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Abstract
As a wide band gap (3.37 eV) semiconductor, ZnO is of great interest for applications in opto- and nano-electronics, as technologies
of synthesis for ZnO layers are developed. It has been reported that the blue-UV generation can be realized in ZnO thin-ﬁlms, ZnO whiskers, p-type ZnO ﬁlms and thin-ﬁlm diode structures at room temperature. Zinc oxide crystal of high quality with a reduced number of
crystal defects can be grown on a sapphire substrate. The density of dislocations can be decreased by orders of magnitude using epitaxial
lateral overgrowth (ELO), which employs a SiO2 mask layer to act as a stop layer for dislocations in so called wing areas.
Rutherford Backscattering Spectrometry (RBS) is a powerful tool for the quantitative characterization of the depth proﬁle and the
crystallinity of such structures, and channeling contrast microscopy (CCM), which employs a focused ion beam in order to obtain laterally resolved channeling yield data, is ideally suited to determine micro structural characteristics, (e.g. defect densities, tilts in lattice
planes, strain) of such samples. Here we report results from proton channeling contrast measurements of laterally overgrown ZnO thin
ﬁlms. The results show that high crystal quality ZnO ﬁlms can be grown using the ELO method. Cross-sectional scanning electron
microscopy (SEM), high resolution transmission electron microscopy (HRTEM) and CCM are used to study the morphology and microstructure of the ELO ZnO ﬁlms.
Ó 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Zinc oxide (ZnO), a representative group II–VI compound semiconductor with a direct wide bandgap of
3.37 eV and large exciton binding energy of 60 meV at
room temperature, has attracted considerable attention
over the past years owing to its attractive properties, such
as good piezoelectric characteristics, chemical stability, and
biocompatibility, etc., and its potential applications in
optoelectronic switches, high-eﬃciency photonic devices,

*

Corresponding author.
E-mail address: phyto@nus.edu.sg (T. Osipowicz).

0168-583X/$ - see front matter Ó 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2007.02.037

and near-UV lasers, and for assembling complex three
dimensional nanoscale systems [1–4].
In most reported work, sapphire has been used as the
substrate to produce epitaxial ZnO ﬁlms [5–7]. The quality
of such ﬁlms is diﬃcult to optimize due to the high lattice mismatch between sapphire and ZnO (about 14%).
Recently, Vispute et al. have reported the epitaxial growth
of ZnO on GaN/sapphire substrates [8]. Such a method can
signiﬁcantly improve the quality of ZnO ﬁlms because the
lattice mismatch is within 1.9%. However, because of
the high dislocation density (around 1091010 cm2) in
the GaN grown on c-sapphire, the as-grown ZnO ﬁlms
on c-GaN are known to contain higher defect densities,
which are mainly threading dislocations. Epitaxial lateral
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overgrowth (ELO) was designed in order to reduce the density of threading dislocations in GaN thin ﬁlms [9–11].
GaN ﬁlms with high crystalline quality and low dislocation
density can be obtained based on this technique, leading to
the improvement of the performance of GaN-based
devices. An ELO-GaN-based blue laser diode with a lifetime longer than 10,000 h has been realized [12]. Furthermore, despite signiﬁcant progress on ZnO ﬁlms and nanostructures, the diﬃculty of p-type doping in ZnO has
impeded the fabrication of ZnO p–n homojunction devices.
As an alternative approach to homojunction, an n-ZnO/pGaN heterojunction has been suggested as a strong candidate for device applications [13].
X-Ray diﬀraction studies are used to measure wing tilt
with the scattering plane perpendicular to the stripe direction [14–16]. However, this technique is unable to provide
laterally resolved information of the crystallographic tilts
across the GaN stripes. Recently, we reported the use of
channeling contrast microscopy (CCM) to image crystallographic tilts in micron sized overgrown regions of LEO
GaN, using a 2-MeV alpha particle beam with a submicron spot-size [17]. Rocking curves measured perpendicular to the GaN stripes reveal the wing tilt relative to the
window region. Here we report results from the 2-MeV
proton beam CCM measurements of laterally overgrown
ZnO thin ﬁlms. A proton beam is, in certain cases, the preferable probe, because of its larger range and its smaller critical angle, e.g. for thicker samples with regions inaccessible
with alpha beams.

transmission electron microscopy (Philips CM300,
300 kV) and Channeling contrast microscopy (Set up by
Center for Ion Beam Application at the National University of Singapore with a 3.5 MeV singletron accelerator).
CCM was used to image the micron sized overgrown
regions of ELO ZnO, using a 2-MeV proton particle beam
with a sub-micron spot-size. Channeling RBS spectra were
recorded with 300 mm2 PIPS detector with 19KeV energy
resolution at a scattering angle of 145°, and micro PL system (Renishaw, the PL spectra were recorded using a
325 nm excitation line with a lateral resolution of 2.0 lm).
3. Results and discussion
Fig. 1(a) shows the cross-sectional SEM image of ZnO
ﬁlm grown on ELO GaN template. The ELO GaN grown
along the ½1 1 0 0 direction, and f1 1 2 2g sidewall facets is
clearly displayed. It is known that the morphology of
ELO GaN varies with the diﬀerent growth condition.
Two-layer ZnO/GaN structure is found on the sapphire

2. Experimental details
In the preparation for ELO GaN, a 2 lm GaN ﬁlm was
ﬁrst deposited by metal organic chemical vapor deposition
(MOCVD) system on a c-plane sapphire substrate with
low temperature GaN as buﬀer layer. Trimethyl-metals
and ammonia (NH3) were used as sources of Ga and N with
H2 as carrier gas. A 100 nm SiO2 mask was patterned into
stripes oriented in the GaN ½1 1 0 0 direction, deﬁning a
5 lm wide opening with a period of 13 lm. ELO GaN layers
were grown by controlling the facet planes via choosing the
growth temperature and the reactor pressure by facet control
epitaixal lateral growth (FACELO) [18,19]. The growth temperature and reactor pressure were 1000 °C and 200 Torr,
respectively. After that, the ELO GaN/sapphire substrates
were put into a tube furnace to grow the ZnO ﬁlms by thermal vaporization and condensation of Zn (99.99% purity) in
the presence of oxygen. The alumina boat with Zn powder
was placed at the center of a quartz tube and purged with
a Helium (99.999% purity) ﬂow with 100 standard cubic centimeters per minute (sccm). The furnace temperature was
increased to growth temperature, and an oxygen (99.99%
purity) ﬂow was introduced into the tube reactor. The mixed
O2 and He gas was maintained throughout the whole reaction process, which normally takes 30 min.
The ZnO/GaN/sapphire layers were studied with
Scanning Electron Microscopy (JEOL JSM-6700F, 5 kV),

Fig. 1. (a) Cross-sectional SEM of the ZnO/ELO GaN on the sapphire
substrate; (b) Top view SEM image of the ZnO/ELO GaN, the circles
show the pit defects found in the ELO ZnO surface.
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substrate. Besides the original GaN stripes, an extra layer is
found grown on the top with uniform thickness on a large
scale. It can be seen that the original serrated ELO GaN
stripe has a height of 5 lm and a width of 7 lm. After
ZnO growth, the near rectangle shape is observed with a
width of about 6.2 lm, indicating that the signiﬁcant lateral growth of ZnO occurred on the ELO GaN and the faster growth facet is ð1 1 2 0Þ. No extra layers were found on
the SiO2 mask layer, which indicated that the ZnO top
layer was selectively grown on the ELO GaN template.
Such morphology originates from the diﬀerent growth
mode between the ELO GaN and the c-GaN surface.
Fig. 1(b) shows the top view of the sample after ZnO grown
on the GaN template, pit defects can be found on the surface of the top layer, which may come from threading dislocation propagating from the ELO GaN into the ZnO
ﬁlms.
The microstructure of the top layer and the nature of
epitaixal growth of the ZnO ﬁlms on ELO GaN were investigated by high resolution TEM (HRTEM). Fig. 2 shows
the typical HRTEM image of the ZnO/ELO GaN interface, from which it can be seen the lattice fringes of ZnO
are perfectly aligned with those of ELO GaN and the interface is sharp on the atom level. The corresponding selective
area electron diﬀraction (SAED) pattern is shown in the
inset. Only one set of SAED pattern is observed, resulting
from the very close lattice parameters between ZnO and
GaN hexagonal structures. The pattern also veriﬁes the
perfect epitaxial growth of ZnO on GaN and their high
crystal quality.
A cross-sectional TEM image with lower magniﬁcation
of the ZnO/ELO GaN interface is presented in Fig. 2(b).
The ELO GaN dislocations have been studied by several
groups [20,21] and the formation of the horizontal dislocations (HDs) is very important due to the fact that HDs can
dramatically decrease the thread dislocations (TDs) density
in the regrown GaN regions. From the point of view of the
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 towards the normal direction of the
current facet plane, as can be seen in Fig. 2(b). High quality
wing regions have been realized by the growth of ZnO
ð1 1 2 0Þ vertical sidewalls.
As shown in Fig. 3(a), bands of high and low scattering
intensity with a periodicity of 13 lm are found in the RBS
channeling contrast microscopy (CCM) maps. In this technique a focused 2 MeV H+ beam is used to obtain laterally
resolved channeling yield data. The bands correspond to
diﬀerent regions of the ELO ZnO, and they are designated
as band 1 (ELO ZnO region) and band 2 (voids between
the ELO ZnO region) as shown in Fig. 3(a). All data were
collected in list-mode, therefore, it is possible to extract
separate spectra from band 1 and band 2 (as deﬁned in
Fig. 3(a)). Laterally resolved channeling data have been
extracted from the RBS spectra in near-surface regions.
Fig. 3(b)–(d) shows random and channeled spectra of the
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Fig. 2. (a) HRTEM image and the corresponding SAED pattern of ZnO/
ELO GaN interface grown at 800 °C with the oxygen ﬂow rate 10 sccm.
(b) Cross-sectional TEM image with g ¼ 1 1 0 0 near the interface of ZnO/
ELO GaN grown at 800 °C with the oxygen ﬂow rate 10 sccm, HDs are
indicated with the arrows.

band 1 part of the ELO ZnO grown at 780 °C, 800 °C
and 820 °C, respectively, with the oxygen ﬂow rate of
10 sccm, for channeling and random alignment of the
beam. Avmin (the minimum ratio of the intensity of channeling spectra to random) of 5% is obtained for axial
[0 0 0 1] channeling of the ELO ZnO grown at 800 °C.
The full lines represent XRUMP [22] ﬁts of the random
spectra, they were generated by averaging the simulated
RBS spectra of the structures, as deduced from the SEM
data. Clearly, the lowest vmin is obtained from the 800 °C
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Fig. 3. (a) Origin of the contrast pattern observed in the CCM maps; (b), (c) and (d) are RBS spectra of band 1 region random and [0 0 0 1] channeled ZnO/
ELO GaN grown at 780 °C, 800 °C and 820 °C, respectively, with the oxygen ﬂow rate 10 sccm; (e), (f) and (g) are RBS spectra of band 2 area random and
[0 0 0 1] channeled ZnO/ELO GaN grown at 780 °C, 800 °C and 820 °C, respectively, with the oxygen ﬂow rate 10 sccm.

growth samples. This indicates that the ELO ZnO grown at
800 °C with an oxygen ﬂow rate of 10 sccm has excellent
crystal quality, much better than the sample grown at
820 °C. Fig. 3(e)–(g) show random and channeled spectra
of the band 2 part of the 780 °C, 800 °C and 820 °C ELO
ZnO, the 2 lm GaN buﬀer layer is clearly seen with the
random spectra.

The optical properties of the ZnO layers on ELO GaN
were investigated by room temperature micro-PL spectroscopy. Fig. 4, the ratio of GaN peak intensity to that of ZnO
is seen to vary with the temperature, indicating diﬀerent
thickness or/and crystal properties of ELO ZnO layers.
In the PL spectra (Fig. 4), the peaks from GaN and ZnO
can be seen around 363 and 380 nm, respectively. From
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Fig. 4. (a) The micro-PL spectra were taken from three diﬀerent ZnO/
ELO GaN samples grown at diﬀerent temperature with the same oxygen
ﬂow rate of 10 sccm, excitation by 325 nm laser with a power of 1 mW.

the spectra of 780 °C ELO ZnO/GaN sample, the GaN/
ZnO intensity ratio of larger than one may suggest that
the thickness of the ELO ZnO layer is no larger than
300 nm or the as grown ZnO is the nano rods, as observed
from the SEM images. The strongest PL intensity of the
ELO ZnO is observed from the 800 °C grown ELO ZnO/
GaN with the full width at half maximum (FWHM) of
the ZnO peak of about 5.5 nm, which is the narrowest of
three ELO ZnO samples from diﬀerent temperatures. This
implies a higher epitaxial crystalline quality of ELO ZnO
ﬁlms grown at 800 °C. And the spectra of 820 °C ELO
ZnO/GaN shows the degraded crystalline, with the broadening of ZnO peak (around 23 nm). The PL spectra show
that the best ELO ZnO quality is achieved at 800 °C,
together with the oxygen ﬂow rate of 10 sccm.
4. Conclusions
High quality epitaxial ZnO/ELO GaN heterostructures
has been demonstrated on sapphire substrates. These heterostructures showed a substantial improvement in the
crystalline quality with a lower defect density and excellent
photoluminescence emission. In addition, the lattice
matching between the ZnO and GaN, thermal and optical
properties, and the perfect interfaces of these ELO ZnO/
GaN heterostructures will provide new opportunities for
the fabrication of hybrid ZnO/GaN optoelectronic devices
on sapphire.
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