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This study investigates the electronic properties of finite-length armchair carbon nanotubes in an electric
field (E) using a single-π-band tight-binding model. Three different tip configurations are considered, namely,
open ends with hydrogen terminations (H-terminations), one end capped with half of C60 fullerene and the
other end open with H-terminations, and both ends capped with half of C60 fullerene. In general, the electronic
states and energy gaps of low-energy electronic structures are highly sensitive to changes in the direction and
magnitude of the applied electric field and to the tip configuration. The present results show that the electric
field induces a strong modulation of the state energies and energy gaps of the current nanotubes, changes
their energy spacings, and prompts the occurrence of semiconductor-metal transitions (SMTs). It is found
that the SMTs occur more frequently as the direction of the electric field approaches the symmetry axis or
when its magnitude becomes sufficiently large. The present results also indicate that the Fermi levels and
energy gaps of the three nanotubes considered in this study are strongly influenced by the cap configuration.
Finally, the convergent decay behavior of the energy gap which is observed as the length of the nanotube is
increased is also strongly dependent on the tip configuration.

Since their original discovery in 1991 by Iijima,1 the unique
electronic structures of carbon nanotubes have attracted intensive
experimental2-6 and theoretical7-12 study. The single-walled
carbon nanotube (SWNT) has been the subject of particular
interest since this one-dimensional quantum wire possesses
either metallic, semiconductive, or semimetallic properties
depending on its diameter and chirality.12 Conventionally, the
geometric structure of SWNTs is indicated by a pair of integer
indices (m,n) relating to the wrapping superlattice vector, where
0 e n e m. The geometric features of the SWNT structure are
reflected directly in the physical properties of the nanotube, i.e.,
in its electronic, magnetic, and transport properties, and in its
optical excitation characteristics. SWNTs are employed for a
diverse range of applications, including scanning probes,13

actuators,14 nanoelectronic devices,15-17 and electron field
emission sources.18 Previous studies have shown that the tip
shape of a SWNT has a fundamental influence on its field
emission properties.19,20 For example, a thin nanotube with a
closed cap produces a highly stable emission pattern. However,
a nanotube with an open end generates an indistinct emission
pattern. Therefore, it is desirable to study the fundamental
properties of carbon nanotubes with different end closures in
order to develop a more comprehensive understanding of their
field emission properties.

It has been reported that the electronic structures of infinite-
length carbon nanotubes are strongly affected by the presence
of a uniform electric field (E⊥) oriented perpendicular to the
nanotube axis.21-23 The electric field modifies the low-energy

electronic states of the nanotube and hence modulates the energy
gaps. The carbon nanotubes prepared in laboratories are of a
finite size. For example, the scanning tunneling microscope
(STM) technique has been utilized to produce carbon nanotubes
with a finite length of∼100 Å.24 Finite size effects in carbon
nanotubes have been intensively studied.25-30 However, the
effects of the tip configuration on the electronic structure of
the nanotube under an electric field are less well understood.
Accordingly, the objective of the present study is to investigate
the effects of an electric field on the electronic properties of
finite-length armchair carbon nanotubes with different end cap
configurations.

This study considers (5,5) armchair carbon nanotubes with
three different cap configurations, as described below. Using
the tight-binding approximation, theπ-electronic states of the
(5,5) armchair SWNTs are calculated in accordance with the
nearest-neighbor tight-binding model. The effect of the carbon
nanotube curvature on the coupling between theσ- and
π-electrons is known to be very small and is therefore neglected
in the present calculations.31 In a (5,5) armchair nanotube, the
ideal end closure is that of half of C60 fullerene. This study
considers three different tip configuration types (or boundary
conditions), namely: type I, both ends open with hydrogen
terminations (H-terminations); type II, one end with half of C60

fullerene and the other end open with H-terminations; type III,
both ends with half of C60 fullerene. In the present simulations,
the C-C bond length is assumed to beaC-C = 1.42 Å and
nanotubes of increasing length are modeled simply by increasing
the number of sections (N) along the tube axis. Note that each
section contains 10 carbon atoms for a (5,5) carbon nanotube.
Therefore, the total number of carbon atoms (NC) in the type I,
type II, and type III armchair SWNTs is given by 10N, 10N +
30, and 10N + 60, respectively. The distance between each
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section (L) is L = 1.23 Å. The Hermitian Hamiltonian matrix
is built from the subspace spanned by theNC wave functions
of 2pz orbitals. In the presence of an electric field, the nearest-
neighbor Hamiltonian is given by

whereεi(E) is the unperturbed on-site potential induced by the
electric field,γ0 ) 3.033 eV is the nearest-neighbor hopping
integral, and{ci

+, cj} are creation and annihilation operators.
In performing the current computations, it is convenient to use
rectangular coordinates and to represent the atom position by
(xi, yi, zi), wherei ) 1, 2, 3, ...,NC. Note that the origin of this
coordinate system is located at the center of the nanotube
cylinder. The distance between theith carbon atom and thejth
carbon atom is given by

where∆x ) |xi - xj|, ∆y ) |yi - yj|, and∆z ) |zi - zj|. In the
absence ofE, the Hamiltonian matrix elements are given by

whereδ ) 0.05 Å.
When armchair carbon nanotubes are subjected to an electric

field, their on-site energy is changed. In this study, the electric
field is assumed to be of the formE ) E cosREẑ + E sin REx̂
) E| + E⊥, whereRE is the angle betweenE and the symmetry
axis (ẑ). Note thatE has units ofγ0/Å. Under the influence of
the electric field, the diagonal elements of the Hamiltonian
matrix are changed from zero to

The electronic state energies of finite-length carbon nano-
tubes, which can be obtained by diagonalizing theNC × NC

Hamiltonian matrix, are expressed asEc,V(M,E), whereM ()1,
2, 3, ...,NC) represents the discrete state andc andV correspond
to the unoccupied and occupied states, respectively. Note that
an energy gap (Eg) may exist between the highest occupied state
and the lowest unoccupied state.

This study commences by investigating the electronic struc-
ture of the type I carbon nanotube, in whichNC ) 2000 and
the nanotube length is approximately 24.6 nm. As shown in
Figure 1a, in the absence of an electric field, the type I nanotube
is a gapless metal. The discrete electronic states are symmetric
to the Fermi energy (EF) and are doubly degenerate. However,
when the nanotube encounters a uniform electric field, its
electronic states are strongly modulated. AsE| increases, some
state energies become larger, while others become smaller.
Consequently, state crossings take place, particularly at large
values ofE|. Additionally, the energy gap disappears at certain
magnitudes of the electric field. Furthermore, more electronic
states are grouped into the low-energy regions. AtRE ) 90°,
the electronic structures are barely changed for conditions ofE
< 0.01γ0/Å (not shown). The main reason for this is thatεi-
(E⊥) at E < 0.01γ0/Å is much smaller than the typical hopping
integralγ0. The electronic properties of the nanotube, e.g., the
state energy, energy width, energy gap, and wave function, are
influenced more strongly at large values ofE⊥. Furthermore,
the effects ofE| on the electronic properties are much greater
than those ofE⊥ since the electric potential difference is large

at the symmetry axis. This result clearly reflects the geometric
features of the nanotube, i.e., its length is much larger than its
radius.

In the type II carbon nanotube (Figure 1b), the occupied states
are not symmetric to the unoccupied states at E|, and EF is
changed as a result both of the broken geometric symmetry
along the tube axis and the effect of one end of the nanotube
being closed by a cap with half of C60 fullerene. Compared to
the type I nanotube, the state crossings in the type II nanotube
occur at a smaller magnitude of the electric field. Furthermore,
the state degeneracy is destroyed as a result of the cap effect.
In the type III carbon nanotube, shown in Figure 1c, the
existence of two caps with half of C60 fullerene causes similar
effects, i.e., the state crossings occur at a lower electric field
and the state degeneracy is destroyed. However, the main
difference in the electric-field-dependent electronic properties
of the type II and type III nanotubes are the changes inEF and
Eg at E ) 0. When the magnitude ofE| increases, it becomes
increasingly difficult to study the evolution of the electron states
with the electric field due to the large number of discrete states
which are formed.

To better understand the semiconductor-metal transitions
(SMTs) in the current nanotubes, this study conducts a
systematic investigation into the variation of the energy gap
with the direction and magnitude of the electric field. Figure
2a presents the electric-field-dependent energy gap for the type
I armchair SWNT atE < 0.01γ0/Å. At RE ) 0°, it can be seen
that the energy gap is strongly influenced by the electric field
(indicated by the light solid curve). SMTs occur asE| increases

Figure 1. Electric-field-dependent low-energy states of (5,5) finite-
length carbon nanotube with 200 sections, in which the tip is configured
with (a) two H-terminated ends, (b) one end with half of C60 fullerene
and the other end with H-terminations, and (c) both ends with half of
C60 fullerene atRE ) 0°.

H ) ∑
i

εi(Ε)ci
+ci + ∑

i,j

(-γ0)ci
+cj

∆ij ) x∆x2 + ∆y2 + ∆z2

Hij ) {- γ0 if aC-C - δ e ∆ij e aC-C + δ
0 if others

Hii ) -E cosREzi - E sin RExi
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and take place more frequently at electric fields of higher
magnitude. However, as the electric field deviates from the
symmetry axis, the energy-gap modulation effect becomes
weaker. Therefore, atRE ) 90° (indicated by the heavy dashed
curve), it is observed thatEg is largely unaffected by the electric
field. In other words, the type I SWNT remains metallic at small
values ofE⊥. In general, more SMTs take place at larger values
of E and smaller values ofRE. Similar energy-gap modulations
are found in the type II and type III SWNTs, as shown in parts
b and c of Figure 2, respectively. The effect of the electric field
in type II and type III carbon nanotubes is similar to that in
type I carbon nanotubes. However, in the type II SWNT (Figure
2b), the single cap with half of C60 fullerene induces an energy
gap atE ) 0 and atRE ) 0°, and the SMTs occur at a lower
value ofE| than in type I nanotubes. Compared to the type I
armchair SWNT, the presence of a single end cap prompts a
greater number of SMTs. Figure 2c shows that the type III
armchair SWNT has more SMTs than the type II system as a
result of its two end caps. In general, the results of Figure 2
confirm that the presence of end caps significantly increases
the energy gap modulation. The predicted energy gaps can be
verified by performing STM measurements.5,6,32,33

This study also investigates the length-dependent energy gaps
of the type I, type II, and type III armchair SWNTs. As shown
in Figure 3,Eg decays smoothly with an increasing tube length
(i.e., an increasing number of sections). Furthermore, it is
observed that tubes with 3q - 2, 3q - 1, and 3q sections,
respectively (whereq is an integer), exhibit different energy
gap behaviors with increasing tube length. For the type I

nanotubes (Figure 3a), the value ofEg for the tubes with 3q -
2 and 3q sections, respectively, decreases along the same curve.
By contrast, the tube with 3q - 1 sections is a gapless metal.
For the type II nanotubes (Figure 3b), the tube with 3q - 1
sections has a large energy gap, while the tubes with 3q - 2
and 3q sections have medium and small energy gaps, respec-
tively. The type III nanotubes exhibit a similar behavior to that
of the type II nanotubes, but the value ofEg is smaller. The
tubes with 3q and 3q - 2 sections have large and medium
energy gaps, respectively, while the tube with 3q - 1 sections
has a smaller energy gap. In all three nanotube types,Eg tends
toward zero as the tube length approaches infinity. In general,
Figure 3 reveals that the magnitude ofEg is highly sensitive to
changes in the tip configuration for SWNTs of finite length.

It has been reported that chirality plays an important role in
determining the physical properties of a carbon nanotube.10-12

However, it is not easy to model the tip structures of finite length
carbon nanotubes other than armchair or zigzag CNTs. For (9,0)
zigzag carbon nanotubes, and the (5,5) armchair carbon nano-
tube, the ideal end closure is that of half of C60 fullerene. As
part of this study, the low-energy electric properties of capped
(9,0) tubes were investigated for comparison purposes. The
results showed that the influence of the electric field on low-
energy electronic structures was similar to that reported above
for armchair carbon nanotubes.

In summary, this study has investigated the electronic
properties of three types of finite-length armchair carbon
nanotubes under an electric field. The results have shown that
the electronic states and energy gaps are strongly dependent on

Figure 2. Influence of electric field direction on electric-field-
dependent energy gaps of (5,5) finite-length carbon nanotube with 200
sections, in which the tip is configured with (a) two H-terminated ends,
(b) one end with half of C60 fullerene and the other end with
H-terminations, and (c) both ends with half of C60 fullerene.

Figure 3. Influence of tube length (3q - 2, 3q - 1, and 3q sections)
on converging decay behavior of energy gaps of (5,5) finite-length
carbon nanotubes configured with (a) two H-terminated ends, (b) one
end with half of C60 fullerene and the other end with H-terminations,
and (c) both ends with half of C60 fullerene.
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the direction and magnitude of the electric field and on the
configuration of the nanotube tip. The electric field causes a
strong modulation of the energy gap, generates state crossings,
yields more low-energy states, and changes the state degeneracy.
It has been shown that semiconductor-metal transitions occur
more frequently when the electric field is closer to the symmetric
axis of the nanotube or when the magnitude of the electric field
is sufficiently large. The length-dependent energy gap exhibits
a converging decay, which is sensitive to the tip structure. The
predicted electronic properties can be verified by STM measure-
ment and provide a valuable understanding of the field emission
properties of nanotubes with and without end caps.
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