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We investigate the structure change of semiconducting carbon nanotubes under an external electric field
with density functional theory. It is shown that the shape of the nanotube remains cylindrical and the length of
the nanotube is also the same, even under a strong electric field. The only change observed is the diameter of
the nanotube. It increases along with the increase of the applied electric field.
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Since the discovery of carbon nanotubes in 1991," in-
tense research interest has been focused on their remarkable
properties, such as high mechanical stiffness and strength.” A
single-walled carbon nanotube (SWNT) can be metallic,
semiconducting or semimetallic, depending on its chirality.’
Utilization of these properties has led to several important ap-
plications such as scanning probes,*” electron field emission
sources,® and nanoelectronic devices.”” One of the most im-
portant findings of SWNT research is that the current in semi-
conducting single-walled carbon nanotubes (s-SWNTs) can
be switched by an external electric field, which allows these
s-SWNTs to be used as a channel of field-effect transistors
(FETs).” Several groups have demonstrated such functional
FETs successfully’'! and encouraged calculations of their
electronic structures such as energy bands, density of states,
etc., which have been accomplished, and now an extensive
literature exists.'? The electronic structures of these s-SWNTs
under an external electric field have been also calculated the-
oretically."'* So far, the previous theoretical studies focus
on electronic structure change of the s-SWNTs under an ex-
ternal electric field. However, their atomic displacements
generated by the electric field effect will definitely influ-
ences their electronic structures. The question then arises of
what the magnitude of these atomic displacements will be
when the switching voltage is applied. Here, we employ ab
initio quantum calculations to model s-SWNT and address
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some of these issues.

In this study, we considered a single-wall (10,0) nano-
tube, modeled by 8 layers of carbon rings (80 carbon atoms)
along the tube axis with a periodical boundary condition. In
order to facilitate the computation, we place the zigzag (10,0)
nanotube in the center of a rectangular unit cell with the tube
axis along the ¢ axis. The cell dimensions are a=5b=20 A and
¢ =8.2579 A. Density functional theory calculations were
performed with CASTEP 4.2 code.'®'” Except where explic-
itly mentioned, the typical calculation setting is as follows.
The calculations were done with geometry optimization in a
generalized gradient approximation (GGA)'*'? in an IBM
P690 with 32 CPUs. A constant external electric field is ap-
plied to the tube from the direction of the a axis. All the ele-
ments of the unit cell are movable except the shape of the cell
and the length of @ and b axes. The fast-fourier-transform
(FFT) grid is set to be 90 x 90 x 36 and we expand the valence
electronic wavefunctions in plane waves up to 240 eV cut-
off. The nuclei and core electrons are represented by ultrasoft
pseudopotentials. Besides the valence bands, we have added
12 extra bands to represent the conduction bands. In order to
simulate the s-SWNT under an external electric field, we add
an electric potential to the unit cell in the Hamiltonian. The
magnitude of the potential linearly decreases from the 10 A
of a axis to -10 A so that the nanotube in the center feels the
constant electric field with preset voltage from the direction
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Table 1. The Band Gap and the Diameter of the Zigzag (10,0) Nanotube under Various

External Electric Fields

External field (V) Gap (eV) Diameter (A) *Change in diameter (A)
0 0.4 7.926 0

5 0.4 7.936 0.010

10 0.4 7.966 0.040

15 0 8.108 0.182

25 0 8.246 0.320

* The fourth column is generated by subtracting the diameter under the external electric field

from the unperturbed diameter.

of the a axis only.

We performed geometry optimization calculation on a
zigzag (10,0) nanotube with an external electric field ranging
from 0 to 25 volts. The results are summarized in Table 1.
From Table 1, it can be understood that the band gap is
switched off when the external electric field is somewhere
between 10 to 15 V in our calculation. Before the band gap is
diminished, the gap remains constant at about 0.4 eV. This
value is different from the result found in Reference 13; the
band gap of the unperturbed (10,0) nanotube is reported as
0.8 eV. The band structures of the tube unperturbed and under
external electric field with 15 V are shown in Fig. 1 for com-
parison. Interesting phenomena are observed during the pro-
cess of calculations. Unlike intuitive prediction, there is no
obvious distortion in the shape of the nanotube and it remains
cylindrical even though we applied the electric field only
from the a axis (see Fig. 2 for detail). The length of the ¢ axis
also remains the same as that in the unperturbed one, but there
is a slight change in the diameter of the nanotube when the
electric field is applied. We found that the diameter of the
tube increases as the electric field is applied, and the magni-
tude of the diameter increase becomes larger as the electric
field increases.

In conclusion, we have demonstrated successfully us-
ing the DFT method, in particular the first time in CASTEP
code, to study the optimal structure of a zigzag (10,0) nano-
tube under an external electric field. The results show that the
shape of the nanotube remains cylindrical and the length of
the nanotube also remains the same under the external elec-
tric field. The only change observed is the diameter of the
nanotube. It increases along with the increase of the applied
electric field. The applied electric gradient in this report is in-
deed too large to be realized in a laboratory. With available
technology, the electric field, at most, reaches above. 1.7
MV/cm.'" Recently IBM developed p-type and n-type car-
bon-nanotube field-effect transistors, wherein the gate and
nanotubes were separated by about 150 nanometers, which
are comparable to traditional silicon dioxide of field-effect

transistors.'' Now there is a lot of effort devoted to shrinking
the gate oxide of carbon-nanotube field-effect transistors to 2
nm, and the electric gradient of magnitude used in our calcu-
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Fig. 1. The band structures of a zigzag (10,0) nano-
tube. (a) The band structure of the nanotube un-
der electric field with 15 V. The zero of band
energy indicates the fermi level. (b) The unper-
turbed band structure.
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