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ABSTRACT

The properties of the contacts between single-walled carbon nanotubes (SWNTs) and Au electrodes are studied using scanning Kelvin probe
and electrostatic force microscopies. Contact potential differences and local dipoles at the SWNT/Au interface are determined under various
conditions involving gas adsorption and surface passivation. In particular, the effects of the coadsorption of alkanethiol, S, and O2 are explored
in detail. We find that the coadsorbates alter the energy-level line-up at the contacts and induce significant shifts of the SWNT bands relative
to the metal Fermi level. This behavior is explained by considering the response of the local Au work function to the presence of the nanotube
and of the coadsorbates as well as the effects of the adsorbate dipoles near the contacts. Finally, we use coadsorption to control the Schottky
barrier height at the nanotube−Au contacts.

Single-walled carbon nanotubes (SWNTs) are prototypical
1D quantum wires whose electronic properties depend
strongly on their diameter and chirality. Thus, SWNTs can
be metallic or semiconducting with a band gap that is
inversely proportional to their diameter. Scattering and
therefore power dissipation are drastically reduced, and their
strong covalent bonding allows them to withstand extremely
high current densities.1-3 A number of SWNT-based elec-
tronic devices have been demonstratedsmost importantly,
high-performance SWNT field-effect transistors (SWNT-
FETs).4-6

In the first studies of SWNT-FETs,4,5 it was observed that
they operate as p-type (i.e., hole transport) devices in air,
even though they were not intentionally doped. It was later
found, however, that in ultrahigh vacuum (UHV) they
behaved as n-type (i.e., electron transport) devices.7,8 Initially,
the p character of SWNT-FETs in air was ascribed to hole
doping by charge transfer from the SWNT to atmospheric
O2.9,10 However, if the p character of SWNT-FETs in air is
due to oxygen doping, then in vacuum the SWNTs should
be undoped, and therefore the SWNT-FETs should be
ambipolar, not n type as is observed. Recently, however,
strong evidence has been presented that the metal-nanotube
Schottky barriers determine the electrical character of the
SWNT-FETs,7,11-13 and that the transistor switching mech-

anism in SWNT devices is fundamentally different from that
of conventional Si FETs. Specifically, it was concluded that
SWNT-FETs are 1D Schottky barrier devices in which the
modulation of the carrier injection barrier, instead of the
channel conductance, is the basis of the transistor action.11-15

In this model, oxygen adsorption on the metal electrode/
SWNT interface affects the alignment of the nanotube bands
with respect to the metal electrode Fermi level, thus altering
the carrier injection barriers. As a result, holes are easily
injected in air, and electron transport is favored in vacuum.
It is clear then that optimizing the performance of SWNT-
FETs requires a better understanding of the interactions
occurring at the SWNT/metal contacts. Unlike the interfaces
between metals and bulk inorganic semiconductors, such
junctions are poorly understood.

Here we report studies of SWNT/Au interfaces with
scanning Kelvin probe microscopy16 (SKPM) and electro-
static force microscopy (EFM).17 The results indicate that
the interfacial dipole layer at SWNT/Au junctions reversibly
changes direction as the environment changes from ambient
air to vacuum or an oxygen-free environment. Consequently,
the Au Fermi level lies above the SWNT mid-gap in oxygen-
free environments and below the mid-gap in air. In contrast,
there is no significant dependence of the energy-level
alignment at SWNT/graphite (HOPG) interfaces on oxygen.
Furthermore, on Au, the energy-level alignment is strongly
sensitive to the coadsorption of other molecular absorbates
such as H2S or alkanethiol self-assembled monolayers
(SAMs). In this way, we obtain a passivation of the contacts
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against further oxygen adsorption and a permanent modifica-
tion of the carrier injection barriers, which provides a way
of tuning the transport properties of SWNT-FETs. Examples
in which we enhance the performance of p-type SWNT-FETs
or convert a unipolar p-type SWNT-FET to an ambipolar
one are presented. These results provide further proof of the
Schottky barrier model for the SWNT-FETs.

Experimental Section.The semiconducting SWNTs used
in our experiments were provided by Rice University. They
have an average diameter of 1.4 nm18 and a band gap of
about 700 meV.19,20 Samples for SKPM and EFM experi-
ments were obtained by dispersing SWNT solutions in
dichloroethane onto three different substrates: polycrystalline
Au on SiO2, flame-annealed Au(111) on mica (Molecular
Imaging), and freshly cleaved highly oriented pyrolytic
graphite (HOPG). The SKPM experiments were carried out
on a JEOL A4500 microscope using Pt, W2C-coated, or n+-
Si conducting AFM tips in a UHV chamber (∼10-7Pa) or
in air. In the Kelvin probe images (see Figure 1B and C), a
bright region indicates a locally lower vacuum level or
surface potential. EFM measurements were performed using

a Nanoscope III DI microscope with Pt-coated tips (Nanosen-
sor) either in a N2-filled glovebox (O2 ≈ 1 ppm) or in air.
In EFM images (Figure 1E and F), the brighter features
indicate positive charges or dipoles pointing toward the bulk
of the sample (V). In SKPM and EFM measurements,
individual SWNT tubes or bundles of tubes were first
identified by AFM topographic images. The charge distribu-
tion and charge density on SWNTs were deduced by fitting
the curves of the first harmonic component of EFM signals,
the force gradient, as a function of the tip-sample distance.21

SKPM measures the difference between the local work
function of the sample and that of the reference SKPM tip,
which is made of n+ Si with nanometer resolution. The EFM
measurement, however, provides a measure of the charge
transfer that takes place at the nanotube-metal interface.
Thus, the SKPM and EFM measurements provide unique
information about the electronic structure and interactions
at the interface.

SWNT-FETs were fabricated as described elsewhere;11 a
p++-doped silicon wafer with a 120-nm-thick SiO2 layer was
used as a back gate, and the Au source and drain electrodes
separated by 500 nm were built on top of it. Passivating
monolayers of S atoms on the Au surface were formed by
exposing Au substrate/electrodes to gaseous H2S for 5-10
min22 before dispersing the SWNTs. In the case of al-
kanethiol-modified samples, we first disperse SWNTs on the
Au substrates/FET chip and incubate them in a 4 mM C16H34-
SH alkanethiol solution in ethanol for over 8 h. We then
copiously rinse the samples with ethanol and finally anneal
them at 80°C for 1 h. All electrical measurements are carried
out in air with a semiconductor parameter analyzer (HP4145).

Results. Typical AFM, SKPM, and EFM images of
SWNTs on Au(111) in air and in vacuum are shown in
Figure 1. Contact potential differences (CPDs) and informa-
tion on interface dipoles are summarized in Table 1. The
CPDs between HOPG substrates and individual SWNTs are
found to be about-0.1 eV in both ultrahigh vacuum (UHV,
10-8-10-9 Torr) and in ambient air. Given the HOPG work
function of 4.6 eV,23 a SWNT work function of 4.7 V is
deduced by adding the HOPG work function and the CPD.
This value is in agreement with the reported value of 4.8
eV obtained by UPS.23 It is important to note that the CPDs
between adsorbed SWNTs on HOPG and HOPG itself are
essentially the same in air and in UHV. That is, the energy-
level alignment at the SWNT/HOPG interface remains the
same in both environments. It is known that oxygen weakly
physisorbs with negligible charge transfer on structurally
perfect HOPG.24,25Therefore, we conclude that oxygen does
not dope the semiconductor SWNTs either.

As shown in Table 1, the CPDs between the Au substrate
and the adsorbed SWNTs are about-0.06 V for Au(111)
and-0.08 V for polycrystalline Au in air, whereas they are
0.05 V for Au(111) and 0.19 V for polycrystalline Au in
UHV. These values are significantly different from the values
deduced by comparing the differences in the tabulated work
functions of the individual materials. For example,ΦAu -
ΦHOPG > 0.5 eV.26,27 It is well known, however, that the
work function of Au surfaces is very sensitive to contami-

Figure 1. In situ atomic force microscopy (AFM), scanning Kelvin
probe microscopy (SKPM), and electrostatic force microscopy
(EFM) images of SWNTs on Au(111) substrates in controlled
environments. (A, D) AFM topographic images of nanotubes
deposited on flame-annealed Au surfaces. (B, C) SKPM images
obtained in air and after a long period in ultrahigh vacuum (UHV),
respectively. Bright contrast indicates a lower vacuum level. (E,
F) In situ EFM images taken in air and in an ambient N2

environment, respectively. Bright contrast in the EFM images
indicates that the interfacial dipole is pointing toward the substrate.
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nants. Exposure to air invariably reduces the work function,
primarily because of hydrocarbon adsorption, to values as
low as 4.5 V.27 It is important to note that, in our nanotube
studies, the SWNT-baring Au surfaces have also been
exposed to the solvent during SWNT deposition.

The CPD measurements in Table 1 indicate that the
energy-level alignment at SWNT/Au interfaces is strongly
sensitive to the presence of oxygen. As shown in Figure 1,
the vacuum level of the SWNT is lower than that of Au in
air but is higher in UHV. EFM measurements indicate that
the interface dipole at the SWNT/Au interface points from
SWNT(+) to Au(-) in air but reverses its direction in UHV
or in a clean N2 atmosphere. At room temperature, this
transformation is slow and requires from 1 or 2 h to a few
days depending on the crystallinity and morphology of the
Au substrate. Most importantly, the processes are reversible.
From the EFM measurements, we deduce that the SWNTs
on Au are negatively charged with a line density of about
0.1-0.05 e/nm in oxygen-free environments but positively
charged with approximately 1e/nm in air. Thus, the Au Fermi
level lies above the SWNT mid-gap in vacuum or in inert
gases and below the mid-gap in air. The energy-level
alignments at the SWNT/Au(111) interfaces deduced from
SKPM and EFM experiments are shown diagrammatically
in Figure 2. These findings are in full agreement with the
electrical transport results, which show p-type SWNT-FET
characteristics in air4,5 and n-type characteristics in UHV or
inert gases.7,8

To understand the above results, we need to consider in
detail the interactions involved. SWNTs are thought to bind
to Au surfaces by van der Waals forces, and no significant
charge transfer between Au and SWNTs is expected on the
basis of the energies of the bands of free nanotubes.
However, the nanotube-metal interaction can lead to
significant changes in the electronic structures of both the
SWNT and the metal surface. First, we note that the van
der Waals binding of nanotubes to substrates is unusually
strong.28 The close proximity of the SWNT to the Au surface
leads to a Born repulsion between the closed-shell semicon-
ducting nanotube and the sp “spill-out” electrons of Au,
which contribute most to the Au surface dipole and control
its work function. By pushing back the spill-out charge, the
SWNT locally generates an interface dipole opposed to the
surface dipole of clean Au and locally reduces the Au work
function.27,29 (Similar effects would be induced by any

reaction products of the dichloroethane solvent with the
surface.) Furthermore, the SWNT valence and conduction
bands (van Hove singularities) are broadened (Γ > 0.1 eV)
by the interaction with the Au surface.30 Thus, charge transfer
from Au to the broadened SWNT levels leads to a lowering
of their energy and an increased binding energy because of
charge-image charge interactions. The interactions described
above can account for the Au-to-SWNT charge transfer
observed in the absence of oxygen. Similar effects have been
observed in the interactions of C60

29 and conjugated organic
molecules31 with Au.

On going from an oxygen-free environment to an ambient
oxygen environment, we find that the work function of the
Au substrates increases byJ0.1 eV. This finding can be
understood by noting that, upon adsorption of O2, a partial
charge transfer from the metal to O2 is expected. This charge
transfer creates an interface dipole in the same direction as

Table 1. Contact Potential Differences (∆Φs ) Φsubstrate- ΦSWNT/substrate) and Interfacial Dipolesa

air UHV

CPD (V)
interfacial

dipole CPD (V)
interfacial

dipole

SWNT/Au(poly) 0.08 ( 0.03 V -0.19 ( 0.05 v

SWNT/Au(111) 0.06 ( 0.02 V -0.05 ( 0.02 v

SWNT/HOPG -0.09 ( 0.02 v -0.11 ( 0.02 v

thiol/SWNT/Au(111) -0.05 ( 0.02 v (weak) -0.03 ( 0.02 v (weak)
SWNT/S/Au(111) -0.04 ( 0.02 negligible -0.05 ( 0.02 negligible

a The CPD is defined here as the vacuum-level difference∆E ) Esubstrate- ESWNT. The arrowsv(V) denote an interfacial dipole pointing from the substrate
(SWNT) to the SWNT (the substrate). These dipoles are barely detectable at the interfaces of SWNTs on sulfur-passivated Au and at interfaces of alkanethiol-
modified SWNT/Au.

Figure 2. Diagrams showing the energy-level alignments at (A)
single-walled carbon nanotube (SWNT)/Au interfaces in air, (B)
SWNT/Au in UHV, (C) SWNT/S-Au, and (D) alkanethiol-
modified SWNT/Au surface.
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that produced by the spill-out surface charge and thus
increases the Au work function. Furthermore, it is likely that
O2 interacts directly with the SWNT-Au junction. The
interaction of SWNTs with Au leads to the formation of an
adsorption dipole and the generation of a local electric field.
Such fields have been shown to enhance the adsorption of
O2.32,33 O2 adsorbed at the SWNT-Au junction can now
draw away electrons from the SWNT at the surface. The
resulting energy-level alignment is shown in Figure 2B. By
taking into account the above findings, we conclude that
electrons are transferred from Au to the SWNTs in vacuum
or oxygen-free environments, and adsorbate-mediated charge
transfer in the opposite direction takes place in air. We note
that previous discussions of charge transfer in the SWNT
high-work-function metals4 such as Au assumed that electron
transfer in the absence of oxygen proceeds from the nanotube
to the metal. This conclusion was based on tabulated work
functions of the individual components (metal, NT) without
taking into account the interactions that take place upon
adsorption. Our results show that such comparisons are
inappropriate.

To test the role of local variations of the substrate work
function on the energy-level alignments at the metal-NT
interface further, we carried out SKPM and EFM measure-
ments of SWNTs deposited on Au surfaces that had
previously been passivated by being exposed to H2S mol-
ecules and by covering the Au surface after SWNT deposi-
tion with an alkanethiol (C16H29SH) SAM. In contrast to
unpassivated Au surfaces, the surface formed by exposure
to H2S (see Table 1) shows negligible CPDs between the
adsorbed SWNTs and the sulfur-passivated Au surface; this
is true in both vacuum and air. Furthermore, EFM measure-
ments do not detect any significant charge transfer. This
behavior can be understood by considering that the S and
Au atoms have essentially the same electronegativity, 2.5
vs 2.4, but the S atoms tie down the Au surface spill-out
charge, generating a surface dipole that opposes the clean
Au surface dipole and therefore reduces the surface work
function. SWNTs interact weakly with this passivated
surface, and EFM shows no charge transfer, so the Au Fermi

level aligns near the middle of the SWNT band gap (see
Figure 2C). The fact that the presence or absence of oxygen
on the SWNT does not affect the CDP or the charge transfer
is further proof that oxygen does not dope the nanotube but
instead interacts with the gold substrate and the gold-
nanotube interface.

In the case of the samples involving SWNTs and al-
kanethiol coadsorption, we observe only small CPDs between
SWNTs/Au and the alkanethiol SAMs/Au sites of-0.03(
0.02 V in UHV and-0.05 ( 0.02 V in air, respectively.
The absence of an O2 effect is not surprising because the
SAM inhibits oxygen access to the Au surface. Although
the CDPs measured on the SAM-passivated surface are
similar to those on the S/Au surface, the structures of the
two surfaces are very different, suggesting that different
interactions are measured. Considering the fact that al-
kanethiol SAMs are known to decrease the Au work function
by as much as 1 eV34 (we measured a-0.5 V CPD between
bare Au and the alkanethiol SAM-covered Au surface), the
small differences in CDPs and the very weak interface dipole
difference indicate that the vacuum-level difference between
SWNTs and Au must be significantly increased compared
to the difference of 0.08 V for the untreated surface in air.
The dipole field of the SAM layer is similar to that of the
SWNTs. Thus, the valence band of the SWNTs is shifted
toward the Au Fermi level in the case of the thiol-passivated
Au surface (see Figure 2D).

The above findings suggest that we can control the energy-
level alignments at the source-SWNT and drain-SWNT
junctions through coadsorption at the metal electrodes. This
affects the carrier injection barriers of SWNT-FETs and
therefore their electrical transport properties. First principles
theoretical studies of coadsorption on small molecule/metal
junctions have revealed similar effects.35 Moreover, these
calculations show that, in addition to local work-function
changes, more complex short-range interactions between the
molecular wire and the coadsorbates can influence the
transport properties of molecular wires.

In view of these strong interface effects, let us now
consider the electrical transport characteristics of a SWNT-

Figure 3. (Left) Drain current vs gate-voltage curves (Ids vs Vg ) of a SWNT-FET with a clean gold source and drain contacts in air (red
circles) and after the deposition of a C16H34SH alkanethiol self-assembled layer (blue circles). (Right)Ids vs Vg curve of an ambipolar
SWNT-FET fabricated with sulfur/Au contacts. AllI-V curves were taken in air with a drain-source bias of 0.5 V.
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FET before and after the coadsorption of an alkanethiol SAM
on the Au electrodes. An important characteristic of a FET
is the subthreshold slopeS ≡ (d log Id/dVg)-1, whereId is
the drain current andVg is the gate voltage.S is a measure
of the switching speed of the device.36 Figure 3A shows that
Sfor this p-type of SWNT-FET is initially large (i.e., shows
poor switching), about 2 V/decade. However, upon SAM
coadsorption, the subthreshold slope improves significantly
to about 250 mV/decade. Moreover, the ratio of the ON-
state drain current to the OFF-state drain current of the FET
improves by at least 1 order of magnitude. These effects can
be understood in terms of the movement of the electrode
Fermi level closer to the SWNT valence band, as discussed
above, which reduces the Schottky barrier at the source/
SWNT junction and enhances hole injection.8,11-14 As
expected, however, the effect of sulfur passivation is quite
different. Figure 3B shows the characteristics of a device
obtained after sulfur atom prepassivation of the Au electrode
surface. This treatment leads to an ambipolar device (i.e.,
one in which both electron (hole) transport is possible with
positive (negative) gate bias, even in air with a yield>0.1).
This result is in accord with the findings above that the Au
Fermi level is aligned with the mid-gap of the NT and that
there is no charge transfer between the SWNT and the sulfur-
passivated surface. Thus, coadsorption and passivation
provides a novel and powerful way of controlling the junction
properties and, therefore, the performance of SWNT-FETs.
This is in contrast to conventional Si devices where such
control requires doping.

In conclusion, we have used scanning Kelvin probe and
electrostatic force microscopies to study the charge-transfer
processes at the Au-carbon nanotube junctions and have
correlated these findings with the transport characteristics
of nanotube field-effect transistors. We found that properties
of the metal electrode/nanotube interface control the char-
acteristics of the nanotube FETs, a fact that is consistent with
the proposed Schottky barrier model for the SWNT-FETs.
The SWNT-FET properties can be changed by coadsorption
or passivation of the metal/SWNT interface with appropriate
atoms or molecules. The resulting modifications of the
Schottky barriers provide a powerful way of tuning the
transistor characteristics. Similar effects are expected in
small-molecule transistors.
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