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Switching behavior of semiconducting carbon nanotubes
under an external electric field
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We investigate theoretically the switching characteristics of semiconducting carbon nanotubes
connected to gold electrodes under an external~gate! electric field. We find that the external
introduction of holes is necessary to account for the experimental observations. We identify
metal-induced gap states~MIGS! at the contacts and find that the MIGS of an undoped tube would
not significantly affect the switching behavior, even for very short tube lengths. We also explore the
miniaturization limits of nanotube transistors, and, on the basis of their switching ratio, we conclude
that transistors with channels as short as 50 Å would have adequate switching characteristics.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1367295#
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One of the most important findings of carbon nanotu
~NT! research is that the current in semiconducting tubes
be switched by an external electric field which allows sem
conducting tubes to be used as the channel of field-ef
transistors~FETs!. Several groups have demonstrated su
functional FETs.1–3 The current through the NT has bee
found to be maximized at a negative gate bias, indicating
the NTs behave asp-type semiconductors, despite the fa
that the tubes have not been intentionally doped. The
tailed shape of the source–drain current versus gate vol
curves varies somewhat from experiment to experiment,
switching occurs over a relatively broad voltage range du
complications arising from charged traps and ‘‘mob
charges’’ in the gate dielectric.4 As for the origin of the
p-type character, a number of interpretations have been
posed, including interaction with the metal electrodes,1 im-
purities and defects introduced during synthesis
processing,2 or interaction with atmospheric oxygen.5

So far, the NT segments used in the FET experime
have been relatively long, in the order of several hundred
to a micron. However, the process of device miniaturizat
aims primarily at reducing the channel length. The quest
then arises if short nanotube devices can preserve the o
tional characteristics of long devices.

Here, we use Green’s function techniques to theor
cally model nanotube FETs and address some of thes
sues. Specifically, we examine the switching characteris
of both intrinsic andp- andn-doped nanotubes of differen
lengths. The interaction of the nanotubes with the me
~gold! electrodes that generates metal-induced gap st
~MIGS! is studied, along with the role of these states in
switching process, and the extent of the resulting ‘‘meta

a!Electronic mail: rochefor@cerca.umontreal.ca
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zation’’ of the short tubes. Finally, the issue of how short N
FETs can be made is addressed.

Our calculations are performed on segments of semic
ducting ~10,0! nanotubes. The tubes are bonded with th
dangling-bond bearing ends to two gold electrodes.6 Each
electrode is modeled by a layer of 22 gold atoms in a~111!
crystalline arrangement. We also performed calculatio
with the tubes lying parallel to the gold electrodes. The m
difference between devices with side bonding from tho
with end bonding is a higher contact resistance~several MV
as compared to a few kV!.6,7 The electrical transport proper
ties of the devices were calculated within the Landaue
Büttiker formalism using a Green’s function approach.8,9 The
Green’s functionGNT of the combined electrode–nanotube
electrode system is written in the form

GNT5@ESNT2HNT2S12S2#21, ~1!

where SNT and HNT are the overlap and the Hamiltonia
matrices, respectively, andS1,2 are self-energy terms tha
describe the effect of the electronic structure of the t
leads. The HamiltonianHNT and overlap matrices are dete
mined using the extended Hu¨ckel model withs,px ,py ,pz

orbitals for each carbon atom and ones orbital for each gold
atom@s orbitals dominate the density of states~DOS! of gold
nearEF#. The field of the gate is approximated as a capac
field normal to the NT axis. In this case, the Hamiltoni
HNT can be written as

HNT5H NT
0 1H NT

1 , ~2!

whereH NT
0 is the Hamiltonian of the unperturbed NT an

H NT
1 5eR«. Here,e is the electron charge,R is the position

of the atoms, and«(r ) is the external field.10 Only diagonal
elements of the HamiltonianH NT

1 on the extended Hu¨ckel
1 © 2001 American Institute of Physics
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basis set are taken into account. This approximation assu
that all the charge of the carbon atoms is located at the ce
of the atoms.11 This approximation has been proven to gi
quite accurate results for semiconductors,11 and to reproduce
the trends from first-principles transport calculations on m
lecular species.12 Finally, the transmission functionT(E) is
given by8

T~E!5T215Tr@G2GNTG1G NT
† #, ~3!

whereG1,25 i (S1,22S1,2
† ).

Since, in the experiments, the potential difference
tween the source and drain electrodes is usually very s
~typically, less than 100 meV!, we evaluate the conductanc
at the Fermi energy,G(EF)5@2e2T(EF)#/h.

The main panel in Fig. 1 shows the variation of t
conductance of a 100-Å-long~10,0! NT as a function of the
applied gate field. Figures 2~a! and 2~b! show the corre-
sponding total density of states and the DOS projected on
px andpy components, for positive and negative gate fiel
respectively. The gap of the NT at zero gate field is about
eV as defined by the two peaks at about20.4 eV ~valence-
band edge! and10.4 eV ~conduction-band edge!. Then (p)
doping in Fig. 1 corresponds to the conductance calcula
with the Fermi level located a few meV above~below! the
conduction-~valence-!band edge. In the undoped case t
Fermi level is placed in the middle of the gap. The ballis
limit for a semiconducting tube@T(EF)51# is also indicated
by the horizontal dot line. By increasing the gate field in t
mV/Å range, the C(px) and C(py) derived orbitals are
shifted by the field to higher~lower! energy for negative
~positive! fields ~see Fig. 2!. Therefore, the Fermi leve
crosses states with higher~lower! DOS for then- (p-) doped
NT, with corresponding increase~decrease! in the conduc-
tance. The conductance saturates when it approaches the

FIG. 1. Variation of the transmission of a 100-Å-long~main panel! and a
50-Å-long ~upper-left panel!. ~10,0! semiconducting nanotube~NT! as a
function of the applied field. Squares: undoped NT, open circles:p-doped,
closed circles:n-doped NT. The on/off switching ratio is plotted as a fun
tion of the NT length in the upper-right panel.
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listic regime.13 The modulation of the current~on/off ratio!
achieved with this NT is more than six orders of magnitud
Experimentally, FETs with side-bonding configurations ha
shown on/off ratios of 105.1,2 Recent experiments with end
bonded low-contact-resistance tubes have yielded a rati
106.14

In undoped nanotubes, the DOS is quite symme
around the Fermi level and this should lead to a symme
conductance versus gate field curve. However, Fig. 1 sh
a small asymmetry for small fields. This asymmetry is due
the metal-induced gap states produced by the interactio
the tube with the metal electrodes. This interaction produ
weak DOS features at about20.15 eV which extend up to
about 8 Å away from the contacts. The computed MIG
features correlate very well with gap features observed in
scanning tunneling spectroscopy~STS! of semiconducting
NTs on a gold substrate,15 whose origin was not previously
clarified.

It is important to explore the possible role of the abo
gap states in the current modulation process. In an undo
NT, the Fermi level (EF) will be pinned close to the energ
position of these states. Furthermore, it has been sh
experimentally16 that the band gap of semiconducting tub
does not change significantly down to at least 50 Å s
ments. Figure 3 shows the electronic DOS nearEF of 30-,
50-, and 100-Å-long NTs connected to gold electrodes. C
bon atoms bonded to gold~C–Au! and gold atoms~Au! pro-
vide the main contributions to the gap states. Assuming
small variations can occur in the filling of the MIGS, w
have calculated the conductance by varying the Fermi le

FIG. 2. Effect of~a! positive and~b! negative gate fields on the position o
the valence and conduction bands of a 100 Å~10,0! NT. The total DOS and
projectedpx andpy DOS are plotted as a function of the magnitude of t
electric field.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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across the MIGS energy position. We found that neither
switching behavior of the NT, nor the conductance at z
gate field are strongly affected by the movement ofEF ~see
the inset of Fig. 3!. However, a small asymmetry is induce
in the switching curve where a negatively biased gate
comes less effective in switching. This is because, in
case,EF is scanned through the MIGS which are localized
the vicinity of the contacts, giving a lower transmissio
probability. The ‘‘metallization’’ of a NT segment decreas
with its increasing length: the ratio of the DOS of MIGS
the DOS of the band edges~van Hove singularities! of the
tube is reduced by a factor of 2/3 upon doubling the tu
length~see Fig. 3!. This trend should be valid for other quan
tum wires, and is in agreement with recent first-princip
calculations on Si nanowires.17 We thus conclude that MIGS
do not play a significant role in the operation of NT fiel
effect transistors.

Next, we consider the miniaturization limit of nanotub
FETs. Our calculations and STS measurements16 indicate
that there are no observable finite-size~length! effects on the
band gap of semiconducting NTs down to at least 50
Furthermore, the shift of the energy states of the NTs du
the gate field is independent of the length of the tube beca

FIG. 3. Energy, composition, and relative intensity of the metal-induced
states~MIGS! in the vicinity of Fermi energy for a 30-Å-long~lower panel!,
50-Å-long ~middle panel!, and a 100-Å-long~upper panel! ~10,0! NT ~the
valence- and conduction-band edges are indicated by the down arrows!. The
inset shows the effect of displacing the Fermi level~full line! to the energy
of the MIGS ~dashed line! on the conductance of the 50 Å NT.
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the gate field is perpendicular to the NT axis. As a result,
conductance of the NTs at high gate fields should saturat
approximately the same value, irrespective of the tub
length. Thus, the tube length dependence of the on/off c
rent ratio is determined by the off current. Using this ratio
a measure of how well the FET functions, taking MIGS in
account and assuming that a ratio of 104 is the lowest accept-
able for practical applications, then we can see from Fig. 1~c!
that tubes as short as 50 Å can be used as channels of a
On this scale transport inside the tube is ballistic, there is
energy dissipation except at the contacts, and THz opera
may be possible. These conclusions are not affected by t
perature, since, for small source–drain voltages (<0.1 V)
the off current is proportional to the conductance via a fac
eV/4 kT, which, at room temperature, is of order 1.

In conclusion, we have calculated the switching behav
of intrinsic andn- and p-doped semiconducting nanotube
We have identified the metal-induced gap states and ex
ined their role in the field-induced switching of the tubes. O
the basis of the calculated current modulation, we concl
that NT segments as small as 50 Å can produce functio
transistors.

1S. J. Tans, A. R. M. Verschueren, and C. Dekker, Nature~London! 393,
49 ~1998!.

2R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and Ph. Avouris, Appl. Ph
Lett. 73, 2447~1998!.

3C. Zhou, J. Kong, and H. Dai, Appl. Phys. Lett.76, 1597~1999!.
4S. M. Sze,Physics of Semiconductor Devices~Wiley, New York, 1981!.
5P. G. Collins, K. Bradley, M. Ishigami, and A. Zettl, Science287, 1801
~2000!.

6A. Rochefort, Ph. Avouris, F. Lesage, and D. R. Salahub, Phys. Rev. B60,
13824~1999!.

7A. Hansson, M. Paulsson, and S. Stafstro¨m, Phys. Rev. B62, 7639~2000!.
8S. Datta,Electronic Transport in Mesoscopic Systems~Cambridge Uni-
versity, Cambridge, U.K., 1995!.

9E. N. Economou,Green’s Functions in Quantum Physics~Springer, New
York, 1983!.

10The field is assumed to be noncentrosymmetric with respect to the
axis, as in the experiments.

11M. Di Ventra and P. Fernandez, Phys. Rev. B56, R12698~1997!; in the
present case, modification of off-diagonal terms in the Hamiltonian du
the external gate field has a small effect on the transmission probabi

12M. Di Ventra, S. T. Pantelides, and N. D. Lang, Appl. Phys. Lett.76, 3448
~2000!.

13If an extra non-Ohmic contact resistance is added to the resistance c
lated with the present coherent approach, the total resistance would
rate to this extra resistance.

14R. Martel and Ph. Avouris~unpublished!.
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