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Electronic structure of Pd-covered (10,0) carbon nanotube
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We report a first-principles study on the electronic structure of a semiconducting (10,0) single-wall carbon
nanotube fully covered by Pd electrode, which closely resembles experimental setups. The equilibrium
structure, charge transfer effects, electrostatic potentials, and the density of states are studied in detail, in
order to establish whether a barrier exists or not between the natotube and the metal contact.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Since Iljima’s discovery of carbon nantotubes (CNTs) [1], these important one-dimensional systems
have received extensive attention as promising building blocks for future nanoelectronics because of
their small size, reliable structural strength and extraordinary electronic properties [2, 3]. Recent studies
[4—-9] have demonstrated that an individual semiconducting nanotube can either operate as conventional
MOSFET [10] or an unconventional Schottky barrier transistor [11] when it forms a contact with a metal
electrode. The interaction between the carbon nanotube and the metal contacts and the resulting elec-
tronic structure effects are crucial for the performance of the carbon nanotube field-effect transistor
(CNFET) [11, 12]. Experimental studies showed that the metal used as electrode and the variation in
nanotube diameter are the two main features responsible for the performance of CNFET [13], with the
best performance achieved by combining Pd contacts with CNTs of diameter larger than 1.4 nm. In these
experimental studies, the details of the interface geometry are believed to affect the nature of the contact.
Theoretically, several model systems have been used to address certain aspects of the structure and elec-
tronic properties of the metal/semiconducting CNT contacts [14—16], such as the Schottky barrier, tun-
neling barrier and charge transfer effect, in which the metal/CNT contacts are modeled by simply having
the nanotubes adsorbed on flat metal surfaces or placing them between two parallel metal surfaces. There
is, however, a need to describe the metal/CNT contact in more realistic geometries, in order to establish
the dependence of these properties on the model.

In this paper, we use first-principles calculations to study the electronic structure of the contact be-
tween semiconducting (10,0) single-wall carbon nanotube (SWCNT) and Pd metal electrode in a fully
covered geometry that resembles closely the experimental setups [13]. We find that the surrounding
metal electrode induces a deformation on the nanotube when the combined structure is fully optimized.
The calculated electrostatic potential reveals that, in the channels relevant to electron transport, there are
no barriers at the interface of the nanotubes and the metal electrode. Charge difference analysis shows
that electrons are transferred from the nanotube as well as from the metal Pd electrode to the interface
region. Finally, the electronic density of states reveals that the deformation and interface states induced
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by the Pd electrode introduce electronic states in the region of the gap of the semiconducting (10,0)
SWCNT.

Our first-principles calculations are based on density functional theory and the Perdew—Wang 1991
version of the generalized gradient approximation (PW91-GGA) [17], as implemented in VASP [18].
Default plane-wave cut-offs from the GGA ultrasoft-pseudopotential database [19] are used for both Pd
and C in the calculations. The Monkhorst—Pack scheme [20] is employed for Brillouin Zone sampling.
Optimized atomic geometries are achieved when the magnitude of the forces on all unconstrained atoms
is smaller than 0.03 eV/A. These choices of computational parameters produce a lattice constant of
3.962 A for bulk fcc Pd, compared to the experimental value of 3.890 A; the calculated diameter of the
free standing (10,0) SWCNT is 7.90 A.

Here, we use a perfect Pd fcc crystal and remove just enough Pd atoms for the nanotube to fit into the
opening to model an infinite (10,0) carbon nanotube fully covered by the Pd electrode. The constructed
supercell is shown in Fig. 1. The direction of the nanotube axis is parallel to the (110) direction of the Pd
crystal. In this direction, three periods of the Pd crystal (2.80 A x 3) match very well with two periods of
the zigzag (10,0) nanotube (4.26 A x 2), with a difference in lattice parameter between the two super-
structures of only 1.4%. The size of the holes in the metal is chosen as small as possible to accommodate
the nanotube, the only requirement being that the combined system have a net energy gain relative to the
isolated components. This requirement ensures that the model contact does not involve unphysical con-
figurations with atoms that are too close. The cross section of the holes in the Pd lead is hexagonal, with
the inner surfaces consisting of the close-packed Pd (111) and (100) facets. Figure 1 shows the optimized
structures, in which the (10,0) SWCNT is deformed in the radial direction. The shortest distances be-
tween C and Pd atoms are 2.22 A.

The calculated self-consistent-field electrostatic potential of the Pd covered (10,0) SWNT is presented
in Fig. 2. Figure 2(a) and (b) are constant-value contours of the electrostatic potential on planes perpen-
dicular to the nanotube axis, indicated by the red lines shown in the insets. Blue and red areas in these
contour plots represent regions where the electrostatic potential is lower and higher the Fermi level of the
system, respectively. The other two representative contour plots of electrostatic potential, shown in
Fig. 2(c) and (d), correspond to cross sections passing through the planes on which the carbon atoms of
the nanotube are in the closest contact with surrounding Pd atoms; these cross sections are indicated in
the inset of Fig. 2(e) as dashed red lines, with the corresponding labels (¢) and (d). The existence of con-
tiguous blue areas extending from the nanotube to the metal Pd through the interface indicates that the
electron from the nanotube can be ballistically transferred to the metal electrode. A more quantitative
analysis of the same features is shown in Fig. 2(e), in which we plot the variation of electrostatic poten-
tial along the direction of four lines passing through C and Pd atoms. The colors of the curves in this
figure correspond to the colors of the dashed lines shown in Fig. (c) and (d), which connect C atoms on
the nanotube to their close Pd neighbors in the metal. The Fermi level is shifted to zero and denoted by a
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Fig. 2 (online colour at: www.pss-b.com) Calculated self-consistent electrostatic potential for the
Pd-covered (10,0) nanotube: (a) and (b) contours of constant potential plotted in two cross-sections per-
pendicular to the nanotube axis, indicated by the red lines in the insets. In (c) and (d) the potential con-
tours on two different cross-sections are shown, which are indicated by red lines in the inset of (e), with
corresponding labels. In these plots, blue represents negative values and red positive values of the electro-
static potential, relative to the Fermi level. In (e), we show the electrostatic potential along four directions
passing through C and Pd atoms near the contact region, and extending from the center of the nanotube
(x=—2 A) to well within the metal region (x = +3 A); the colors of the curves correspond to the colors of
the dashed lines indicating those directions in panels (c) and (d); the red dashed line indicates the Fermi
level. In all panels C atoms are shown in orange and Pd atoms in blue; the positions of C atoms are set to
zero in (e).
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Fig. 3 (online colour at: www.pss-b.com) Charge density
difference plots for the Pd-covered (10,0) nanotube: (a) inte-
grated along the direction of the nanotube axis; (b) and (c): on
the two cross sections indicated in (a) as black dashed lines.
Yellow indicates accumulation of electronic charge density and
blue depletion of electronic charge density. The positions of
C and Pd atoms are denoted by symbols as in Fig. 2.

red dotted line. The line scans extend from the center of the tube (x = —2 A) to well within the metal
(x=+3 A). As is clearly seen from this plot, the electrostatic potential is always lower than the Fermi
level, by about ~3 eV at its highest value, along several paths from a C atom to a close neighbor Pd atom
(the red and green line scans). Therefore, we conclude that there exist paths for electron transport from
the nanotube to the metal region that do not involve any electrostatic barrier, which is consistent with
previous calculations on (8,0) SWCNT adsorbed on Pd surfaces [15].

We next perform an analysis of charge transfer between the (10,0) SWCNT and the metal Pd elec-
trode. Figure 3 shows the difference between the total electron density of the combined Pd/(10,0)
SWCNT system and the sum of the total electron density of the isolated nanotube and pure metal Pd, the
latter two having exactly the same structure when considered separately as the structure they have in the
combined system. In Fig. 3(a), the charge density difference, integrated in the direction parallel to the
nanotube axis, is plotted on the plane perpendicular to the nanotube axis. The blue regions represent
depletion of electrons while the yellow regions represent accumulation of electrons in the combined
system relative to the two isolated components. In Fig. 3(b) and (c) we show the same quantity on the
two cross sections shown also in Fig. 2(c) and (d). This set of results presents clear evidence that elec-
trons leave from both components of the system near the interface and accumulate in the interface re-
gion.

Figure 4 illustrates the evolution of the electronic states from the free to the metal-covered (10,0)
nanotube. We plot the density of states (DOS) for the free standing (10,0) SWCNT (Fig. 4(a)), the
isolated deformed nanotube in the structure it assumes when in contact with Pd electrode (the “deformed
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(10,0) CNT”, Fig. 4(b)), and the Pd/nanotube combined system (Fig. 4(d)). We align the energy levels of
different calculations with the average potential at the atomic core of a C atom, denoted by the arrow in
Fig. 1(a). We find that the band gap of the semiconducting (10,0) SWCNT vanishes due to the deforma-
tion of the nanotube. Moreover, in the Pd/CNT system, the site-projected DOS on the C atoms (Fig. 4(c))
reveals that the interface states increase the DOS around the Fermi level in the combined system. The
large density of states in the range within 5 eV below the Fermi level is due entirely to Pd d-states, which
are nearly full. The position of the Fermi level is actually such that it requires some fraction of the Pd
d-states to be partially filled, consistent with the partial depletion of electrons from the Pd side discussed
in connection with the charge density difference.

In summary, we studied the electronic structure of semiconducting (10,0) SWCNTs fully covered by
metal Pd electrode, in a geometry that is realistically close to experimental setup. We found that embedd-
ing the nanotube in a Pd metal electrode induces an obvious distortion relative to its ideal structure in
vacuum. In addition, we found that there are no electrostatic potential barriers between the nanotube and
the metal contact in the directions connecting C atoms to Pd close neighbors, along which the potential is
always below the Fermi level. We also found that electrons are depleted from both sides of the interface
and accumulate in the regions between the two components of the system. Finally, the deformation and
the interface states lead to the vanishing of the (10,0) carbon nanotube band gap.
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