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Ab initio calculations show that the band-gap modulation of semiconducting carbon nanotubes with mono-
vacancy defect can be easily achieved by applying a transverse electric field. We found that the band structures
of the defective carbon nanotubes vary quite differently from that of the perfect nanotube, and strongly depend
on the applied direction of the transverse electric field. A mechanism is proposed to explain the variation of the
band gap, and potential applications of these phenomena are discussed.
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I. INTRODUCTION

Single-walled carbon nanotubes �SWNTs� have emerged
as attractive materials for molecular electronic applications1,2

since their discovery in 1991.3 Depending sensitively on its
diameter and chirality, a SWNT can demonstrate either me-
tallic or semiconducting conduction, suggesting a variety of
electronic applications.4,5 Among them, the SWNT field-
effect transistor �SWNTFET� is a promising candidate for
future electronic devices since the current in SWNTs can be
switched on or off by an external electric field. Several
groups have demonstrated such functional FETs
successfully5–7 and the electronic structures of the SWNTs
under external electric field have been also calculated
theoretically.8–11 Recently, the polarizabilities of SWNTs un-
der an external transverse electric field was calculated by
both Hartree-Fock �HF� and density functional theory �DFT�
to discuss the possibility of using SWNTs as shielding for
nanoelectrical components.12 Most experimental and theoret-
ical investigations have focused on defect-free SWNTs with
perfect honeycomb carbon arrangement, even though several
experimental results have revealed that structural defects are
commonly present in nanotubes.13–15 Theoretical calculations
have shown that structural defects in SWNTs, such as topo-
logical defects, vacancies, and chemical modifications, can
substantially modify their electronic properties.16–23 Re-
cently, with improvement of experimental techniques, direct
observation of the atomic-scale defects in graphene layers
has enabled us to investigate the physical and chemical prop-
erties of defective carbon nanostructures in detail.15,24–28 An
electrochemical process developed by Fan et al.28 to control
these defects makes the design of reliable carbon nanotube
electronic circuits possible. However, experimental charac-
terizations for the role of defects in SWNTFETs are only
beginning to emerge,29 and many theoretical predictions re-
main to be tested. In order to demonstrate the influence of
the atomic defects on the application of SWNTFETs, we
report the band structure of a semiconducting SWNT with
a mono-vacancy defect under a transverse electric field
based on first-principle total energy and electric structure
calculations.

II. MODEL AND CALCULATION METHOD

In order to facilitate the computation, a single-wall �10,0�
nanotube with a mono-vacancy defect was modeled by 8
layers of carbon rings �80 carbon atoms� with one carbon
atom missing to represent the vacancy defect. Systematic
analyses were performed to investigate the variation of the
electronic properties of defected SWNTs, such as band-gap
modification and charge redistribution under a transverse
electric field in various directions. The simulated model was
placed within a tetragonal supercell with the lattice constants
of a, b, and c. The lattice constant a and b were equal to
20 Å to avoid the interaction between two adjacent nano-
tubes. The lattice constant c along the tube axis was taken to
be equal to the one-dimensional lattice parameter of the
nanotube. The nanotube was taken along the z axis and the
circular cross section was lying in the �x ,y� plane. The va-
cancy site of the defective nanotube was chosen to sit on the
+x axis. Density functional theory calculations were per-
formed with the CASTEP code.30 Except where explicitly
mentioned, the typical calculation setting is the following.
The calculations were done with geometry optimization in
generalized gradient approximation �GGA�.31,32 The struc-
ture of the defected nanotube was fully optimized until the
force on each atom during the relaxation was less than
0.005 eV Å−1. The nuclei and core electrons were repre-
sented by ultrasoft pseudopotentials.33

The summation over 1D Brillouin zone with wave vectors
varying only along the tube axis was carried out with k-point
sampling using a Monkhorst-Pack grid.34 The fast-Fourier-
transform �FFT� grid is set to be 90�90�40 and a kinetic
energy cutoff of 240 eV and 12 k points were used along the
z axis to ensure convergence in the calculation. To study the
effect of the transverse electric field on the electronic struc-
ture of the nanotube, the potential generated by the external
electric field along the x �or y� direction �perpendicular to the
tube axis� is modeled as a sawtoothlike potential, i.e.,

Vext�r� = �e�Ex �0 � x � L� , �1�

where E is the magnitude of the external electric field and L
is the size of the supercell, chosen large enough so that the
tube is located at the center of the supercell to avoid discon-
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tinuity at the supercell boundary. This external real-space
potential is conveniently added into the total Kohn-Sham
potential at the stage of constructing exchange-correlation
potential on real-space grids. The validity of using such a
simple implementation of finite electric field for a nonperi-
odic setup was already demonstrated by early density func-
tional calculations,35 which showed that the charge screening
of the external electric field can be well described simply by
changing the slope of the external potential.

III. RESULT AND DISCUSSION

In order to examine the effect of the mono-vacancy defect
on the semiconductor-metal transition of the nanotube, two
more models besides the original defective nanotube were
also tested: a perfect �10,0� nanotube with 80 carbon atoms
and a similar defective �10,0� nanotube but with 119 carbon
atoms. After geometry optimization and band structure cal-
culations with the various strengths of the transverse electric
field in the +x direction, the band gaps of these three nano-
tubes were obtained, and are listed in Table I. For the band-
gap variation of the perfect nanotube, our results share a
similar trend with those obtained by Chen et al.36 However,
some differences exist between our results and theirs. For
example, in low field strength up to 0.375 V/Å, our band
gaps are consistently smaller than theirs. Somehow, in our

results, the decay of the band gap along with the increase of
the field strength is slower than that found in the results of
Chen et al.,36 and therefore the semiconductor-metal transi-
tion in our calculation requires higher field strength
�0.75 V/Å� than that found in their results �0.6 V/Å�. As for
the response of the vacancy-defective nanotubes toward the
transverse electric field, there are two interesting phenomena
observed. First, the semiconductor-metal transition does exist
regardless of the vacancy-defect concentration; however, the
band-gap variations are quite different between the perfect
and vacancy-defective nanotubes, indicating a strong effect
caused by the vacancy defect. Second, the band-gap varia-
tions for the two defective models share a similar trend, even
though the exact values of the band gaps under various
strengths of the external transverse field are different, show-
ing the dependence on the vacancy-defect concentration. We
will elaborate upon these findings later. To facilitate the cal-
culation, we decided to use the 79-atom defective nanotube
as our study model from now on.

The band-gap variation of the defective nanotube under a
transverse electric field with different applied directions was
summarized in Fig. 1. The band gap of the defective nano-
tube is 0.19 eV at the � point of the Brillouin zone, smaller
than that of the corresponding perfect nanotube found in
Table I and also smaller than those found in the previous
calculations.36,37 As in the perfect nanotube under external
transverse electric field, there exists a semiconductor-metal

TABLE I. The band-gap variation of a zigzag �10,0� SWNT under a transverse electric field applied
+x-axis direction.

Field 0 0.125 0.25 0.375 0.5 0.55 0.6 0.65 0.7 0.75

Aa 0.67 0.67 0.65 0.63 0.56 0.55 0.54 0.41 0.21 0.00

B 0.19 0.25 0.31 0.37 0.36 0.34 0.31 0.28 0.21 0.00

C 0.30 0.35 0.40 0.45 0.48 0.49 0.50 0.42 0.38 0.09

aThe first row is the applied field strength +x direction with unit as V/Å. The rows A, B, and C are the band
gaps under a given field strength for the 80-atom perfect, 79-atom defective, and 119-atom defective nano-
tubes. The unit of the bandgap is electron volts.

FIG. 1. The variation of the band gap for the
defective �10,0� nanotube with 79 carbon atoms
under a transverse electric field applied in three
different directions, +x-axis, −x-axis, and y-axis,
where the triangles represent the electric field in
+x axis, squares are in +y axis, and circles are in
−x axis. The inset plot is its optimized structure
where A, B, and C are the nearest neighbors to
the vacancy site.
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transition when the transverse electric field strength reaches a
certain value for all the simulated models. However, the
variations of the band gaps along with the strength of the
transverse electric field are quite different among them. Un-
like the band gap of the perfect nanotube which decreases
monotonously with the increase of the field strength before
reaching the semiconductor-metal transition,36 that of the de-
fective nanotube, along with the increase of the field
strength, can either increase first and later decrease, or first
hold almost constant and then decrease, or decrease monoto-
nously before reaching the semiconductor-metal transition. It
is interesting to note that the critical field strengths to reach
semiconductor-metal transition are also different among the
different applied directions. For the +x- and +y-axis fields,
the transition strengths are the same, 0.75 V/Å, while that in
the −x-axis field, which is a negative electric field compared
to the +x-axis field, is around 0.50 V/Å instead. Obviously,
the above phenomena indicate that the electric properties of
the defective nanotube strongly depend on the applied direc-
tion of the transverse electric field. The underlying mecha-
nisms for band-gap shrinkage could be very complicated. In
order to elucidate the physics governing the band-gap shrink-
ages of the defective nanotube in various directions of the
external field, we analyzed their band structures, partial/
projected density of state �PDOS�, and the charge densities
of the valence band maximum �VBM� and conduction band
minimum �CBM� states. The VBM state is mostly contrib-
uted by Px and Py orbitals for all the simulated models, simi-
lar to that found in the corresponding perfect nanotube �see
Fig. 2�b� for detail�. As shown in Fig. 2�a� and Fig. 3, we
found that, without the external electric field, the CBM state
of the defective nanotube is mostly composed of the Pz or-
bitals, acting like a doped state, contributed predominantly
by the three carbon atoms around the defect site, and the
state immediately lying above those Pz orbitals is the lowest
conduction �* state, the CBM state for the perfect nanotube.
From now on, we denote this state as the Pz-orbital state.
This explains the reason why the band gap of the defective
nanotube is smaller than that of the corresponding perfect
one. From the band structures of the defective nanotube un-
perturbed and under an external electric field as shown in
Fig. 4, we found the Pz-orbital state shows an upward shift
with a +x-axis field, but remains almost unchanged with the
increase of the field strength from the +y axis. However, a
downward shift is found with a −x-axis field. It indicates that

the Pz-orbital state is strongly influenced by the direction of
the charge polarization caused by the external electric field.
Similar to those found in the previous studies for the perfect
nanotubes,36 the conduction �* states also show a downward
shift as the field strength increases no matter of the applied
direction, as shown in Figs. 4�b� and 4�c�.

Through the shift of those states mentioned above caused
by the external electric field, we construct the underlying
mechanisms of the band-gap shrinkage for the defective
nanotube. The Pz-orbital state and the lowest conduction �*

state move close to each other and eventually cross over,
when the direction of the external electric field is applied
from the +x or +y axis. However, the energy difference be-
tween the Pz-orbital state and the lowest conducting �* state
shrinks more rapidly in the +x-axis field than the +y-axis as
the field strength increases. When the lowest conduction �*

state and the Pz-orbital state move close to each other, sub-
band mixing between them becomes more pronounced as the
+x-axis field strength increases beyond 0.4 V/Å �see Fig.
2�c��, and the band gap starts to shrink. As for the +y-axis
external electric field, the subband mixing between the above
states is not pronounced as that found in the +x-axis field
because the field polarization effect in the +y-axis field does
not influence the Pz-orbital state significantly. As the field
strength increases in both the +x-axis and the +y-axis fields,
the lowest conduction �* state eventually replaces the
Pz-orbital state as the CBM state, and the behavior of the
band-gap shrinkage becomes similar to that found in the cor-
responding perfect nanotube after this crossover. However, in
the −x-axis field, the situation is different since the down-
ward shift of the Pz-orbital state makes the semiconductor-
metal transition happen before the subband mixing with the

FIG. 2. The orbital density plots of the defective nanotube. �a�
The unperturbed density of the CBM state, which is composed
mostly of Pz orbitals around the vacancy site. �b� The unperturbed
density of the VBM state, which is composed mostly of Px and Py

orbitals around the vacancy site. �c� The density of the CBM state
under a +x-axis electric field with 0.5 V/Å. The arrow indicates the
direction of the external electric field.

FIG. 3. The total density of state �TDOS� and partial density of
state �PDOS� for the defective nanotube without electric field,
where the dot line represents the TDOS; the black line is the Pz

PDOS of all the carbon atoms; the dashed line presents the Pz

PDOS of the three nearest carbon atoms around the vacancy site;
and the vertical line represents the Fermi level.
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lowest conduction �* state can take place. It is the reason
why its critical field strength of the semiconductor-metal
transition is shorter than that found in the other two models.

From our results, a general trend of the band-gap shrinkage
for a semiconducting nanotube with a mono-vacancy defect
under a transverse electric field can be obtained. When a

FIG. 4. The band structures of the defective nanotube under a transverse electric field, where the dashed lines represent the Fermi level.
�a� The unperturbed band structure. �b� The band structure of the defective nanotube under a +x-axis electric field with 0.5 V/Å. �c� The
band structure of the defective nanotube under a y-axis electric field with 0.5 V/Å. The energy difference between the lowest and second
lowest conducting bands shrinks more rapidly in the +x-axis than in the y-axis.

TIEN et al. PHYSICAL REVIEW B 72, 245417 �2005�

245417-4



nanotube with the above characteristics is rotated in an ex-
ternal electric field with the setting similar to the simulated
model, its band gap will vary and the maximum and mini-
mum values of the band gap will be found when the direction
of the applied field is corresponding to the +x axis and −x
axis in our study, respectively, provided the field strength is
not too high.

With the above knowledge, one can modulate the band
gap of a semiconducting nanotube with vacancy defects
within a certain range by changing the field strength and
direction of the transverse electric field for specific applica-
tions. Another important application is that one can deter-
mine the existence of vacancy defects in a semiconducting
nanotube by simply rotating the nanotube in a transverse
electric field. Besides, if the band gap varies according to the
direction of the external electric field, the direction with the
maximum of the band gap will be the direction of the nano-
tube where the possible vacancy sites reside.

IV. CONCLUSION

We have demonstrated successfully that a zigzag �10,0�
SWNT with a mono-vacancy defect responds quite differ-
ently toward a transverse electric field with different applied
directions. The defect site of the defective nanotube provides
a CBM with lower energy than that found in the correspond-

ing perfect nanotube. The response of the Pz-orbital state,
contributed mostly by the nearest carbon atoms to the va-
cancy site, toward the different applied directions of an ex-
ternal electric field is the main reason for the difference of
the band-gap variations for the nanotubes with vacancy de-
fects. Our results indicate that the band gap can be modu-
lated by rotating a semiconducting nanotube with a mono-
vacancy defect under a transverse electric field with various
field strengths. With large field strength, the band-gap varia-
tion becomes similar to that found in the corresponding per-
fect nanotubes. If one rotates a mono-vacancy nanotube un-
der a transverse electric field, the minimum and maximum of
the band gap can indicate possible locations of the vacancy
sites. This also provides some flexibility to select a suitable
band gap for some specific applications since the band gap
can increase or decrease depending on the direction and
strength of the transverse electric field.
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