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Schottky barriers in carbon nanotube-metal contacts
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2EaStCHEM, School of Chemistry, Edinburgh University, Edinburgh EH9 3JJ, Scotland
and Division of Quantum Phases and Devices, School of Physics, Konkuk University, Seoul 143-701,
South Korea

(Received 1 July 2011; accepted 1 November 2011; published online 8 December 2011)

Semiconducting carbon nanotubes (CNTs) have several properties that are advantageous for field
effect transistors such as high mobility, good electrostatics due to their small diameter allowing for
aggressive gate length scaling and capability to withstand high current densities. However, in spite
of the exceptional performance of single transistors only a few simple circuits and logic gates using
CNTs have been demonstrated so far. One of the major obstacles for large scale integration of
CNTs is to reliably fabricate p-type and n-type ohmic contacts. To achieve this, the nature of
Schottky barriers that often form between metals and small diameter CNTs has to be fully
understood. However, since experimental techniques commonly used to study contacts to bulk
materials cannot be exploited and studies often have been performed on only single or a few
devices there is a large discrepancy in the Schottky barrier heights reported and also several
contradicting conclusions. This paper presents a comprehensive review of both theoretical and
experimental results on CNT-metal contacts. The main focus is on comparisons between
theoretical predictions and experimental results and identifying what needs to be done to gain
further understanding of Schottky barriers in CNT-metal contacts. VC 2011 American Institute of
Physics. [doi:10.1063/1.3664139]
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I. INTRODUCTION

The rapid development of integrated circuits for logic
computation, with a doubling of the number of transistors on
a processor chip every two years, a trend known as Moore’s
law,1,2 has to a large extent been enabled due to the improve-
ment of Si transistors. By scaling down dimensions, increas-

ing charge mobility by introducing strain in the material,
using gate dielectrics with high dielectric constants, and
designing new gating geometries, the performance of Si tran-
sistors has been pushed close to its physical limits. An indefi-
nite continuation of the improvement is impossible since
leakage currents increase power consumption and the elec-
trostatics of small devices that lead to short channel effects,
degrade the performance as transistor dimensions are further
reduced. Due to the large economic incentive in the perform-
ance improvement of computers, both industry and academia
are putting a lot of effort into the research of new materials
suitable to replace Si by offering superior current transport
properties and improved electrostatics.

One of the most promising materials to replace Si in
high speed transistors is carbon in the form of one dimen-
sional carbon nanotubes3 (CNTs) and two dimensional gra-
phene.4 Of these two, CNTs are the more suitable choice for
transistors for logic computation which requires a large dif-
ference in current between the on and the off-states since
two thirds of all CNTs have a sufficiently large intrinsic
band gap. In contrast, graphene which is a semimetal has to
be geometrically5–7 or chemically8,9 modified to induce a
band gap and is therefore more suited for radio frequency
(RF) applications.10

In spite of the impressive intrinsic electronic proper-
ties11 and promising performance of single CNT transistors
there are still many issues that have to be solved before CNT
field effect transistors (CNTFETs) can make the transitiona)Electronic mail: Eleanor.Campbell@ed.ac.uk.
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from academic research to large scale industrial production.
One of the obstacles for large scale integration is to achieve
ohmic contacts between CNTs and metal electrodes to ena-
ble high on-state currents and improved switching of
CNTFETs. Contacts with low Schottky barriers for both n
(Ref. 12) and p-type (Ref. 13) CNTFETs have been realised
for large diameter CNTs but a full understanding of what
factors determine the Schottky barrier height is still lacking.
In spite of a wealth of experimental and theoretical studies,
there are still many contradictory results and predictions,
mainly concerning the influence of interface states on the
Schottky barrier height. Therefore, this focused review sum-
marises both experimental and theoretical results on CNT-
metal Schottky barriers and emphasizes and clarifies the var-
ious discrepancies that exist in the literature. Section II,
which is a short introduction to the electronic properties of
CNTs, is followed by an introduction to Schottky barriers in
section three. The fourth section focuses on theoretical stud-
ies of CNT-metal Schottky barriers and the fifth section
explains the different experimental techniques used to mea-
sure Schottky barrier heights and presents the available ex-
perimental results obtained in the literature. Finally, in
chapter six, a discussion on what experimental studies are
need to gain a deeper understanding of Schottky barriers in
metal-CNTs contacts is presented.

II. ELECTRONIC PROPERTIES OF CARBON
NANOTUBES

Single walled carbon nanotubes (SWCNTs), discovered
in 1993,14 are hollow cylinders of carbon with diameters in
the range of a single to a few nanometers and with lengths
up to 10 s of cm.15 The structure of a CNT can be conceptu-
ally described by starting with a single sheet of graphite,
known as graphene. Graphene consists of a hexagonal net-
work of carbon atoms with three sp2 hybridised valence elec-
trons that give rise to covalent in-plane r-bonds while the
remaining p-orbital gives rise to p-bonds. To form a CNT, a
narrow strip is cut out from the graphene sheet in a specific
direction and then rolled into a seamless cylinder (Figure 1).
Depending on the direction the sheet is cut, the CNT will

have a different chirality affecting mainly its electronic prop-
erties. By taking the unit vectors of the hexagonal planar lat-
tice and multiplying by the integers m and n a resulting
vector ~C … n~a1 þ m~a2 is obtained which defines the circum-
ference of the CNT. m and n are called the chirality indices
and uniquely determine the structure of the CNT. CNTs with
indices n … m are called armchair, those with n … 0 zigzag
and the rest are referred to as chiral tubes.

The electronic properties of CNTs can be derived from
those of graphene which has a conical dispersion around the
Fermi level and is a semi-metal, i.e., it has no band gap but
its density of states (DOS) goes to zero at the Fermi level. As
the graphene sheet is rolled up into a CNT, the wavefunc-
tions of the electrons are confined around its circumference.
Since a periodic boundary condition is now imposed on the
electron wave functions only discrete wave vectors that ful-
fill ~k? � ~C … pdk? … 2pi, where d is the CNT diameter and i
is an integer, are allowed along the circumference of the
CNT. This boundary condition on the wavefunctions in a
CNT gives slices of allowed k-values in the conical band
structure of graphene (Figure 2(a)). The position of the slices
is determined by the chirality of the CNT. If a slice crosses the
K and K’ points where the valence and conduction bands meet
at the Fermi energy, the CNT has bands with a linear disper-
sion relation and is metallic (Figure 2(b)). In contrast, if no
slice crosses the K and K’ points, the CNT has bands that are
parabolic close to the Fermi level and has an energy band gap
in between them, i.e., it is semiconducting (Figure 2(c)).
The energy dispersion of the bands close to the Fermi level is
given by

EðkÞ … 6 ð�hvFkÞ2 þ ðEg=2Þ2
� �1=2

; (1)

where vF … 8 � 105 m/s is the Fermi velocity and Eg … 2aC–Cc0/d
is the band gap where aC–C … 1.42 Å is the nearest neighbour
distance in the hexagonal lattice, c0 … 2.9 eV the tight-binding
overlap integral and d the diameter.17 It should, however, be
noted that there is a large discrepancy in calculated and meas-
ured proportionality constants 2aC–C � c0 between the band gap
and inverse diameter with values between 0.71 and 1.1
reported.18,19

If only the circumferential confinement of the wave
functions is considered, CNTs with chirality indices that ful-
fill the requirement n – m … 3 p where p is an integer are me-
tallic and those that fulfill n – m = 3 p are semiconducting.
However, the curvature of the CNT wall22 or mechanical
deformations23,24 of the CNT may induce band gaps of a few
10 s of mV also in otherwise metallic CNTs.

Since electrons can only scatter either backward or for-
ward in the quasi one dimensional CNTs, the mean free path
between two scattering events is considerably longer than in
higher dimensions where scattering in all directions is possi-
ble. This low scattering probability leads to mean free paths
of up to a lm in semiconducting CNTs for low electric fields
resulting in field effect mobilities larger than 100 000 cm2/Vs
at 50 K.11 For low longitudinal electric fields, the dominating
scattering mechanism is emission of acoustic phonons with a
mean free path of lmfp … 300 nm-1.5 lm.25,26 At high electric
fields, the electrons gain enough energy to emit optical

FIG. 1. (Color online) (a) Two dimensional hexagonal lattice with basis
vectors indicated by ~a1 and ~a2. A chiral CNT is conceptually formed by cut-
ting the lattice along the vectors OT and OA and connecting points O and A
by rolling it into a cylinder. The vector ~C … n~a1 þ m~a2 defines the circum-
ference of the CNT and h its chiral angle. The solid lines indicate the cir-
cumferences of a zigzag and an armchair CNT. The grey rhombus depicts a
unit cell. (b) Examples of the three different types of CNTs. Adapted from
X. Zhou, “Carbon nanotube transistors, sensors, and beyond,” p 26, Ph.D.
dissertation (Cornell University, 2008). Copyright VC 2008, Cornell Univer-
sity Press.
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phonons which have stronger electron-phonon coupling and
therefore the mean free path is reduced to 15 nm.26

The extraordinary high mobility in combination with their
resilience to high current densities,27 simple integration with var-
ious gate dielectrics28 and good electrostatics due to their small
diameter makes CNTs an attractive option for various electronic
devices such as high speed transistors and Schottky diodes.

The first CNTFETs demonstrated in 1998 by Tans
et al.29 and Martel et al.30 were initially believed to operate
in a similar way as conventional MOSFETs where the poten-
tial in the bulk of the channel is the most important factor
that controls the current. However, it was soon discovered
that Schottky barriers at the CNT-metal contacts were of
great importance for the transport properties for many metal
species.31 In the following years, there were several studies,
on the impact of the Schottky barriers on the transport prop-
erties of CNTFETs.32–35

Many CNTFETs exhibit a p-type behavior with dominant
hole conduction in air but can be changed to n-type when put
in vacuum. The mechanism behind this change is still not
fully resolved. Derycke et al. deduced that the change of char-
acteristics is mainly due to a change of the work function of
the metal contact as oxygen is desorbed.33 In contrast, Chen
et al. concluded that the p-type behaviour observed in air is
due to oxygen doping of the CNT and the work function of
the metal is of less importance.36 The importance of the sub-
strate has also been highlighted by Aguirre et al. who used a
hydrophobic polymer underneath the CNT to form ambipolar
devices due to the lack of absorbed water.37

Since this review is focused on Schottky barriers in
CNT-metal contacts, the reader further interested in the elec-
tronic properties of CNTs and CNTFETs is referred to some
excellent reviews on the topic.20,38–42

III. SCHOTTKY BARRIER FUNDAMENTALS

For transistor applications, a low Schottky barrier for
either holes or electrons is preferable since that not only
reduces the contact resistance but also results in a good
on/off ratio and a small inverse subthreshold slope. In con-
trast, in Schottky diodes suitable for high frequency applica-
tions such as detectors, mixers, and frequency multipliers a
sufficiently high Schottky barrier is required for good current
rectification.43 Therefore, to properly design CNT devices it is
important to understand how Schottky barriers in CNT-metal
contacts are formed and what factors influence their heights.

In this chapter, an introduction to the formation and
transport physics of Schottky barriers is given with an em-
phasis on CNT-metal contacts. A more in-depth discussion
of the physics of metal-semiconductor contacts can be found
in Rhoderick44 and in Monch.45

If a metal and a semiconductor are joined and the Fermi
level in the semiconductor is higher in energy than that in the
metal, electrons move from the semiconductor into the metal
leaving a positive background of ionised atoms. Electrons con-
tinue to be transported across the interface until the Fermi lev-
els of the two systems have equilibrated (Figure 3). A Schottky
barrier for holes (electrons) arises due to the mismatch between
the Fermi level of the metal and the valence (conduction) band
of the semiconductor. According to the first theoretical descrip-
tions of metal-semiconductor contacts by Schottky46 and
Mott,47 the Schottky barrier height for electrons is given by

USBe … /m � v; (2)

where /m is the work function of the metal which is the
energy needed to remove an electron from the Fermi level
into vacuum and v is the electron affinity of the semiconduc-
tor which is the energy needed to remove an electron from
the bottom of the conduction band. Consequently, the barrier
height for holes is given by

USBh … v þ Eg � /m … Is � Um; (3)

where Eg is the band gap and Is the ionisation potential of the
semiconductor which corresponds to the energy difference
between the top of the valence band and vacuum.

FIG. 2. (Color online) (a) The band dispersion of graphene. kx and ky are
the wave vectors in the plane and E is the energy. The bands meet at the K
points around which the dispersion is conical.20 (b) The conical band struc-
ture of graphene with a slice of allowed wave vectors k? that pass through
the point where the two bands meet at the Fermi level. This gives the 1D
band structure of a metallic CNT. (c) Slice of allowed k? not passing
through the point where the bands meet which gives the band structure of a
semiconducting CNT. (d) DOS for a (5, 5) metallic CNT with a finite DOS
at the Fermi energy and a (4, 2) semiconducting CNT with zero DOS around
the Fermi energy. The peaks are van Hove singularities positioned at the
edges of the subbands.21 Image adapted from E. Minot, “Tuning the band
structure of carbon nanotubes,” Ph.D. dissertation (Cornell University,
2004). Copyright VC 2004, Cornell University Press.
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However, it has been observed for many semiconductors
that the Schottky barrier height has only a small dependence
on the work function of the metal contact.48 Thus, the
Schottky barrier heights do not follow the simple relations in
Eqs. (2) and (3) but instead have a much weaker dependence
on the metal work function, a phenomenon known as Fermi-
level pinning. This weak dependence has been attributed to
interface states which have energies within the band gap of
the semiconductor and are localized close to the contact
(Figure 3(c)). These interface states arise because wavefunc-
tions of the electrons in the metal are not abruptly terminated
at the junction but extend a few Å into the surface of the
semiconductor and are therefore referred to as metal-induced
gap states (MIGS).49–51

It is possible to define a charge neutrality level U0 for
the interface states measured from the top of the valence
band. States lower in energy than U0 are of donor type and
positively charged when empty and states higher in energy
than U0 are of acceptor type and negatively charged when
full. This means that if the Fermi level of the semiconductor
coincides with U0, there is no charge trapped in the interface
states but if it is above or below U0 the surface has a negative
or positive charge Qss, respectively. In order to preserve
charge neutrality, Qss together with any space charge in the
depletion layer (Qsc), has to be balanced by an equal amount
of charge of opposite sign on the metal surface (Qm), i.e.,

Qm þ Qss þ Qsc … 0. This charge transfer results in a dipole
over a distance d of atomic dimensions. The potential drop
over this dipole modifies the Schottky barrier height from
the Schottky-Mott relation in Eq. (2). Therefore, in the pres-
ence of interface states, the Schottky barrier height for elec-
trons can instead be described by

USBe … cðUm � vÞ þ ð1 � cÞðEg � U0Þ; (4)

where

c …
1

1 þ qDitd
�i

; (5)

�i is the permittivity of the interface and Dit the density of
interface states.48 If Dit is large, c ! 0 and the Schottky bar-
rier height approaches USBe … Eg – U0 and is thus determined
entirely by the interface states and is completely independent
of metal work function while in the absence of interface
states, c ! 1 and the Schottky–Mott limit described by Eq.
(2) is obtained. The variation of the Schottky barrier height
as a function of the metal work function (@USBe/@Um) for dif-
ferent metal contacts on a given semiconductor gives a mea-
sure of the strength of the Fermi level pinning and can in
principle be used to estimate Dit.

However, that MIGS is the main reason for the forma-
tion of the interface dipole has been disputed by, e.g., the
proponents of chemical bond polarisation theory.52,53

According to this theory, the most significant effect that
gives rise to the dipole that alters the Schottky barrier height
from the Schottky-Mott limit is the charge rearrangement
that occurs when bonds are formed and not interface states.
The chemical bond polarisation theory gives a similar
description of the Schottky barrier height as Eq. (4) but
where c depends on the density of bonds instead of the den-
sity of interface states.

Due to Fermi level pinning, it is difficult to predict the
Schottky barrier height of a certain metal-semiconductor
combination from the properties of the separate materials,
something which is desirable for many applications. How-
ever, it is possible to control the Schottky barrier height
through passivation of the semiconductor surface to remove
dangling bonds prior to metal deposition55 or by introducing
polar molecules at the interface.56

IV. THEORETICAL MODELING OF CNT-METAL
CONTACTS

The Schottky barriers between CNTs and different met-
als have been studied theoretically by electrostatic modeling
where the potential distribution is calculated for bulk objects
with a defined charge distribution which gives the energy of
the bands and the Schottky barrier heights.57–60 In these cal-
culations, the CNT is considered to be an ideal cylinder and
the exact atomic configuration is disregarded.

The main benefit of this method is that device
dimensions resembling those of experimental devices can
easily be modeled. It is also relatively straightforward to
include dielectrics and gates and calculate current-voltage
characteristics.61

FIG. 3. (a) Energy band diagram before contact is made between a metal
and a n-type semiconductor. (b) When contact is made, the Fermi levels
equilibrate and a Schottky barrier arise. The image depicts a case without
interface states. (c) Energy band diagram of a contact between a metal and a
n-type semiconductor with interface states in the band gap at the semicon-
ductor surface. The charge Qss in the interface states creates a dipole over a
distance d that lowers the barrier height by D0. The notations used are defined
in the main text.54 Adapted from J. Piscator, “Influence of electron charge
states in nanoelectronic building blocks,” Ph.D. dissertation, (Chalmers
University of Technology, 2009). Copyright VC 2009, Johan Piscator.
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Another popular approach is to use density functional
theory (DFT) modeling that calculates the charge density
distribution on a microscopic scale. Even though DFT takes
the exact atomic arrangement at the contact into account,
and therefore allows the use of different CNT chiralities and
crystal orientations of the metal, it has the drawback that it is
computationally intensive and therefore limited to only very
small contacts and short CNTs.

A third method is to use tight binding calculations which
are less accurate compared to DFT but have the benefit of
allowing larger systems to be modeled and still take into
account the atomic scale electronic structure.62

The theoretical studies often use an idealised contact ge-
ometry where a metal surface with a specific crystallographic
orientation is either strongly covalently bonded to the dan-
gling bonds at the ends of a CNT or has weak van der Waals
bonds to the side of a CNT (Figure 4). However, DFT calcu-
lations by Maiti et al. suggest that for strong metal-CNT
interactions the sp2 hybridised carbon orbitals may change to
sp3 which allows for strong bonds with the metal, also in the
side-bonded geometry.63 Even though there are some reports
of end-bonded CNTs (Refs. 64 and 65), an overwhelming
majority of the experimental studies have been performed on
side bonded CNTs.

A. Electrostatic modeling

One of the most influential theoretical studies on
Schottky barriers in CNT-metal contacts has been performed
by Léonard et al.57 The authors consider an end-bonded con-
figuration with a cylinder with a diameter of 1.4 nm which is
terminated at a planar metal contact. The presence of dipoles

due to interface states is taken into account by introducing
charges that give rise to a potential that decays within a few
nm. A high density of dipole charge corresponds to a large
density of interface states (Dit in Eq. (5)) which is expected
to pin the Fermi level. However, in contrast to a planar con-
tact where the induced dipole sheet shifts the potential of the
bands of the semiconductor also far away from the interface,
the dipole in a metal-CNT contact is localised in all direc-
tions. Therefore, the interface states shift the bands within a
depth of only a few nanometers from the junction creating a
thin barrier while the energies of the bands deeper into the
CNT are the same as for a contact without interface states
(Figure 5). Since the potential barrier at the junction only
extends a few nanometers into the CNT, electrons can easily
tunnel through it so the interface states have little influence
on the electrical behavior of the contact.

In addition to this study on end-bonded CNTs, Léonard
et al.58 have also considered a side contacted CNT modeled
as a hollow cylinder embedded in a concentric metal shell.
Since the depletion region for this geometry extends perpen-
dicular to the main axis of the CNT there is only a short
available distance on which the bands can realign to equili-
brate the Fermi levels (Figure 3) and therefore only partial
band realignment is possible. To study the effect of interface
states on the Schottky barrier height, a sheet of pinning
charge was also added at the surface of the CNT.

As the density of interface states increases, the increased
pinning charge shifts the Schottky barrier height from its
unperturbed initial value toward that of a fully pinned barrier
(Figure 6). However, the added charge density has to be 100
times larger than in a 3-dimensional bulk contact to induce
any pinning where a density of interface states of 10�3

states/eV/atom is sufficient to significantly alter the Schottky
barrier height. The reason for the weak pinning is that the
pinning charge has to compete with the large charge density
at the van Hove singularities in the DOS of the
1-dimensional CNT that are positioned at the band edges.

FIG. 5. Conduction band minimum as a function of distance from an end
bonded CNT-metal junction for different densities of interface states. Dot-
ted, dash-dotted, dashed, and solid lines are for 0, 0.01, 0.1, and 1 states/
(atom-eV), respectively. The potential barrier induced by interface states
decays within a few nm into the CNT. The inset shows the corresponding
result for a planar junction where the interface states shift the bands far into
the CNT. Reprinted with permission from F. Léonard and J. Tersoff, Phys.
Rev. Lett. 84, 4693 (2000). Copyright VC 2000, American Physical Society.

FIG. 4. (Color online) A (5, 5) CNT contacted to a (111) metal surface with
an end bonded (a) and a side bonded (b) configuration.66 Reprinted with per-
mission from J. J. Palacios, A. J. Pérez-Jiménez, E. Louis, E. SanFabián, and
J. A. Vergés, Phys. Rev. Lett. 90, 106801 (2003). Copyright VC 2003, Ameri-
can Physical Society.
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