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The electronic structures and optical properties of GaN nanotubes are studied by using density functional
theory with the generalized gradient approximation. Our calculations find that the threefold-coordinated N and
Ga atoms at lateral facets in a GaN nanotube give rise to defect states near the top of valence band and the
bottom of conduction band, respectively. Moreover, the calculated imaginary parts of dielectric functions, �2,
show two significant peaks that, respectively, originate from the surface atoms and the bulk atoms. We find that
the former peak shows a redshift and the latter shows a blueshift with respect to the major peak in the �2 curve
of a wurtzite GaN. It is observed from the �2 curves that, as the thickness of GaN nanotubes increases, the
intensity of the peak associated with the threefold-coordinated atoms decreases, while that associated with the
bulk atoms is enhanced relatively. When the thickness of a GaN nanotube is large enough, the former peak
vanishes nearly and the latter one tends to the case of a wurtzite GaN. We therefore predict that the absorption
spectra of realistic GaN nanotubes with large thickness are most probably associated with the electronic states
of the bulk portions of the tubes.
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I. INTRODUCTION

So far, scientists have revealed that the electronic proper-
ties of a single-walled carbon nanotube �SWNT� are sensi-
tively dependent on its radius and chirality.1–4 For a multi-
walled carbon nanotube �MWNT�, however, owing to the
very weak interaction between the adjacent coaxial SWNT’s,
the electronic properties rely upon the individual coaxial
SWNT’s in it predominantly.5–7 So the thickness of a MWNT
is not a critical factor subject to its intrinsic electronic struc-
tures. However, the thickness of a single-crystal nanotube
with periodic structure along its axial direction and finite
crystal in its radial direction plays a significant role in the
electronic and optical properties. For example, recent experi-
ment found8 that the optical spectra of single-crystal GaN
nanotubes exhibit a blueshift slightly relative to that of bulk
GaN. Such a blueshift basically results from the surface ef-
fect and/or quantum-size effect related to the thickness of the
single-crystal GaN nanotubes.

On the other hand, the emissions ranging from 360 nm
to 375 nm observed in the optical spectra8 all originated
from the band edge; no midgap emission has been observed
for synthesized single-crystal GaN nanotubes yet. This find-
ing shows that atoms in surfaces of single-crystal GaN nano-
tubes do not cause any midgap state probably. Essentially,
these phenomena are associated with the bonding characters
of the atoms at the surfaces of the tubes. Therefore, to un-
derstand the experimental results,8 it is necessary to investi-
gate the atomic structures and the related electronic struc-
tures of GaN nanotubes.

In this paper, we systematically calculate the electronic
structures and the imaginary parts of the dielectric functions
for GaN nanotubes with different thicknesses. We find that
the threefold-coordinated N and Ga atoms at lateral facets in
a tube give rise to defect states at the valence-band edge and
conduction-band edge near the band gap, respectively. More-

over, the calculated �2 curves of the concerned tubes show a
significant size dependence.

II. ATOMIC STRUCTURES OF GaN NANOTUBES

Previously, we proposed an approach to construct single-
crystal GaN nanotubes from wurtzite �WZ� GaN.9 That is, a
hexagonal cylinder with the �0001� axial direction in a
wurtzite GaN is isolated, and then a coaxial hexagonal cyl-
inder with smaller diameter is removed from the isolated
hexagonal cylinder. The residual is a GaN nanotube with
hexagonal cross section. Employing this scheme, in this
work, we generate three GaN nanotubes, which consist of
one, two, and three double atomic layers, respectively. For

these tubes, the lateral facets are all oriented in the �101̄0�
direction. For convenience, the tubes above are, respectively,
named H-1, H-2, and H-3.

The nanotubes generated above are fully optimized by
using the SIESTA code10 with a double-� basis set and gener-
alized gradient approximation �GGA� with Perdew-Burke-
Ernzerhof exchange-correlation functional.11 The lattice con-
stant along the axis of each tube is set to be 5.34 Å. The
number of atoms in each unit cell for the H-1, H-2, and H-3
tubes is 36, 96, and 180, respectively. In addition, 11
K-sampling points in an irreducible Brillouin zone are uti-
lized in our calculations.

Our calculations find that the puckered cross section of
the initial H-1 tube changes into a circle after relaxation
�seen in Fig. 1�a��. This relaxed tube is actually single-
walled, where each atom bonds with its three nearest atoms,
being the same as that reported by Lee et al.12 and Wang
et al.13 For the H-2 tube, optimization results in the breaking
of some Ga-N bonds between the two double layers �Fig.
1�b��, where only a few atoms bridge the two double layers.
These bridging atoms are fourfold coordinated, being analo-
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gous to the atoms in bulk WZ GaN somewhat. For the GaN
nanotube �H-3� with three double layers, the optimal struc-
ture �Fig. 1�c�� is almost the same as its initial one. In this
case, there are many atoms to have the same bonding char-
acter as that of the bulk WZ GaN. So this tube contains more
information of the bulk GaN than the H-2 tube. Additionally,
it is noted that there is a dangling bond on each atom at the
lateral facets for all of the GaN nanotubes. These dangling
bonds should contribute to the electronic structures of the
tubes to some extent.

III. ELECTRONIC PROPERTIES

As a reference, the band structure of a WZ GaN is calcu-
lated first, from which the width of band gap is evaluated to
be about 2.3 eV, being smaller than the experimental value.14

Then, the band structures of the H-1, H-2, and H-3 tubes are
calculated. It is observed that these tubes are all semicon-
ducting, with band gaps of 3.7 eV, 2.8 eV, and 2.5 eV, re-
spectively. These band gaps are larger than that of the WZ
GaN. Such a semiconducting feature of the GaN nanotubes
predicted in our calculations is consistent with recent theo-
retical calculations.13 It is noted that the calculated band gap
decreases as the thickness of the GaN nanotube increases,
showing a size effect clearly. Furthermore, that the band gap
becomes narrow mainly results from a downshift of
conduction-band minimum, while the valence-band maxi-
mum seems to be not sensitive to a change of the thickness
of the tube. A similar scenario was observed in the mixed
phase of silicon with different-sized inclusions.15 We empha-
size that our calculations could not find any midgap state in
the band-gap regions of the GaN nanotubes, consistent with
the observation in experiment.8 In order to arrive at a deep
understanding of the features in the band edges near the band
gaps, we compute the total density of states �TDOS� and
partial density of states �PDOS� of representative atoms in
each system, as plotted in Fig. 2. For comparison, the TDOS
and PDOS of the bulk GaN are also calculated and the ob-
tained PDOS shows that the edges of the valence and con-
duction bands near the band gap characterize a hybridization
of atomic orbitals from the Ga and N atoms �Fig. 2�a��.
Moreover, the major components in the top of the valence
band are contributed from the N atoms, whereas those in the
edge of the conduction band are mainly from the Ga atoms.

The calculated TDOS of the H-1 tube �Fig. 2�b�� is dis-
tinct from that of a bulk WZ GaN. There is a sharp peak �S2�
at about 3.5 eV above the Fermi energy level. This peak
mainly originates from the threefold-coordinated Ga atoms,
where the components of atomic orbitals located within the
xy plane are predominant �here the axis of a GaN nanotube is
along the z direction�. In contrast, the edge of the valence
band is almost contributed from the N atoms, being the same
as the results reported from the previous work.16

Unlike the case of H-1, the TDOS of the H-2 tube exhibits
a broad peak �S2� at about 4.5 eV above the Fermi energy
level �Fig. 2�c��. This peak shows a heavy mixture of the s,
px, py, and pz orbitals of the Ga atoms. Especially, the
threefold-coordinated Ga atoms attribute their atomic orbit-
als to this state more than the fourfold-coordinated Ga atoms.
In the valence band, there is a peak marked with S1, which
arises mainly from the threefold-coordinated N atoms. Apart
from these states at the band edges, the others in the valence
band are a mixture of electronic states of both fourfold- and
threefold-coordinated atoms. So both S1 and S2 are surface
states. Owing to the atoms arranging in order at the inner and
outer surfaces of the H-3 tube, the surface states arising from
these atoms form subbands within the energy gap.

IV. OPTICAL PROPERTIES

As mentioned above, the GaN nanotubes with different
thicknesses have different electronic densities of states; these
different electronic structures can be reflected by the absorp-
tion spectra. As we know, the imaginary parts of dielectric
functions �2 determine the optical absorption.17 We thus pay
attention to the imaginary parts of dielectric functions for the
GaN nanotubes. Figure 3�d� displays the dispersion of �2 as a
function of photon energy for the bulk WZ GaN from our
calculation, which is comparable to that in the literature.18

Such agreement implies that the imaginary parts of the di-
electric functions evaluated by using the SIESTA package in
present work are reliable.

From Figs. 3�a�–3�c� we find that the calculated �2 of each
GaN nanotube concerned is anisotropic, because the longitu-
dinal component ��2

� � of the calculated �2 is strikingly differ-
ent from the transverse component ��2

��. Now let us focus on
the calculated �2

� curves. For the H-1 tube, a major peak
marked with D is observed above the threshold energy in the
�2

� curve �Fig. 3�a��. This peak is associated with a transition
of electrons from S1 to S2 peaks that are marked in the
TDOS �Fig. 2�b�� of the tube. After the threshold the �2

� de-
creases discontinuously. Such a discontinuous feature stems
from the transition between related peaks in the DOS. When
the tube consists of two double layers �i.e., H-2�, the disper-
sion of �2 is significantly distinct from that of the H-1 tube.
There are two peaks labeled with D and B in the �2

� curve
�Fig. 3�b��. The peak D corresponds to the transition of elec-
trons between S1 and S2 peaks in the TDOS �Fig. 2�c��, and
B corresponds to the transition between B1 and B2 peaks in
the TDOS �Fig. 2�c��. Combining this observation with the
calculated density of states of the related tube, we find that
the electronic states arising from the surface atoms
�threefold-coordinated atoms� and bulk atoms �fourfold-

FIG. 1. �Color online� The structural models of GaN nanotubes
with hexagonal cross section. �a�, �b�, and �c� represent the GaN
nanotubes with one, two, and three double atomic layers, respec-
tively. The large balls �in green blue� stand for the Ga atoms and the
small balls �in blue� for the N atoms.
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coordinated atoms� attribute to the peak D �9.58 eV� and
peak B �7.94 eV�, respectively. For the case of the H-3 tube,
there are two main peaks at 4.23 eV and 7.46 eV �Fig. 3�c��.
The first peak corresponds to the transition between S1 and
S2 peaks �Fig. 2�d�� originating from the threefold-
coordinated N and Ga atoms, whereas the second corre-
sponds to the transition between B1 and B2 peaks originating
from the fourfold-coordinated N and Ga atoms. Interestingly,
from Figs. 3�a�–3�c�, it is found that, as the ratios of the
threefold-coordinated atoms to the fourfold-coordinated at-
oms decrease �e.g., from the H-2 tube to the H-3 tube�, the
intensity of the peak D decreases with respect to the intensity
of the peak B. Moreover, although a redshift of the peak B is
observed as the thickness of the tube increases, the central
position of this peak is still on the higher energy side relative
to the major peak B in the �2 curve of the bulk WZ GaN

�seen in Fig. 3�d��. Thus, one can speculate that when the
thickness of a GaN nanotube is large enough, the peak B will
approach the case of the bulk WZ GaN and the intensity of
peak D arising from the surface atoms will decrease largely.
Note that the thickness of the single-crystal GaN nanotubes
synthesized in experiment ranges from 5 to 50 nm �Ref. 8�;
the intensity of peak D for a realistic GaN nanotube should
be very tiny. Therefore, we predict that the absorption spec-
trum of a realistic GaN nanotube with large thickness most
probably originates from the bulk portion not from the sur-
face. On the other hand, when the thickness of a GaN nano-
tube is not large enough, the feature of thickness-dependent
�2 as mentioned above clues us to tailor the optical property
of GaN nanotubes through controlling the thickness and lat-
eral facets of the tubes. Such a thickness effect was also
discussed in the case of the Cr-doped GaN nanotubes.13

FIG. 2. The calculated density of states for �a� bulk WZ GaN, �b� H-1 tube, �c� H-2 tube, and �d� H-3 tube. Solid lines stand for the s
states, dotted lines for the px states, dashed lines for the py states, and long-dashed lines for the pz states. The Fermi energy levels Ef are all
shifted to be 0 eV. Ga3, Ga4, N3, and N4 stand for the threefold- and fourfold-coordinated Ga and N atoms, respectively.

SIZE-DEPENDENT ELECTRONIC AND OPTICAL… PHYSICAL REVIEW B 74, 245402 �2006�

245402-3



V. SUMMARY

The electronic structures and optical properties of the con-
cerned GaN nanotubes are studied by using the density func-
tional theory with the generalized gradient approximation.
We find that the threefold-coordinated N and Ga atoms at
lateral facets in a tube with hexagonal cross section give rise
to surface states at both valence-band edge and conduction-
band edge in the energy band, respectively. Our calculations
also show two significant peaks in the �2 curves; these peaks
originate from the surface atoms and bulk atoms, respec-
tively. Moreover, the positions as well as the relative inten-
sities of the �2 peaks are dependent on the thickness of the
GaN nanotube, showing the size effect of single-crystal GaN
nanotubes.
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FIG. 3. The calculated imaginary parts of the dielectric func-
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