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Electronic and optical properties of single-walled zinc oxide (ZnO) nanotubes are investigated from the first-

principles calculations. Electronic structure calculations show that ZnO nanotubes are all direct band gap semicon-

ducting nanotubes and the band gaps are relatively insensitive to the diameter and chirality of tubes. The origin of

the common electronic band gaps of ZnO nanotubes is explained in terms of band-folding from the two-dimensional

band structure of graphite-like sheet. Moreover, the optical properties such as dielectric function and energy loss func-

tion spectra of different ZnO nanotubes are very similar, relatively independent of diameter and chirality of tubes.

The calculated dielectric function and loss function spectra show a moderate optical anisotropy with respect to light

polarization.
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1. Introduction

Zn0O has attracted extensive attention because
of its electron mobility, wide band gap, and large
exciton binding energy. ZnO nanostructures such
as nanowires, nanotubes, and nanobelts are promis-
ing building blocks for optical, electronic, and chem-

[1-4 Several synthetic routes

ical sensing devices.
have yielded multiwalled ZnO nanotubes.>=9 These
tubes are 20-450nm in diameter and have a wall
thickness range of 4-100nm. Though single-walled
ZnO nanotubes (SWZONTs) have not been reported
experimentally, the ZnO graphitic-like monolayers
which could be rolled into SWZONTSs is revealed
by using surface x-ray diffraction and scanning tun-
nelling microscopy.['?) The stability and the elec-
tronic structure of SWZONTs have been studied
theoretically.l'' =15 Tu and Hul'') and Wang et all'?!
predicted that the tubes could be fabricated under
some experimental conditions. Wang et al(**] and Xu
et all'¥l showed that all SWZONTSs were direct band
gap semiconducting nanotubes with relatively uniform
band gaps. But origin of the common electronic band

nanotubes, first-principles calculations, optical constants

gaps is still unknown. Here we explain the uniform
electronic gaps of SWZONTSs by using the method of
Brillouin zone foldings and show a systematic investi-
gation of the optical properties for SWZONTs.

2. Theoretical method

The plane wave pseudopotential method in the
generalized gradient approximation'® is used in our
ab initio total energy calculations.'” We choose ultra-
soft pseudopotentials'®! for all the atoms and a cut-
off energy of 400eV. The Brillouin zone integration
is performed within the Monkhorst-Pack scheme.!'!
Periodical boundary condition along the tube axis is
employed for ZnO nanotubes with a vacuum region
(1nm) between tubes. The ideal nanotubes were con-
structed by rolling up a ZnO graphitic sheet.['!] Their
atomic positions and lattice constants were then fully
relaxed by a conjugate gradient technique. Theoret-
ical equilibrium nanotube structures were obtained
when the forces acting on all the atoms and the uniax-
ial stress tensor were less than 0.5 eV /nm and 0.1 GPa,
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respectively.

3. Electronic band gaps of ZnO

nanotubes

The energy bands of armchair, zigzag, and chi-
ral ZnO nanotubes studied here are shown in Fig.1.
Only representative ZnO nanotubes of each type of
ZnO nanotubes, namely, (5,5) armchair, (9,0) zigzag,
(2,8) chiral nanotubes are selected for display. All
the calculated band structures of ZnO nanotubes are
semiconducting with a direct band gap at I point in
the Brillouin zone (Fig.1). The diameter and the chi-
rality dependences of band gaps are investigated for
ZnO nanotubes, and results are presented in Table 1.
All of the ZnO nanotubes have a direct band gap of
about 1.8eV at I' point, which is comparable with the
band gap of ZnO graphite sheet. Note that the band
gaps are significantly underestimated by the density
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Fig.1. Band structures of (a) armchair (5,5), (b) zigzag

(9,0), and chiral (2,8) ZnO nanotubes.

Table 1. Diameter D, relaxed lattice constant 7" and
band gap A of ZnO nanotubes.

tubes D/nm T /nm AfeV
(4, 4) 0.7256 0.326 1.81
(5, 5) 0.9023 0.326 1.84
(6, 6) 1.0859 0.324 1.81
(7, 7) 1.2560 0.326 1.86
9,9) 1.6197 0.325 1.85
(11,11) 1.9786 0.325 1.86
(5, 0) 0.5367 0.556 1.85
(6, 0) 0.6419 0.558 1.81
(9, 0) 0.9459 0.561 1.81
(10, 0) 1.0517 0.561 1.81
(12, 0) 1.2566 0.562 1.82
(14,0) 1.4676 0.561 1.82
(2,8) 0.9542 0.860 1.84

functional theory (DFT). The band gaps of ZnO nan-
otubes are relatively insensitive to the diameter and
the chirality of tubes. This behaviour is quite differ-
ent from those of C,2% BN, GaN[??l and SiC[*3]
nanotubes. The uniform electronic gaps of ZnO nan-
otubes may be related to the two-dimensional band
structure of ZnO graphite-like sheet.

Figure 2(a) shows the band structures of ZnO
graphitic sheet. One can see that the band of graphitic
sheet has a direct band gap of about 1.86eV at I
point in the Brillouin zone. The energy of the second
highest occupied state at K point is 0.8 eV lower than
that of the highest occupied state at I" point. The en-
ergy of the second lowest unoccupied state at I" point
is 2.8eV higher than that of the lowest unoccupied
state at I' point. This is different from those of a
graphitic carbon sheet and a graphitic BN sheet. For a
graphitic carbon sheet, the bonding and the antibond-
ing m bands are degenerate at the K point. The energy
band gap of carbon sheet is 0eV. For a graphitic BN
sheet, it has an indirect gap of about 4eV with the
highest occupied state at K point and the lowest un-
occupied state at M point.?!) The difference in band
between graphitic sheets may result in different bands
for nanotubes.

Figures 2(b) and 2(c) show the Brillouin zone
(BZ) of graphitic sheet. For nanotubes, the periodic
boundary condition along the tube axis is the same
as that for graphitic sheet, while that perpendicular
to the tube axis is imposed for a finite period. This
results in Bloch wavefunctions with discretely selected
wave vectors.20:24] Figures 2(b) and 2(c) show the sit-
uations for the armchair (5,5) nanotube and the zigzag
(9,0) nanotube, respectively. The vertical lines show
the allowed wave vectors. For the (5,5) nanotube, the
vertical lines are found to cross the points which divide
the straight line of doubled I' — M into 10 parts. For
(9,0) nanotube, the vertical lines are found to cross
the points which divide the straight line of doubled
I'— M into 9 parts. For carbon, as the bonding 7 band
and the antibonding 7 band are degenerate at the K
point in the BZ of a graphite sheet, the band struc-
tures of nanotubes would show metallic characteristic
if a vertical line of BZ of nanotube crosses the K point
(armchair tubes and (3¢, 0) zigzag tubes, ¢ is an in-
teger), namely, armchair tubes are metallic tubes and
zigzag tubes are small-to-moderate gap semiconduct-
ing tubes.[2% As the BN graphitic sheet has an indirect
gap (K — M),?!) under the “band-folding” effect(?"]
and the curvature effect?’! the BN nanotubes have a
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direct or indirect gap. For the ZnO graphitic sheet,
it has a direct band gap at I' point in the Brillouin
zone. The set of wave vectors which are allowed by
periodic boundary conditions for a nanotube always
contains the I" point for all (n,m) nanotubes. There-
fore, all the (n, m) ZnO nanotubes would have a direct
band gap at I' point in a nanotube BZ and the gaps
are comparable with the band gaps of ZnO graphite
sheet, though the curvature effect may slightly change
the size of band gap.
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Fig.2. Band structure and first Brillouin zone of ZnO
graphitic sheet. Panel is (a) is for band structure of ZnO
graphitic sheet. The wave vectors are allowed by the pe-
riodic boundary condition along the circumference for (b)
armchair (5,5) nanotube and (c) zigzag (9,0) nanotube.
The regions surrounded by the dashed line refer to the
first Brillouin zone of a graphitic sheet.

Figures 3(a), 3(b) and 3(c) show the density of
states (DOS) of representative chiral, armchair and
zigzag ZnO nanotubes, respectively. One can see that
all ZnO nanotubes have very similar DOS spectra in
the figures, despite small differences in shape and am-
plitude of DOS spectra. The valence bands of all ZnO
nanotubes are derived from O 2s, Zn 3d and O 2p or-
bitals. The bands between 0 and —4.4 eV come mainly
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Fig.3. DOS of the representative (a) chiral, (b) armchair
and (c) zigzag ZnO nanotubes.

from O 2p orbitals. The major contributions to va-
lence bands between —4.4 and —0.68eV are derived
from Zn 3d orbitals. The valence bands between —16.8
and —17.7eV are derived from O 2s orbitals. The
states at the bottom of conduction band are primarily
of Zn 4s orbitals. Form Fig.3, one can also see that
all the nanotubes have similar band gaps which are
relatively insensitive to the diameter and chirality.

4. Optical properties of ZnO nan-

otubes

It is well known that the interaction of a photon
with the electrons in the system can be described in
terms of time-dependent perturbations of the ground-
state electronic states. Transitions between occupied
and unoccupied states, including plasmons and single
particle excitations, are caused by the electric field of
photon. The spectra resulting from these excitations
can be thought of as a joint DOS between the valence
and conduction bands. The imaginary part eo(w) of
the dielectric function can be calculated from the mo-
mentum matrix elements between the occupied and
unoccupied wavefunctions within the selection rules.
The real part €1 (w) of dielectric function can be eval-
uated from imaginary part e3(w) by Kramers-Kronig
relationship. The other optical constants can be de-
rived from e1(w) and e5(w).1*2% Figure 4 shows the
relations between imaginary part e2(w) and energy for
(2,8) chiral, (11,0) zigzag, and (7,7) armchair ZnO
nanotubes. Because of the similar electronic struc-
tures of ZnO nanotubes, the e5(w) spectra of the dif-
ferent nanotubes are rather similar in shape and en-
ergy position of peaks, indicating that ZnO nanotubes
have similar optical properties. For the parallel light
polarization, the e3(w) spectra of the three different
ZnO nanotubes each have three main peaks around
2.1, 7.2 and 12.0eV. The peak at around 2.1 eV mainly
comes from the electron transition between the O 2p
and Zn 4s orbitals.
3d and O 2p orbitals may lead to the peak at about
7.2eV. And the peak at 12.0eV is mainly derived from
the transition between the Zn 3d and O 2s orbitals.
There are some differences in energy position of weak

The transition between the Zn

peaks between the main peaks among different ZnO
nanotubes, which may be due to the small difference
in conduction band of DOS (Fig.3). For the perpen-
dicular light polarization, the amplitude of e5(w) spec-
trum is smaller than that for the parallel light polar-
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ization. In the e5(w) spectrum for the perpendicular
light polarization there are three main peaks appear-

One

can see that the moderate optical anisotropy from the

ing at about 2.5, 7.2 and 10.4eV, separately.

g9(w) spectra for the parallel and perpendicular light
polarizations.
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Fig.4. Calculated imaginary part e2(w) of the dielec-
“Paral-

lel” and “perpendicular” denote light polarizations paral-

tric function of representative ZnO nanotubes.

lel and perpendicular to the nanotube axis, respectively.
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Fig.5. Calculated energy loss functions of the representa-
tive ZnO nanotubes. “Paralle]” and “perpendicular” de-
note light polarizations parallel and perpendicular to the
nanotube axis, respectively.

The energy loss functions of (2,8) chiral, (11,0)
zigzag, and (7,7) armchair ZnO nanotubes are shown
in Fig.5. Like e3(w) spectrum, the energy loss func-
tions of different nanotubes look rather similar. For
the parallel and the perpendicular light polarizations,
the energy loss functions of ZnO nanotubes each have
three main peaks at about 2.6, 6.8 and 13.0eV. But

the shapes and the amplitudes of energy loss func-
tions for the parallel and the perpendicular light po-
larizations are different, showing a moderate optical
Note that the opti-
cal properties of much more armchair and zigzag ZnO

anisotropy in ZnO nanotubes.

nanotubes are calculated, the similar results are found
as shown in Figs.4 and 5. The similar e5(w) and en-
ergy loss function spectra show that the optical prop-
erties of ZnO nanotubes are relatively independent of
diameter and chirality of tubes.

5. Summary

The structures, electronic and optical properties
of SWZONTs are studied by using the ab initio pseu-
dopotential density functional method. All (n, m)
ZnO nanotubes are found to be direct band gap semi-
conducting nanotubes with band gaps relatively inde-
pendent of diameters and chirality. The origin of com-
mon features of the electronic structures for ZnO nan-
otubes is explained in terms of band-folding effects.
The imaginary part es(w) of dielectric function and
energy loss functions show that the optical properties
of ZnO nanotubes are relatively independent of diam-
eters and chirality of nanotubes. The e3(w) spectrum
has three main peaks at about 2.1, 7.2 and 12.0eV for
the parallel light polarization and three main peaks at
about 2.5, 7.2 and 10.4eV for the perpendicular light
polarization. The energy loss functions have three
main peaks at about 2.6, 6.8 and 13.0eV for both
the parallel and the perpendicular light polarizations.
Both dielectric function and loss function spectra of
ZnO nanotubes show the moderate optical anisotropy
with respect to the light polarization. The common
feature of electronic and optical properties of differ-
ent ZnO nanotubes could avoid the roadblock of se-
lective synthesis of prespecified chirality nanotubes,
which is a key issue for carbon nanotubes in nanoelec-
tronic applications. The unique electronic and optical
properties of ZnO nanotubes make it possible to apply
the ZnO nanotubes to nanoscale optical and optoelec-

tronic devices.
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