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We present a scaling analysis of electronic and transport properties of metal-semiconducting carbon nano-
tube interfaces as a function of the nanotube length within the coherent transport regime, which takes fully into
account atomic-scale electronic structure and three-dimensional electrostatics of the metal-nanotube interface
using a real-space Green’s function based self-consistent tight-binding theory. As the first example, we examine
devices formed by attaching finite-size single-wall carbon nanotubes(SWNT) to both high- and low-work
function metallic electrodes through the dangling bonds at the end, where the length of the SWNT molecule
varies from the molecular limit to the bulk limit and the strength of metal-SWNT coupling varies from the
strong coupling to the weak coupling limit. We analyze the nature of Schottky barrier formation at the
metal-nanotube interface by examining the electrostatics, the band lineup and the conductance of the metal-
SWNT molecule-metal junction as a function of the SWNT molecule length and metal-SWNT coupling
strength. We show that the confined cylindrical geometry and the atomistic nature of electronic processes
across the metal-SWNT interface leads to a different physical picture of band alignment from that of the planar
metal-semiconductor interface. We analyze the temperature and length dependence of the conductance of the
SWNT junctions, which shows a transition from tunneling- to thermal activation-dominated transport with
increasing nanotube length. The temperature dependence of the conductance is much weaker than that of the
planar metal-semiconductor interface due to the finite number of conduction channels within the SWNT
junctions. We find that the current-voltage characteristics of the metal-SWNT molecule-metal junctions are
sensitive to models of the potential response to the applied source/drain bias voltages. Our analysis applies in
general to devices based on quasi-one-dimensional nanostructures including molecules, carbon nanotubes, and
semiconductor nanowires.

DOI: 10.1103/PhysRevB.70.205416 PACS number(s): 73.63.2b, 73.40.2c, 85.65.1h

I. INTRODUCTION

It is interesting to note that all the semiconductor devices
that have had a sustaining impact on integrated microelec-
tronics were invented before 1974,1 the year when Chang,
Esaki and Tsu reported the first observation of negative dif-
ferential resistance(NDR) in semiconductor heterojunction
resonant-tunneling diodes(RTD).2 The operation of such
semiconductor devices relies on the(controlled) presence of
imperfections in otherwise perfect crystals,3 through doping
or through interfaces between materials with different elec-
tronic and/or lattice structures. Doping introduces electronic
impurities (electrons/holes) into the otherwise perfect band
structure through introducing atomic impuries(dopants) into
the otherwise perfect lattice structure.4 The presence of inter-
faces, on the other hand, induces spatial charge and potential
inhomogeneities which control the injection and modulate
the motion of excess charge carriers within the device. A
number of fundamental building blocks of microelectronics
can therefore be identified according to the interface struc-
tures that control the device operation,1,5 including metal-
semiconductor(MS) interfaces, semiconductor homo-sp-nd
junctions, semiconductor heterojunctions and metal-
insulator-semiconductor(MIS) interfaces.1,5 Despite the con-
tinuous shrinking of feature size and correspondingly the in-
creasing importance of hot-carrier and quantum mechanical
effects,6 the design and operation of semiconductor transis-

tors have followed remarkably well the scaling rules for de-
vice miniaturization7 derived from the semiclassical semi-
conductor transport equations.8,9 There are also theoretical
arguments that support the use of semiclassical pictures even
in high-field transport10 and nanoscale ballistic silicon
transistors.11

The discovery of single-wall carbon nanotubes(SWNTs)
in the early 1990s12 has led to intense worldwide activity
exploring their electrical properties and potential applica-
tions in nanoelectronic devices.13–15 SWNTs are nanometer-
diameter all-carbon cylinders with unique structure-property
relations: They consist of a single graphene sheet wrapped
up to form a tube and their physical properties are controlled
by the boundary conditions imposed on the wrapping direc-
tions. They provide ideal artificial laboratories for studying
transport on the length scale ranging from the molecular
limit as all-carbon cylindrical molecules to the bulk limit as
quasi-one-dimensional quantum wires with the same lattice
configuration and local bonding environment.13–15 Many de-
vice concepts well known in conventional semiconductor mi-
croelectronics have been successfully demonstrated on a
single-tube basis, ranging from intramolecular homo(hetero)-
junctions, modulation doping to field-effect transistors.16–20

This prompts interest in knowing if the physical mechanisms
underlying the operation of conventional microelectronic de-
vices remain valid down to such ultrasmall scales. Research
on SWNT-based nanoelectronic devices therefore presents
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unique opportunities both for exploring novel device tech-
nology functioning at the nano/molecular-scale and for re-
examining the physical principles of semiconductor micro-
electronics from the bottom-up atomistic approach. In
addition, the concepts and techniques developed can be
readily generalized to investigate other quasi-one-
dimensional nanostructures, in particular semiconductor
nanowires.21

Among the device physics problems arising in this con-
text, the nature of electron transport through a metal-
semiconducting SWNT interface22–24,26stands out due to its
simplicity and its role as one of the basic device building
blocks.1,5,27As the device building block, it is also crucial for
understanding the mechanisms and guiding the design of
SWNT-based electrochemical sensors,28 electromechanical
devices,29 and field-effect transistors(NTFET),30–32 where
electron transport through the metal-SWNT-metal junction is
modulated through molecular adsorption, mechanical strain,
and electrostatic gate field, respectively. Note that in the case
of NTFET, metals have been used as the source, drain and
gate electrodes, in contrast to silicon-based transistors which
use heavily-doped polycrystalline materials.30–32

The nature of charge transport through metal-
semiconductor interfaces has been actively investigated for
decades due to their importance in microelectronic
technology,27,33,34but is still not fully resolved, in particular
regarding the mechanism of Schottky barrier formation/
height and high-field transport phenomena.35,36 Compared to
their bulk semiconductor counterpart, metal-SWNT inter-
faces present new challenges in that:(1) Both the contact
area and the active device region can have atomic-scale di-
mensions;(2) The quasi-one-dimensional structure(cylindri-
cal for nanotube materials) makes the screening of electron-
electron interaction ineffective and leads to long range
correlation between electrons within SWNT-based devices;
(3) Last but probably the most important difference lies in
the fact that quasi-one-dimensional wires, no matter how
long, cannot be treated as electron reservoirs.37 This is partly
due to the fact that the restricted phase space in such systems
prevents rapid relaxation of injected carriers to a predefined
equilibrium state through electron-electron and/or electron-
phonon scatterings. But more importantly, this can be under-
stood from a simple geometrical argument: Since the total
current is conserved, there will always be a finite current
density flowing along the wire and consequently a nonequi-
librium state persists no matter how strong electron-electron
and/or electron-phonon scattering is. An equilibrium state
can be achieved only through the widened(adiabatic) contact
with the (three-dimensional) metallic electrodes(or other
macroscopic measurement apparatus) attached to them,
where the finite current density can be effectively “diluted”
through the larger cross sectional area.37 Correspondingly
electron transport through metal-SWNT interfaces can only
be studied within the configuration of metal-SWNT-metal
junction (as are other quasi-one-dimensional systems), in
contrast to the planar metal-semiconductor interface, where
the presence of the second electrode can be implicitly ne-
glected and the analysis of transport characteristics proceeds
by analyzing the interface region and the bulk semiconductor
region separately.27

The last fact has important implications in the assessment
of Schottky barrier effects on the measured transport charac-
teristics, since transport mechanisms both at the interface and
inside the active device region have to be considered simul-
taneously even for a long nanotube. Since the backscattering
of electrons by impurities38 and the low-energy acoustic
phonons39–41 are weak in such quasi-one-dimensional sys-
tems, the nature of the electron transport through metal-
SWNT interfaces generally depends on the type of the
SWNTs (length/diameter/chirality), the type of the contacts,
and the temperature and bias voltage range. Experimentally,
this matter is further complicated by the different fabrication/
contact schemes used and the lack of knowledge of the
atomic structure of the SWNT junctions.

Recent works have studied electrical transport through a
metal-long carbon nanotube interface using the bulk(infi-
nitely long) band structures and electrostatics of ideal
cylinders.23–26For nanoelectronics research, it will be impor-
tant to explore the device functionality of finite-size carbon
nanotubes with lengths ranging from nanometers to tens of
nanometers. Since most of the SWNT devices currently in-
vestigated are based on SWNTs with length of 100 nm or
longer, an investigation of the finite-size effect will shed light
on the scaling limit of carbon nanotube devices,42–44 as well
as establish the validity or viability of using bulk device
physics concepts in nanotube device research.

The finite-size SWNT can be either a finite cylindrical
all-carbon molecule attached to the metal surfaces through
the dangling bonds at the end(end-contact scheme),45 a finite
segment of a long carbon nanotube wire whose ends are
buried inside the metallic electrodes(embedded-contact
scheme),19,46 or a finite segment of a long nanotube wire
which is deposited on top of predefined metallic electrodes
and side-contacted to the surfaces of the electrodes(side-
contact scheme).13,47In the case of finite SWNT molecules, a
transition from the molecular limit to the bulk(infinitely
long) limit in the electronic structure will occur as the length
of the finite SWNT varies from nanometers to tens of na-
nometers. In the case of long SWNT wires, the electronic
structure of the finite SWNT segment remains that of the
bulk (which may be perturbed by the coupling to the elec-
trodes), but the electrostatics of the metal-SWNT-metal junc-
tion varies with the SWNT length. Due to the nanoscale
contact geometry and reduced dimensionality of SWNTs, a
correct description of the Schottky barrier formation at the
metal-finite SWNT interface generally requires an atomistic
description of the electronic processes throughout the metal-
SWNT-metal junctions.

The purpose of this work is thus to present a self-
consistent atomistic analysis of the electronic and transport
properties of the metal-SWNT interfaces within the configu-
ration of metal-SWNT-metal junction as a function of the
SWNT length, which is varied from the nanometer to tens of
nanometer range. In contrast to previous theoretical
works,22–26 we use a novel Green’s function based self-
consistent tight-binding(SCTB) theory in real-space, which
takes fully into account the three-dimensional electrostatics
and the atomic-scale electronic structure of the SWNT junc-
tions. In accordance with the nanometer length-scale of the
SWNT studied, we treat electron transport within the coher-
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ent transport regime.40,41 In this first paper, we consider the
device formed by attaching a finite cylindrical SWNT mol-
ecule to the electrode surface through the dangling bonds at
the end(Fig. 1). The case of a finite-segment of long SWNT
wires in both embedded-contact and side-contact schemes
will be treated in the subsequent paper.

The device configuration considered here represents an
atomic-scale analog(both the contact area and the active
device region are atomic-scale) to the planar metal-
semiconductor interface, where dangling bonds also exist at
the semiconductor surface layers and contribute to the
Schottky barrier formation.33,34 Compared to other
molecular-scale devices where the individual organic mol-
ecule is self-assembled onto the metallic electrode through
appropriate end groups,48–50 the SWNT molecule presents a
homogeneous device structure where the only electronic in-
homogeneity is introduced at the metal-SWNT interface
through the ring of dangling-bond carbon atoms. The device
structure considered here thus provides an ideal system for
studying the length dependence of device characteristics on
an atomic scale. In particular, the effect of the coupling
strength can be studied by varing the SWNT end-electrode
surface distance.

The rest of the paper is organized as follows: We present
the details of the Green’s function based self-consistent tight-
binding model in Sec. II. We analyze the evolution of the
SWNT electronic structure with the length of the SWNT
molecules in Sec. III. We devote Sec. IV to analyzing the
nature of Schottky barrier formation at the metal-SWNT
molecule interface by examining the electrostatics(change
transfer and electrostatic potential change), the electron
transmission characteristics and the “band” lineup. In Sec. V,
we present the temperature and length dependence of the
SWNT junction conductance. We show in Sec. VI that the
current-voltagesI-Vd characteristics of the SWNT junction
are sensitive to the spatial variation of the voltage drop
across the junction. Finally in Sec. VII, we summarize our
results and discuss their implications for the functioning of
SWNT-based devices. A preliminary report of some of the
results presented here has been published elsewhere.45 We
use atomic units throughout the paper unless otherwise
noted.

II. THEORETICAL MODEL

A. Real-space Green’s function based self-consistent tight-
binding (SCTB) theory

Modeling electron transport in nanoscale devices is much
more difficult than in bulk and mesoscopic semiconductor
devices due to the necessity of including microscopic treat-
ment of the electronic structure and the contacts to the mea-
surement electrodes, which requires combining the nonequi-
librium statistical mechanics of a open quantum system51–53

with an atomistic modeling of the electronic structure.54,55

For small molecular-scale devices where the inelastic carrier
scattering can be neglected, this has been done using a self-
consistent Matrix Green’s function(SCMGF) method,49,50,54

which combines the Non-Equilibrium Green’s Function
(NEGF) theory of quantum transport56,57 with an effective
single-particle description of the electronic structure using
density-functional theory(DFT).58 To treat larger nanoscale
systems, e.g., carbon nanotubes or semiconductor nanowires
containing thousands or tens of thousands of atoms, a sim-
pler tight-binding-type theory is more appropriate.59–65 Cor-
respondingly, we have developed a real-space self-consistent
tight-binding (SCTB) method which includes atomic-scale
description of the electronic structure and the three-
dimensional electrostatics of the metal-SWNT-metal junc-
tion. The method is essentially the semiempirical version of
the SCMGF method for treating molecular electronic devices
and is applicable to arbitrary nanostructured devices. The
details and applications of the SCMGF method have been
described extensively elsewhere;49,50,54here we give a brief
summary of the self-consistent tight-binding implementation.

The method starts from the HamiltonianH0 describing the
isolated nanostructure and the bare metallic electrodes,
which can be obtained using eitherab initio or empirical
approaches as appropriate. The effect of the coupling to the
electrodes is included as self-energy operators.56,57 The cou-
pling to the external contacts leads to charge transfer be-
tween the electrodes and the nanostructure. Applying a finite
bias voltage also leads to charge redistribution(screening)
within the nanostructure. Both the effect of the coupling to
the contact and the screening of the applied field thus intro-
duced will need to be treated self-consistently. The Hamil-
tonian describing the coupled metal-nanostructure-metal
junction is thusH=H0+Vext+dVfdrg, where an external po-
tential of the typeVextsr d=−eE ·r should be added in the case
of a nonzero source-drain or gate voltage anddr is the
change in the charge density distribution. Given the Hamil-
tonian matrix, the density matrixri j and therefore the elec-
tron density are calculated using the Non-Equilibrium
Green’s Function(NEGF) method54–57 from either

Gr = hE+S− H − SLsEd − SRsEdj−1, s1d

r =E dE

2p
imagfGrgsEd, s2d

for device at equilibrium or

G, = ifGrsEdGLsEdGasEdgfsE − mLd

+ ifGrsEdGRsEdGasEdgfsE − mRd, s3d

FIG. 1. (Color online) Schematic illustration of the metal-
SWNT molecule-metal junction. We have also shown the coordi-
nate system of the SWNT junction.
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r =E dE

2pi
G,sEd, s4d

for device at nonequilibrium. HereS is overlap matrix and
fsE−mLsRdd is the Fermi-Dirac distribution function at the left
(right) electrode. The Green’s functionsGr and G, are de-
fined in the standard manner.56,57 SLsRd is the self-energy op-
erator due to the coupling to the left(right) electrode which
is calculated from the metal surface Green’s function, while
GLsRd= isSLsRd−sSLsRd

† d (see Refs. 54 and 56 for details).
Within the local-density-approximation of density-

functional theory,58 the long range part ofdV is just the Cou-
lomb potential dVsr d=esdrsr 8d / ur −r 8uddr 8. For self-
consistent treatment of the charging effect within the tight-
binding formulation, we follow the density-functional tight-
binding (DFTB) theory developed by Frauenheim and
co-workers65 by approximating the charge distribution as a
superposition of normalized atomic-centered charge distribu-
tions drsr d=oidNirisr −r id, wheredNi is the net number of
electrons on atomic-sitei and ri is taken as a normalized
Slater-type functionrisr d=s1/Nzi

de−zir andedrrisr d=1. The
exponentzi is chosen such that the electron-electron repul-
sion energy due to two such charge distributions on atomic-
site i equals the difference between the atomic electronic
affinity and ionization potentialedrdr 8risr drisr 8d / ur −r 8u
= I i −Ai,

65 which incorporates implicitly the short-range on-
site electron-electron interaction effect. In this way, the
change in the electrostatic potential can be written as
superposition of atomic-centered potentialsdVsr d
=oidNiVisr −r id. The advantage of the present approximation
is that Visr −r id=edr 8risr 8−r id / ur −r 8u can be evaluated
analytically,65,66

Vi = s1 − e−ziur−r ius1 + ziur − r iu/2dd/ur − r iu. s5d

For the metal-SWNT-metal junction considered here, we
take into account the image-potential effect by including
within dV contributions from both atom-centered charges
and their image charges(centered around the image posi-
tions), rather than imposing an image-type potential correc-
tion on dV. The charge transfer-induced electrostatic poten-
tial change is thus

dVsr d = o
i

fdNiVisr − r id + dNi;imageVisr − r i;imagedg, s6d

where the image chargesdNi;image and their positionsr i;image
are determined from standard electrostatics
considerations.67,68 The self-consistent cycle proceeds by
evaluating the matrix elements of the potentialdVmn
=edrfm

* sr ddVsr dfnsr d using two types of schemes:(1) If
m,n belong to the same atomic sitei, we calculate it by
direct numerical integration;(2) If m,n belong to different
atomic sites, we calculate it from the corresponding on-site
element using the approximationdVmn=1/2SmnsdVmm

+dVnnd, whereSmn is the corresponding overlap matrix ele-
ment. We also calculate the matrix elements of the external
potentialVext by direct numerical integration whenever ap-
plicable. Given the Hamiltonian matrixH=H0+Vext+dV, the
self-consistent calculation then proceeds by calculating the

density matrixr from the Green’s function by integrating
over a complex energy contour49,50,54,69and evaluating the
net charge on atomic-sitei from dNi =srSdii −Ni

0, whereNi
0 is

the number of valence electrons on atomic-sitei of the bare
SWNT. Note that the advantage of the present self-consistent
tight-binding treatment is thatno adjustable parameters have
been introducedbesides those that may be present in the
initial HamiltonianH0.

Once the self-consistent calculation converges, we can
calculate the transmission coefficient through the SWNT
junction from

TsE,Vd = TrfGLsE,VdGrsE,VdGRsE,VdfGrg†sE,Vdg, s7d

and the spatially-resolved local density of states(LDOS)
from

nsr ,Ed = −
1

p
lim

d→0+
o
i j

imagfGij
r sE + iddgfisr df j

*sr d. s8d

The spatial integration of LDOS gives the density of states,

nssEd =E drnssr ,Ed = −
1

p
lim

d→0+
TrhimagfGrsE + iddgSj

= o
i

nisEd, s9d

where the atomic site-resolved density of states isnisEd
=−s1/pdlimd→0+fimagfGrsE+ iddgSgii . Within the coherent
transport regime, the terminal current is related to the trans-
mission coefficient through the Landauer formula51–53

I =
2e

h
E dETsE,VdffsE − mLd − fsE − mRdg, s10d

where we can separate the current into two components, the
“tunneling” componentI tun and the “thermionic emission”
componentI th as follows:

I = I tun + I th =
e

hFEmL

mR

+ SE
−`

mL

+E
mR

+` DGdETsE,Vd

3ffsE − mLd − fsE − mRdg. s11d

Similarly, we can separate the zero-bias conductance

G =
2e2

h
E dETsEdF−

df

dE
sE − EFdG = GTu + GTh s12d

into the tunneling contributionGtun=s2e2/hdTsEFd and
thermal-activation contributionGth=G−Gtun.

B. Device model

In this work, we take(10, 0) SWNT as the protype semi-
conducting SWNT. Since for metal-semiconductor contacts,
high- and low- work function metals are used for electron
injection and hole-injection, respectively, we consider both
gold (Au) and titanium(Ti) electrodes as examples of high-
and low- work function metals(with work functions of 5.1
and 4.33 eV respectively70,71). The work function of the(10,
0) SWNT is taken the same as that of the graphite
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s4.5 eVd.16,17 In this paper, the HamiltonianH0 describing
the bare SWNT is obtained using the semiempirical Ex-
tended Huckel Theory(EHT) with corresponding nonor-
thogonal Slater-type basis setsfmsr d (Refs. 72 and 73) de-
scribing the valencesspd electrons of carbon, while the self-
energy due to the contact to the metallic electrodes is
evaluated using tight-binding parameters obtained from fit-
ting accurate bulk band structure.54,74The calculation is per-
formed at room temperature.

The (10, 0) SWNT has a diameter of 7.8sÅd and unit cell
length of 4.1sÅd. The unit cell consists of 4 carbon rings with
10 carbon atoms each. The calculated bulk band gap using
EHT is <0.9seVd. Since the contacts involved in most trans-
port measurement are not well characterized, a microscopic
study as presented here necessarily requires a simplified
model of the interface, which is illustrated schematically in
Fig. 1. Here the finite SWNT molecules are attached to the
electrode surface through the ring of dangling-bond carbon
atoms at the ends. We neglect the possible distortion of the
SWNT atomic structure induced by the open end and its
subsequent adsorption onto the electrode surface.47 We as-
sume that the axis of the SWNT molecule(the Z-axis) lies
perpendicular to the electrode surface(the XY-plane). Only
nearest-neighbor metal atoms on the surface layer of the
electrode are coupled to the SWNT end, the surface Green’s
functions of which are calculated using the tight-binding pa-
rameter of Ref. 74 assuming a semi-inifinte substrate corre-
sponding to thek111l and hcp surface for the gold and tita-
nium electrodes, respectively.

The lengths of the(10, 0) SWNT molecule investigated
are L=2.0, 4.1, 8.4, 12.6, 16.9, 21.2, and 25.4snmd, corre-
sponding to 5, 10, 20, 30, 40, 50, and 60 unit cells, respec-
tively. As discussed in the following sections, the variation of
SWNT length from 5 to 60 unit cells spans the entire range
from the molecular limit to the bulk limit. To evaluate the
dependence of Schottky barrier formation on the strength of
metal-SWNT interface coupling, we consider three SWNT
end-metal surface distances ofDL=2.0, 2.5, and 3.0sÅd.
Note that the average of the nearest-neighbor atom distance
in the SWNT and Au/Ti electrode is around 2.1sÅd. From
our previous work on first-principles based modeling of mo-
lecular electronic devices,50 we find that increasing metal-
molecule distance by 1.0sÅd is sufficient to reach the weak
interfacial coupling limit. Therefore the three choices of
metal-SWNT distance are sufficient to demonstrate the trend
of Schottky barrier formation as the strength of interface
coupling varies from the strong coupling to the weak cou-
pling limit.

III. EVOLUTION OF THE ELECTRONIC STRUCTURE OF
THE SWNT MOLECULE WITH LENGTH

The danglings bonds at the open end of the SWNT mol-
ecule lead to charge transfer between carbon atoms at the end
and carbon atoms in the interior of the SWNT. This should
be corrected self-consistently first and gives the intial charge
configurationNi

0 for determining the charge transfer within
the metal-SWNT-metal junction in later sections. The self-
consistent calculation proceeds as described in the previous

section, except that there is no self-energy operator associ-
ated with the contact in the case of the bare SWNT molecule.
The result is shown in Fig. 2, where we plot the net electrons
per atom as a function of position along the(10,0) SWNT
axis obtained from both EHT and the self-consistent EHT
calculations. The self-consistent treatment suppresses both
the magnitude and the range of the charge transfer, which are
approximately the same for all the SWNT molecules inves-
tigated, reflecting the localized nature of the perturbation in-
duced by the end dangling bonds[Fig. 2(b)].

To evaluate the evolution of SWNT electronic structure
with molecule length, we calculated the local density of
states in the middle unit cell of the SWNT molecule using
the self-consistent EHT and compared them with those of the
bulk (infinitely long) SWNT. The results for SWNT lengths
of 2.0, 8.4, 16.9, and 25.4snmd are shown in Fig. 3. Here the
LDOS of the isolated finite SWNT molecule is artificially
broadened by inserting a small but finite imaginary number
sd=10−6seVdd into the retarded Green’s functionGrsE+ idd.
Therefore only the band edge location but not the exact value
of the LDOS should be examined when evaluating the ap-
proach to the bulk limit with increasing nanotube length. The
LDOS of the shortest SWNT molecules2.0 nmd shows com-
pletely different structure from that of the bulk. In particular,
there are peaks located within the conduction-valence band
gap of the bulk SWNT caused by the localized dangling
bond states at the end, which decays into the interior of the
short SWNT molecule. This is illustrated by the position-
dependent LDOS along the NT axis in Fig. 4. We can there-
fore characterize the 5-unit cell SWNT as being in the mo-
lecular limit. The magnitude of the localized dangling-bond
states in the middle is suppressed exponentially with increas-
ing SWNT length and is negligible for all other SWNT mol-
ecules studied.

The development of the SWNT valence bands with mol-
ecule length is clear from Fig. 3. The development of the

FIG. 2. (a) shows net electron distribution in the isolated SWNT
molecule as a function of SWNT length for seven different lengths.
(b) shows magnified view at the left end of all SWNT molecules
studied. Here the solid lines show the results obtained using EHT
with self-consistent correction, while the dotted lines show the re-
sults obtained using EHT without self-consistent correction.
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SWNT conduction bands is less regular since tight-binding
theory constructed for valence electrons generally describes
the valence bands better than the conduction bands.75 The
approach to the bulk band structure is obvious for SWNT
longer than 40 unit cells and complete for the SWNT mol-
ecules of 60 unit cells long. Therefore the variation of
SWNT length from 5 to 60 unit cells spans the entire range
from the molecular limit to the bulk limit. Note that as the
length of the SWNT molecule changes, the energy of local-
ized dangling bond states also changes, which saturates as
the SWNT approaches the bulk limit. For the 60-unit cell
SWNT, it is located around −4.5seVd, i.e., the Fermi-level of
the bulk SWNT. This is consistent with the previous obser-
vation in semiconductor interfaces, where it has been argued
that the dangling bond level plays the role of “charge-
neutrality-level” (CNL) in band lineup involving semicon-
ductors, which is located around the midgap for semiconduc-
tors with approximately symmetric conduction and valence
band structures.76,77

IV. SCALING ANALYSIS OF SCHOTTKY BARRIER
FORMATION AT METAL-SWNT MOLECULE

INTERFACES

A. Schottky barrier formation at planar metal-semiconductor
interfaces

We start with a brief summary of Schottky barrier forma-
tion at an ideal planar metal-semiconductor interface33,34,77to
motivate our discussion of metal-SWNT interface in later
sections. An ideal metal-semiconductor interface is formed
by reducing the distance between a metal and a semi-infinite
semiconductor until an intimate and abrupt interface forms,33

as illustrated in Fig. 5.
The open-end of the semi-infinite semiconductor leads to

localized surface states whose wave functions decay expo-
nentially into the vacuum and inside the semiconductor, the

nature of which can be understood qualitatively from the
complex band structure of the bulk semiconductor by ex-
trapolating the energy band into the band gap region. Upon
contact with the metal electrodes, the intrinsic semiconductor
surface states are replaced by Metal-Induced Gap States
(MIGS), which are the tails of the metal wave function de-
caying into the semiconductor within the band gap since the
wave functions there are now matched to the continuum of
states around the metal Fermi-level.79,80 The corresponding
charge transfer induces an interface dipole layer due to the
planar structure, the electrostatic potential drop across which
shifts rigidly the semiconductor band relative to the metal
Fermi-levelEF. Additional electrostatic potential change can
also occur if the semiconductor is doped and a space-charge
layer forms due to the depleted dopant charges, as illustrated
in Fig. 5. The total potential shift must be such that the two

FIG. 3. Local density of states in the middle of the(10, 0)
SWNT molecule calculated using the self-consistent EHT for
SWNT lengths of 2.0, 8.4, 16.9, and 25.4snmd, respectively. The
vertical line atE=−4.5seVd denotes the Fermi-level position of the
bulk SWNT. The dotted line is the LDOS of the bulk(10, 0) SWNT.
For clarity, the figures have been cut off at the top where necessary.

FIG. 4. (Color online) Local density of states as a function of
position along the axis of the 5-unit cell(a) and 60-unit cell(b)
SWNT molecule. The LDOS is obtained by summing over the 10
carbon atoms of each ring of the(10, 0) SWNT. Each cut along the
energy axis for a given position along the NT axis gives the LDOS
at the corresponding carbon ring. Each cut along the position axis
for a given energy illustrates the spatial extension of the corre-
sponding electron state. For the 5-unit cell SWNT(a), localized dan-
gling bond state exists around −5.0seVd, whose wave function de-
cays into the interior of the SWNT molecule. For the 60-unit cell
SWNT which has approached the bulk limit, the localized dangling
bond state is located instead around −4.5seVd, i.e., the middle of the
conduction/valence band gap.
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Fermi-levels across the interface lineup. The potential varia-
tions away from the interface dipole layer introduced by the
space charge layer are slow[on the order of magnitude of
,0.5sVd within hundreds of nm or longer] due to the small
percentage of dopant atoms.27 This leads to the picture of
band shift following electrostatic potential change since such
potential variation occurs on a length scale much longer than
the semiconductor unit cell size.

The band lineup at the planar metal-semiconductor inter-
face is determined by the overall charge neutrality condition
and the corresponding one-dimensional electrostatic consid-
erations:Qm+Qis+Qsc=0, whereQm, Qis, and Qsc are the
surface charge density within the metalsmd surface layer,
semiconductor surface layer due to the interface states(is)
and semiconductor space-charge(sc) layer, respectively,
which are obtained by averaging the three-dimensional
charge density over the plane parallel to the interface. For
nspd-type semiconductor, the Schottky barrier heightVb for
electron(hole) injection is determined byEF and the conduc-
tion (valence) band edge. Since electrons can easily tunnel
through the interface dipole layer, current transport occurs by
charge carriers injected into the bulk conduction/valence
band states by tunneling through or thermionically emitted
over the interface barrier. So the Schottky barrier height
alone can be used for characterizing the transport
characteristics.27

Two key concepts thus underlie the analysis of Schottky
barrier formation at the planar metal-semiconductor inter-
face: (1) The separation into the interface region(dipole
layer) and the bulk semiconductor region(including the
space-charge layer) with well-defined Fermi-level;(2) The
rigid band shift following the local electrostatic potential
change due to the planar interface structure. Both concepts
are not valid in analyzing Schottky barrier formation at
metal-SWNT interfaces.

B. Electrostatics of the metal-SWNT molecule interface

The calculated charge transfer and electrostatic potential
change at the gold-SWNT-gold and titanium-SWNT-titanium
junctions are shown in Figs. 6–8 for metal-SWNT distance
of DL=2.0,2.5,3.0sÅd, respectively. The electrostatic poten-
tial change is obtained as the difference between electrostatic
potentials within the metal-SWNT-metal junction and the
bare SWNT molecule, which is calculated from the trans-
ferred charge throughout the SWNT using Eq.(6). Due to the
molecular-scale dimension of both the SWNTs and the con-
tact area, the transferred charge across the interface is con-
fined in a finite region. Unlike the dipolelayer at the bulk
metal-semiconductor interface which induces a stepwise
change in the electrostatic potential, the transferred charge
across the metal-SWNT interface takes the form of
molecular-size dipole, the electrostatic potential of whichde-
cays to zero in regions far away from the interface.23,24 In

FIG. 5. Schematic illustration of the formation of Schottky bar-
rier at the planar metal-semiconductor interfaces.(a) n-type semi-
conductor;(b) p-type semiconductor.Wm, Ws are the work func-
tions of the metal and semiconductor respectively.Vb is the
Schottky barrier height for electron(hole) injection at then-type
(p-type) semiconductor interface.Vs is the additional potential shift
inside the semiconductor due to the depleted dopant charges.

FIG. 6. Charge transfer(1) and electrostatic potential change(2)
at the Au-finite SWNT-Au and Ti-finite SWNT-Ti junctions as a
function of SWNT length for seven different lengths at SWNT-
metal distance ofDL=2.0sÅd. For each junction, we have also
shown the magnified view both at the metal-SWNT interface(b)
and in the middle of the longests25.4 nmd SWNT molecule(c). The
horizontal lines in the potential plot(2) denote the work function
differences between the electrodes and the bulk SWNT.
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addition, the SWNT molecule is undoped. The occupation of
the electron states within the SWNT is determined by the
Fermi-level of the electrodes, even for a long SWNT which
has reached the bulk limit and a Fermi-level can be defined
from the bulk band structure.

Note that despite the delocalized nature of SWNT elec-
tron states in the conduction/valence band, for a given metal-
SWNT distanceDL, both the magnitude and the range of the
charge transfer at the metal-SWNT molecule interface are
approximately independent of the SWNT length, reflecting
the localized nature of interfacial charge transfer process.49,50

The charge transfer adjacent to the metal-SWNT interface
shows Friedel-type oscillation.78 Such Friedel-type oscilla-
tions of transferred charge have also been observed in planar
metal-semiconductor interfaces,80 finite atomic chains,81 and
molecular tunnel junctions.49,50 The oscillation of the
interface-induced charge transfer dies out quickly inside the
SWNTs as the length of the SWNT molecule increases. The

oscillation in both the transferred charge and electrostatic
potential change in the middle of the SWNT are due to the
intrinsic two-sublattice structure of the zig-zag tube, and per-
sist in an infinitely long zig-zag tube.46,83

As DL increases from 2.0 Å to 3.0 Å, the magnitude of
the charge transfer oscillation at the interface decreases with
the decreasing interface coupling strength, but the magnitude
of charge transfer inside the SWNT molecule is almost inde-
pendent of the coupling strength across the interface. For the
Au-SWNT-Au junction, there is a small positive charge
transfer of 4.9310−4 per atom in the middle of the 60-
unitcell SWNT, while for the Ti-SWNT-Ti junction, there is
instead a small negative charge transfer of −6.5310−5 per
atom.82

Due to the long-range Coulomb interaction, the electro-
static potential change is determined by the transferred
charge throughout the metal-SWNT-junction[Eq. (6)]. For a
given metal-SWNT distanceDL, its magnitude in the middle
of the SWNT increases with the increasing SWNT size al-

FIG. 7. Charge transfer(1) and electrostatic potential change(2)
at the Au-finite SWNT-Au and Ti-finite SWNT-Ti junctions as a
function of SWNT length for seven different lengths at SWNT-
metal distance ofDL=2.5sÅd. For each junction, we have also
shown the magnified view both at the metal-SWNT interface(b)
and in the middle of the longests25.4 nmd SWNT molecule(c). The
horizontal lines in the potential plot(2) denote the work function
differences between the electrodes and the bulk SWNT.

FIG. 8. Charge transfer(1) and electrostatic potential change(2)
at the Au-finite SWNT-Au and Ti-finite SWNT-Ti junctions as a
function of SWNT length for seven different lengths at SWNT-
metal distance ofDL=3.0sÅd. For each junction, we have also
shown the magnified view both at the metal-SWNT interface(b)
and in the middle of the longests25.4 nmd SWNT molecule(c). The
horizontal lines in the potential plot(2) denote the work function
differences between the electrodes and the bulk SWNT.
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though the charge transfer is small except at the several lay-
ers immediately adjacent to the electrodes. The magnitude of
the potential change in the interior of the SWNT saturates at
the same length where the finite SWNT approaches the bulk
limit, i.e., 50 unit cells corresponding to a length of
21.1snmd, for both Au-NT-Au and Ti-NT-Ti junctions. For a
given metal-SWNT distanceDL, the magnitude of the poten-
tial shift at the metal-SWNT interface is approximately con-
stant for all the finite SWNTs studied.

The contact-induced charge transfer processes are often
characterized as “charge-transfer doping.” If we follow the
common practice in literature, the SWNT is “hole-doped” by
contacting to gold(high work function) and “electron-
doped” by contacting to titanium(low work function) elec-
trode. Here it is important to recognize the difference in the
physical processes governing the short-range and long-range
electrostatics of the metal-SWNT interface. The charge
transfer close to the metal-SWNT interface reflects the bond-
ing configuration change upon contact to the metallic sur-
faces, which cannot contribute directly to transport since the
corresponding charge distribution is localized.49,50 Moving
away from the interface, the effect due to the metal-SWNT
coupling is reduced. For the longer SWNT molecule which
has approached the bulk limit, the effect of the interface
coupling on the electron states in the middle of the SWNT
can be essentially neglected. However, since the electron oc-
cupation is determined by the Fermi-Dirac distribution of the
metallic electrodes, the charging state in the interior of the
SWNT which has approached the bulk limit is determined by
the lineup of the SWNT bands relative to the metal Fermi-
level, which in turn is determined by the self-consistent po-
tential shift across the metal-SWNT-metal junction. Within
the coherent transport regime, the transfered charge in the
interior affects current indirectly by modulating the potential
landscape acrosss the metal-SWNT-metal junction, which
determines the electron transmission coefficient through
Eq. (7).

A common feature of previous theoretical work on carbon
nanotube devices is the use of the electrostatics of an ideal
cylinder,22–24,26,43which neglects the electrostatic potential
variation across the narrow region around the cylindrical sur-
face where thep-electron density is non-negligible. How-
ever, the electrostatics ofany nanostructure is three-
dimensional. For the cylindrical SWNT, this means that the
electrostatic potential across the SWNT junction varies both
parallel and perpendicular to the NT axis and on the atomic-
scale. This is clearly seen from the three-dimensional plot of
the electrostatic potential change in Fig. 9. For the(10, 0)
SWNT with a diameter of<0.8snmd, the variation of the
charge transfer-induced electrostatic potential change inside
the SWNT cylinder is small, but decays to about 1/4 of its
value at the cylindrical center 1snmd away from the SWNT
surface for both the Au-SWNT-Au and Ti-SWNT-Ti junc-
tions.

The confined cylindrical geometry and three-dimensional
electrostatics of the metal-SWNT interface lead to a pro-
found change in the physical picture of the band shift, which
applies to both finite SWNT molecules and long SWNT
wires.45,46 In particular, the shift of the local density of states
along the nanotube axisdoes not followthe change in the

electrostatic potential along the nanotube axis, although this
is commonly assumed in the literature. This is illustrated in
the three-dimensional plot of the LDOS as a function of
position along NT axis in Fig. 10. Note that although the
electrostatic potential varies by an amountù0.5seVd going
from the metal-SWNT interface to the middle of the 60-unit
cell SWNT molecule for both junctions(Fig. 7), there is
almost no shift of the conduction and valence band edge
going from the interface to the middle of the SWNT mol-
ecule. This is in contrast with the planar metal-
semiconductor interface, where the band shift away from the
interface dipole layer follows the electrostatic potential
change since it varies only in one directionand on a length
scale large compared to the corresponding unit cell size.

The lack of connection between band shift and electro-
static potential change along the SWNT axis is obvious con-
sidering the 3-d nature of the electrostatics: Since the elec-
trostatic potential change varies strongly in the direction
perpendicular to the SWNT axis where the carbonpi-
electron density is significant, there is no simple connection
between the band shift and the electrostatic potential change

FIG. 9. (Color online) Cross-sectional view of electrostatic po-
tential change at the Au-SWNT-Au(upper figure) and Ti-SWNT-Ti
junction (lower figure) for SWNT molecule length of 8.4snmd and
metal-SWNT distance ofDL=2.5sÅd. The SWNT diameter is
0.78snmd. The electrostatic potential change shown here is induced
by the charge transfer across the interface and calculated using
Eq. (6).
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at the cylindrical surface of the SWNT or at any other dis-
tance away from the SWNT axis. The relevant physics can
be understood as follows: For the nanoscale SWNT consid-
ered here, the molecular-size interface dipole induces a long-
range three-dimensional electrostatic potential change of
,0.5seVd within ,5snmd of the interface, which is much
weaker than the atomic-scale electrostatic potential variation
within the bare SWNT. Since the LDOS of the SWNT junc-
tion is obtained from the Hamiltonian corrected by the
charge transfer-induced electrostatic potential change, we
can expect the effect on the spatial variation of the LDOS
away from the interface due to such correction is small com-
pared to the strong atomic-scale potential variations included
implicitly in the initial Hamiltonian H0. The effect of the
electrostatic potential change on the LDOS in regions within
,5snmd of the metal-SWNT interface is thus similar to that
of small molecules in molecular tunnel junctions, where de-
tailed studies in Ref. 50 have shown that the charge transfer-
induced electrostatic potential change in the molecular junc-
tion does not lead to a rigid shift of the molecular energy
levels(or band edges), but can have different effects on dif-

ferent molecular states(or band structure modification) de-
pending on their charge distributions.

C. “Band” lineup and electron transmission across the metal-
finite SWNT molecule interface

For a planar metal-semiconductor interface, the band
lineup is determined once the electrostatic potential drop
across the interface is known. The horizontal lines in the
potential plots of Figs. 6–8(b) denote the work function dif-
ferences between the electrodes and the bulk SWNT. For a
bulk metal-semiconductor interface, this would have given
the magnitude of the potential shift which aligns the Fermi-
level across the interface. But for the metal-finite SWNT
interface considered here, the band lineup should be deter-
mined from the local density of states(LDOS) in the middle
of the SWNT. This is shown in Fig. 11 for both Au-
SWNT-Au and Ti-SWNT-Ti junctions.

The “band” lineup relevant to the transport characteristics
can also be determined equivalently from the electron trans-

FIG. 10. (Color online) Three-dimensional plot of the local den-
sity of states at the Au-SWNT-Au(a) and Ti-SWNT-Ti(b) junctions
as a function of position along the NT axis for SWNT length of
25.4snmd and metal-SWNT distance ofDL=2.5sÅd. Note that the
sharp peaks around −4.5seVd due to the dangling bond state at the
ends of the isolated SWNT[Fig. 4(b)] have been replaced by broad-
ened peaks within the band gap due to the MIGS at the metal-
SWNT molecule interface.

FIG. 11. Local density of states at the middle of the Au-
SWNT-Au junction (a) and Ti-SWNT-Ti junction(b) for SWNT
length of 2.0, 16.9, and 25.4snmd, respectively. Solid line:DL
=2.0sÅd. Dotted line:DL=2.5sÅd. Dashed line:DL=3.0sÅd. The
vertical lines show the position of the metal Fermi-level.
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mission characteristics of the equilibrium metal-SWNT-
metal junction, which is calculated using Eq.(7) and depends
on the surface electronic structure, the coupling across the
interface and the electronic structure of the SWNT molecule.
The surface density of states of the bare gold and titanium
electrodes calculated using tight-binding parameters74 are
shown in Fig. 12, while the transmission characteristics of
the metal-SWNT-metal junctions are shown in Fig. 13. For
the shortest SWNT in the molecular limits2.0 nmd, there is
significant transmission around the metal Fermi-levelEf
which is suppressed rapidly with increasing SWNT length.
The difference in the electron transmission through the
SWNT conduction band region in the Au-SWNT-Au and Ti-
SWNT-Ti junctions is mostly due to the difference in the
electrode band structures aboveEf (sp-band for Au and
d-band for Ti).

From both the LDOS and transmission characteristics of
the 60-unit cell SWNT, we can determine that for the Au-
SWNT-Au junction the Fermi-level location goes from
slightly below (by ,0.1 eV) the midgap of the 60 unitcell
SWNT to the midgap as the gold-SWNT distance increases
from 2.0sÅd to 3.0sÅd. For the Ti-SWNT-Ti junction, the
Fermi-level location goes from above(by ,0.25 eV) the
midgap of the 60-unit cell SWNT molecule to the midgap
as the titanium-SWNT distance increases from 2.0sÅd
to 3.0sÅd. Note that this value is approximately the same for
SWNTs longer than 40-unit cells16.9 nmd, i.e., the same
length where the magnitude of the electrostatic potential
change in the middle of the SWNT begins to saturate[Figs.
6–8(b)].

The physical principles of Schottky barrier formation at
the metal-SWNT molecule interface can thus be summarized
as follows: Since the effect of the interface perturbation on
the electron states inside the SWNT molecule is small, for
the SWNTs that are long enough to approach the bulk limit,
the metal Fermi-level position should be close to the middle
of the gap since otherwise extensive charge transfer will oc-

cur inside the SWNT junction. Since the screening of the
work function difference inside the SWNT junction is weak,
the metal Fermi-level should be below(above) the middle of
the gap for a high(low) work function metal so that the net
decrease(increase) of electrons inside the SWNT molecule
shifts the SWNT band edge down(up) relative to the metal
Fermi-level. Exactly how this is achieved from the interface
to the middle of the channel will depend on the details of the
contact(types of metal and strength of interface coupling).
At the weak coupling limit, the lineup of the Fermi-level for
the SWNT molecules which have reached the bulk limit is
such that the perturbation of the electron states inside the
SWNT molecule is minimal, i.e., at midgap. Note that since
the LDOS around the midgap is negligible inside the SWNT,
the magnitude of the transferred charge in the middle of the
SWNT molecule is approximately independent of the inter-
face coupling strength despite the different band lineup
scheme at three different metal-SWNT distances[Figs.
6–8(a)].

FIG. 13. Electron transmission characteristics of the Au-
SWNT-Au (upper figure) junction and Ti-SWNT-Ti(lower figure)
junction for SWNT length of 2.0, 16.9, and 25.4snmd and metal-
SWNT distance of 2.0, 2.5, and 3.0sÅd, respectively. The vertical
lines show the position of the metal Fermi-level at each junction.

FIG. 12. Surface density of states of the gold and titanium elec-
trodes. The vertical lines show the position of metal Fermi-level.
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V. LENGTH AND TEMPERATURE DEPENDENCE OF THE
CONDUCTANCE OF THE METAL-SWNT MOLECULE

INTERFACE

Given the electrostatic potential changeDV across the
metal-SWNT interface, we can calculate the length and tem-
perature dependence of the metal-SWNT-metal junction con-
ductance using Eq.(12). The length dependence of the junc-
tion conductance at room temperature is shown in Fig. 14 for
both Au-SWNT-Au and Ti-SWNT-Ti junctions at the three
metal-SWNT distances. We have separated the junction con-
ductance into the tunneling and thermal-activation contribu-
tions as discussed in Sec. II A.

The tunneling conductance(also the zero-temperature
conductance) for both junctions decreases exponentially with
the SWNT length for SWNT longer than 4.1snmd (Fig. 14),
where the perturbation of the electron states inside the
SWNT due to the interface coupling can be neglected. The
exponential decay with length for tunneling across a finite
molecular wire in contact with two metal electrodes has been
analyzed in detail in recent literature using either simple
tight-binding theory84 or complex band structures calculated
from first-principles theory.85 But the essential physics can

be captured from the simple WKB picture of tunneling
through potential barriers with constant barrier height. A
separation of the contact and molecule core effect on the
tunneling resistance can thus be achieved using the func-
tional relationR=R0e

dL, whereR0 is the contact resistance
and d is the inverse decay length for tunneling across the
SWNT molecule. We find that the Au-SWNT-Au junction
has the contact resistanceR0=0.115,1.88,2.59sM Vd and
inverse decay length ofd=1.68,1.68,1.68s1/nmd for the
Au-SWNT distance ofDL=2.0,2.5,3.0sÅd, respectively.
The Ti-SWNT-Ti junction has the contact resistanceR0
=0.023,3.14,4.95sM Vd and inverse decay length ofd
=1.51,1.52,1.53s1/nmd for the Ti-SWNT distance ofDL
=2.0,2.5,3.0sÅd, respectively. Note that the contact resis-
tance increases rapidly with the increasing metal-SWNT dis-
tance due to the reduced interface coupling, but the inverse
decay length(which is a bulk-related parameter) remains ap-
proximately constant.85 The total conductance of the metal-
SWNT-metal junction at room temperature saturates with in-
creasing SWNT length. This is due to the fact that the
potential shift extends over a range comparable to the half of
the SWNT length until the SWNT reaches the bulk limit. For
longer SWNT, the tunneling is exponentially suppressed
while the transport becomes dominated by thermal activation
over the potential barrier whose height is approximately con-
stant for all the SWNTs investigated.

The length and temperature dependence of the metal-
finite SWNT-metal junction can also be seen more clearly
from Fig. 15, where we show the conductance of the SWNT
junction as a function of temperature for lengths of 2.0, 8.4,
and 16.9snmd in both Au-SWNT-Au and Ti-SWNT-Ti junc-
tions and in the strong coupling limitsDL=2.0 Åd. For the
shortest SWNT molecules2.0 nmd studied, both tunneling
and thermal contributions to the conductance at room-
temperature are significant. So the condutance increases only
by a factor of 2 going from 100sKd to 250sKd for the
Ti-SWNT-Ti junction and is almost temperature independent
for the Au-SWNT-Au junction. The thermionic-emission

FIG. 14. Room temperature conductance of the Au-SWNT-Au
(upper figure) junction and Ti-SWNT-Ti(lower figure) junction as a
function of the SWNT length at three different metal-SWNT
distances.

FIG. 15. Temperature dependence of the conductance of the
Au-SWNT-Au (left figure) junction and Ti-SWNT-Ti(right figure)
junction as a function of the SWNT length at metal-SWNT distance
of DL=2.0sÅd.
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contribution begins to dominate over the tunneling contribu-
tion at SWNT length of 8.4snmd and longer, correspondingly
the increase of conductance with temperature is faster. But
overall the temperature dependence is much weaker than the
exponential dependence in, e.g., electron transport through
the planar metal-semiconductor interfaces.86

The length and temperature dependence of the SWNT
molecule junction can be understood rather straightforwardly
using the Breit-Wigner formula,87 first introduced by
Buttiker88 for electron transmission through double-barrier
tunneling structures. For electron transmission within the en-
ergy gap between the highest-occupied-molecular-orbital
(HOMO) and lowest-unoccupied-molecular-orbital(LUMO)
of the SWNT molecule, we can approximate the energy de-
pendence of the transmission coefficient as

TsEd < o
i=HOMO,LUMO

Gi;LGi;R

sE − Eid2 + 1/4sGi;L + Gi;Rd2 , s13d

whereGi;LsRd si =HOMO,LUMOd is the partial width of reso-
nant transmission through the HOMO(LUMO) level due to
elastic tunneling into the left(right) electrode, respectively.
Note that as the SWNT molecule reaches the bulk limit, the
HOMO and LUMO levels give the valence band and con-
duction band edge, respectively. For given SWNT molecule
and metallic electrodes,GHOMOsLUMOd;LsRd is constant. The
increase of transmission coefficient with energy from the
Fermi-level Ef towards the relevant band edge is thus of
Lorentzian form, which is also generally true for nanostruc-
tures with only a finite number of conduction channels. From
Eq. (12), the temperature dependence of the conductance is
thus determined by the tail of the Lorentzian aroundEf av-
eraged over a range,kT due to the thermal broading with
the corresponding weight df /dEsE−Efd=expssE
−Efd /kTd / skTsexpssE−Efd /kTd+1d2d. This leads to much
weaker-than-exponential dependence on temperature of the
junction conductance, as compared to the metal-
semiconductor interface, where the exponential dependence
of conductance on temperature is due to the exponential de-
crease of carrier densities with energy large enough to over-
come the interface barrier.27 As the length of the SWNT
molecule increases, the partial widthGHOMOsLUMOd;LsRd due to
tunneling into the electrodes decreases exponentially(from
the WKB approximation88) leading to the exponential depen-
dence on junction length of the tunneling conductance.

VI. CURRENT-VOLTAGE CHARACTERISTICS OF THE
METAL-FINITE SWNT INTERFACE

In principle, to calculate the current-voltage characteris-
tics of the metal-SWNT-metal junction, a self-consistent cal-
culation of the charge and potential response will be needed
at each bias voltage to take into account the screening of the
applied electric field within the junctions.50,89This is compu-
tationally demanding even for the self-consistent tight-
binding method due to the large size of the SWNT molecule.
Therefore, in this section we calculate the current-voltage
characteristics using three different models of the electro-
static potential profiles in the metal-finite SWNT-metal junc-

tion in order to illustrate qualitatively the importance of the
proper modeling of the self-consistent screening of the ap-
plied source/drain bias voltage.50,61,63,64 The fully self-
consistent current transport is under investigation and will be
reported in future publications.

The three potential response models we choose are:(1)
We assume all the voltage drop occurs at the metal-SWNT
interface with the two interface contributing equally(Model
1); (2) We assume the voltage drop across the metal-SWNT-
metal junction is piecewise linear(Model 2); (3) We assume
the voltage drops linearly across the entire metal-SWNT-
metal junction(Model 3). The three potential models chosen
here represent the source/drain field configuration at three
different limits: In the absence of the SWNT molecule, we
are left with the bare(planar) source/drain tunnel junction.
For ideal infinitely conducting electrodes, the voltage drop
will be linear with constant electric field across the source/
drain junction. In general, sandwiching the SWNT molecule
between the two electrodes leads to screening effect. If we
neglect entirely the screening of the applied source/drain
field by the SWNT molecule, we arrive at potential model 3.
If the nanotube is infinitely conducting, we arrive at potential
model 1. In practice, both the electrodes and the SWNT are
not infinitely conducting, and the voltage drop can occur
both across the metal-SWNT interface and inside the SWNT.
Since the potential variation will be the largest close to the
interface for the homogeneous SWNT assumed here, for
model 2 we assume the potential profile is such that the
magnitude of the field across the first unit cell of the SWNT
at the two ends is 10 times of that in the interior of the
SWNT molecule. Note that we have neglected the electro-
static potential variation in the direction perpendicular to the
source/drain field. For SWNTs with cylindrical structure, this
can be important in a fully self-consistent analysis of the
nonlinear current-voltage characteristics as we have seen in
the previous sections. The three potential models chosen here
are merely used to demonstrate the importance of the fully
self-consistent study.

The calculated current-voltagesI-Vd characteristics of the
metal-SWNT-metal junctions for SWNT lengths of 2.1, 8.4,
16.9snmd and metal-SWNT distance of 2.5sÅd are plotted in
Fig. 16 for both junctions. For electrostatic potential models
2 and 3, theI-V characteristics are obtained by superposing
the assumed electrostatic potential profile onto the Hamil-
tonian of the equilibrium junction and evaluating its matrix
element by direct numerical integration. We find that as the
length of SWNT increases, the three different models of
electrostatic potential response lead to qualitatively different
current-voltage characteristics in both the magnitude of the
current and its voltage dependence. This is because current
transport is dominated by thermal-activation contribution for
all the SWNT molecules investigated except the shortest
ones. For the Au-SWNT-Au junction, we find that potential
models 2 and 3 give qualitatively similarI-V characteristics,
indicating that potential drop within the SWNT bulk is im-
portant. But for the Ti-SWNT-Ti junction, we find that po-
tential models 1 and 3 give qualitatively similarI-V charac-
teristics for SWNTs longer than 2.0snmd, indicating instead
that potential drop across the metal-SWNT interface is im-
portant.
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The contact dependence of the source/drain field effect
can also be seen more clearly by analyzing its effect on the
SWNT electronic structure from Fig. 17, where we show the
three-dimensional plot of the LDOS of the SWNT within the
Au-SWNT-Au and Ti-SWNT-Ti junctions at applied bias
voltage of 0.5sVd and assuming potential Model 3. Since for
the equilibrium SWNT junction, the potential variation is
appreciable over a length scale comparable to half of the
SWNT length and up to,10snmd, both the magnitude and
the voltage-dependence of the current will be sensitive to the
spatial variation of the potential response to the applied volt-
age over the same length scale, which may have different
effects on SWNT band structure depending on the metallic
electrodes used(Fig. 17). Therefore accurate modeling of
this long-range potential variation at the metal-SWNT inter-
face will be critical for evaluating the current-transport
mechanism of the nanoscale SWNT devices.

VII. CONCLUSION

The rapid development of single-wall carbon nanotube-
based device technology presents opportunities both for ex-

ploring novel device concepts based on atomic-scale na-
noengineering techniques and for examining the physical
principles of nanoelectronics from the bottom-up atomistic
approach. As the first example of the device physics prob-
lems raised in this context, we examine electron transport
through metal-SWNT interface when the finite SWNT is
contacted to the metal surfaces through the dangling bonds at
the end, which presents an atomic-scale analog to the planar
metal-semiconductor interface. Due to the quasi-one-
dimensional geometry of the SWNTs, a correct understand-
ing of the physical mechanisms involved requires an atom-
istic analysis of the electronic processes in the configuration
of the metal-SWNT-metal junctions.

We have presented in this paper such a microscopic study
of electronic and transport properties of metal-SWNT inter-
faces, as the length of the finite SWNT varies from the mo-
lecular limit to the bulk limit and the strength of the interface
coupling varies from the strong coupling to the weak cou-
pling limit. Our models are based on a self-consistent tight-
binding implementation of the recently developed self-
consistent matrix Green’s function(SCMGF) approach for
modeling molecular electronic devices, which includes ato-
mistic description of the SWNT electronic structure, the

FIG. 16. Current-voltage characteristics of the Au-SWNT-Au
(1) and the Ti-SWNT-Ti(2) junction for SWNT lengths of 2.0, 8.4,
16.9snmd and metal-SWNT distance of 2.5sÅd. We consider three
different models of electrostatic potential profile within the SWNT
junction.

FIG. 17. (Color online) Three-dimensional plot of the local den-
sity of states at the Au-SWNT-Au(a) and Ti-SWNT-Ti(b) junctions
as a function of position along the NT axis for SWNT length of
25.4snmd and metal-SWNT distance ofDL=2.5sÅd at source/drain
bias voltage of 0.5sVd. We assume the voltage drops linearly across
the SWNT junction(potential model 3).
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three-dimensional electrostatics of the metal-SWNT inter-
face and is applicable to arbitrary nanostructured devices
within the coherent transport regime. We present a bottom-up
analysis of the nature of the Schottky barrier formation, the
length and temperature dependence of electron transport
through the metal-SWNT interfaces, which show quite dif-
ferent behavior compared to the planar metal-semiconductor
interfaces, due to the confined cylindrical geometry and the
finite number of conduction channels within the SWNT junc-
tions. We find that the current-voltage characteristics of the
metal-SWNT-metal junctions depend sensitively on the elec-
trostatic potential profiles across the SWNT junction, which
indicates the importance of the self-consistent modeling of
the long-range potential variation at the metal-SWNT inter-
face for quantitative evaluation of device characteristics.

Much of current interests on the Schottky barrier effect at
metal-SWNT interface are stimulated by the controversial
role it plays in the operation of carbon nanotube field-effect
transistors(CNTFET),30–32 where different contact schemes
and metallic electrodes have been used. In general, the op-
eration of CNTFET will be determined by the combined gate
and source/drain voltage effect on the Schottky barrier shape
at the metal-SWNT interface, which may depend on the de-
tails of the metal-SWNT contact geometry, nanotube
diameter/chirality and temperature/voltage range. Corre-

spondingly, an atomic-scale understanding of the gate modu-
lation effect within the metal-insulator-SWNT capacitor con-
figuration will also be needed, similar to the planar metal-
oxide-semiconductor structure.90 We believe that detailed
knowledge of the electronic processes within both the metal-
SWNT-metal junction and the metal-insulator-SWNT capaci-
tor are needed before a clear and unambiguous picture on the
physical principles governing the operation of CNTFET can
emerge. In particular, preliminary theoretical results on the
carbon-nanotube field-effect transistors show that for SWNT
molecule end-contacted to the electrodes, the nanotube tran-
sistor functions through the gate modulation of the Schottky
barrier at the metal-SWNT interface(in agreement with re-
cent experiments30) which becomes more effective as the
length of the SWNT molecule increases. Further analysis is
thus needed that treat both the gate and source/drain field
self-consistently within the SWNT junctions, to achieve a
thorough understanding of SWNT-based nanoelectronic de-
vices.
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