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The tremendous interest in carbon nanotubes (CNTSs) as com-
ponents of diverse novel devices has spurred extensive research
on their physical and chemical properties.'* In particular, the CNT-
based field-effect transistor is a promising candidate for the
replacement of silicon-based CMOS.> Since the pioneering work
by Heinze et al..® it is common knowledge that charge transport
in the CNT channel is controlled by the Schottky barriers that form
at the junction with the metal source, and that the nature and
geometry of this contact can drastically change the electrical
behavior.” There is no possibility, however, to obtain information
on the structure of the contact from experimental observation. This
awareness led to several studies based on computations of various
degrees of sophistication® aimed at determining the relation between
the type of bonding that forms at a given metal contact with a
single-wall (SW) CNT and the observed electrical behavior. So
far, however, such a correlation has failed to emerge. The side
geometry has been almost exclusively investigated, and either small
clusters or uniform layers have been used to model the metal along
with a graphene sheet to represent the NT or an infinite NT (1D
periodic boundary conditions). Moreover, either weak (e.g., ref 8e)
or strong (e.g., refs 4, 8a-c) interaction at the metal —CNT junction
has been proposed as being the key factor for a “good” contact.

On the basis of extensive ab initio calculations performed for
both end and side contacts and for two metals of very different
nature, namely, Al and Pd, we have found a clear connection
between the character of the chemical bonding and the height of
the Schottky barrier (SBH). It is the purpose of this Communication
to explain how this fundamental link emerges and helps to unravel
the combined role of the nature of the metal atoms and of the
contact geometry. Our results emphasize that a low SBH for hole
conduction in a CNT implies that the sr-electron system of the latter
is almost exclusively involved in the chemical bonding with the
metal atoms at the interface and that the bonding has very specific
characteristics in terms of topology and strength. We find that this
is the case for Pd in both end and side contacts, but that for Al
such an interaction is made possible only by the side configuration.
In real systems, Al and Pd provide rather poor and quasi-ideal to
ideal transport characteristics, respectively. In particular, estimates
of the variation of the SBH as a function of an average value of
the tube diameter d ranging from ~0.8 to ~1.4 nm (ref 7) indicate
a significant difference between metals over the entire range (from
~0.7 to ~0.3 eV for Al and from ~0.3 to 0.0 eV for Pd). Our
findings are in agreement with these data and also help to rationalize
the behavior of other metals such as Pt.

The present study relies on calculations performed in the
framework of density functional theory® and a few unprecedented
features: atomistic models of relatively large sizes, namely, a (10,0)
CNT of length ~2.5 nm (11 unit cells) and up to 80 metal atoms
distributed either at each end of the tube or around its circumfer-
ence: Car—Parrinello molecular dynamics for the simulation of the
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Figure 1. Metal —CNT end contacts. Al (right) and Pd (left) shown here
on the same graph for the sake of comparison only

Figure 2. Structure of the side contacts. Pd (left) and Al (right).

formation of the metal junction and an analysis of the metal -CNT
bonding by means of the electron localization function (ELF)'°
and Bader’s decomposition of the electron density'' (Bader’s
effective atomic charges Zg). Moreover, the search for the optimal
geometry was not limited by any constraint, and convergence with
the size (N) of the metal aggregate was obtained.

Starting from open-end tubes, our Car—Parrinello simulations
showed that metal (both Pd and Al) caps form spontaneously
(starting from N ~ 20) and exhibit an almost regular hexagonal
pattern. However, as can be seen in Figure 1, an important
difference exists between the two metals: Pd tends to wet the tube,
as expected,4 whereas Al does not. In the side configuration, the
higher tendency of Al to coalesce is seen in the much reduced
number of bonds, M, it forms with the tube (see Figure 2). Pd
atoms, on the other hand, arrange in such a way as to maximize
Np, which is in agreement with the finding that Pd provides
“continuous coating” to suspended SWNTs, while Al does not."?

For each case, we calculated the SBH from the “potential profile
lineup”,® as reported in Table 1. We note rapid convergence in
terms of the size of the metal aggregate, which is consistent with
the fact that the origin of the barrier is spatially localized and related
to the formation of metal—carbon bonding at the interface. In both
end and side configurations, the contact with Pd corresponds to a
low SBH, which is in agreement with experiment’ and all estimates
for Pd side contacts (refs 8c,d,f), whereas for Al a very interesting
difference is found.

Clarification of these results comes from an inspection of the
chemical bonding. ELF plots show that in the “end” geometry a

10.1021/ja8002843 CCC: $40.75 [ 2008 American Chemical Society



COMMUNICATIONS

Figure 3. ELF at the metal—CNT end (top row) and side (bottom row)
contacts for Pd (left) and Al (right).

Table 1. Calculated Values of SBHs for Both the End and Side
Configurations of the Metal-CNT Contact and for Different Sizes
of the Metal Aggregate (N is the Number of Atoms at Each
Contact)

N Pd end Pd side Al end Al side
40 0.07 0.06 0.44 0.12
80 0.07 0.06 0.56 0.13

Pd binds, via a back-donation-like mechanism, to the delocalized
CNT zi-like system (the Pd—C—C angle is close to 90°, in
agreement with an unperturbed sp® hybridization of the interacting
C atom) (Figure 3a), whereas an Al atom forms a strongly localized
o-bond involving rehybridization of the interacting C toward an
sp® configuration (the Al—-C—C angle is ~110°), which signifi-
cantly disturbs the conjugation of the s-like system (Figure 3b).
C—Pd bonds are mainly covalent and characterized by a rather
limited and delocalized electron transfer from the metal atom
(AZg(Pd) ~ —0.15), whereas C—Al bonds are strongly localized
and correspond to pronounced charge transfer from the metal atom
(AZg(Al) up to —1.0). The global charge transferred from Pd
decays rapidly along the tube with a net flow (0.6e) outside the
bonded region. No such net flow exists for Al but slowly decaying
charge oscillations stem from the contact, reminiscent of Friedel
oscillations at a metal surface. This behavior is consistent with
wetting occurring only for Pd (Figure 1). Such a discrepancy can
now be associated with the dissimilarity of the interfacial bonding
rather than with their relative intrinsic tendency to coalesce, which
can be measured in terms of the relative cohesive energies, E.
Indeed E.(Al) is lower than E.(Pd) by ~15%."

In the side contact, Pd binds to the tube via the same mechanism
as in the end configuration, whereas, because of the geometry of
the contact and the stable electronic configuration of the C shell,
Al interacts with the s-like system, inducing only a limited
rehybridization of the interacting C atoms. Correspondingly, the
SBH is low also for the AI—CNT contact (Table 1). However,
whereas Pd leaves the tube structure essentially unaltered (Figure
2a), there are signs of the tendency of Al to perturb it via strong
directional bonds in the induced carbon pyramidalization (Figure

2b). The ELF (Figure 3c,d) confirms this scenario. Also, AZg(Pd)
is ~ —0.15, but AZg(Al) is at most —0.5.

In conclusion, in addition to the metal work function, the
important factor determining the intrinsic SBH was identified as
the specific character of the chemical bonding at the interface. A
low barrier implies that the coupling of the metal states to those of
the CNT essentially takes place with the zz-like system and is not
too strong so that both orbital hybridization and topology are
preserved. This further facilitates the hole transport along the tube.
On the other hand, the coupling of the metal states with the o-like
system or, in other words, the perturbation of the conjugation of
the 7-system via sp® C-hybridization is the mechanism enhancing
the SBH. In a simple energy-level scheme, one can see this effect,
which increases with the interaction strength, as the result of the
stabilization of the C p-orbital via rehybridization. This same
mechanism is responsible for the observed charge localization and
the formation of a dipole at the interface. Thus, the latter has the
same origin as the SB and should not be seen as its cause.®
Similarly, any structural defect, such as a C-vacancy, will tend to
increase the SBH. One can envisage that a supply of energy, for
example, through a temperature increase, may also cause Al “to
tear” C atoms away from the tube in the side configuration, thus
degrading the contact. Finally, a low SBH is a prerequisite for
“good contact” once a contact has formed, but this may not occur
in real experiments. For example, Pt has a higher work function
than Pd and similar SBH can be expected due to the similar bonding
characteristics. However its cohesive energy is much higher (E.(Pt)
> E(Pd) by ~50%"%). This can then be seen as the main factor
preventing good contact formation.
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