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Abstract
Using transmission electron microscopy (TEM), the authors have investigated
the behavior of threading dislocations in ZnO selectively grown on a facet-
controlled epitaxial overgrown GaN template. In this case, the ZnO is grown
by a vapor transport method. The TEM study in the overgrown regions shows
that all the pure-edge type dislocations in ZnO are parallel toward the mask
area and vertical propagation of dislocation to the ZnO surface is minimized.
Using such a selective growth technique on a faceted semi-polar GaN surface, a
reduction of threading dislocation density in ZnO could be achieved.

1. Introduction

ZnO has attracted considerable attention over the past years owing to its attractive properties,
such as good piezoelectric characteristics, chemical stability, biocompatibility and its potential
applications in optoelectronic switches, high-efficiency photonic devices, near-UV lasers and
complex three-dimensional nanoscale systems [1–4]. Epitaxial ZnO films have been grown
on sapphire by several groups [5, 6] despite the high lattice and thermal mismatch. Recently,
several groups reported on the fabrication of n-ZnO/p-GaN electroluminescent devices and
demonstrated the potential to realize heterogeneous photonic and electronic devices [7–9]. In
such epitaxial heterostructures, the ZnO film quality has been significantly improved because
of the lower lattice mismatch (∼1.9%). However, because of the high dislocation density
(109–1010 cm−2) in the GaN grown on c-plane sapphire, the as-grown ZnO films on c-GaN
are also expected to contain higher defect densities, which are mainly threading dislocations
(TDs). A technique which can help to overcome this problem is facet-controlled epitaxial
overgrowth (FACEO) [10–12]. It is realized by starting the epitaxial growth on the (0001)
plane and tuning the growth conditions to develop other facets, e.g. (11̄01) and (112̄2), on
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overgrown stripes. In this context, the ZnO films grown on such FACEO GaN templates are
likely to show good crystalline properties with a reduced piezoelectric field at the ZnO/GaN
heterointerface. Moreover, from the viewpoint of heterogeneous device integration, it is
essential to investigate the propagation of TDs in ZnO overgrown on such FACEO GaN. In
this paper, using transmission electron microscopy (TEM), we report on the behavior of TDs in
ZnO grown on the FACEO GaN templates. The ZnO growth is carried out by a vapor transport
method. The other experimental details for the growth process are available elsewhere [13].
The mechanism behind the reduction of dislocation density in such ZnO is also discussed.

2. Experimental details

Prior to the preparation of the FACEO GaN, a GaN film about 2.0 µm thick was first deposited
by metal organic chemical vapor deposition (MOCVD) on a c-plane sapphire substrate. A low-
temperature GaN buffer layer was used in this case. Trimethyl gallium and ammonia were used
as the sources for Ga and N, respectively, with H2 as the carrier gas. A 100 nm SiO2 mask
was patterned into stripes oriented in the GaN〈11̄00〉 direction, defining a 5 µm wide opening
with a period of 13 µm. Epitaxial overgrown GaN layers with {112̄2} facets were achieved
by controlling the growth temperature and the reactor pressure. The growth temperature and
reactor pressure were about 1000 ◦C and 2.6×104 Pa (200 Torr), respectively, to obtain FACEO
GaN. Then, these FACEO GaN/sapphire templates were loaded into a tube furnace for the
growth of ZnO by thermal vaporization of Zn (99.9% purity) powder and condensation of Zn
vapor in the presence of oxygen. The alumina boat with Zn powder was placed at the center of
a quartz tube and purged by a helium (99.999% purity) flow of 100 standard cubic centimeters
per minute (sccm). The furnace temperature was increased to 800 ◦C and flow of 99.99%
pure oxygen was introduced to the tube reactor at a flow rate of 10 sccm. The mixed O2 and
He gas flows were introduced throughout the whole reaction process, which normally takes
30 min. More detailed growth parameters have been published elsewhere [13]. The cross-
sectional morphology of the ZnO/GaN/sapphire layers was studied by using a JSM-6700 field
emission scanning electron microscope (SEM) and a Philips CM300 FEG transmission electron
microscope (TEM).

3. Structural characterization and discussions

Figure 1 shows cross-sectional SEM images of the FACEO GaN template and the overgrown
ZnO grown on top of such GaN templates. The overgrown GaN along the 〈11̄00〉GaN direction
and {112̄2} sidewall facets is clearly displayed in figure 1(a). It is well known that the
morphology of such faceted GaN varies with the different growth conditions. In addition,
two sets of ZnO/GaN interfacial structures on both sides are observed on the overgrown GaN
templates. Besides the original triangular GaN stripes, an extra layer can be seen on top with a
uniform thickness. It can be seen that the original faceted GaN stripe has a height of 5 µm and
a width of 7 µm. After ZnO overgrowth, near rectangular stripes are observed with a width of
about 6.2 µm, which indicates significant lateral growth of ZnO on the FACEO GaN. No extra
layers are observed on the SiO2 mask layer, which further confirms that the ZnO top layer was
selectively grown on faceted GaN stripes.

The microstructure of the top layer and the nature of growth of ZnO on FACEO GaN
are further investigated by high-resolution TEM (HRTEM). Figure 2 shows a typical HRTEM
image of such a ZnO/GaN interface, from which it can be seen that the lattice fringes of ZnO
are perfectly aligned with those of GaN and the interface is quite sharp. The corresponding
selective area electron diffraction (SAED) pattern is shown in the inset of figure 2. Only one
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Figure 1. (a) Cross-sectional SEM image of an epitaxial overgrown FACEO GaN template,
the apparent asymmetric shapes of the features were induced by the non-perfect perpendicular
observation angle. (b) Cross-sectional SEM image of the ZnO/FACEO GaN on sapphire substrate.
(c), (d) Cross-sectional and top view SEM images with larger resolution. The ZnO/GaN interface is
indicated by the dashed line.

set of SAED pattern is observed, which is due to the very close lattice parameters between
wurtzite ZnO and GaN structures. The pattern also verifies the perfect epitaxial growth of
high-quality ZnO on MOCVD grown GaN. The cross-sectional TEM images of such ZnO/GaN
heterointerfaces with a lower magnification are shown in figure 3. The nature of the dislocations
of epitaxial overgrown GaN has been studied by several groups [14–16] and the formation of
the horizontal dislocations (HDs) is very important due to the fact that HDs can dramatically
decrease the density of TDs in the regrown GaN regions. In general, TDs with Burgers
vectors b = [0001] (screw c-type dislocation), b = 1/3[112̄0] (edge a-type dislocation),
and b = 1/3[112̄3] (mixed a + c-type dislocation) were observed in wurtzite epitaxial GaN
layers [17]. Since such ZnO on FACEO GaN shows the same wurtzite crystal structure, we have
also determined the nature of dislocations in ZnO by a classical two-beam analysis similar
to the case of GaN. If a few partial dislocations are present in the GaN layer, a set of two
beam images (0002 and 112̄0) are sufficient to estimate the different types of Burgers vectors
(figure 3). For the condition with the electron beam direction along 0002, both screw-type
and mixed-type dislocations can be seen, whereas for the case of a 112̄0 beam direction, only
edge-type and mixed-type dislocations are observed, based on the out of contrast extinction
criterion g · b = 0. Figure 3(a) is the bright-field image near the interface of the ZnO/FACEO
GaN with g vector 112̄0. Figures 3(b) and (c) are the dark-field images at the same position
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Figure 2. The HRTEM image and the corresponding SAED pattern of the ZnO/FACEO GaN
interface.

as the bright-field image shown in figure 3(a) with diffraction spots of [112̄0] and [0002],
respectively. The dislocations bent toward the mask areas along the [112̄0] direction are visible
in figure 3(c) (type A) but are not visible in figure 3(b). On the other hand, the dislocations
with b = [0001] are also out of contrast in figure 3(b) (type B) but they are clearly visible in
figure 3(c). Similar results were also observed by several researchers in MOVPE and hydride
vapor phase epitaxy (HVPE)-grown GaN [18, 19]. From this case of invisibility, we have
found out that in the regrown ZnO layers the mixed dislocations a + c which split into pure
edge dislocations were bent toward the [112̄0] direction. In addition, dislocations with Burger
vector of a remain parallel to the c-direction and stop at the FACEO GaN top surface (type
C), but no such dislocations propagate to the laterally overgrown ZnO (figure 3(d)). Half of
the overgrown ZnO region is shown in figure 3(d), which is also a dark-field image at [0002]
diffraction spots. We have observed that bending of dislocations also takes place at the laterally
overgrown heterointerfaces and no vertical dislocations go through the ZnO overgrown layer
toward the surface. At the same time, lots of dislocations can be observed near the ZnO/GaN
interface; not all of them are propagated parallel from the GaN into the ZnO and most of
them are generated due to the lattice mismatch induced misfit strain. Based on the previous
work of Holec and Srinivasan [20, 21], our ZnO/GaN structures are similar to the single-layer
InGaN/GaN system. Compared to the results of Holec’s calculations using the slip system
proposed by Srinivasan, the critical thickness hc of the ZnO grown on the GaN surface is about
10 nm, so our ZnO grown on the ELO GaN structures will generate misfit dislocation at the
ZnO/GaN interface to relax the strain. These observations reveal that the overall dislocation
density on the top surface of ZnO will decrease and thus, with continuous ZnO regrowth, ZnO
of high crystal quality can be achieved by this growth method.

The mechanism of dislocation bending can be understood by considering the energy of
dislocation lines emerging from a free surface of a crystal [22]. From the view point of
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Figure 3. The cross-sectional TEM bright-field image (a) and dark-field images with g = 112̄0
(b) and g = 0002. (c), (d) Show different locations at the same rectangular ridge ZnO/GaN interface
area. TDs show two different bending directions.

dislocation line tension, any dislocation would tend to become perpendicular to a free surface
to diminish its energy. As a result, dislocations would gradually change their line directions
toward the normal direction of the current facet plane. With different growth modes before and
after ZnO overgrowth, capillary stress would induce an interface tension and the imbalance of
the interface tension could lead to a dislocation bending mechanism [23] as seen in figure 3.
Even for the lattice matched GaN and ZnO structures, such interface characteristics will induce
a high density of HDs in ZnO compared to the FACEO GaN template. However, vertical
dislocations threading from the ZnO/GaN interface could be minimized. The high quality
ZnO wing regions realized by such an overgrowth method suggest that ZnO films can be
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pseudomorphically grown on the faceted GaN stripes. The HRTEM studies further demonstrate
the suitability of overgrown GaN templates for epitaxial regrowth of ZnO and heterogeneous
photonic integration.

4. Conclusions

In summary, the mechanism of reduction of dislocation density in ZnO overgrown on FACEO
GaN layers has been investigated by HRTEM. Screw-type and mixed-type dislocations in
ZnO show a bending toward the mask areas. On the other hand, pure edge and mixed-type
dislocations also show a bending in the direction of the mask stripe. The TEM results show
that dislocations originating from the ZnO/GaN interface do not propagate to the top surface.
Thus, we could achieve a reduction in the overall dislocation density on the ZnO surface. This
study shows that epitaxial overgrown GaN templates are suitable for the realization of ZnO
with a low dislocation density. In addition, the matching of stacking order, thermal and optical
properties and heterostructures with sharp interfaces may provide new opportunities for the
fabrication of hybrid ZnO/GaN optoelectronic devices on sapphire substrates.
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