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ABSTRACT

Novel type of a field effect transistor (FET) is de-
scribed. A metallic channel of a metallic nanotube FET
is proposed to be switched ON/OFF by applying elec-
tric fields of a local gate. Very inhomogeneous electric
fields may lower the nanotube symmetry and open a
band gap, as shown by tight–binding calculations.
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1 INTRODUCTION

Field effect transistors in current use are mostly semi-
conductor devices [1]. While the scaling trend to ever
smaller dimensions calls for ever higher doping and chan-
nel conductance of these devices [2], the doping level is
limited by the nature of a metallic state. A high con-
ductivity in bulk metallic systems inevitably prevents
the penetration of the electric field except for extremely
short distances, too short to achieve device function.

In this paper we put forward a concept for a novel
transistor with a metallic channel. We model a new
mechanism to control electronic transport in metallic
one dimensional (1D) systems by use of the inhomoge-
neous electric field induced by a highly localized gate
such as an STM tip or a nanotube tip [3]. Also, ul-
tra narrow leads [4], fabricated closely to the nanotube
channel, special chemical function groups [5] at the tube
sidewalls or inside the tube may be used as a local gate.
We notice that use of a dual gate (both local and back-
gate) may be beneficial because of the uniform backgate
controls the Fermi level (charge density) while the local
gate controls the conductivity and switches OFF/ON
the channel. The weak screening of electric potentials
in 1D channels enhances effect of the electric fields. In
a subsequent article [6] we discuss that the highly local-
ized gate induces a high electric field in a narrow region
and impedes the electron transport.

The key effect which is employed for metallic field ef-
fect transistors (METFET’s) is the symmetry breaking.
The electronic structure of an armchair metallic single
wall nanotube (M–SWNT) is robust to perturbations
that have a long range potential. In contrast, inhomo-
geneous electric fields have short range and may lead to

the opening of a band gap in carbon nanotubes due to
lowering of the symmetry of the band structure. The
possibility to open a band gap by use of inhomogeneous
electric fields and the high (ballistic) conductance of the
armchair M–SWNTs make them a suitable material to
design METFET’s.

In this paper we focus on the mechanisms for the
band gap opening and discuss the physics of this ef-
fect. (For more details on applications of the effect in
a METFET we refer a reader to Ref. [6].) We use a
tight-binding approximation (TBA) to study the band-
structure of the metallic nanotube. It is well known that
for the SWNT which has a moderate curvature the one–
band TBA captures most of features of the band struc-
ture. Thus we include in the calculation only one orbit
per carbon atom and use one–parameter TB Hamilto-
nian with a hopping integral γ � 2.7 eV.

We propose two main mechanisms for the local band
gap opening in the SWNT: (i) the non-linear Stark effect
and (ii) the band-structure modulation by a very non-
uniform (multipole) electric field. We notice that other
possible mechanisms are thought which may include a
combination of an electric field and other perturbation
potential, such as molecular/atomic environment (tube
wrapping or decoration, for example), deformation or
NT–lattice effects. The latter has been already demon-
strated to be an effective mechanism for the gap opening
in the ropes of armchair SWNTs [7].

The action of the transistor device is based on the
gap opening in the following way: the gated region of the
channel (with the semiconductor band gap at non zero
gate voltage) represents a barrier for charge carriers.
The barrier height and length can be modulated by the
gate voltage. The transport through the gated region
is due to (1) tunnelling and (2) thermionic emission at
non zero temperature. We consider examples of typical
armchair tubes: [10,10] SWNT of 1.4 nm diameter and
[5,5] SWNT of 0.7 nm diameter. The gap is larger for
smaller tubes as we will show below.

2 ARMCHAIR NANOTUBES

Use of metallic SWNT’s to realize the possibility of
1D METFET’s is appealing not only because of the ex-
tremely small size of the tube, but also for other rea-
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Figure 1: Bandstructure of armchair [10,10] M–SWNT.
Upper right Inset shows zoom view of the Fermi point
with opening of a gap due to high–multipole perturba-
tion as described in the text. Lower left Inset shows how
this gap grows linearly with applied potential.

sons, for example high (ballistic) conductance. IBM re-
searchers have enunciated the vision of combining metal-
lic and semiconducting nanotubes (M–SWNT’s and S–
SWNT’s) in circuits [8–11]. The S–SWNT’s would serve
as active devices and the M–SWNT’s as interconnects
(also proposed by NASA group for conventional devices
[12]) . Here we add a possibility to also use the metal-
lic tubes as transistors which would be advantageous for
various reasons including their high current capacity and
conductance. The METFET will add to the predomi-
nantly p-type S–SWNT’s an ambipolar device without
using extra doping and/or complicated control on a con-
tact work function. The METFET could be combined
to circuits in analogy to CMOS.

Armchair M–SWNT’s have also the advantage of a
low phonon scattering-rate [13] and an equally low rate
of scattering by impurities with a long range potential
[14,15]. This follows from a special symmetry (selection
rules) applicable to the transitions between the closest
subbands of the armchair SWNT’s.

The wave-function of the electron in a conduction
band can be written as a product of an envelope func-
tion and an amplitude in a unit cell. Each unit cell
consists of two atoms (of different sublattices). Thus,
the amplitude has two components, which are often re-
ferred as components of a pseudospinor in the nanotube
literature. The pseudospin has the opposite sign, ±1,
for states of the valence and conduction band. The cor-
responding TB wave function is given by:

〈�r|ψm,k,ζ〉 =
eikzeimα

√
2πL

〈�r − �RI |ϕ〉 + ζcmk〈�r − �RII |ϕ〉√
2

,

(1)

here cmk is to be found as an eigenvector of the TB
Hamiltonian; the index m stays for an angular momen-
tum of the electron and labels orbital subbands; k is
a longitudinal momentum; ζ = ±1 is the pseudospin.
The components of the pseudospinor vector are atomic-
like wave functions, defined in the unit cell, ϕI/II . The
electron is considered at the surface of a cylinder. Its
coordinates (�r) are z, and α, along the tube axis and
along the tube circumference respectively. Here R is
the nanotube radius and L is the length of the tube.

The two (closest) crossing subbands are shown in
Fig.1 as bold green and blue curves. Other subbands
of orbital quantization are shown in color from red to
blue (from top to bottom in conduction band) and cor-
respond to m = 0, 1 . . . 9. Two closest subbands, A and
B (blue and green) have m = 10, but the pseudospin has
opposite sign. Hence, the pseudospinor overlap integrals
of the states of these subbands are zero [16].

A common approximation of solid state theory is,
that the spatial variation of any long range external po-
tential is small at the scale of a unit cell (effective mass
theorem). Thus, the matrix element of the potential is a
product of the unit cell overlap integral and the Fourier
component of the potential: 〈ψ|U |ψ〉 = 〈ϕ|ϕ〉Uq. It
is evident that this approximation leads to a zero mix-
ing/scattering between two closest subbands of the arm-
chair tube as 〈ϕ|ϕ〉 ≡ 0 and is suggestive for ballistic
transport in the armchair SWNT channel [17]. Thus,
the ideal armchair SWNT is a great candidate for a
1D METFET as its conductance in the ON state has
to be about 2Go = 2e2/h, 4 times of the conductance
quantum (for 2 spin and 2 space channels), maximum
conductance for a circuit with macroscopic leads [18].

Group theory proves that the direct matrix element
is non–zero if the Fourier transform of the potential
Uq,δm is a full scalar with respect to the rotations of
the symmetry group of the nanotube [16]. This is ful-
filled for δm = s · n, where s = 2, 4, . . . is an positive
even integer and n is the integer appearing in the nota-
tion [n,n] for armchair SWNT’s [19]. Then, the energy
dispersion of two new subbands |A ± B〉 in vicinity of
the Fermi point reads as: E± = ±

√
EA(q)2 + U2

q,δm,.

Here EA(q) = −EB(q) = EB(−q) is the dispersion in
A/B subband at zero gate voltage. At the Fermi point
EA(0) = 0 and, thus, a gap opens:

E(sn)
g = 2|Uq,sn| (2)

This is a direct mixing of the subbands A and B. The
band gap is linear in the applied gate potential (see Inset
in Figure 1). There is no upper limit for the magnitude
of the opened gap in this case (except for a natural con-
dition that the field must not cause an electric break-
down).

The direct mixing of the crossing subbands is tricky
as one needs to break the mirror reflection symmetry
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Figure 2: Band gaps in [10,10] and [5,5] SWNTs for
dipole + quadrupole potential as a function of applied
voltage.

along the tube axis and keep the full symmetry of the
applied potential which requires very high multipole mo-
ment of the potential δm = 2n. Although such potential
may be possibly created by applying the gate voltage to
a chemically modified/decorated surface of the SWNT
(to be discussed elsewhere), this is a challenging prob-
lem for future technology.

However, if only first condition is fulfilled (mirror
symmetry breaking), the gap opens by indirect mixing
of the subbands in a higher order of applied potential.
In particular, by applying a uniform field (dipole com-
ponent of the potential) across the armchair SWNT to-
gether with a higher order (quadrupole) component we
obtained the gap which scales as a third power of the
gate potential. Perturbation theory for nanotubes (sim-
ilar to what was used in [20]) predicts a maximum gap
which depends only on the size of the tube and scales
as R−2 or n−2 (see below).

To prove the gap opening due to this mechanism,
the non–linear Stark mechanism, we consider a number
of armchair SWNTs in the fields with two components:
the dipole and the quadrupole. A simplest realization
of such potential can be given by two tips at the top
and the bottom of the SWNT, which are kept at the
potentials +2Vtip and −Vtip. (Other potentials were
simulated as well and led to similar results.) This po-
tential is also mimic to the potential of a local gate over
the SWNT on the insulating substrate with a dielec-
tric permittivity ε. The image charge in the substrate
is (ε − 1)/(ε + 1) fraction of the tip charge and has the
opposite sign. The results of the calculation for [10,10]
and [5,5] SWNTs are presented in Fig.2.

3 SWITCHING OFF A
QUASI-METALLIC NANOTUBE

While opening the energy gap in the metallic arm-
chair SWNT requires a special symmetry of the gate

potential, the quasi–metallic tubes are best candidates
for band gap engineering. As we already noticed in Ref.
[20], the uniform external electric field applied across
a zigzag quasi–metallic nanotube opens the gap. This
is just due to the Stark effect and, therefore, the gap
is proportional to an interband transition overlap inte-
gral 〈C|V 〉 and to the square of the potential, |V | (cf.
the third power for non–linear Stark effect in armchair
tubes). Though, similarly to the case of the armchair
tube, this gap will close eventually with increasing ex-
ternal potential. Thus, there is a maximum gap opening
which is defined solely by the tube radius E

(c)
g ∼ R−2.

The closing of the opened gap happens with increas-
ing the gate potential when its value is about the dis-
tance between other subbands. Thus, the critical po-
tential is ∼ h̄vF /R, where vF = 3γb/2h̄ is the Fermi
velocity in a M–SWNT, a bond length is b � 0.14 nm.

For the armchair SWNT we go in a high order of
the perturbation theory and at the critical potential the
matrix element of the perturbation cancels with the en-
ergy level separation. As a result the maximum gap
opening is a universal function for armchair and zigzag
nanotubes:

E(c)
g ∼ 〈C|V 〉|V (c)| ∼ h̄vF b

2R2
∝ γ

n2
, (3)

and the maximum gap E
(c)
g is proportional to the square

of the nanotube curvature (1/R)2 (Fig.2) as we also con-
firmed by a numerical calculation in [20].

Even though the maximum gap due to the Stark ef-
fect is small for a quasi–metallic nanotube and thus can
be observed only at low temperature, this gap opening
might be easier to achieve experimentally, e.g., by use of
the inhomogeneous electric field of a tunnelling tip, be-
cause of no special symmetry between closest subbands
as compared to the case of direct subband mixing by
a high–multipole potential. However, the non–armchair
SWNT must also have a lower ON conductance due to
the same argument. A stronger scattering of carriers
happens in this tube, similarly to a S–SWNT [15].

4 FIELD EFFECT MODULATION
OF METALLIC CONDUCTANCE

Any opening of the gate induced semiconductor gap
along the metallic tube will create a potential barrier for
the electrons and, therefore, modulate the conduction.
Figure 3 shows typical IV curves (IVC) for a METFET
using an armchair metallic nanotube of the radius 0.7
nm ([10,10] SWNT) at T =4K, gate width W = 15 nm.
The upper (red) IVC corresponds to a zero gate voltage
(no gap). The channel is fully open and the ON current
is determined by injection from a contact and thus by
the quantum conductance 4Go [18]. With increasing
gate voltage one observes a substantial decrease of the
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Figure 3: Current of a METFET made of an armchair
[10,10] SWNT versus the drain potential at different
gate voltages (at different gaps). The gate width is 15
nm. T = 4K. Curves from top to bottom correspond to
increasing gap from 0 to 0.4 eV (in color: from red to
blue).

current due to the opening of the gap and a depletion of
electrons in this region. The IVC’s correspond to gaps
up to 0.4 eV (blue curve).

In conclusion, we put forward a novel type of elec-
tronic switching device based on carbon nanotubes: a
one–dimensional metallic field effect transistor (1D MET-
FET). We have described band gap opening mechanisms
in the armchair and zigzag metallic SWNT’s. Our cal-
culations demonstrate, at least principle, the possibility
to open a band gap by application of inhomogeneous
electric fields that may be created by special local gates
to break the SWNT symmetry. Two mechanisms of the
symmetry breaking and subsequent gap opening in an
armchair SWNT are outlined: a subband mixing by a
high–multipole potential and a non–linear Stark effect.
A quasi–metallic zigzag SWNT can be also used for the
METFET. In that case the proposed gap opening mech-
anism is the Stark effect (in a low order of a perturbation
theory). Assuming virtually ballistic transport, the IV
curves for the METFET’s are obtained.
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