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The dimension- and size-dependent ground-state properties of ZnO systems are investigated through first-
principles density-functional theory calculations. It is found that the effective elastic constants Cs3 of polar
surface terminated ZnO nanofilms and [0001] oriented ZnO nanowires increase with structural size. For
nanofilms, the effective Cs33 quickly approaches the bulk value and becomes almost stable when the film
contains over six Zn-O double layers. For nanowires, the effective Cs3 is as small as around 16% of the
corresponding bulk value when the diameter is very small, and it increases almost linearly to 88% of the bulk
value when the diameter reaches about 2.4 nm. For ZnO nanoclusters with hexagonal prism structure, the
original Zn-O double layers merge into single layers after relaxation. A shape-driven phase transition from the
four-coordinate wurtzite to the six-coordinate rocksalt structure is found in a ZnO cluster with 48 atoms.
Finally, a systematic energy analysis of all the above structures shows that the cohesive energies of the ZnO

structures increase with both dimension and size.
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I. INTRODUCTION

Nanostructures of semiconducting materials are currently
attracting a lot of interest as they are expected to play an
important role in the development of future nanoscale tech-
nologies. As a typical II-VI semiconductor compound, zinc
oxide (ZnO) has been receiving considerable attention due to
its good optical, electrical, and piezoelectric properties. Re-
cently, various functional ZnO nanostructures have been
synthesized.!™ These nanostructures have attracted intense
interest for their unique semiconducting, piezoelectric, and
photoelectric properties. A number of studies have been de-
voted to understand their structures, properties, and novel
behaviors experimentally and theoretically.>~'°

To optimize the use of ZnO devices, it is essential to
obtain a basic physical understanding of its properties. In
spite of numerous experimental studies, corresponding theo-
retical work is necessary, especially for the low-dimensional
nanostructures. For two-dimensional (2D) ZnO nanofilms,
previous theoretical researches mainly focused on the struc-
ture and stability of the polar surfaces.®!!"'? One-dimensional
(1D) ZnO nanostructures have attracted considerable interest
due to their great potential to serve as functional building
blocks for various nanoscale devices.'3!¢ Due to the interest
in the variation of the electronic properties as a function of
system size, there have been some theoretical studies de-
voted to the properties of zero-dimensional (0D) ZnO
clusters.!”-29 However, systematical study on the dimension-
and size-dependent properties of ZnO structures has not been
reported until now.

In this paper, extensive density-functional theory (DFT)
calculations are performed to systematically study the low-
dimensional ZnO nanostructures with wurtzite structures
from 2D to OD. Corresponding properties of bulk ZnO are
calculated for comparison. Significant size effects of the ef-
fective elastic constants Cs; are found in ZnO nanofilms and
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nanowires with limited sizes. Some other structures are
formed in ZnO nanoclusters during full relaxation, especially
the wurtzite-to-rocksalt phase transition observed in a cluster
with relatively more dangling bonds. Finally, a detailed en-
ergy analysis is conducted to provide a better understanding
for the dimension- and size-dependent ground-state proper-
ties of ZnO structures.

The remainder of this paper is organized as follows. In
Sec. II, we describe the technical details for the calculations
performed in this work. In Sec. III, we present and discuss
our results for bulk and low-dimensional ZnO nanostructures
from 2D to 0D, respectively. Whole energy analysis is also
performed in the end of Sec. III. Finally, in Sec. IV, we
present our summary and conclusions.

II. MODELING AND TECHNICAL DETAILS

ZnO is a tetrahedrally coordinated wide band gap semi-
conductor that crystallizes in the wurtzite structure. Bulk
ZnO has been the focus of many theoretical analyses. Its
crystal and electronic band structures have been studied by
various total-energy methods, such as Hartree-Fock,?!
pseudopotential within local density approximation (LDA),??
and self-interaction-corrected pseudopotentials.”?

The calculations described in this work are performed us-
ing two DFT computational schemes: a plane-wave pseudo-
potential method implemented in the code ABINIT?* and a
pseudopotentials approach with localized atomic-orbital ba-
sis sets implemented in the code SIESTA.? (i) In ABINIT, we
construct nonrelativistic optimized pseudopotentials using
the code OPIUM for both Zn and O.2° In details, the oxygen
pseudopotentials are generated from a 2s?2p* reference con-
figuration with core radii r. of 1.5 a.u. for both s and p
orbitals; the zinc pseudopotentials are constructed with ref-
erence configuration 3d'%4s'74p%25. r_ values of 1.4, 1.4,
and 2.0 a.u. are used for s, p, and d orbitals, respectively.?’
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In structural optimizations, convergence was assumed when
the forces on ions are less than 5.0 X 107 hartree/bohr. (ii)
In SIESTA, the corresponding pseudopotentials for both O and
Zn are generated from the code ATOM?® using the Troullier-
Martins scheme,?3° where oxygen pseudopotential is gener-
ated using the same reference configuration as in the code
OPIUM with the core radii of 1.15 a.u. for both s and p orbit-
als; the zinc pseudopotential is constructed with reference
configuration 3d'%4s>. r_ values of 2.1, 2.1, and 1.9 a.u. are
used for s, p, and d orbitals, respectively. The double-zeta
polarized numerical atomic-orbital basis sets for both Zn and
O are used. The convergence in force of 0.02 eV/A (corre-
sponding to 3.9 X 10~ hartree/bohr) was guaranteed in the
structural optimizations.

For bulk ZnO, the exchange-correlation (XC) effects are
treated with both the LDA and the general gradient approxi-
mation (GGA), where we use the functional of Perdew et
al3" In the bulk model, there are four atoms (two O atoms
and two Zn atoms) in each unit cell. The k-point convergence
was achieved with a (6 X 6X4) Monkhorst-Pack®? grid for
both codes and XC functionals, and tests with up to (12
X 12X 8) k points have been made. In ABINIT, a plane-wave
cutoff of 35 hartree was sufficient to get well-converged re-
sults by careful convergence tests. However, the correspond-
ing value in SIESTA is much larger (250 hartree); the reason
is that the computational technique implemented in SIESTA is
not a real plane-wave method but an effective one. For both
k-point sampling and the plane-wave cutoff used in our cal-
culations, the relative energies are guaranteed to converge to
1073 hartree.

For 2D ZnO nanofilms, we use the code ABINIT with LDA
to calculate their elastic constants. The computational models
of the nanofilms are generated by repeating certain number
of the wurtzite cells along the [0001] direction. The vacuum
region of about 10 A between the slabs is chosen after care-
ful convergence studies of the total energy, which is con-
verged to 107> hartree. k-point convergence was achieved
with a (6 X6X 1) grid in the optimizations. To improve the
accuracy, we chose k-point sampling of (6 X6 X2) grid in
the total-energy calculations. A plane-wave cutoff of
50 hartree was chosen in all the 2D cases. For each 2D struc-
ture, energy convergences down to 107> hartree were system-
atically guaranteed.

It is known that in the slab models, each Zn-O double
layer exhibits a dipole moment perpendicular to the polar
surfaces. However, there is a fundamental problem that these
surfaces are unstable in the ionic model and should not exist.
To stabilize the polar surfaces, a rearrangement of charges
between the O- and Zn-terminated surfaces needs to take
place, in which the Zn-terminated side becomes less posi-
tively charged and the O-terminated face becomes less nega-

tive. So in our calculations, the surface O atom at the (0001)
side and Zn atom at the (0001) side are replaced by artificial
atoms with valency of 6.5 and 11.5, respectively. This so-
called pseudoatom method has been used in the theoretical
study of polar ZnO surfaces previously and reached reason-
able results.'?
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FIG. 1. Sketch of a ZnO nanowire or nanocluster model with 12
atoms. The top view and front view are presented on the right. Open
and filled symbols represent oxygen and zinc ions, respectively.

In the cases of nanowires and nanoclusters, the code SI-
ESTA with GGA is adopted in the calculations for its rela-
tively low computational cost. To reduce the number of at-
oms in each unit cell and satisfy the hexagonal cross section,
the three lattice vectors are designed orthogonal along the

[1210], [1010], and [0001] directions, respectively, as shown
in Fig. 1. Single k point was used in the structural optimiza-
tion, and the convergence has also been tested using k-point
samplings of (1 X 1X2) and (1X1X4) grids. The k-point
sampling of (2X2X6) grid was used in the total-energy
computations. The energy convergence down to 10~ hartree
was guaranteed when the effective plane-wave cutoff of
250 hartree was chosen in the calculations.

III. RESULTS AND DISCUSSIONS
A. Bulk ZnO

Before we proceed to present the properties of low-
dimensional ZnO structures, we first discuss bulk ZnO and
compare the results of our calculations with published theo-
retical and experimental data. The original lattice constants
used in our calculations are taken from the experimental
unit-cell volume: a and ¢ are 3.2595 and 5.2070 A, respec-
tively; the internal coordinate u, defined as the length of the
bond parallel to the ¢ axis in unit of ¢, is 0.3820. After full
relaxation, the obtained lattice constants from the adopted
codes and different XC functionals are listed in Table I. The
present results agree well with the previous theoretical and
experimental data, which are also listed for comparison.

The calculated cohesive energies of bulk ZnO from the
energy calculations are also shown in Table I. Here, the co-
hesive energy, denoted as E_, is obtained by subtracting the
total energy per ZnO unit (E,,.) at its equilibrium lattice
constant from the energy of the corresponding isolated at-
oms. It is shown that the results obtained from ABINIT are
much closer to the experimental value than that from SIESTA,
which is mainly due to the different basis sets adopted in the
two codes. In fact, there is nothing so special in SIESTA to
keep from obtaining values of accuracy comparable to other
packages with the pseudopotential approach since the local-
ized atomic-orbital basis sets are adopted. However, in con-
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TABLE I. Comparison between the present work and previous theoretical and experimental results for
miscellaneous parameters of bulk ZnO.
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a c u 1% oy Econ
Codes XC (A) (A) cla (A) (A% (GPa) (eV)
Present ABINIT LDA 32346 52121 1.6114 03808  47.23 212.5 -10.57
results GGA 33441 5.3069 1.5869 0.3829  51.40 171.4 -8.98
SIESTA LDA  3.1758  5.1775 1.6303 0.3748  45.06 357.8 -13.89
GGA 32608 52698 1.6161 03773 4840 282.1 —-14.40
Previous  Experimental — 3.2498" 5.2066*° 1.6021% 47.66° 21092114
results 3.2496° 5.2042¢ 1.6018° 0.3819°  47.62* 208! 1968  -7.52h
324970 52060  1.6021 47.59¢ 209.5
Theoretical 3.286%  5.241F  1.595%  0.383  49.14! 270," 247°  —9.769P
1.593"  0.3856! 46.692™ 183, 246X  -7.692!
1.6009 03839  47.24"
47.678°

aMeasured by using energy-dispersive x-ray diffraction (EDXD) (Ref. 34).

bReference 39.

“Ultrasonic measurement on single-crystal ZnO grown by chemical reaction in vapor state (Ref. 43).
dSurface Brillouin scattering on polycrystalline ZnO film deposited by rf sputtering on (100) Si substrate

(Ref. 44).
“Measured by using x-ray diffraction (Ref. 35).

TAcoustic investigation technique on ZnO film deposited by rf magnetron sputtering on sapphire substrate

(Ref. 45).

gPolarized Brillouin scattering on bulk ZnO single crystal (Ref. 46).

hReference 48.

Measured by using x-ray power diffraction (Ref. 36).

IUltrasonic resonance method on ZnO single crystal (Ref. 47).

kCalculated by using ab initio periodic linear combination of atomic orbitals (LCAO) methods, based mainly
on the Hartree-Fock Hamiltonian, with an all-electron Gaussian-type basis set (Ref. 37).

ICalculated by using first-principles periodic Hartree-Fock LCAO program (Ref. 21).

MReference 40.

"Calculated using LDA (Ref. 41).
°Calculated using GGA (Ref. 41).
PCalculated using LDA (Ref. 40).

dCalculated by using ab initio quantum-mechanical level through the Berry phase scheme applied to delo-
calized crystalline orbitals and through the definition of well-localized Wannier functions (Ref. 38).

"Reference 41.

SAtomistic calculations based on an interatomic pair potential within the shell-model approach (Ref. 42).

'Calculated using GGA (Ref. 40).

sideration of computational cost, especially for the low-
dimensional structures with supercell models, this code is
more predominant than other approaches such as plane-wave
pseudopotential or all-electron methods. In the last part of
this section, detailed energy analysis of ZnO structures from
3D to OD will be performed, where code SIESTA is used to
obtain the whole set of data.

To compare the elastic property of low-dimensional ZnO
structures with that of bulk ZnO, we first calculate the elastic
constant Cz3 of bulk ZnO using the two codes with different
XC functionals, respectively. The obtained values are also
listed in Table I. In general, elastic modulus should be un-
derestimated by GGA, which is also true in our calculations
of each code. Although the results obtained from SIESTA are
around 65% higher than that from ABINIT for both LDA and
GGA cases, it is acceptable due to the high cohesive energy
obtained from SIESTA as discussed above. Compared with the

previous literature (some of those in Table I are derived from
Ref. 33), the present results from ABINIT with LDA and SI-
ESTA with GGA seem more accurate than the other two com-
putational schemes. Therefore, they are used to calculate the
effective elastic constants of ZnO nanofilms and nanowires
in the following parts, respectively.

The calculated band structures for bulk ZnO at the opti-
mized unit-cell volume is shown in Fig. 2. The results from
ABINIT with LDA and SIESTA with GGA are shown, respec-
tively. The Fermi energy is set to 0 eV. The band structures,
especially the result in Fig. 2(a), are almost indistinguishable
from that presented in Ref. 27, where details about the en-
ergy bands have been discussed. It should be noted that Fig.
2(b) shows a narrow gap between the bands from the Zn 3d
orbitals (around —6 to —5 eV) and the O 2p orbitals (around
-5 to 0 eV), which is not the same as in Fig. 2(a). This dif-
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FIG. 2. Band structures of bulk ZnO calculated from (a) ABINIT
with LDA and (b) SIESTA with GGA.

ference comes from the local atomic-orbital method adopted
in the latter case.

B. Two-dimensional ZnO nanofilms

ZnO crystallizes in the wurtzite structure, which does not
have a center of inversion. Consequently, when the crystal is
cleaved normal to the ¢ axis in a manner which breaks the
fewest interatomic bonds, two different polar surfaces are
formed on opposite sides of the crystal, each having only one
type of ion in its outermost plane. Thus, such a system may
be considered to be a “slab” of material, with the Zn cation
outermost for the (0001)-Zn surface and the O anion outer-

most on the (0001)-O surface.!! In our calculations, the slabs
are created by stacking Zn and O layers along the ¢ direction
in the wurtzite structure, each layer containing one atom.
Altogether there are six 2D structures involved in the present
work. According to the number of Zn-O double layers, we
denote them as 2S, 4S5, 6S, 8S, 10S, and 128, respectively.
For example, 2S corresponds to two Zn-O double layers (i.e.,
four layers in total).

The normalized effective elastic constant Czz of ZnO
nanofilms with respect to the bulk value is shown in Fig. 3.
The results are obtained from the code ABINIT with LDA.
The following computational steps are used. (i) First we per-
form full relaxations of the film models without any con-
straint. Large relaxations are found in both the Zn- and
O-terminated surfaces, where the outmost double-layer dis-
tances are compressed by roughly 14%-30%. This agrees
well with the results of previous researches.® (ii) Then the
internal coordinates are further optimized with fixed film
thicknesses after applying different strains. (iii) Next we cal-
culate the total energies of the optimized structures with
higher k-point sampling and larger energy cutoff, respec-
tively. Finally, the effective C33 can be obtained by using the
formula C$3=(d?E/de?)/V, where E is the total energy, & is
the strain along the [0001] direction, and V is the effective
volume of the unit cell. It is found that the effective Cs;
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FIG. 3. (Color online) Normalized effective elastic constant ngf

of ZnO nanofilms (solid square) and nanowires (hollow circle) with
respect to the corresponding bulk values.

increases with slab thickness before reaching six Zn-O
double layers, then the value remains almost unvaried and
approaches the bulk value for the structures with six or more
Zn-O double layers. This can be expected since the surface
effect is quite strong when the nanofilm is very thin, while
with increasing film thickness, the surface effect will trail off
and the properties will approach those of the bulk case. Our
surface energy analysis of the 2D structures has also con-
firmed that.*

C. One-dimensional ZnO nanowires

For the 1D ZnO nanostructures, [0001] oriented nano-
wires with diameters ranging from 0.4 to 3.0 nm are studied
in our simulations. Here, the diameter is defined as the larg-
est lateral distance between atoms. The thinnest nanowire
studied in the present work contains 12 atoms in each unit
cell, which we denote as 12N. Larger nanowires are gener-
ated by enlarging the hexagonal cross section along the lat-
eral directions. We denote them as 48N, 108N, 192N, and
300N, respectively.

The effective elastic constants C3; of ZnO nanowires are
calculated using the same formula used for ZnO nanofilms,
while the total energies are obtained from the code SIESTA
with GGA. The first full relaxation step is the same as that of
the 2D case. However, since the 1D nanowires are infinite in
the [0001] direction, no further relaxations are performed
when we calculate the total energies with different strains.
Figure 4 shows the normalized Cs3 of the 12N, 48N, 108N,
and 192N nanowires with respect to the bulk value obtained
from the same code and XC functionals. It is found that
when the diameter of the nanowire is very small (0.4 nm),
the effective Cs3 is only around 16% of the corresponding
bulk value; with increasing nanowire size, the effective Cs3
increases almost linearly to 88% of the bulk value when the
nanowire diameter is about 2.4 nm (192N). Compared with
the 2D case in the same picture, the obtained elastic con-
stants of ZnO nanowires also approach the corresponding
bulk values with increasing size, but the size effect of the
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FIG. 4. (Color online) Side and top views of initial (left) and
relaxed (right) ZnO nanoclusters: (a) 4L-48A and (b) S8L-48A.
Large (dark) and small (gray) spheres represent O and Zn atoms,
respectively.

nanowires is more significant than that of the nanofilms. It is
shown that dimension reduction in the [0001] direction or in
the plane perpendicular to the [0001] direction of the wurtz-
ite structure will weaken its elastic property, at least within
the limited size studied in the present work. In fact, recent
investigation® shows that Young’s modulus in GaN nano-
wires with diameters smaller than about 90 nm decreases
with diameter, and the value can be around 76% of bulk GaN
when the diameter is about 36 nm. One possible reason is the
increase of surface-to-volume ratio with decreasing diameter;
the atomic coordination and cohesion near the surface are
“poor” relative to bulk, and the increasing dominance of the
surface would decrease the rigidity of the structure.’® In ad-
dition, some atomic simulation results for Ni (Ref. 51) and
SiSe, (Ref. 52) nanowires consistently demonstrate elastic
modulus decreasing with decreasing diameter, where the di-
ameters were of the same order as in the present calculations.
Therefore, it is reasonable that the effective elastic constant
of ZnO nanowires with such small diameters has a similar
trend, just as the results from the present simulations.

D. Zero-dimensional ZnO nanoclusters

One of the major motivations in the study of ZnO nano-
clusters is to develop a fundamental understanding of the
material at the nanoscale as the properties and structures are
often quite different from bulk and depend on size and shape
as well.? In spite of numerous investigations on ZnO nano-
structures, theoretical studies on the properties of ZnO clus-
ters are rather scarce, especially for the clusters with hexago-
nal prism structures, which is a typical configuration
observed in ZnO nanostructures. In the present calculations,
the periodicity remaining in the [0001] direction of the 1D
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FIG. 5. (Color online) Charge distributions in the cross sections
of the optimized 8L-48A cluster, corresponding to the structure in
the right panel of Fig. 4(b): (a) side-view and (b) top-view cross
sections.

nanowires is removed, and then the ZnO nanoclusters with
hexagonal prism structures are formed. Six nanoclusters with
different sizes are studied in the present work. The smallest
cluster studied in the present work contains 12 atoms of 4
layers, which we denote as 4L.-12A. Larger clusters are gen-
erated by enlarging the hexagonal cross section or repeating
the structures along the [0001] direction. We denote them as
41L-24A, 4L-48A, 8L-24A, 8L-48A, and 8L-96A, respec-
tively.

Detailed structure optimizations and energy analysis of
the above clusters can be found in our specific work.>* Here,
as representatives, the initial and relaxed structures of 4L-
48A and 8L-48A clusters are shown in Fig. 4, from which we
can draw the following common points for all the clusters
studied in this work. (i) The original Zn-O double layers
merge into single layers with both Zn and O atoms after
optimizations. The reason is that cutting a cluster from the
bulk ZnO destroys the periodicity along the [0001] direction
in the wurtzite structure, which results in Zn- and
O-terminated polar surfaces on each side of the cluster. Dur-
ing the relaxation, the original Zn-O double layers cannot
maintain their configurations anymore; the Zn and O ions
with opposite polarities in the same double layer move to-
ward a common plane to find a relatively stable state. In fact,
this phenomenon has also been found in recent first-
principles calculations for single ZnO layers.>* (ii) With in-
creasing cluster size, size effect becomes evident on the
boundaries, especially for the 4L.-48A case as shown in Fig.
4(a). The atoms on the boundary have relatively more dan-
gling bonds, so they try to find proper coordination during
the relaxation.

It is interesting that the original hexagonal 8L-48A model
shapes into a hexahedronlike cluster after relaxation, as
shown in Fig. 4(b). Here, the final structure is shown with a
clockwise rotation of 60° along the [0001] direction; we
show it in the rotated direction for a clear exhibition. This
reconstruction is a kind of wurtzite-to-rocksalt phase transi-
tion, which has been found in ZnO and other wurtzite semi-
conductors experimentally and theoretically when a certain
pressure is applied.**>%3% To further investigate its electronic
structure, we plot the charge distributions on two cross sec-
tions of the cluster, as shown in Fig. 5. The contours dem-
onstrate that the charge distribution is quite different from
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TABLE II. Energy analysis of ZnO systems (from 3D to 0D).

Eqve Econ
Systems (eV) (eV)
O atom

1 atom -2286.31 0.00
Bulk —2300.71 ~14.40
2D 28 —2299.51 -13.20
(nanofilms) 48 -2299.95 -13.64
6S —2300.19 -13.88
8S —2300.32 -14.01
10S ~2300.40 ~14.09
128 —2300.45 -14.14
1D 12N —2298.89 -12.58
(nanowires) 48N —2299.83 -13.52
108N -2300.12 -13.81
192N -2300.27 -13.96
300N -2300.35 -14.04
0D 4L-12A -2297.94 -11.63
(nanoclusters) 4L-24A —2298.66 -12.35
4L-48A ~2299.04 -12.73
SL-24A ~2298.66 -12.35
SL-48A -2299.19 -12.88
SL-96A ~2299.50 -13.19

the original wurtzite structure, and a new six-coordinate
rocksalt structure comes into being. In fact, the structural
transformation in the ZnO nanoclusters is dominated by sur-
face effects as proposed in the previous literature concerning
CdSe nanocrystals.>® Our simulations also show that in nano-
clusters it is possible to stabilize structures that are unstable
in the bulk by controlling the overall shape and their surface
structure.

It should be noted that although some chemical bonds
have been broken during the relaxations of 4L.-24A and 8L-
48A clusters, total-energy variations during the structure re-
laxations of the two clusters show that no remarkable energy
barrier exists between the initial and final structures, because
the initial cluster cutting directly from the bulk ZnO crystal
is not stable with too many dangling bonds and too high
initial energy state. During structure optimization, the initial
energy is high enough to break the Zn—O bonds with mono-
tonically decreasing energy to the final structure.

E. Energy analysis

In this section, we focus on the energy analysis of the
whole ZnO systems involved in the present work. To remove
the possible inconsistency between the two computational
schemes, all the energies are obtained from the same code
SIESTA with GGA, which has been discussed in Sec. III A for
bulk ZnO. The average energy per ZnO unit (E,,.) and the
cohesive energies (E,,;,) of the ZnO structures with different
dimensions and sizes are listed in Table II. The E, . column
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FIG. 6. (Color online) Dimension- and size-dependent cohesive
energies of ZnO structures.

shows that among the systems, bulk ZnO has the relatively
lowest energy, indicating that it is more stable compared with
the low-dimensional nanostructures.

Dimension- and size-dependent cohesive energies of all
the ZnO systems are clearly exhibited in Fig. 6, where the
results of the 0D ZnO clusters from Ref. 53 are redrawn for
comparison of the dimensionality. It is also a complete pre-
sentation of the ground-state energy for all the ZnO struc-
tures studied in the present work. As a whole, the cohesive
energy decreases with decreasing dimensions (from 3D to
0D). On the other hand, for the ZnO structures within certain
dimension, the cohesive energies increase with increasing
typical sizes. It is found that the dimension effect is more
significant than the size effect within each dimension. It is
interesting that there is an obvious step between the four-
layer and eight-layer OD structures, which demonstrates that
clusters with the same size have similar cohesive energies.
For the two pairs of clusters with the same numbers of at-
oms, the 4L-24A and 8L-24A clusters have almost the same
configurations after relaxations, so they have exactly the
same cohesive energy, while the 8L-48A cluster possesses a
more favorable cohesive energy compared with that of the
41L-48A model due to the phase transition. This is reasonable
because when the four-coordinate wurtzite structure shapes
into the six-coordinate rocksalt one, much fewer dangling
bonds result in lower surface energy. This also implies that
by cutting out a stoichiometric cluster with more favorable
structure, the dangling bonds should be as few as possible.

IV. SUMMARY AND CONCLUSIONS

Dimension- and size-dependent ground-state properties of
ZnO structures from three-dimensional crystals to zero-
dimensional clusters were systematically studied using first-
principles density-functional pseudopotential approaches.
Different computational schemes were involved in the
present calculations to achieve a comprehensive understand-
ing of the system. To make the discussions meaningful, we
used as reference the results of bulk ZnO from each method
and made a comparison of the lower-dimensional results and
bulk results. In the case of bulk ZnO, we made detailed com-
parison with available experimental and calculated results to
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provide a sound basis. The main results of the present inves-
tigation are an extensive set of reliable data for the ground-
state properties of the various ZnO nanostructures (nano-
films, nanowires, and nanoclusters), which can provide a
reference for future studies.

From the present calculations we draw the following con-
clusions. (i) The effective elastic constants Cs3 of the 2D and
1D ZnO structures are far lower than the corresponding bulk
values when the nanofilm or nanowire is very thin, while
both of them approach the bulk values with increasing size.
(ii) Structural relaxations make the boundary effects remark-
able in all the low-dimensional structures, such as the con-
tractions of the outmost Zn-O double layers in nanofilms,
small change of diameters in nanowires, and shape-driven
phase transition in nanoclusters. (iii) The cohesive energy of
the ZnO structures shows specific dimension and size depen-

PHYSICAL REVIEW B 76, 035322 (2007)

dence. The dimension effect is more significant than the size
effect within each dimension at nanoscale, and the values for
the low-dimensional structures approach the bulk value with
increasing size.
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