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Self-assembled ZnO islands were nucleated on Zn-passivated 6H-SiC substrates under the compressive
strain. The driving force �a /a and surface energy are the key parameters for the formation of islands and
transition to coalescences/grains and a considerable modification of the band structure and structural properties
of ZnO epilayers. Transmission electron microscopy �TEM� reflected defects near the ZnO/SiC heterointer-
faces that have extended along the ZnO growth direction to be �130 nm, while the high-resolution TEM
diffracted the polycrystalline interlayer in the ZnO/SiC heterointerface to be 2–3 nm. Formation of polycrys-
talline interlayer and columnar growth mode along the �0001� has been attributed to the accumulation of misfit
dislocations, dangling atomic bonds, and imbalanced charge distribution in the II-VI/IV materials system,
together with complex impurity matrix interdiffused/contributed from the host material, SiC substrate, and
metalorganic precursors.
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I. INTRODUCTION

An explosive expansion of research onto ZnO semicon-
ductor material has continued for the fabrication of blue to
ultraviolet light emitting diodes �LEDs� and exciton- and
polariton-based laser diodes �LDs�.1 Bulk ZnO is a wurtzite
wide and direct band-gap material, and the exciton �Ex

b� and
biexciton �Exx

b � binding energies are 60 and 15 meV, respec-
tively. Fundamental properties of ZnO, MgO and CdO ma-
terials are plotted in Table I. The excitonic properties of ZnO
overwhelm GaN by two and a half times since the Ex

b and Exx
b

for GaN are 24 and 9 meV, respectively. It has been demon-
strated that the Ex

b and Exx
b of bulk ZnO will be enhanced

further in the epitaxy to �120 and �30 meV, respectively.2

These promising features of epitaxial ZnO layers will con-
tribute to optoelectronic devices operated at room tempera-
ture �RT�. It has already been demonstrated the ZnO ho-
moepitaxial LED operated at RT which has ten times longer
lifetime than that of the GaN.3

Typically, the device quality of epitaxial layers critically
depends on its strain, dopants, and nucleation. Nucleation
normally reflects the interface geometry due to under layers
under the critical thickness and hence, in principle, originates
biaxial strain and related defects in heterostructures by the
lattice ��� and thermal ��� misfits.4 The strain induces, for
example, dark-line defects and piezoelectric devices which
tend to shorten the device lifetime by containing a huge den-
sity of misfit and threading dislocations including cracking.4

These defects, in principle, led to the failure of lasers and
breakdown of pn junctions.5,6 To overcome those physical
and technical limitations in ZnO material for device opera-
tion requires a clear understanding on the nucleation and
related interface chemistry. Unfortunately, no such system-
atic studies have yet been demonstrated on the ZnO due to a
lack of closely lattice- and thermally matched substrates.

In this paper, nucleation and interface chemistry of
ZnO/SiC heterostructures have been addressed. Self-
assembled ZnO islands were nucleated and switched to coa-

lescences as well as grains with the increase of deposited
layer thicknesses. The growth mode switching critically de-
pends on the accommodated strain relaxation due to the in-
crease of crystallite sizes. Transmission electron microscopy

TABLE I. Most important and fundamental properties of ZnO,
MgO, and CdO materials.

Wurtzite ZnO

Band-gap energy Eg�RT�=3.37 eV

Exciton binding energy Ex
b=60 meV

Bohr radius aB=18 Å

Lattice constants c=5.205 Å

a=3.246 Å

Thermal conductivity k=40 W/mK

Index of refraction n=2.0

Stiffness constants C11=206 GPa

C13=105 GPa

C33=211 GPa

Wurtzite MgO

Band-gap energy Eg�RT�=5.20 eV

Lattice constants c=5.086 Å

a=3.199 Å

Thermal conductivity k=42 W/mK

Index of refraction n=1.71

Stiffness constants C11=297 GPa

C12=96.5 GPa

C44=155.7 GPa

Wurtzite CdO

Band-gap energy Eg�RT�=2.24 eV

Bohr radius aB=12 Å

Lattice constants c=5.892 Å

a=3.66 Å

Index of refraction n=2.49
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FIG. 1. �Color� 6H-SiC substrate cleaning in
MOCVD reactor: �a� as-received, �b� post-growth
annealed at 550 °C for 20–30 min, �c� irradiation
of DEZn during the substrate temperature down
from 550 to 475 °C �Tg� and a schematic repre-
sentation of atomic SiC surfaces with �d� partial
oxidation and �e� Zn passivation.

FIG. 2. �Color� Thickness-dependent ZnO
layers deposited on the atomically flat terraces of
SiC substrates for the layer thickness of �a�
�2 nm, �b� 8 nm, �c� 50 nm, �contact-mode AFM
images�, and �d� a schematic diagram of the
growth mode transition. The � is the ratio in
between the two critical thicknesses as
�=hcoalescence/hisland since the misfit dislocation
occurs while the growth mode transforms from
islands to coalescences/grains.
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�TEM� exhibited a high-density of defects in ZnO/SiC het-
erointerfaces that decreased rapidly with increasing distance
away from the interface, while high-resolution lattice-image
diffracted the polycrystalline interlayer due to complex inter-
face chemistry accommodated due to misfit dislocations and
dangling atomic bonds, together with complex impurity ma-
trix interdiffused from the host material, SiC, and metalor-
ganic precursors.

II. EXPERIMENTS

ZnO layers were deposited on 6H-SiC�0001� substrates
by metal-organic chemical-vapor deposition �MOCVD�. The
details of chemical cleaning and processing have been dis-
cussed elsewhere.7,8 For ZnO deposition, the flow rate of
diethyl zinc �DEZn� was controlled by adjusting the flow rate
of carrier gas N2. The substrate temperature was then in-
creased to the selective growth temperature of 475 °C �Tg�
for the successive growth of ZnO layers on the 6H-SiC sub-
strates. Prior to ZnO deposition, the DEZn was flown first for
40–80 s and then O2 was flown. The flow rate of DEZn was
kept to 6 sccm, while the O2 flow rate was 10 sccm. The
ZnO layer thickness was calibrated using Surface Profiler,
Alpha-step 500. To avoid thickness fluctuation error, each
sample was carefully calibrated and instrumental error was
recorded on an average to be ±1–3 nm.

The c axis and a axis lengths of ZnO layers were deter-
mined by x-ray diffraction �XRD� using the triple-axis
�−2� scans on the �002� and �205� reflections, respectively.
The depth profile measurements were performed along the
growth direction of ZnO layers by secondary ion-mass spec-
troscopy �SIMS� using a double-focused ion microanalyzer
configured for O+2 primary ion bombardment. The quantifi-
cation of elemental concentration for this instrument was ac-
counted without any relative doses of impurity implants
since there are no standard samples yet to compare the
ZnO/SiC heterostructure. Two orthogonal �1120� and �1010�
cross-section specimens were prepared for TEM examination
using the standard procedures and thinned by Ar+ ion mill-
ing. The microscopy was performed using a JEOL 200CX
operated at 200 kV and a JEOL 4000EX operated at 300 kV.

III. RESULTS AND DISCUSSIONS

In principle, the atomic configuration of �0001� 6H-SiC
substrate surface is terminated by Si atoms. As-received Si-
faced SiC substrates were dim with multidimensional
scratches and nanoscale fluctuations with irregular terrace
steps of �15.5 nm studied by contact-mode atomic force
microscopy �AFM�, shown in Fig. 1�a�. To recover and/or
minimize those surface defects and for a well-ordered sur-
face with regular terraces, the SiC substrates were first
treated thermally without any reactants at the substrate tem-
perature of 550 °C for 20–30 min. Under these treatments,
the surfaces became bright with the visible partial regular
terrace heights of �11 nm. These results suggest that the
defects and/or O atoms desorbed partially/completely from
the outermost Si atoms from the thermally treated SiC sur-
faces. Figure 1�b� shows the thermally treated SiC substrate

with their minimal terrace heights. In consequences to these
procedures, the surface step heights were reduced with the
regular terrace steps under the irradiation of DEZn during the
substrate temperature down from 550 to 500 °C to be
�6 nm, shown in Fig. 1�c�. The surface is seen here almost
flat and made up of regular terraces for �6 nm. It is noted
that by oxygen irradiation the thermally treated SiC sub-
strates were backed to the as-received conditions by indicat-
ing the presence of oxide layer with irregular scratches and
fluctuations.

An observation of regular step heights and terraces in SiC
substrate by thermal and the subsequent DEZn irradiation
has been summarized by schematic models. The as-received
SiC substrates are dominated by oxide layer as shown in Fig.
1�d� that has been confirmed by flowing oxygen on the ther-
mally treated substrates. Under the proper chemical and ther-
mal treatments, the oxide layer desorbs with bare Si atoms.
By DEZn irradiation after the thermal treatment, however, on
the bare Si atoms, the Si-faced SiC surface is passivated by
dangling Zn bonds represented in Fig. 1�e�. Therefore, under
the thermal treatment as well as the subsequent DEZn irra-
diation establishes the ZnuSi bonds in the heterointerfaces
and hinders the formation of oxidation in nucleation prior to
ZnO deposition.

Figures 2�a� and 2�b� show the partial and/or complete
coverage of ZnO deposited on the Zn-passivated SiC sub-
strates diffracted in contact-mode AFM observation. For the
ZnO layer thickness of �2 nm, Fig. 1�a� exhibits a partial
coverage of ZnO islands with the substrate background. The
shape of these islands is polygonlike with flat tops, normally
dominated in the cubic semiconductors where the islands are
rounded or faceted.9 This may result from the surface energy
anisotropy where the wurtzite ZnO surfaces and the islands
prefer a flat-top shape to minimize the total surface energy
according to the Wulff construction.10 With the increase of
ZnO layer thickness, however, each island makes contact
with its neighbors giving evidence to coalescence and finally
to the grains morphology, shown in Figs. 2�b� and 2�c�. Pre-
sumably, these are the three-dimensional columnar grains
typically observed in the various thin films.11,12

To explain the experimental growth mode transitions in
the ZnO/SiC heterostructures, we have considered a model
taking into account the critical thickness and surface energy
in Fig. 2�d�. In this approach, there are two critical thick-
nesses dominating as hcoalescence=Ecoalescence /M�2d, where
Ecoalescence is the formation energy per unit length of misfit
dislocation during the transition from islands to
coalescences/grains, M is the biaxial modulus of the film,
and d is the distance between islands-coalescences structures
�d	1/�� and hisland=�� /M�2�, where �
 is the cost in
surface energy associated with creation of island facets
��
=
coalescence−
island� and � the gain in energy by accom-
modating the strain of the film through free surfaces. The
growth mode transition from islands to coalescences/grains
can be described by the ratio �, normally predicts which
growth mode favors in epitaxy between the two critical
thicknesses as �=hcoalescence /hisland=�Ecoalescence /��d,
which is proportional to �	Ecoalescence��� /��.13 It is ex-
pected that the ZnO/SiC heteroepitaxy establishes equilib-
rium by the formation of coalescence by minimizing the �
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as shown in the schematic. With the increase of ZnO layer
thickness, however, the coalescence growth mode switched
to grains, virtually free from the strain accommodated due to
the � and � values of �5% and 1%, respectively. Thus, the
�
 is low for creating islands/facets, favoring the islands to
coalescences/grains transition in ZnO/SiC heteroepitaxy. As
the islanding or crystallite size becomes more severe, a larger
number of dislocations terminate at island edges by grains.
This paradigm is embodied in the nanoheteroepitaxy ap-
proach where the strain energy is reduced by leveraging the
high, three-dimensional �3D� compliance of nanoscale
features.14

Figures 3�a� illustrates the variation of x-ray radial axis
�2�−�� and rocking curves ���� and 3�b� out-of-plane
strain ��zz� as a function of crystallite size. The ZnO crystal-
line sizes were determined from the section analysis of AFM
measurements. The �2� reflects broadening due to variations

in the Bragg plane spacing and hence, the distribution of
strain, while �� reflects broadening due to the microscopic
tilts of the plane. With the increase of crystallite sizes, the
�2� and �� decrease suddenly for the average crystalline
size of �5 nm and then decrease gradually for the bigger
grain sizes diffracted in AFM section analysis. Correlation in
between growth modes and strain energies due to crystallite
sizes has been marked in Figs. 3�a� and 3�b�. These results
disclose a clear role of strain relaxation ��zz� mechanism that
is also reflected in Fig. 3�b� as a function of crystallite size. It
is noteworthy that the strain energy in the initial growth stage
is as large as −2.4%. This indicates that the islands are grown
under the high strain energy on the SiC, mostly due to the
layer/substrate misfits. The strain, however, decreases drasti-
cally with the increase of ZnO layer thickness and gradually
relieves afterward. It has been demonstrated that the strain
energy also critically depends on the layer thickness, and
relieves �94% at larger grain sizes for the ZnO layer thick-
ness of 1.5 m.8

To understand the state of strain in the ZnO/SiC het-
eroepitaxy, the in-plane ��xx� and out-of-plane ��zz� lattice
deformations are plotted in Fig. 3�c�. The strain parameters
here range from +0.15 to −0.28, and the linear regression of
these experimental data leads to a slope of −0.61. This is
fairly in agreement with the elastic deformation theory
�−2C13/C33� using the values of elastic stiffness coefficients
plotted in Table I to be −0.99. This elastic deformation con-
stant contrast in between experimental and theoretical values
is not clear at this moment. Since the � and � in the
ZnO/SiC heterostructure are larger, the strain relaxation
would imply the elimination of dislocations for a few
nanometer-thicknesses and terminated by big crystallite
sizes. The stress-strain relations for a hexagonal crystal �C6�

symmetry� are expressed by a 6�6 matrix. However, if the
crystal is strained in the �0001� plane and is free in the
�0001�, there are only three nonvanishing strain components
given by �xx= �a−a0� /a0, �yy = �b−a0� /a0 and �zz

= �c−c0� /c0=−C13/C33��xx+�yy�.15 Here the subscript “0”
indicates the lattice constants of the unstrained crystal and
a , b, and c are the lattice constants of the strained crystal
and Cij are the elastic constants. In a pseudomorphic epilayer
�a=b�, the strain can be written as �xx=�yy = �asub−a0� /a0

and �zz=−2�C13/C33��xx. If the stress is uniaxial ��xx�0�
and all the other stress components are zero, the nonzero
strain components are given by

��yy

�zz
� =

1

C13
2 − C11C13

�C12C33 − C13
2

C11C13 − C12C13
��xx. �1�

Under the approximation of strain-dependent properties,
the isotropic spin-orbit coupling, band structure, and elec-
tronic properties of semiconductors are considerably modi-
fied. These are in good agreement with our optical measure-
ments where the free, neutral-donor, and acceptor-bound
excitons �FXA,D0X and A0X� energies of ZnO layers depos-
ited on 6H-SiC substrates were blueshifted to 2.5, 4.8, and
5.8 meV, respectively.16

TEM cross section of ZnO/SiC heterostructure is repre-
sented in Fig. 4�a�. The inset shows the transmission electron

FIG. 3. �a� �2� and �� and �b� out-of-plane strain �zz as a
function of crystallite size, and �c� the �zz versus �xx deformation of
ZnO layers. With the increase of ZnO layer thickness, the strain is
significantly relieved. The solid lines are the least-square fits of data
taken from XRD and AFM measurements.
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diffraction �TED� pattern with an epitaxial relationship in the
ZnO/SiC heterostructure to be �0001�ZnO	�0001�SiC and
�1120�ZnO	�1120�SiC. The cross section exhibits the columnar
growth mode aligned along the �0001� and the interface be-
tween the epilayer and substrate is rather coherent, although
the 6H-SiC substrate surface contains nanoscale fluctuations
and scratches, which, in principle, play an important role in
formation of defects in the ZnO epilayers. A high density of
defects was observed near the interface and extended into the
ZnO epitaxial layers from the interface to be �130 nm.
Since the misfit strain is compressive, misfit dislocations will
be created by absent rows of atoms at the heterointerfaces
and lead to dips in the surfaces, causing the appearance of
dark filamentous features which constitute the subatomic
roughness.

Figure 4�b� shows a high-resolution TEM lattice image of
ZnO/SiC heterointerface carried out along the �1120�ZnO

projection which encloses an angle of 30° with the �1100�ZnO

projection. The domain structures near the interface are dif-
ficult to detect because a high density of stacking faults par-
allel and perpendicular to the substrate is accommodated.
The density of the stacking faults perpendicular to the sub-
strate is visible clearly in Fig. 4�b�. A similar stacking fault
formation has been demonstrated in the GaN/SiC
heterostructure.17 The ZnO/SiC heterointerface is perfectly

aligned to the �0110�ZnO	�1100�SiC although the interface is
irregular with polycrystalline interlayer for the thickness to
be 2–3 nm. These focus that the ZnO/SiC interfaces appear
structurally semicoherent with the misfit dislocations which
could be explained in terms of � between the interplaner
spacing along the �0110�ZnO and �1100�SiC. The � is
calculated with the ZnO bulk lattice as a reference, �
= ��aSiC−aZnO� /aSiC��100%, where aZnO and aSiC are the
plane spacings with respect to the bulk ZnO and SiC lattices.
Presuming that the bulk lattice constant of ZnO is 0.324 nm,
the ZnO lattice spacing in the lattice image has been calcu-
lated to be aZnO=0.215 nm. Using the SiC bulk lattice con-
stant of 0.308 nm, the lattice spacing for aSiC is 0.204 nm.
The difference in spacing between these planes for ZnO and
SiC is only 0.11 Å, so that measurement of individual sepa-
rations is likely to be inadequate. The estimated experimental
� value for the �0110�ZnO	�1100�SiC is to be 4.87%, almost
the same as the bulk ZnO/SiC heterostructure value of
�5%.

To address the atomic configuration at the ZnO/SiC het-
erostructure, possible interface chemistry and physics have
been considered and sketched in Fig. 4�c�. The SiC substrate
is partially passivated by ZnuSi bonds as represented in
Fig. 1�e�. After the deposition of ZnO on the Zn-passivated
SiC surfaces, the intermixing of Si, Zn, and O atoms and � in

FIG. 4. �Color� �a� TEM cross section of ZnO/SiC heterostructure and TED pattern in the inset and �b� high-resolution TEM lattice
image of ZnO/SiC interface. �c� Possible atomic configuration for the ZnO/SiC heterointerface is sketched based on the AFM and TEM
evidences.
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the ZnO/SiC heterointerface lead to the dangling atomic
bonds and misfit dislocations, respectively. It has been dem-
onstrated that the atomic intermixing favors to the island
formation in the nucleation.18 The islands would be strained
due to the � and �, together with the mixed bonding of Zn,
O, and Si atoms, and the strain is relieved by the formation
of misfit dislocations and stacking faults diffracted in TEM.
Clearly visible stacking faults, in addition, in the ZnO epil-
ayer may be responsible for the imbalanced charge distribu-
tion in the II-VI/IV materials system. For the ZnO/SiC sys-
tem, the imbalanced charge distribution can be understood in
terms of ZnO in the following electron counting argument:
In the ZnO, each Zn �O� atom contributes 1

2 �3/2� electron to
each of the four bonds surrounding it and in bulk Si, each
atom contributes exactly 1 electron per bond. At a �0001�
interface between the Si and Zn of ZnO, therefore, the inter-
face bonds with each reach a total of 3 /2 electrons instead of
the 2 electrons required. This discloses that the II-VI/IV in-
terface does not satisfy the electron distribution conditions.
Therefore, the imbalanced electron distribution and dangling
atomic bonds are responsible for the columnar growth modes
and related defects.

To evaluate the impurity doses in ZnO epitaxy and in the
ZnO/SiC heterointerfaces, SIMS was conducted since it de-
tects dopants regardless of their site in the crystal lattice, e.g.,
in the study of impurity activation and dopant diffusion. The
depth profile of ZnO/SiC heterostructure plotted in Fig. 5�a�
reveals that the dominant impurities in ZnO and SiC are C,
Si, Al, N and N, Al, O, respectively. It is noted that the N in
the epitaxial ZnO and SiC has been incorporated due to the
carrier gas and n-type dopant, respectively. In this experi-
ment, C, Si, N, and Al impurities are dominant in the ZnO
epitaxy, while O and Al are incorporated in the SiC substrate.
It is evident that the O concentration in the interface is lower
than the bulk SiC which is in analogy discussed in substrate
surface preparation. The role of these impurities in ZnO is
still vague although it has been demonstrated that N works as
the acceptor, while Al works as the donor in the ZnO
material.3 While the role of these impurities in ZnO is un-
clear, the higher C concentration is found than that of the Si
and N, although Si is the best partner for oxidation. The
depth profile also shows that the ZnO/SiC heterointerface
contains a narrow additional interlayer in correlation with the
TEM observation. Therefore, it is expected that this inter-
layer may be accumulated due to the complex impurity ma-
trix contributed/interdiffused from the host ZnO material,
SiC substrate, and metal-organic precursors, together with
the misfit dislocations and dangling atomic bonds.

Figure 5�b� shows the impurity concentration only in the
ZnO epitaxy as a function of DEZn flow rate. This clearly
addresses that the N concentration is almost constant in the
ZnO epitaxy contributed from the carrier gas N2 in the
MOCVD reactor, while Si concentration gradually decreases
with the increase of DEZn flow rate. However, the C and Al
concentration is rather high compared to the Si and N impu-
rities in the order of �1015–1016 cm3. This discloses that the
solubility of C atoms into ZnO material be higher than that
of the group-V materials, such as N, and may play a crucial
role for conductivity types in ZnO epitaxy. It is noted that
these anomalous incorporation of impurities in ZnO layers

are not yet clear since the SiC surface contains nanoscale
fluctuations and SIMS were conducted without any relative
doses of impurity implants.

An anomalous distribution of impurities in ZnO epitaxy
remarks that the solubility of metallic C atoms in ZnO is
relatively higher than that of the N and Si. This complex
lattice manipulation, together with misfit dislocations and
dangling atomic bonds in the ZnO/SiC heterointerfaces lead
to the polycrystalline interlayer. This is consistent both in
SIMS and TEM analysis as the initial growth of ZnO would
not wet the SiC surface due to irradiation of DEZn reactant
in the heterointerfaces. This complex interface chemistry can
be interpreted in terms of the interface energy by �epi
= �� / ��+1���sub, where 
sub is the surface energy per unit

FIG. 5. �a� Depth profile of Zn, O, N, Al, C, and Si in the
ZnO/SiC heterostructure. The heterointerface is marked by the
shaded line and the respective impurities are represented in Table I
and �b� the impurity concentration in ZnO epilayers has been plot-
ted as a function of DEZn flow rate. The solid lines are the least-
squares fits of experimental data in �b�. The impurity concentration
has been calculated from secondary ion counts by using the equa-
tion 4.5��1021 cm3, where � is a ratio of impurity and host mate-
rial as N/ZnO.
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area of the substrate.19 The number of atoms per unit area is
N=4 /
3a2, where a is the lattice constant of the epilayer
and/or the cluster a �a�asub� as a=kasub, where k
=�+1�k�1�. Therefore, the total interfacial energy E can be
written as

E = A�epi = A
�

� + 1

�Hsub

4
3asub
2 NA

, �2�

where A is the interfacial area of each structure, NA is the
Avogadro’s number �NA=6.023�1023�, and �Hsub is the en-
thalpy of evaporation per mole of the substrate. This equa-
tion clearly indicates the dominant two parameters as � and
�sub, where �sub depends on the �Hsub and asub. Therefore,
these parameters clearly address that the interfacial energy
depends on � as responsible for introducing misfit disloca-
tions and the 
sub responsible for creation of islands, together
with the dangling atomic bonds in the ZnO/SiC materials
system, represented with the schematic model in Fig. 4�c�. It
has been assigned that the dangling atomic bonds in the
ZnO/SiC heterointerfaces dominate due to misinterplace-
ment of cation-anion lattices. The ZnuSi bonds favor grow-
ing islands in nucleation that has preserved due to the DEZn
irradiation on the thermally treated SiC surfaces. In addition,

ZnuZn bonds such as a tiny droplet may be formed during
the deposition with low O flow rate on ZnO on SiC although
the dependence of the interface treatment suggests the polar-
ity of ZnO on Zn/SiC�0001� be ZnO�0001�, the confirmation
of the surface polarity is required to settle down this issue.

IV. CONCLUSION

In summary, nucleation and interface chemistry of
ZnO/SiC heterostructure have been demonstrated. Associ-
ated ZnO growth modes depend on the strain energy and
surface energy that favor growing islands in nucleation.
Complex interface chemistry accommodated in the ZnO/SiC
heterointerface is responsible for the formation of misfit dis-
locations and dangling atomic bonds, together with impurity
complex contributed from the host material, SiC substrate,
and metal-organic precursors. Higher solubility of C atoms
than N may play an informative role in ZnO epitaxy for
conductivity type’s conversion.
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