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Homoepitaxial growth mechanism of ZnQ(0001): Molecular-dynamics simulations
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We clarified here an epitaxial growth mechanism of Z&@1) surface on an atomic scale, by using
molecular-dynamics crystal-growth simulations. It was observed that the crystal growth starts at the step of
Zn0O(000Y), but not at the terrace of Zr(@00Y). This phenomenon is clearly justified from the coordination
number of adsorbed ZnO molecules on the Z@1) 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 théd00Q 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 M@01) [M. Kubo et al, J. Chem. Physl07, 4416
(1997]. This difference is clearly interpreted from the different surface structures of th¢0ROO and
MgO(001).

[. INTRODUCTION quantum dots were very sensitive to their crystal quality,
orientation, and the size. Hence, in order to control these
Artificial construction of atomically defined metal oxide factors it is crucially important to understand the epitaxial
layers is important in making electronic devices includinggrowth mechanism of ZnO quantum dots on an atomic scale.
light-emitting materials, high-temperature superconductingilthough important information on the epitaxial growth pro-
oxide films, magnetic devices, as well as other advance@€ss of ZnO quantum dots has been obtained from a lot of
materialsi~® Hence, the atomistic understanding of the epi-experiments, theoretical approaches are also desired for the
taxial growth process of metal oxide surfaces is required t@tomistic understanding of the epitaxial growth of ZnO
fabricate atomically controlled structure that exhibits unex-duantum dots and for the artificial construction of efficient
plored and interesting physical properties. and long-lived ZnO-based ultraviolet laser-emitting materi-
On the other hand, wide and direct band-gap semicondu@ls' Although some  crystal-growth  molecular-dynamics

. . . D02
tors have attracted much attention, due to their possible apMP) S|mulat|§c5J[\259 have been performed for Si fifth$" and
plications in blue light-emitting and ultraviolet laser-emitting Other systems;”~“there are no simulation studies devoted to

devices. Initially a lot of efforts were concentrated on € €pitaxial growth process of metal oxide surfaces except
ZnSe’® but more recently GaN-based technologies havéur €arlier works on the epitaxial growth of M¢@I)
made a considerable advarfd®. However, their large (R€fs. 30 and 3land SrTiQ(001) (Refs. 3234 surfaces.
threshold current and short lifetime are still the central issud1€Nce; in the present paper we applied our crystal-growth
of research and development. ZnO, an oxide semiconductdfiP Simulation codemomoDyY to investigate the homoepi-

with a room temperaturéRT) band-gap energy of 3.37 eV, taxial growth process of the Z@001) surface. Especially,
is potentially another efficient RT ultraviolet emitter. It has a the effect of surface step on the crystal-growth process along

large exciton binding energi0 meV) compared with those with thg atomistic mechanism of the epitaxial growth process
of GaN (28 me\) and ZnSe(19 meV), which should favor ~Were discussed.
efficient excitonic emission processes at RT. Recently Ka-

wasaki etal. constructed ZnO quantum dots on an

a-Al,05(0001) surface by using laser molecular-beam epi-

taxy techniques and observed an ultraviolet laser emission of We employed our crystal-growth MD simulation code
the above material as pumped by a yttrium aluminum garnetomoDY, Version 2.0 in the present paper. The methodology
(YAG) laser at RT:1"13 After their reports, the studies on of the crystal-growth MD is slightly different from regular
ZnO-based ultraviolet laser-emitting materials are rapidlyMD simulations. The total number of species in the system is
stimulated'*~1° Especially, the optical properties of the ZnO not fixed but increases with time. Figure 1 shows the model
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system of these MD simulations: the top corresponds to the

SE€ : Emitti 1
source of emitting metal oxide molecules and the substrate | Source of Emitting Molecules

lies at the bottom. ZnO molecules, which emerge randomly Emitted Metal
from any point of the emitting source of metal oxide mol- %4—' Oxide Molecule
ecules, are emitted one by one at regular time intervals of 2 %
ps with a constant velocity of 900 m/s. We employed the
same condition as our previous works on the homoepitaxial @ %
growth of the Mg@001) surfacé® for the direct comparison. 9
Here, the vibration and rotation of the depositing ZnO mol- 6)
ecules are considered. B

Hence, by following the above procedure, the crystal- @ Thin Film 8
growth process of ZnO thin films can be simulated on an ‘ v P

atomic scale. The Verlet algorithm was used for the calcula-
tion of atomic motions, while the Ewald method was applied
for the calculation of electrostatic interactions. Temperature
was controlled by means of scaling the atom velocities. Only
the temperature of the bottom layer of the 20002 surface

was controlled such that the energy released from the ZnO
molecules is correctly reproduced from the deposition event,,
The calculations were performed for 30 ps with a time step
of 2.0x 10 ¥ seconds, and a total of 10 ZnO molecules were
deposited on the Zn@00Y) surface. A slab model was used WN€r€r1, 9r2, 'm1, @ndry,, are the parametersy; andr

under the three-dimensional periodic boundary condition@'® the interatomic—j andj —k distances, respectively. The

The surface area and substrate thickness are 16.288/Ues ofk, andk; are close to unity at the intramolecular
X 16.902, and 15.639 A, respectively. The distance betwee n-O'dlstance and approach to zero with the increment of
the ZnQ000)) surface and the emitting source of metal ox- "€ dllstalnc_e. . g i h .
ide molecules is 20.852 A and the thickness of vacuum phase Calculations were performed on a Silicon Graphics Ori-

is 46.917 A. The system was equilibrated for 40 ps, prior tog.i“ZO‘? computer server, \_/vhile the.computer gr7apm(b§)
the epitaxial growth simulations. visualization was made with an Insight Il softwafef Mo-

The interatomic potential functions consist of two-body Iecu_Iar Simulations Inc. ona Silicon Qraphics Indigoz work-
and three-body termi&:*8 The two-body, central force, inter- station. Moreover, dynamic features in the epitaxial growth
atomic potential is described as follows for any atom pairsPr0c€ss were investigated by using real time visualization
In Eq. (1), the first, second, and third terms refer to Cou-With the MOMOVIE code andrvuca (Ref. 3§ code devel-

lomb, exchange repulsion, and Morse interactions, respe@P€d in our laboratory and implemented on OMRON
tively. LUNA-88K workstation and Hewlett Packard Apollo 9000

Model 715/33 workstation, respectively.

Substrate
(LIS LLIL LA,

FIG. 1. Model system for simulating the epitaxial growth pro-
ss of metal oxide surfaces.

u(rij) =zZ;elrj+fo(b;+by)
Xexd (aj+a;—rij)/(bj+bj)] lll. RESULTS AND DISCUSSION
+Djj[exp{—28(rij— rﬁ )} A. Development of force field for ZnO

5 . The accurate force field for ZnO is required for the
—2exp = By (riy—rijil, (D) present purpose. The potential parameters for ZnO in Egs.
(1)—(4) were determined by using MD simulations, so as to

chargey;; the interatomic distance, arfg a constant for unit reproduce the lattice constants and the expansion coefficients

adaptations. The parametexsand b represent the size and of ZnO crystal. The determined potential parameters of Zn

stiffness, respectively, in the exchange repulsion interactior?d O atoms are presented in Table I. The calculated lattice
while D, r* constants and expansion coefficients of ZnO crystal, shown
ij

*, and B;; represent bond energy, equilibrium . ) . 5
4 A rep ay. €d n Table I, are in good agreement with the experimental

bond distance, and stiffness, respectively, in the Morse func’ . X ;
tion P y results®¥4° The trajectories of Zn and O atoms in the ZnO

) - - : : crystal were also close to the average positions of atoms
for'l'zhne_(t)r]rzene;)nodd)(/jf)zor:(_egtfhgellss.shown in &2), is applied 1 ermined by the x-ray diffractioXRD) technique’®
' Moreover, the mean-square displacem&MSD) of Zn and
U6 ) = — F[COS2( 65y — B0t — 1]X (Kiko) Y2 (2 O atoms from the positions derived by the XRD were 0.003
(Gij) eos2(0y b)) 11X (kake) @ and 0.003 &, respectively. These MSD values are not sig-
whereg;;, is the angle between atoms j —k, andf, and 6, nificant in comparison to the temperature factor in the XRD
are the parameters. The variablgsandk, define the effec- analysis.

where Z; is the atomic chargee the elementary electric

tive range of the three-body potential: The normal low-pressure phase of ZnO is a hexagonal
wurtzite structure, similar to the other group 1I-VI and group
ky=11exp{g 1 (rij—rm)}+1], (3 111V semiconductors with first-row anion®eO, AIN, GaN,

and InN,*! though metastable thin films of ZnO with the
Ko=11exp{g 2(rjk—rm2)}+ 1], (4)  cubic zinc-blende structure have been repoftadence, the
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TABLE I. Potential parameters of Zn and O atona). Two- o0
body terms. %/o
e

Atom Z; a /A b /A zn
O -1.2 1.650 0.110 r
Zn +1.2 1.211 0.100

Zl1 (l)

-

[

Atom Pairs  Dj/kcalmol* g /A"t /A

1 . 4
YY) o) YJrr) orrm

(X TKJ Tr\l 1 T\,(TTTI] (1 TTT
0-zn 24.0 200 195 0 ) oxd oron

(b) Three-body terms 9 ps 12 ps 15 ps 30 ps

FIG. 2. Homoepitaxial growth process of smooth ZA@01)

—19 -1
three body f /1071 J Oy/degree ro/A g, /A surface at 700 K.

0-Zn-0 7.0 109.5 2.20 10.0
Zn-O-Zn 4.0 109.5 2.20 10.0 sive energies of some ZnO molecules were calculated and
these values were compared with the density functional
theory (DFT) calculation resultsomoL software packad®
total energies of ZnO CryStals with wurtzite and ZinC'blendeof Molecular Simulations Inc. was employed for the DFT
structures calculated by the above potential parameters wegg|culations. A Vosko-Wilk-Nusair function&lwas used for
compared, in order to check how well the above potentiathe correlation energy terms in the total-energy expression.
parameters describe the phase stability of ZnO crystals. Thg|| DFT calculations were carried out with a double numeri-
Calculated tOta| enel’gies Of the WurtZite and ZinC'blendQ:al basis set W|th polarization functioﬁ%_v\/e employed
zinc-blende structure, which is in good agreement with thenree, and four ZnO molecules calculated by the above po-
experimental observatidh'® and the previous periodic tential parameters were 119.6, 259.8, and 352.5 kcal/mol,
Hartree-Fock calculatiorfs. respectively. These values were in good agreement with the
In order to check how well the above potential parameter$yET values of 113.8, 267.6, and 334.1 kcal/mol for two,
describe the surface properties of ZnO crystal in addition tQnree, and four ZnO molecules, respectively.
the bulk properties, we investigated the surface energies of The determined potential parameters for ZnO reproduced
some ZnO surfaces. It is experimentally well known that the\arious properties of ZnO and therefore can be used for the
(1010) and (11®) are cleavage surfaces of ZnO crystal simulation of the epitaxial growth processes.
with wurtzite structure and the stability of both surfaces was
previously well investigatet?=*’ Hence, we calculated the B. Homoepitaxial growth process of smooth Zn@001)

surface energies of the (101 and (11®) surfaces of

wurtzite type ZnO crystal and investigated their relative sta- Since ZnQ crystal has a wurtzite structure, two different
surface terminations by either Zn or O atomic plane at the

bility. The surface energies of the (101 and (11D) sur- (9001 surface are possible. Kawasai al. clarified that
faces obtained by the above potential parameters were 27410 quantum dots on a-Al,04(0001) surface is termi-
and 2.2 J/rf, respectively. It indicates that the (10 sur-  nated by an O atomic plane by using coaxial impact collision
face is more stable compared to the (@} &urface, which is ion scattering spectroscopy measureméhend hence we
in good agreement with the previous molecular mechanicemployed a Zn@O001) surface model terminated by an O
result4’ based on the shell model by Nybezgal. atomic plane to be compared with experiments. Since Ka-
In order to check how well the above potential parametersvasaki et al. constructed ZnO quantum dots on a
describe the bond creation and bond dissociation, the cohex-Al,03(0001) surface at 773 K~*we employed the sub-

TABLE Il. Lattice constants and expansion coefficients of ZnO crystal derived from the MD simulations.

a axis b axis c axis

Lattice constant 3.253 A 3.253 A 5213 A
[experimental resultRef. 39]

Lattice constant 3.2460.002 A 3.246-0.002 A 5.232-0.002 A
(MD simulation

Expansion coefficient 5.5010 ®/K 5.50x 10 ¢/K 5.00x 10 ®/K
[experimental resulRef. 40]

Expansion coefficient 5.4910 ®/K 5.47x 10 8/K 5.05x 10 ®/K

(MD simulation
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FIG. 3. Schematic position of the first adsorbed ZnO molecule FIG. 4. Homoepitaxial growth process of the 10001 surface
on the smooth Zn@000Y) surface. with a step at 700 K.

strate temperature of 700 K to be compared with experiO atom of the surface, while the O atom of the deposited
ments. Figure 2 shows the homoepitaxial growth process oAnO molecule is bonded to a Zn atom of the surface.
the smooth Zn@001) surface terminated by the O atomic Namely, the deposited ZnO molecule forms bonds to the
plane at 700 K. The ZnO substrate is shown by atomiGurface through double coordination, which is much different
bonds, while the deposited ZnO molecules are shown b¥rom the process on the smooth Z{®D01) surface. It is due
both spheres and atomic bonds. One ZnO molecule stuck ag the fact that both Zn and O atoms are exposed at the step,

the ZnG000Y) surface at 9 ps. The Zn atom of the depositedyhich is not realized at the smooth surface. A second depos-

ZnO molecule is bonded to an O atom of the surface, indijieq znO molecule adhered to the step at 13 ps and a six-

cating that the adsorbed ZnO molecule can form bonds withyempered ring was formed at the step. This result indicates
the surface through only single coordination. It is due to the[hat the first adsorbed ZnO molecule at the step plays a role

fact that the topmost surface consists of only O atomic SPE5¢ the nucleation center. At 19 ps, one ZnO molecule stuck

cies and Zn atoms are not exposed at the surface. Howeve[rd the new step that was formed at 13 ps. Here, the adsorp-
the adsorbed ZnO molecule was readily evaporated from th jon structure of the single ZnO molecule at 19 ps is similar

surface at 12 ps. We suggest that the small interaction resul}-

ing from single coordination favors the release of the ad° that at 9 ps. After 19 ps, the next single ZnO molecule

sorbed ZnO molecule from the surface at a high temperatur@dsorbed at the new step and a new six-membered ring was
of 700 K (Fig. 3. Although another ZnO molecule stuck to formed, which was a completely similar process observed
the surface again at 15 ps, it was also readily evaporateﬁiom 9 to 13 ps in Fig. 4. It indicates that the adso_rbed Zn0O
from the surface. Similar processes were repeated on tH80lecule at 19 ps also plays a role of the nucleation center.
surface, and hence finally no ZnO molecule adhered to the The similar processes repeated many times and finally the
smooth Zn@0001) surface at 30 ps. It indicates that ZnO first ZnO layer was completely constructed at 30 ps. The
thin films or quantum dots rarely grow from the smooth detailed mechanism is summarized in Fig. 5. We should note
ZnO(000)) surface. that the deposited second ZnO molecule formed three six-
membered rings at the same time, which greatly stabilized
the second deposited ZnO molecigg. 5b)]. It may also
be another reason, justifying that the epitaxial growth
Experimentally, the Zn@O00J) surface is not completely smoothly starts from the surface step. Experimentally,
smooth, and a lot of steps, kinks, and defects exist on th©htomoet al. revealed® that ZnO quantum dots are formed
surface. Therefore, the understanding of the effect of the suin a spiral growth mode on a-Al,05(0001) surface. Since
face steps on the homoepitaxial growth process is essential to
control the structures of ZnO thin films or quantum dots on

C. Homoepitaxial growth process of Zn@0001) with step

. . . a,
an atomic scale. Hence, we simulated the continuous depo © .
sition process of ZnO molecules on a Zi®001) surface not Evaporation g?n;";sj;f;jg';;;g
with a step. The surface terminated by O atomic plane is alsc % 15t Deposited 16t Deposited —
employed for the present purpose. Figure 4 shows the result pouble Coordination Zn0 Molecule ZnO Molecule
at 700 K. Surprisingly, the ZnO epitaxial film was smoothly

posited

constructed at 30 ps in contrast to the process on the smoot Bloculs

ZnO(000) surface. It indicates that the crystal growth o—s
readily starts at the surface step, which is not realized at the zn—]
smooth surface. Moreover, the deposited ZnO molecule kep
a wurtzite structure anfD00J) oriented configuration on the
surface. The detailed mechanism of the above process is dis
cussed below.

First, one ZnO molecule stuck to the step at 9 ps. Here, FIG. 5. Schematic position of tHe) first and(b) second depos-
the Zn atom of the deposited ZnO molecule is bonded to aited ZnO molecules on the Zr{@00J) surface with a step.
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a spiral growth is realized by the step flow growth with ide surfaces is found to have a major influence on the ho-
screw dislocation, our MD simulation results support theirmoepitaxial growth process.
experiments.

In order to confirm our results, we also performed 20 NECONCEUSION

more calculations on the homoepitaxial growth process of The homoepitaxial growth processes of the ZO@1)
both smooth and stepped Z(O01) surfaces. However, al- surface are successfully simulated by our crystal-growth MD
most similar results were obtained as mentioned abovezode. We clarified that the ZnO molecule adsorbed at the
Hence, we confirmed the above crystal-growth simulatiorsurface step has a role of nucleation center and the crystal
results. growth starts from the surface step. The spiral growth mode
of the ZnQ000)) surface observed by experiments, is well
interpreted from the above crystal-growth mechanism, since
D. Comparison with homoepitaxial growth process a spiral growth is realized by the step flow growth with
of MgO(001) screw dislocation. The above epitaxial growth mechanism is
o . completely different from that of Mg®01).23! This differ-
The above homoepitaxial growth mechanism is com-gnce is clearly interpreted from the different surface struc-
pletely different from that of the Mg@01) surface®*'  {res of Zn@O00D and MgQi001).
MgO thin film grows epitaxially on a smooth MgQ0l) Since we modeled the ZH@00Y) surface with a single
surface, keeping NaCl type structure a001) oriented con-  step in the present paper, the crystal growth process of the
figuration during the MD simulation. Moreover, surface ZnO(0001) surface stopped after the first ZnO layer was
steps do not greatly affect the growth process of thecompleted following the step flow mechanism and the step
MgO(001) surface. This difference is clearly interpreted was lost. On the other hand, the screw dislocation observed
from the surface structure of the MgID1 surface. Since in the experiments does not lose the step of the @EO1)
MgO crystal has a NaCl type structure and both Mg and Csurface and the crystal-growth process continuously pro-
atoms are exposed at tti@01) surface, the adsorbed MgO ceeds. Hence, another efficient simulation model is needed to
molecules are stabilized through double coordination evemeproduce the step flow mechanism with screw dislocation in
on the smooth Mg@O01) surface. This adsorption structure future work. However, the present simulations well eluci-
cannot be realized in the deposition process of ZnO moledated the atomistic mechanism of the homoepitaxial growth
ecules on the smooth Zrf@001) surface, as mentioned be- process of the Zn@00J) surface and supported the experi-
fore. Consequently, the surface morphology of the metal oxmental observation.
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