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ABSTRACT

This paper presents first-principles calculations for ultrasmall ZnO one-dimensional nanostructures. The calculations were done on ZnO nanowire s
and single-walled nanotubes with n atoms per periodic unit, where one periodic unit is made up of two ZnO layers. The calculations show
that, for small n, a single-walled nanotube has lower energy than a nanowire. A crossover point near n ) 38 is predicted. Vibrations and
vibrational entropy of competing structures is discussed.

ZnO is an important material because of its electron mobility,
wide band gap, and large exciton binding energy. ZnO
nanostructures such as nanowires, nanotubes, and nanobelts
are promising building blocks for optical, electronic, and
chemical sensing devices.1-3 Several synthetic routes have
yielded multiwalled ZnO nanotubes.4-11 These tubes are 20-
450 nm in diameter and have wall thicknesses of 4-100
nm. No single-walled ZnO nanotubes (SWZONTs) have been
reported experimentally, although some groups have pre-
dicted their properties theoretically.12,13Ref 13 also suggested
some applications of SWZONTs. Recently, sequences of
(ZnO)n clusters were studied by B. L. Wang et al.14 They
found that tubular structures are metastable for (ZnO)n (n )
9-18) and suggested that ZnO nanotubes resemble C or BN
nanotubes. Here we calculate the energy of small ZnO
nanowires and SWZONTs with same number of atoms, and
find that SWZONTs are energetically more stable at small
size. This provides a new guideline for making SWZONTs.

Our nanowires are fragments of wurtzite ZnO, cut along
the (001) axis with periodc. They have 12, 20, 26, 32, and
48 atoms per unit cell, corresponding toC6V, C2V, C3V, C2V,
andC6V symmetries (see Figure 1). The SWZONTs are all
the zigzag type, which has the same periodicity as the
nanowires. We consider the (3,0), (5,0), (6,0), (7,0), (8,0),
and (12,0) nanotubes, which correspond to 12, 20, 24, 28,

32, and 48 atoms per unit cell. The surface atoms are not
saturated by foreign atoms. Figure 1 shows the cross sections
of calculated nanowires and nanotubes.

The calculation uses the plane-wave pseudopotential
method, density functional theory (DFT), and the Quantum
Espresso/PWSCF code.15 We use Vanderbilt ultrasoft pseudo-
potentials16 with the Perdew-Burke-Ernzerhof (PBE)17

version of the generalized gradient approximation (GGA)
exchange-correlation functional. The Zn 4s and 3d states and
O 2p and 2s states are treated as valence electrons. The cutoff
of kinetic energy is 30 Ry, while the cutoff of charge density
is 300 Ry. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method is used for geometry optimization. A 5× 5 × 5
k-point mesh is used to test the ZnO bulk properties, and a
1 × 1 × 10 mesh is used for the nanowire and nanotube.
We apply Gaussian broadening with smearing parameter
0.002 Ry. The force on each atom is converged to 0.003
eV/Å for all optimizations. We arranged the ZnO nanowires
and tubes in a 2D hexagonal supercell and separated them
by at least 8 Å. Both internal coordinates of atoms and the
lattice constantc are relaxed.

The calculated bulk properties are in Table 1 and agree
with other GGA calculations, although our results show
slightly more underbinding. This may come from ultrasoft
pseudopotentials because the plane-wave cutoff andk-point
sampling convergence are well tested. Our lattice parameters
are 2% larger than the experimental values, which is usual
for GGA calculations. Both wires and tubes are semicon-
ducting, but the theoretical gap is far too small, as is also
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true for bulk ZnO (see Table 1). Previous work12 calculated
the (4,4) armchair SWZONT and suggested that armchair
SWZONTs act like conductors. We tested this and found a
positive band gap similar to zigzag SWZONTs.

In our calculation, the nanowires are pieces of bulk ZnO.
The exposed surfaces correspond to (101h0) and (112h0)
nonpolar surfaces of wurtzite ZnO. For a review of ZnO
surfaces, see ref 18. One issue that may arise is whether there
could be surface reconstructions apart from ordinary relax-
ations. To the best of our knowledge, for those surfaces, no
reconstructions are reported, except (1× 1), whose features
are the tilting and contraction of surface Zn-O bonds, which
are also observed in our calculation. We also did a direct
test for the possibility of a (1× 2) surface reconstruction in
n ) 26 nanowire. We took a fully relaxed nanowire, doubled
the unit cell along thec-axis, and gave every atom a random
displacement between 0 and 0.2 Å. For three different starting
displacements, the final geometry is the same as the
undisplaced one. No dimerization is observed.

The first nanowire (12 atoms per unit cell) is also the first
nanotube. For the second nanowire (two honeycomb units,
20 atoms per cell), we found that the nanowire structure is

higher in energy than the SWZONT. To test whether the
relative stability depends on the choice of exchange-
correlation functional, we changed GGA to LDA (Perdew-
Zunger)25 for the 20 atoms per cellC2V nanowire and (5,0)
nanotube. The results show that the SWZONT is indeed more
stable, although the difference of energies changed from∼90
to ∼60 meV. Figure 2 shows the total energy (measured from
the global minimum,E0) vs lattice parameterc for both GGA
and LDA results.

Larger nanowires and SWZONTs are also calculated. The
final energies of relaxed nanowires and nanotubes are plotted
in Figure 3. It shows that, for 1D ZnO structures (j38 atoms
per unit cell), the SWZONT is energetically more favorable
than the crystal-like nanowire form. This can be understood
if we view ZnO bonds as covalent. The wurtzite ZnO crystal
hasσ bonds made from sp3 hybrid orbitals. Small nanowires
have dangling bonds on the surface that increase the energy.
In a nanotube, as in a graphene-like planar sheet,π bonds
resulting from sp2 hybridization will form, lowering the
energy. As the wire grows larger, the fraction of surface
dangling bonds decreases and the fraction of saturated sp3 σ
bonds increases, so the wire will eventually have lower
energy than the SWNT.

The total energyENT(n) of a SWZONT withn atoms in
the unit cell can be written as the sum of total energy of
graphene-like planar ZnO sheetEsheet and a strain energy
Estrain(n) related to tube curvature,

For a single-layer planar ZnO sheet, we findEsheet ) 440
meV/pair relative to bulk ZnO. The strain energy for a
nanotube is related to radiusR by Estrain(n) ≈ c/R2.26 The

Figure 1. Calculated ZnO nanowires and SWZONTs. Small yellow balls represent Zn atoms, and large orange balls represent O atoms.
n is the number of atoms in one periodic unit.

Table 1. Comparison between Our Bulk Results and Other
GGA Calculation and Experiments

present work other GGA experiment

a (Å) 3.292 3.28319 3.25021

c (Å) 5.309 5.28919 5.20721

ua 0.3793 0.37819 0.379020 0.381722

Ecoh (eV/fu) 7.27 7.69220 7.5622

B0 (GPa) 127 14919, 133.720 142.623

band gap (eV) 0.71 0.7519 3.424

a The spacing between closest Zn and O layers is (1/2 - u)c.

ENT(n) ) Esheet+ Estrain(n)
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diameter of a SWZONT is approximately proportional ton,
so

By fitting DFT data points (see Figure 4, left panel), we
obtain the strain energy:

Therefore, the total energy of a SWZONT is

The total energy of a ZnO nanowire can be approximated
as

whereEd is the energy of a pair of Zn and O atoms with
each having a dangling bond,Eb is the total energy of bulk
ZnO,nd/n andnb/n are the fraction of atoms with and without
dangling bonds. The value ofnd for some typicaln are listed
in Table 2. TakingEb ) 0 and fitting the DFT data (Figure
4, right panel), we getEd ) 863 meV/pair and the total
energy of a ZnO nanowire is

On the basis of the models above, the critical number of
atoms when phase transition (nanotube to nanowire) occurs
is n ∼ 40, which agrees well with previous valuen ∼ 38,
estimated directly from the DFT calculation.

Similar to the BN nanotube,27 there is some buckling on
the surface of the ZnO nanotube, i.e., the cylinder formed
by O atoms has a larger diameter than the cylinder formed
by Zn atoms (see Figure 1). It is shown in Figure 5 that, as
the size of the SWZONT increases, the buckling distance
∆R (the radius difference of O and Zn cylinders) decreases
as 1/n (or 1/R) and eventually goes to zero when the tube
becomes a flat sheet. This behavior is also observed in BN
nanotubes, where it was explained by the different hybridiza-
tions of B and N atoms.27,28Here we offer a slightly different
interpretation. Covalent bond-bending interactions try to keep
the Zn and O cylinder radiiR equal, with a restoring force
-k∆R per pair. The reason O atoms prefer a larger cylinder
than Zn atoms is Fermi pressure. The HOMO levels are
based on oxygen p orbitals. In common with free electrons,
their energies increase toward the Fermi level because of
increased kinetic energy to a valueEF ∝ p2[1/maλa

2 +
1/mcλc

2] per pair, where the Fermi energy depends onma

andmc, band effective masses perpendicular and parallel to
c, andλa andλc, the Fermi wavelengths in the two directions,
which are fixed by the geometry of the atoms. Specifically,
λa ∝ R/n andλc ∝ c. Thus there is an outward force-dEF/
dR∝ n2/R3 ∝ 1/R, where the last substitution follows because
n ∝ R. The force balance gives∆R ∝ 1/R ∝ 1/n, that is, the
oxygen-zinc radial spacing falls off as 1/n, as is seen roughly
in Figure 5.

To make SWZONTs, they need to be very small. One way
to do this is inhibiting radial growth by confinement of the
SWZONT in a narrow cylindrical channel, as was done for
ultrathin carbon nanotubes.29 Extra-large pore zeolites such
as VPI-530 might be used to control the size of SWZONTs.
If ultrasmall catalyst particles can be made, a catalyst growth
mechanism similar to ref 31 may also work for ZnO. The
other growth strategy is to prevent the radial collapse of
SWZONTs by growing them on the outer surface of other
1D nano structures such as metal nanowires (similar to ref
7) or carbon nanotubes (as suggested by ref 13).

Figure 2. Energy vsc for 20 atom unit cell ZnO nanowire and
SWZONT. (GGA and LDA). In GGA calculation, the nanowire
relaxes into a nanotube when lattice parameterc is increased; in
LDA calculation, the nanowire is metastable.

Figure 3. Relative energy for SWZONTs and nanowires from DFT
results. The dashed line is just a guide to the eye that represents
nanowires and converges to the ZnO bulk value. The solid line
represents SWZONTs, is fitted to 1/n2, and converges to the
graphene-like ZnO planar sheet.
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In the present calculation, no foreign molecules passivate
the surface, and all calculations are at zero temperature. In
experiment, passivation may occur, and the temperature will
be hundreds of Kelvin. Passivation favors the nanowire
structure because the energy of the dangling bond gets
lowered. High temperature favors the nanotube structure
because it has larger vibrational entropy due to radial
softness, which leads to low-frequency radial modes, espe-
cially a doubly degenerate very soft radial mode where the
tube’s cross section deforms into an ellipse. The total free
energy loweringT∆S for the n ) 32 tube compared with
then ) 32 wire is roughly 10kBT with an uncertainty∼20%.
This estimate uses the high-temperature formulaSi ≈ kB ln-
(kBT/pωi) for the entropy of theith harmonic oscillator, where
kB lnT is the classical answer, independent of frequency, and
-kB lnωi is the quantum correction. Thus the free energy
difference∆F ) FNT - FNW contains a term-T(SNT - SNW)
≈ kBT ∑i ln(ωi

NT/ωi
NW), which favors lower frequencies. The

vibrational frequencies atq ) 0 for n ) 32 tube and wire
(Figure 6), as calculated using Quantum Espresso, are used
as ωi. It is somewhat surprising how small the entropy
enhancement is for the tube. To a large degree, in the optical
branches (modes 49-96 in Figure 6), the softness of low-
lying radial modes (49 to 64) of the tube is compensated by
stiffness of the high-lying bond-stretching axial and tangential
modes (65-96). In the acoustic branches, the softness is not
compensated, and the free energy gets lowered.
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