
apan

n

n

PHYSICAL REVIEW B 15 JUNE 2000-IVOLUME 61, NUMBER 23
Homoepitaxial growth mechanism of ZnO„0001…: Molecular-dynamics simulations
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We clarified here an epitaxial growth mechanism of ZnO~0001! surface on an atomic scale, by using
molecular-dynamics crystal-growth simulations. It was observed that the crystal growth starts at the step of
ZnO~0001!, but not at the terrace of ZnO~0001!. This phenomenon is clearly justified from the coordination
number of adsorbed ZnO molecules on the ZnO~0001! surface. The ZnO molecule can form bonds with the
smooth ZnO surface through only single coordination since the topmost surface is constructed by only one
atomic species, i.e., either a Zn or O atomic plane. Hence, a ZnO molecule adsorbed on the smooth ZnO
surface can be readily evaporated, indicating the rare growth of the ZnO~0001! from the terrace. On the other
hand, double coordination can be observed at the step, since both Zn and O atoms are exposed to the surface
at the step. Hence, the adsorbed ZnO molecule at the step is stabilized and the crystal growth starts from the
step. It indicates that the ZnO molecule adsorbed at the step has a role of nucleation center. The above epitaxial
growth mechanism is completely different from that of MgO~001! @M. Kubo et al., J. Chem. Phys.107, 4416
~1997!#. This difference is clearly interpreted from the different surface structures of the ZnO~0001! and
MgO~001!.
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I. INTRODUCTION

Artificial construction of atomically defined metal oxid
layers is important in making electronic devices includi
light-emitting materials, high-temperature superconduct
oxide films, magnetic devices, as well as other advan
materials.1–6 Hence, the atomistic understanding of the e
taxial growth process of metal oxide surfaces is required
fabricate atomically controlled structure that exhibits une
plored and interesting physical properties.

On the other hand, wide and direct band-gap semicond
tors have attracted much attention, due to their possible
plications in blue light-emitting and ultraviolet laser-emittin
devices. Initially a lot of efforts were concentrated o
ZnSe,7,8 but more recently GaN-based technologies ha
made a considerable advance.9,10 However, their large
threshold current and short lifetime are still the central is
of research and development. ZnO, an oxide semicondu
with a room temperature~RT! band-gap energy of 3.37 eV
is potentially another efficient RT ultraviolet emitter. It has
large exciton binding energy~60 meV! compared with those
of GaN ~28 meV! and ZnSe~19 meV!, which should favor
efficient excitonic emission processes at RT. Recently
wasaki et al. constructed ZnO quantum dots on a
a-Al2O3(0001) surface by using laser molecular-beam e
taxy techniques and observed an ultraviolet laser emissio
the above material as pumped by a yttrium aluminum ga
~YAG! laser at RT.11–13 After their reports, the studies o
ZnO-based ultraviolet laser-emitting materials are rapi
stimulated.14–19Especially, the optical properties of the Zn
PRB 610163-1829/2000/61~23!/16187~6!/$15.00
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quantum dots were very sensitive to their crystal qual
orientation, and the size. Hence, in order to control th
factors it is crucially important to understand the epitax
growth mechanism of ZnO quantum dots on an atomic sc
Although important information on the epitaxial growth pr
cess of ZnO quantum dots has been obtained from a lo
experiments, theoretical approaches are also desired fo
atomistic understanding of the epitaxial growth of Zn
quantum dots and for the artificial construction of efficie
and long-lived ZnO-based ultraviolet laser-emitting mate
als. Although some crystal-growth molecular-dynam
~MD! simulations have been performed for Si films20–24and
other systems,25–29there are no simulation studies devoted
the epitaxial growth process of metal oxide surfaces exc
our earlier works on the epitaxial growth of MgO~001!
~Refs. 30 and 31! and SrTiO3(001) ~Refs. 32–34! surfaces.
Hence, in the present paper we applied our crystal-gro
MD simulation codeMOMODY to investigate the homoepi
taxial growth process of the ZnO~0001! surface. Especially,
the effect of surface step on the crystal-growth process al
with the atomistic mechanism of the epitaxial growth proce
were discussed.

II. METHOD

We employed our crystal-growth MD simulation cod
MOMODY, Version 2.0 in the present paper. The methodolo
of the crystal-growth MD is slightly different from regula
MD simulations. The total number of species in the system
not fixed but increases with time. Figure 1 shows the mo
16 187 ©2000 The American Physical Society
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16 188 PRB 61MOMOJI KUBO et al.
system of these MD simulations: the top corresponds to
source of emitting metal oxide molecules and the subst
lies at the bottom. ZnO molecules, which emerge rando
from any point of the emitting source of metal oxide mo
ecules, are emitted one by one at regular time intervals
ps with a constant velocity of 900 m/s. We employed t
same condition as our previous works on the homoepita
growth of the MgO~001! surface30 for the direct comparison
Here, the vibration and rotation of the depositing ZnO m
ecules are considered.

Hence, by following the above procedure, the cryst
growth process of ZnO thin films can be simulated on
atomic scale. The Verlet algorithm was used for the calcu
tion of atomic motions, while the Ewald method was appli
for the calculation of electrostatic interactions. Temperat
was controlled by means of scaling the atom velocities. O
the temperature of the bottom layer of the ZnO~0001! surface
was controlled such that the energy released from the Z
molecules is correctly reproduced from the deposition ev
The calculations were performed for 30 ps with a time s
of 2.0310215 seconds, and a total of 10 ZnO molecules we
deposited on the ZnO~0001! surface. A slab model was use
under the three-dimensional periodic boundary conditi
The surface area and substrate thickness are 16
316.902, and 15.639 Å, respectively. The distance betw
the ZnO~0001! surface and the emitting source of metal o
ide molecules is 20.852 Å and the thickness of vacuum ph
is 46.917 Å. The system was equilibrated for 40 ps, prior
the epitaxial growth simulations.

The interatomic potential functions consist of two-bo
and three-body terms.35,36The two-body, central force, inter
atomic potential is described as follows for any atom pa
In Eq. ~1!, the first, second, and third terms refer to Co
lomb, exchange repulsion, and Morse interactions, resp
tively.

u~r i j !5ZiZje
2/r i j 1 f o~bi1bj !

3exp@~ai1aj2r i j !/~bi1bj !#

1Di j @exp$22b i j ~r i j 2r i j* !%

22 exp$2b i j ~r i j 2r i j* !%#, ~1!

where Zi is the atomic charge,e the elementary electric
charge,r i j the interatomic distance, andf 0 a constant for unit
adaptations. The parametersa and b represent the size an
stiffness, respectively, in the exchange repulsion interact
while Di j , r i j* , andb i j represent bond energy, equilibrium
bond distance, and stiffness, respectively, in the Morse fu
tion.

The three-body potential, as shown in Eq.~2!, is applied
for Zn-O-Zn and O-Zn-O angles:

u~u i jk !52 f k@cos$2~u i jk2u0!%21#3~k1k2!1/2, ~2!

whereu i jk is the angle between atomsi 2 j 2k, andf k andu0
are the parameters. The variablesk1 andk2 define the effec-
tive range of the three-body potential:

k151/@exp$gr1~r i j 2r m1!%11#, ~3!

k251/@exp$gr2~r jk2r m2!%11#, ~4!
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wheregr1 , gr2 , r m1, andr m2 are the parameters.r i j andr jk
are the interatomici 2 j and j 2k distances, respectively. Th
values ofk1 and k2 are close to unity at the intramolecula
Zn-O distance and approach to zero with the incremen
the distance.

Calculations were performed on a Silicon Graphics O
gin200 computer server, while the computer graphics~CG!
visualization was made with an Insight II software37 of Mo-
lecular Simulations Inc. on a Silicon Graphics Indigo2 wor
station. Moreover, dynamic features in the epitaxial grow
process were investigated by using real time visualizat
with the MOMOVIE code andRYUGA ~Ref. 38! code devel-
oped in our laboratory and implemented on OMRO
LUNA-88K workstation and Hewlett Packard Apollo 900
Model 715/33 workstation, respectively.

III. RESULTS AND DISCUSSION

A. Development of force field for ZnO

The accurate force field for ZnO is required for th
present purpose. The potential parameters for ZnO in E
~1!–~4! were determined by using MD simulations, so as
reproduce the lattice constants and the expansion coeffic
of ZnO crystal. The determined potential parameters of
and O atoms are presented in Table I. The calculated la
constants and expansion coefficients of ZnO crystal, sho
in Table II, are in good agreement with the experimen
results.39,40 The trajectories of Zn and O atoms in the Zn
crystal were also close to the average positions of ato
determined by the x-ray diffraction~XRD! technique.39

Moreover, the mean-square displacements~MSD! of Zn and
O atoms from the positions derived by the XRD were 0.0
and 0.003 Å2, respectively. These MSD values are not s
nificant in comparison to the temperature factor in the XR
analysis.

The normal low-pressure phase of ZnO is a hexago
wurtzite structure, similar to the other group II-VI and grou
III-V semiconductors with first-row anions~BeO, AlN, GaN,
and InN!,41 though metastable thin films of ZnO with th
cubic zinc-blende structure have been reported.42 Hence, the

FIG. 1. Model system for simulating the epitaxial growth pr
cess of metal oxide surfaces.
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total energies of ZnO crystals with wurtzite and zinc-blen
structures calculated by the above potential parameters
compared, in order to check how well the above poten
parameters describe the phase stability of ZnO crystals.
calculated total energies of the wurtzite and zinc-blen
structures were 449.9 and 448.4 kcal/mol, respectively
indicates that the wurtzite structure is more stable than
zinc-blende structure, which is in good agreement with
experimental observation41,42 and the previous periodic
Hartree-Fock calculations.43

In order to check how well the above potential paramet
describe the surface properties of ZnO crystal in addition
the bulk properties, we investigated the surface energie
some ZnO surfaces. It is experimentally well known that
(101̄0) and (112̄0) are cleavage surfaces of ZnO crys
with wurtzite structure and the stability of both surfaces w
previously well investigated.44–47 Hence, we calculated th
surface energies of the (1010̄) and (112̄0) surfaces of
wurtzite type ZnO crystal and investigated their relative s
bility. The surface energies of the (1010̄) and (112̄0) sur-
faces obtained by the above potential parameters were
and 2.2 J/m2, respectively. It indicates that the (1010̄) sur-
face is more stable compared to the (1120̄) surface, which is
in good agreement with the previous molecular mechan
results47 based on the shell model by Nyberget al.

In order to check how well the above potential paramet
describe the bond creation and bond dissociation, the c

TABLE I. Potential parameters of Zn and O atoms.~a! Two-
body terms.

Atom Zi ai /Å bi /Å

O 21.2 1.650 0.110
Zn 11.2 1.211 0.100

Atom Pairs Di j /kcal mol21 b i j /Å21 r i j* /Å

O-Zn 24.0 2.00 1.95

~b! Three-body terms

three body f k/10219 J u0/degree r 0 /Å gr /Å21

O-Zn-O 7.0 109.5 2.20 10.0
Zn-O-Zn 4.0 109.5 2.20 10.0
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sive energies of some ZnO molecules were calculated
these values were compared with the density functio
theory ~DFT! calculation results.DMOL software package48

of Molecular Simulations Inc. was employed for the DF
calculations. A Vosko-Wilk-Nusair functional49 was used for
the correlation energy terms in the total-energy express
All DFT calculations were carried out with a double nume
cal basis set with polarization functions.50 We employed
ZnO, Zn2O2, Zn3O3, and Zn4O4 clusters for the calculation
of the cohesive energies. The cohesive energy values of
three, and four ZnO molecules calculated by the above
tential parameters were 119.6, 259.8, and 352.5 kcal/m
respectively. These values were in good agreement with
DFT values of 113.8, 267.6, and 334.1 kcal/mol for tw
three, and four ZnO molecules, respectively.

The determined potential parameters for ZnO reprodu
various properties of ZnO and therefore can be used for
simulation of the epitaxial growth processes.

B. Homoepitaxial growth process of smooth ZnO„0001…

Since ZnO crystal has a wurtzite structure, two differe
surface terminations by either Zn or O atomic plane at
~0001! surface are possible. Kawasakiet al. clarified that
ZnO quantum dots on aa-Al2O3(0001) surface is termi-
nated by an O atomic plane by using coaxial impact collis
ion scattering spectroscopy measurements,14 and hence we
employed a ZnO~0001! surface model terminated by an
atomic plane to be compared with experiments. Since
wasaki et al. constructed ZnO quantum dots on
a-Al2O3(0001) surface at 773 K,11–13we employed the sub

FIG. 2. Homoepitaxial growth process of smooth ZnO~0001!
surface at 700 K.
ns.
TABLE II. Lattice constants and expansion coefficients of ZnO crystal derived from the MD simulatio

a axis b axis c axis

Lattice constant 3.253 Å 3.253 Å 5.213 Å
@experimental result~Ref. 39!#

Lattice constant 3.24660.002 Å 3.24660.002 Å 5.23260.002 Å
~MD simulation!

Expansion coefficient 5.5031026/K 5.5031026/K 5.0031026/K
@experimental result~Ref. 40!#

Expansion coefficient 5.4931026/K 5.4731026/K 5.0531026/K
~MD simulation!
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16 190 PRB 61MOMOJI KUBO et al.
strate temperature of 700 K to be compared with exp
ments. Figure 2 shows the homoepitaxial growth process
the smooth ZnO~0001! surface terminated by the O atom
plane at 700 K. The ZnO substrate is shown by atom
bonds, while the deposited ZnO molecules are shown
both spheres and atomic bonds. One ZnO molecule stuc
the ZnO~0001! surface at 9 ps. The Zn atom of the deposit
ZnO molecule is bonded to an O atom of the surface, in
cating that the adsorbed ZnO molecule can form bonds w
the surface through only single coordination. It is due to
fact that the topmost surface consists of only O atomic s
cies and Zn atoms are not exposed at the surface. Howe
the adsorbed ZnO molecule was readily evaporated from
surface at 12 ps. We suggest that the small interaction re
ing from single coordination favors the release of the
sorbed ZnO molecule from the surface at a high tempera
of 700 K ~Fig. 3!. Although another ZnO molecule stuck t
the surface again at 15 ps, it was also readily evapora
from the surface. Similar processes were repeated on
surface, and hence finally no ZnO molecule adhered to
smooth ZnO~0001! surface at 30 ps. It indicates that Zn
thin films or quantum dots rarely grow from the smoo
ZnO~0001! surface.

C. Homoepitaxial growth process of ZnO„0001… with step

Experimentally, the ZnO~0001! surface is not completely
smooth, and a lot of steps, kinks, and defects exist on
surface. Therefore, the understanding of the effect of the
face steps on the homoepitaxial growth process is essent
control the structures of ZnO thin films or quantum dots
an atomic scale. Hence, we simulated the continuous d
sition process of ZnO molecules on a ZnO~0001! surface
with a step. The surface terminated by O atomic plane is a
employed for the present purpose. Figure 4 shows the re
at 700 K. Surprisingly, the ZnO epitaxial film was smooth
constructed at 30 ps in contrast to the process on the sm
ZnO~0001! surface. It indicates that the crystal grow
readily starts at the surface step, which is not realized at
smooth surface. Moreover, the deposited ZnO molecule k
a wurtzite structure and~0001! oriented configuration on the
surface. The detailed mechanism of the above process is
cussed below.

First, one ZnO molecule stuck to the step at 9 ps. He
the Zn atom of the deposited ZnO molecule is bonded to

FIG. 3. Schematic position of the first adsorbed ZnO molec
on the smooth ZnO~0001! surface.
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O atom of the surface, while the O atom of the deposi
ZnO molecule is bonded to a Zn atom of the surfa
Namely, the deposited ZnO molecule forms bonds to
surface through double coordination, which is much differe
from the process on the smooth ZnO~0001! surface. It is due
to the fact that both Zn and O atoms are exposed at the s
which is not realized at the smooth surface. A second dep
ited ZnO molecule adhered to the step at 13 ps and a
membered ring was formed at the step. This result indica
that the first adsorbed ZnO molecule at the step plays a
of the nucleation center. At 19 ps, one ZnO molecule stu
to the new step that was formed at 13 ps. Here, the ads
tion structure of the single ZnO molecule at 19 ps is simi
to that at 9 ps. After 19 ps, the next single ZnO molec
adsorbed at the new step and a new six-membered ring
formed, which was a completely similar process observ
from 9 to 13 ps in Fig. 4. It indicates that the adsorbed Z
molecule at 19 ps also plays a role of the nucleation cen

The similar processes repeated many times and finally
first ZnO layer was completely constructed at 30 ps. T
detailed mechanism is summarized in Fig. 5. We should n
that the deposited second ZnO molecule formed three
membered rings at the same time, which greatly stabili
the second deposited ZnO molecule@Fig. 5~b!#. It may also
be another reason, justifying that the epitaxial grow
smoothly starts from the surface step. Experimenta
Ohtomoet al. revealed15 that ZnO quantum dots are forme
in a spiral growth mode on aa-Al2O3(0001) surface. Since

e FIG. 4. Homoepitaxial growth process of the ZnO~0001! surface
with a step at 700 K.

FIG. 5. Schematic position of the~a! first and~b! second depos-
ited ZnO molecules on the ZnO~0001! surface with a step.
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a spiral growth is realized by the step flow growth wi
screw dislocation, our MD simulation results support th
experiments.

In order to confirm our results, we also performed
more calculations on the homoepitaxial growth process
both smooth and stepped ZnO~0001! surfaces. However, al
most similar results were obtained as mentioned abo
Hence, we confirmed the above crystal-growth simulat
results.

D. Comparison with homoepitaxial growth process
of MgO„001…

The above homoepitaxial growth mechanism is co
pletely different from that of the MgO~001! surface.30,31

MgO thin film grows epitaxially on a smooth MgO~001!
surface, keeping NaCl type structure and~001! oriented con-
figuration during the MD simulation. Moreover, surfac
steps do not greatly affect the growth process of
MgO~001! surface. This difference is clearly interprete
from the surface structure of the MgO~001! surface. Since
MgO crystal has a NaCl type structure and both Mg and
atoms are exposed at the~001! surface, the adsorbed MgO
molecules are stabilized through double coordination e
on the smooth MgO~001! surface. This adsorption structur
cannot be realized in the deposition process of ZnO m
ecules on the smooth ZnO~0001! surface, as mentioned be
fore. Consequently, the surface morphology of the metal
c
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ide surfaces is found to have a major influence on the
moepitaxial growth process.

IV. CONCLUSION

The homoepitaxial growth processes of the ZnO~0001!
surface are successfully simulated by our crystal-growth M
code. We clarified that the ZnO molecule adsorbed at
surface step has a role of nucleation center and the cry
growth starts from the surface step. The spiral growth mo
of the ZnO~0001! surface observed by experiments, is w
interpreted from the above crystal-growth mechanism, si
a spiral growth is realized by the step flow growth wi
screw dislocation. The above epitaxial growth mechanism
completely different from that of MgO~001!.30,31This differ-
ence is clearly interpreted from the different surface str
tures of ZnO~0001! and MgO~001!.

Since we modeled the ZnO~0001! surface with a single
step in the present paper, the crystal growth process of
ZnO~0001! surface stopped after the first ZnO layer w
completed following the step flow mechanism and the s
was lost. On the other hand, the screw dislocation obser
in the experiments does not lose the step of the ZnO~0001!
surface and the crystal-growth process continuously p
ceeds. Hence, another efficient simulation model is neede
reproduce the step flow mechanism with screw dislocation
future work. However, the present simulations well elu
dated the atomistic mechanism of the homoepitaxial gro
process of the ZnO~0001! surface and supported the expe
mental observation.
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