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Understanding dislocation core structures at the atomic level is of significant theoretical and
technological importance because of the role dislocations play in the electronic/optical properties of
materials. In this paper, we report our aberration-corrected scanning transmission electron

microscopy study on misfit dislocation core structures at non-polar �112̄0�ZnO / �11̄02�Al2O3

�a-ZnO /r-Al2O3� interface. The atomic configuration of the core structure is found to be closely
related to the preferred interfacial bonding configuration. A significant number of these misfit
dislocations have undergone a core structure modification involving the incorporation of Zn in the
Al2O3 side of the dislocation. © 2010 American Institute of Physics. �doi:10.1063/1.3489687�

With a direct band gap of 3.32 eV as well as a large
exciton binding energy of 60 meV �the largest among con-
ventional semiconductors�, ZnO is one of the most attractive
candidates for a host of optical devices, with applications
including light emitting diodes �LEDs� and optical sensors,
owing to its potential of high operating efficiency at high
temperatures. Most of the reported work has focused on
polar ZnO grown on c-Al2O3 �the �0001� plane�. However,
polar heterostructures experience strong spontaneous and
piezoelectric polarization fields, which reduce the overlap
between the electron and hole wave functions and thus
reduce the internal quantum efficiency of LEDs.1–8 It has
been shown that the growth of nonpolar films, such as
GaN/�Al,Ga�N on tetragonal LiAlO2 �Ref. 7� and

a-plane ZnMgO/ZnO on r-plane sapphire ��112̄0�ZnO on

�11̄02�Al2O3�,8 eliminates the polarization effects and in turn
increase the quantum efficiency of LEDs. The growth of
a-ZnO on r-Al2O3 has anisotropic lattice misfit, ranging

from 18.3% �along �011̄0�ZnO / / �21̄1̄0�Al2O3� to 1.5%

�along �0001�ZnO / / �1̄101�Al2O3�.9–14 The large lattice mis-
fit has been shown to relax fully during the initial stages of
growth by incorporating a network of misfit dislocations.12–17

Previous studies have focused on the nature of the relaxation
of lattice misfit strains using x-ray diffraction and high-
resolution transmission electron microscopy studies.12–14,16,17

However, the detailed atomic structure of dislocations at the
interfaces has not been explored. Such study is essential
since dislocations as well as the additional structural modifi-
cations that are associated with them alter the density of
states, providing traps or recombination centers for electrons
and holes, thereby directly affecting the electronic/optical
properties of the system. In this paper, we report misfit dis-

location core structures at the �112̄0�ZnO / �11̄02�Al2O3

�a-ZnO /r-Al2O3� interface obtained using aberration-

corrected scanning transmission electron microscopy
�STEM�.

A dedicated VG Microscopes HB 603U scanning trans-
mission electron microscope equipped with Nion aberration
corrector operating at 300 KV accelerating voltage was em-
ployed for image acquisition and a Nion UltraSTEM operat-
ing at 100 kV was used for electron energy loss spectroscopy
�EELS�. The aberration corrector improved the spatial
resolution of the microscope to 0.78 Å, and therefore
permits direct imaging of the interface atomic structure.18–20

ZnO films were grown by pulsed laser deposition under op-
timized conditions as reported earlier.13,14 Based on the epi-
taxial orientation relationship determined in earlier studies:

�112̄0�ZnO / / �11̄02� with �0001�ZnO / / �1̄101�Al2O3,13,14

cross sectional STEM samples along two in-plane orthogonal

zone axes ZnO �0001� and ZnO�011̄0� were prepared by
standard mechanical polishing and ion milling for interface
study. This paper focuses on the misfit dislocations viewed
along the ZnO �0001� zone axis, where the large lattice misfit
of 18.3% is accommodated, and many dislocation cores
show a modified core structure that reduces the strain field in
the ZnO.

Figure 1�a� shows a typical view of the a-ZnO /r-Al2O3

interface along ZnO�0001� /Al2O3�1̄101� zone axis. As indi-
cated by arrows, misfit dislocations, characterized by an ex-
tended strained region on the ZnO side of the interface, are
found to be closely spaced and distributed on the interface,
consistent with the large lattice misfit �18.3%� along the

ZnO�011̄0� / / �21̄1̄0�Al2O3 direction. The defective area re-
sulting from the large lattice misfit is seen well confined
inside/around the dislocation cores within 3–4 monolayers
and no threading dislocations were observed originating
from any misfit dislocations in the studied areas. Figure 1�b�
is a magnified image of a region between dislocation cores.
As illustrated by the ball and stick model, the bright columns
in the upper part of the image contain alternating Zn and O
atoms, bonded with each other forming the hexagonal fea-
tures expected when viewed along the �0001� ZnO direction.a�Electronic mail: hzhou4@ncsu.edu.
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The less bright columns in the lower part of the image are Al
columns bonded with O columns �barely visible�, forming
chains consisting of alternating “ring” and “cross” features,
consistent with the atomic configuration expected for the

�1̄101� projection of Al2O3. Figure 1�b� also provides infor-
mation on the preferred interfacial bonding configuration.
Our images show that the edge of the hexagonal features
seen in ZnO sits directly above the cross feature in Al2O3.
This interfacial bonding arrangement agrees well with what
would be expected from simple consideration of preferred
bond lengths and bond angles. As illustrated in the ball and
stick model in Fig. 1�c� �drawn in proportion to the bulk
lattice constants of the two materials�, Al–O bonds and Zn–O
bonds at the interface in configuration �A� are better able to
maintain their bulk directions and lengths compared to the
other configuration �B�, leading to a smaller interfacial en-
ergy. As demonstrated later in this paper, this preferred inter-
facial bonding configuration plays an important role in misfit
dislocation core structure formation.

Using this information, a schematic diagram of the un-
bonded interface, drawn in proportion to the bulk lattice con-
stants of the two materials, is shown in Fig. 1�d�. It is seen
that Zn/O columns are not evenly distributed on the inter-
face: pairs of closely spaced columns �forming hexagon
edges� are separated by gaps at a distance equal to the largest
diagonal of the hexagonal features. In contrast, Al columns
are evenly distributed, however, they are not equivalent due
to the asymmetric oxygen bonding environment. We distin-
guish pairs of Zn/O columns with “hexagon edge” versus
“gap,” and pairs of Al columns with “ring” versus “cross” as
indicated in the diagram. When a hexagonal ZnO feature is
set in its preferred location above the Al2O3 cross feature
�indicated by the left hand “P”�, it can be seen that moving
along the interface the next closest perfect fit occurs between

five and six �11̄00�ZnO spacings �six and seven �112̄0�Al2O3
spacings� away, with a ZnO gap over an Al2O3 ring, indi-

cated by the right hand P. It is obvious that between these
regions of perfect fit, the ZnO edge features will have to
move relatively large distances to be aligned with the Al2O3
cross features. Halfway between the regions of perfect fit,
there is one ZnO edge feature and two Al2O3 cross features,
necessitating the introduction of a misfit dislocation.

There are three possible locations for the dislocation:
either beneath ZnO hexagon edge or beneath one of the two
ZnO gaps on either side of the ring feature, as indicated by
arrows in Fig. 1�d�. The dislocations are rarely observed to
be centered on the edge feature. In fact, the few dislocations
with this arrangement appear wider on the ZnO side of the
interface and are more likely the result of a dislocation that
jogs between the two preferred gap locations along the view-
ing direction. Most of the misfit dislocations are seen to be
centered on the ZnO gap feature, as presented in Fig. 2,
suggesting that this structure is energetically more stable.
This is most likely due to the fact the atomic configuration in
this core structure nearly preserves the bulk ZnO configura-
tion �no broken Zn–O bonds involved�.

In a significant number of dislocations �two in Fig. 1�a�
indicated by dashed arrows�, bright columns are found at the
Al2O3 side of the interface. This phenomenon is consistently
seen over the entire interface on different samples. Column
by column EELS �Refs. 18–20� indicates that these bright
columns contain Zn. A magnified image of this type of core
structure is shown in Fig. 2�b� with Fig. 2�e� showing an
EELS spectrum acquired on the bright columns in compari-
son with that acquired on the neighboring columns outside
the core. It is clear that while Zn is detected on these bright
columns inside the misfit dislocation core, it is not present
outside these cores. The core is modified not only chemically

FIG. 1. �Color online� �a� STEM-Z contrast image of the

�112̄0�ZnO / �11̄02�Al2O3 interface along the ZnO�0001� /Al2O3�1̄101� zone
axis. Misfit dislocations, indicated by arrows, are characterized by an ex-
tended strained region �seen dark in the image� on the ZnO side of the
interface. �b� Higher magnification Z contrast image of the interface be-
tween two misfit dislocation cores showing the preferred interfacial bonding
configuration. �c� Schematic illustration of the two possible interfacial bond-
ing configurations. Configuration �A�, where the ZnO hexagon edge is
bonded with a Al2O3 cross, is expected to be energetically more favorable
than configuration �B�, where the ZnO hexagon edge is bonded with the
Al2O3 ring, owing to the reduced bond distortion required. �d� Schematic
diagram of the interface drawn in proportion to the bulk lattice constants of
the two materials, with both ends in the preferred bonding configuration
�ZnO hexagon edge—Al2O3 cross or ZnO gap—Al2O3 ring, indicated by P�.
Pairs of arrows point to the possible locations of the dislocation line, i.e.,
two extra Al2O3 planes. Dashed arrows point to the location where broken
ZnO bonds would be required.

FIG. 2. �Color online� Atomic resolution Z contrast image of the most
frequently observed misfit dislocation core structure �a� along with its de-
duced model �c�. The Burgers vector of the dislocation is determined to be

1 /3�21̄1̄0�Al2O3. Atomic resolution Z contrast image of a modified misfit
dislocation core structure involving replacing Al atoms in the core region by
Zn �b� and deduced model �d�. The tensile strain in the core region is
reduced, compared with that in unmodified core, as deduced from the re-
duced extent of strain contrast �columns with reduced intensity� seen in the
image. An EELS spectrum acquired on the bright columns �the upper curve�,
where Zn replaces Al at the Al2O3 side of the dislocation core, compared
with the one acquired outside the core region �the lower curve� is shown in
�e�. Though noisy, a Zn L edge is clearly present on the former. The quan-
tification routine in digital micrograph gives difference in counts with
3.77e+004�601 in the former compared with 0.00e+000�554 in the lat-
ter with an integration window of 1020–1120 eV.
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but also structurally. While the Al2O3 lattice in the unmodi-
fied cores �Fig. 2�a�� remains almost bulklike up to the inter-
face, in the modified cores, the Al columns at the ends of the
extra Al2O3 planes in the dislocation are fully or partially
removed and replaced by Zn, and as a result, the intensity of
these columns is significantly enhanced. This modified core
structure seems to be more compact, i.e., the strained/
distorted ZnO region is confined in a smaller region with
respect to that around dislocations with the unmodified core
structure, as deduced from the extent of strain contrast �col-
umn intensities� seen in the images. This suggests the modi-
fication leads to a certain degree of strain relief in ZnO,
although at the expense of the “integrity” of the Al2O3 lattice
near the interface. The lateral tensile strain relief in ZnO
mainly comes from the displacement of the Al2O3 lattice
surrounding the missing Al columns, i.e., tilted a few degrees
inward, in response to the compression strain induced by
missing Al columns. Indeed, the core structure model de-
duced from the images shows that bonding between ZnO
“edge” and Al2O3 cross features is maintained better in this
modified core �Fig. 2�b�� than in the unmodified one �Fig.
2�a�� owing to this tilting. The Zn substitution for Al should
be a result of core structure stabilization. However, consid-
ering the large local compressive strain, Zn occupation of Al
sites is unexpected since Zn has a larger ionic radius. We
speculate this can be attributed to the lower valence of Zn
�2+ with respect to 3+ of Al�. A lower valence means fewer
oxygen ions are required for bonding, and as a result, the
complete Zn-modified cation/anion “molecule” is smaller
than the Al/O molecule it replaces. This is consistent with the
observation of reduced strain seen at these chemically modi-
fied cores. On the top of the pair of “Zn” columns, a spot
with weak and nonuniform intensity indicates there is one or
a pair of closely spaced columns, whose composition cannot
be identified, yet whose function should be the same as the
pair of Zn columns beneath, i.e., to stabilize the Al2O3 lattice
inside the misfit dislocation core. Indeed, with a different
valence, the Zn occupation might stabilize the core structure
not only mechanically by relieving this compression strain
but also electronically by reducing the number of dangling
bonds generated by missing Al columns. This core structure
modification is apparently driven by strain relief, and there-
fore energetically favorable. However, the fact that it is not
taking place in all misfit dislocations suggests that this modi-
fication is conditional, requiring diffusion of Zn to the Al2O3
side of the dislocation core and the diffusion of Al away
from the core. The core structures may also be nonstoichio-
metric, as found in other oxides,21,22 which would further
influence the local electronic and optical properties. Further
experimental study and theoretical calculations are needed
for a complete understanding.

In summary, with the help of the aberration-corrected
STEM, we were able to directly image the misfit dis-
location core structures at the atomic level on the

�112̄0�ZnO / �11̄02�Al2O3 �a-ZnO /r-Al2O3� interface along

the ZnO�0001� / �1̄101�Al2O3 zone axis. The dislocations are
found to be perfect edge dislocations with a Burgers vector

of b=1 /3�21̄1̄0�Al2O3. The atomic configuration of the core
structure is closely related to the preferred interfacial bond-
ing configuration, which is consistent with what would be
expected from simple consideration of interface total energy
minimization. A core structure modification involving Zn
substitution for Al is observed in many of the misfit disloca-
tions. This modification, while locally disrupting the Al2O3
lattice at the interface, seems to be effective in reducing the
strain in the core region.
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