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The issue of Schottky barrier formation at carbon nanotube �CNT� contacts with metal leads is of
crucial importance for nanotube-based electronic devices. The authors examine the electronic
properties of a particular structure containing a metal/CNT contact that resembles experimental
setups for CNT field-effect transistors. The model consists of a single-wall �8,0� CNT with its
central section fully covered by a Pd ring, representing the metal electrode. Through first-principles
total energy and electronic structure calculations within density functional theory, the authors
establish that the junction between the metal-covered part and the bare part of the CNT is
responsible for the experimentally measured Schottky barrier of �0.4 eV in CNT field-effect
transistors. © 2006 American Institute of Physics. �DOI: 10.1063/1.2405393�

The hope of using carbon nanotubes as elements of elec-
tronic devices has advanced considerably toward becoming
reality with recent demonstrations of carbon nanotube �CNT�
field-effect transistors �CNT-FETs�.1–8 In these experimental
devices, the contacts between the semiconducting carbon
nanotube and the metal electrodes are found to be crucial for
the performance of the CNT-FET.9,10 Previous theoretical
studies have addressed certain aspects of the structure and
electronic properties of model systems involving metal and
semiconducting CNT contacts. In these studies, however, the
metal/CNT contacts are modeled by simply placing the nano-
tubes either on top of one or between two parallel, flat, ideal
metal surfaces.11–13 A more recent study considered a geom-
etry in which a single-wall CNT is fully covered by a Pd
metal electrode with periodic boundary conditions, repre-
senting a homogeneous, infinitely long system along the
nanotube axis.14 These calculations have demonstrated that
there exists no electrostatic-type or Schottky-type barrier to
electron transfer between the metal and the nanotube at the
interface. Interface states due to the charge transfer at the
Pd/CNT contact fill the band gap of the semiconducting
CNT, resulting in a contact of metallic nature.14 Experimen-
tal measurements, on the other hand, indicate clearly the ex-
istence of Schottky-type barriers at the metal/CNT contact, at
least for nanotubes of small diameter which have significant
band gaps.15 This discrepancy suggests that a more detailed
analysis of the CNT/metal contact is necessary to establish
the origin of the barrier to electron transport. Inspired by
these observations, we considered a structure in which only
one section of the nanotube is fully covered by the metal lead
and the rest of the nanotube is bare. This geometry contains
the essential feature of having a portion of the nanotube in
contact with the metal while another portion is exposed and
acts as the semiconducting element, in close analogy to ex-
perimental setups.15

In experiments, the best performance of CNT-FETs is
achieved with Pd electrodes.15,16 Accordingly, our model sys-
tem involves a ring of Pd atoms covering the central section
of the �8,0� single-wall CNT, which is normally semicon-
ducting. We analyzed the properties of two possible struc-
tures that are comparable in energy but involve different ar-
rangements of the Pd atoms around the CNT. As in the case
of CNTs that are fully immersed in a bulk Pd structure,14 we
find that for both structures there exists no electrostatic bar-
rier to electron transfer between the metal and the CNT. By
comparing the energy levels of these structures to those of
the ideal, bare �8,0� CNT, we demonstrate that the junction
between the metal-covered and bare parts of the CNT gives
rise to p-type Schottky barriers of �0.4 eV.

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 cutoffs from the
GGA ultrasoft-pseudopotential database19 are used for both
Pd and C in the calculations. The Monkhorst-Pack scheme20

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/Å. These
choices of computational parameters produce a diameter of
the freestanding �8,0� single-wall carbon nanotube �SWCNT�
of 6.37 Å.

To model a partially Pd-covered CNT in a periodic su-
percell, we construct a long �8,0� CNT segment consisting of
160 C atoms, equivalent to five repeat units along the ideal
nanotube axis. The central portion of the CNT is covered by
a ring consisting of 32 Pd atoms. The entire structure is
repeated periodically in the directions perpendicular to the
CNT axis, with a vacuum region of 15 Å separating adjacent
CNTs in each direction. By placing the Pd atoms at different
initial positions, we obtained two stable structures after re-
laxation, referred to as structures A and B in the following,
shown in Fig. 1. In structure A, all Pd atoms are roughly on
the surface of a cylinder coaxial with the nanotube, forming
a uniform single-layer coating on the nanotube which ex-a�Electronic mail: zhu@fas.harvard.edu
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tends over approximately two repeat units along the CNT
axis. In contrast, the Pd atoms form a more compact double-
layer coating on the surface of the nanotube in structure B.
The stability of the two structures is comparable, with the
total energy of structure B slightly lower than that of A by
only 0.014 eV per Pd atom. Neither structure is close to the
bulk Pd structure. Rather, their stability derives from opti-
mizing interactions between the Pd atoms and the C atoms
on the nanotube, as well as interactions among the Pd atoms.
Thus, while not unique, these structures should incorporate
the salient features of actual structures formed during depo-
sition of Pd on the CNT to form the metal contacts. We
analyzed in detail and compared the electronic structure fea-
tures of both structures, especially the electronic energy level
alignments and corresponding barriers to electron transport
from one side to the other.

In Figs. 2�a� and 2�b�, we show the calculated self-
consistent electrostatic potential of structure B. The two rep-
resentative contour plots of the electrostatic potential are
taken in the plane perpendicular and parallel to the nanotube
axis, respectively, indicated by the dashed lines shown in
Figs. 1�c� and 1�d�. Blue and red areas in these contour plots
represent regions where the electrostatic potential is lower

and higher than the Fermi level of the system. The existence
of contiguous blue areas extending from the nanotube to the
metal Pd through the interface indicates that there is no elec-
trostatic potential barrier between the nanotube and the metal
electrode for conduction electrons near the Fermi level in the
region of contact. The corresponding electrostatic potential
plots for structure A show similar features, that is, no barrier.
This is very similar to the features of the electrostatic poten-
tial plots for the �8,0� CNT when it is fully immersed in bulk
Pd.14 We have also examined the nature of charge redistribu-
tion at the interface between the metal ring and the CNT,
which is again very similar to what transpires in the case of
the nanotube fully immersed in bulk Pd. Specifically, elec-
tronic charge is transferred to the interface region between
the two components from both sides,14 which generally helps
reduce any barrier to electron transport.

Next, we investigate the possible formation of a
Schottky barrier in the partially Pd-covered �8,0� CNT along
the nanotube axis. Figure 3�a� shows a schematic plot of the
energy diagram at a typical metal/p-type semiconductor in-
terface. A p-type Schottky barrier is defined as the energy
difference between the Fermi level of the metal and the top
of the valence band of the semiconductor, which can be de-
termined by comparing features of the metal/semiconductor
combined system to those of the pure semiconductor system.
In order to align the energy levels obtained for the two sys-
tems, we follow the method of potential profile lineup, as in.
Refs. 12 and 21. In this approach, the average electrostatic
potential at the core of a C atom far away from the metal is
chosen as the reference for aligning the energy levels of the
Pd-covered �8,0� CNT and the ideal, bare �8,0� CNT. Figure
3�b� shows the average core potential for all C atoms in a
period of the structures A and B along the nanotube axis
direction. The data points at the two ends of the curves cor-
respond to the C atoms used as the reference, indicated by
arrows in Figs. 1�a� and 1�c�, while the middle portions of
the curves correspond to the CNT region covered by the Pd
metal. The essentially constant values of the average core
potential for the C atoms far away from the Pd-covered re-
gion demonstrate that the length of the nanotube used in our
calculations is sufficiently long to ensure that the far-away C
atoms are unaffected by the presence of the Pd ring. Thus,
aligning the core levels of the far-away C atoms to those of
the bare CNT provides a reliable means of estimating the
Schottky barrier.

Figures 3�d� and 3�e� show the local density of states of
the reference C atoms for structures A and B, respectively, in
which the energy levels are aligned with those of the free-
standing �8,0� CNT, shown in Fig. 3�c�, by the average core
potential of the reference C atoms. In these figures, the ver-
tical dotted red lines denote the position of the Fermi level in
structures A and B. The shaded region represents the band
gap of the free standing �8,0� CNT. From these plots, p-type
Schottky barriers of 0.39 and 0.45 eV are obtained for struc-
tures A and B, respectively. These values are remarkably
close to experimental measurements of around 0.4 eV.15 The
excellent agreement may be somewhat fortuitous, given the
well-documented limitations of density functional theory to
reproduce accurately band gaps of semiconductors.22 A
slightly higher Schottky barrier for structure B than A is
qualitatively consistent with the geometric features of these
structures, since the Pd atoms in structure B have a smaller
contact area with the nanotube surface.

FIG. 1. �Color online� Fully relaxed atomic structures of the two partially
coated �8,0� CNT structures. In �a� and �b�, we show two views of structure
A along and perpendicular to the nanotube axis, respectively; �c� and �d� are
the corresponding views of structure B. The black arrows in �a� and �c�
indicate the C atom we chose as a reference for aligning the energy levels of
the Pd-covered �8,0� CNT and the ideal �8,0� CNT in the density of states
plots in Fig. 3. C atoms are shown in orange and Pd atoms in blue. The
isosurfaces �at the value 0.01 e/Å3� represent the partial charge densities of
all states with energies within the band gap of the ideal �8,0� CNT.

FIG. 2. �Color online� Self-consistent electrostatic potential for structure B
along two representative cross sections, indicated by the dashed lines in
Figs. 1�c� and 1�d�. Contours shaded blue represent negative and red repre-
sent positive values of the electrostatic potential, relative to the Fermi level;
C and Pd atom positions are indicated in the same convention as in Fig. 1.
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To illustrate the nature of electronic states near the junc-
tion region, we plot in Fig. 1 the partial charge density which
includes all states whose energies fall within the band gap of
the ideal �8,0� CNT, for the two structures. The value of the
isosurface shown to describe the partial charge density is set
to 0.01 e/Å3. The plots in Figs. 1�a� and 1�c� clearly indicate

that these electronic states decay very quickly when passing
from the metal coating region to the bare nanotube region
along the nanotube axis. These can be described as typical
metal-induced gaps states.

In summary, we studied the electronic structure of two
different model structures involving a �8,0� semiconducting
SWCNT which is partially covered by a ring of Pd atoms;
this geometry captures some of the essential features of ex-
perimental setups for CNT-FETs and, in particular, the pres-
ence of both metal-covered and freestanding sections of the
CNT. The features of the electrostatic potentials and the
charge redistributions at the interface between the metal and
the CNT are similar those for CNTs fully immersed in bulk
Pd. By comparing the energy levels of these structures to
those of an ideal �8,0� CNT, we found that the junctions
between the metal-covered part and the bare part of the semi-
conducting CNT give rise to p-type Schottky barriers in the
range of �0.4 eV, a value remarkably close to experimental
measurements.
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FIG. 3. �Color online� �a� Schematic plot of p-type Schottky barrier �VS� at
metal/semiconductor interface; Eg is the band gap of the semiconductor and
EF is the Fermi level. �b� The average electrostatic potential at the core of a
C atoms as a function of their position along the nanotube axis in the
periodic supercells of structures A �blue squares� and B �red squares�. The
points at the two ends of the curves correspond to the reference C atoms
indicated by arrows in Figs. 1�a� and 1�c�. �c� The density of states of the
ideal �8,0� CNT. ��d� and �e�� The local density of states of the reference C
atoms. The vertical dotted red lines denote the Fermi level of the systems.
The shaded region represents the energy gap of the ideal �8,0� CNT.
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