3(a), along

the PdZC bond of length 2.30 Å shows that no ‘atom to

atom’ energy barrier is found. While the average

electrostatic potential seems to hinder the charge transfer

from the electrode, local paths do exist where charges can

be freely transferred. The measured SB is probably not

straightly the average energy barrier but something of the

intermediate between the average and ‘atom to atom’

energy barriers. For example, an experimental value of the

Pd–SWNT SB for the selected diameter is 0.4 eV [11].

A covalent bond is formed at the interface with Pd, and

it can be seen from the calculation of a positive charge

density difference, mapped in Figure 3(b), between carbon

and metal atoms. The charge density difference is

calculated as the charge density of the full system minus

the sum of the charge densities of the metal slab and the

SWNT calculated as isolated systems in the geometry

positions of the optimised full system. However, the

charge density difference at the interface with Au, reported

Figure 1. Atomistic periodic model after optimisation of the interface of the gold slab with the SWNT in (a) front view and (b) side
view. The same is shown for the palladium slab as (c) front view and (d) side view. Also, the views normal to the (111) plane of the nearest
carbon and palladium atoms within the periodic cell for (e) chemisorbed and (f) physisorbed SWNT are shown.

Figure 2. Plane-averaged electrostatic energy of the Au(111)
slab with adsorbed SWNT.
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in Figure 3(c), is not positive between Au and C atoms and

therefore covalent bonds are not formed.

We have also optimised different starting configur-

ations of the Au(111)–SWNT and Pd(111)–SWNT

systems by rotating the SWNT along its axis. We did not

find chemisorbed states for the system on the Au surface,

while we have also studied for comparison of a physisorbed

configuration for Pd. Indeed, in Figure 1(e),(f), we show

the top view of the atom positions of chemisorbed and

physisorbed SWNT in the contact zone with Pd (the first

layer of the metal and the C atoms nearest to the surface)

within the periodic cell. In the chemisorbed configuration,

carbon atoms form a parallel C2 dimer structure.

Chemisorption of carbon dimers on the transition metal

surface is favoured due to the presence of p-electrons that

have the right symmetry to overlap with the 4d electrons

and to form coordinate bonds. Consequently, a chemi-

sorbed C2 dimer has two possible positions on the surface

of a transition metal, i.e. on top of the 4d metal atom or

between two of them, as shown in Figure 1(e). The C atoms

of the SWNT nearbymetal atoms undergo a transition from

sp2 to sp3 with the formation of covalent bonds on the

surface. A zig-zag chain of carbons is the structure near the

Pd surface (as shown in Figure 1(f)) for the physisorbed

system that cannot coordinate to form bonds with the metal

atoms. The binding energy for this structure is 0.53 eV and

the distance from the slab is 2.93 Å. The average and the

‘atom to atom’ energy barriers are 3.4 and 3.2 eV,

respectively, inferior with respect to those for the gold

electrode.

We want to clarify the causes of the minor reactivity of

the Au surface. Therefore, we calculated the local DOS

referred to the first layer of the metal substrates as well as

to the C atoms nearest to the surface, and then we have

plotted the partial DOS (PDOS) in Figure 4 to resolve the

contributions according to the angular momentum (i.e. s-,

p- and d-symmetry type) of the states and to have

qualitative information on the nature of electron

hybridisation. Of course, the formation of covalent

bonds is promoted when d-orbitals are contributing more

to the DOS near the Fermi energy, so that p-electrons can

coordinate with metal hybrid orbitals to bind the SWNT.

The PDOS of d-orbitals associated with the first layer

of the palladium slab on the Fermi energy is very large

compared to the PDOS of s- and p-orbitals from the metal.

The PDOS related to the C atoms shows that p-orbital

Figure 3. Planar contour maps of (a) the electrostatic potential (no barrier has been found along the black line) for the interface with
palladium, (b) the charge density difference for the interface with palladium and (c) the charge density difference for the interface with
gold. The mapped values are the highest (lowest) in the red (blue) regions (colour online).
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contributions have a peak on the Fermi energy so that

carbon p-orbital are available to overlap with metal d-

orbitals to share electrons and form bonds. On the

contrary, the PDOS of d-orbitals for Au is very low as

the nearest high peak is 2.2 eV below the Fermi energy and

the covalent bond cannot be formed.

In general, it has been demonstrated [21] that the

degree of orbital overlap is not the only factor controlling

the strength of the adsorbate–metal interaction but also the

degree of filling of the antibonding states should be taken

into account. The result is that Au is more stable (less

reactive) than 3d and 4d transition metals. In order to give

an example of the interaction between metal atoms and

carbon honeycomb structures, and to have a clear

visualisation of the bonding or antibonding character of

the orbitals, we also made a periodic cell model for either

Au or Pd single atom adsorbed on top site (resulted to be

the most stable adsorption site) in a 2 £ 2 graphene surface

with edges a ¼ b ¼ 4.920 Å. The binding energy of the Au

(Pd) atom is 0.60 eV (1.10 eV) with the distance from the

graphene layer of 2.29 Å (2.08 Å). We found (see Figure 5)

that the HOMO of the Au–graphene system is of

antibonding character, while the nearest bonding orbital

is HOMO-5 for which the energy level is located 1.5 eV

below HOMO. On the other hand, the HOMO-1 for the

Pd–graphene system is of bonding character and is just

0.3 eV below the HOMO of antibonding character.

Therefore, the AuZC bond is less stable than the PdZC

bond due to the occupation of antibonding orbitals; the

same considerations can be extended to the interaction

between metal surfaces and SWNTs.

We have also investigated the interface between a

vertical graphene ribbon and either Au(110) or Pd(110)

slab, in the geometrical arrangement reported in Figure 6,

where the C2 dimer at the ribbon edge is above the hollow

between four metal atoms. Two periodic cells were built

and the binding energies were 2.69 and 2.37 eV with

graphene–slab distances of 1.250 and 1.332 Å for Au and

Pd, respectively. No energy barrier was found for the

average or local SCF electrostatic potential, so that we can

suppose that no SB is formed for the ideal arrangement.

However, these results translated to the open edge of a

SWNT in the end-contact geometry state that, only when

atom matching allows having C2 dimers in the positions

where bond coordination is possible, charge transfer

between the electrode and the SWNT without any barrier

is achievable. Every time the SWNT open edge does not

match with the lattice of the metal surface, high energy

barriers are settled. Carbon dimers at the edge of SWNTs

with a large radius are more likely to match with the lattice

of the metal surface so that low SBs are established at the

end contact.

Figure 4. The PDOS for (a) the carbon atoms nearest to the gold surface, (b) the first layer of gold, (c) the carbon atoms nearest to the
palladium surface and (d) the first layer of palladium. The Fermi energy has been set to 0 eV.
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4. Conclusions

The different behaviours of Au and Pd surfaces with

respect to the side-wall adsorption of the SWNT can be

understood in terms of the PDOS analysis at the interface.

The Au–SWNT interaction is weak so that the SWNT can

only be physisorbed, and we have related this behaviour to

the low density of metal d-states at the Fermi energy. We

observed that orbitals of d-symmetry type are essential in

order to have orbital overlapping with carbon p-electrons

and bond formation. Indeed, stronger interaction has been

found for the Pd–SWNT interface where the DOS has

large contributions from d-orbitals so that stable covalent

bonds are formed. However, we have shown that the

degree of filling of the antibonding states also plays a key

role in controlling the strength of the adsorbate–metal

interaction. Indeed, the simulations for the single atom

adsorbed on the graphene surface demonstrated that the

binding energy of the Au atom is much lower than that of

Pd atom and the weakness of the covalent bond is related

to the antibonding character of the HOMO. In order to

evaluate the quality of the generic metal–CNT contact,

other factors should also be taken into account, such as the

wetting capability and the chemical reactivity of the metal.

We have also modelled the end-contact geometry and

found that the correct matching for C2 dimers is easier

when SWNTs with a large diameter are involved. We can

conclude that, in addition to the smaller energy gap, this is

another reason that makes lower the SB of SWNTs with a

large diameter.

The analysis carried out in the present work can be

useful to drive the design of devices based on CNTs in

which the SB dominates the electrical behaviour or where

ohmic contacts are required, as for interconnects.
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