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Abstract

Vertically well-aligned ZnO nanorods were synthesized without employing
any metal catalysts on various substrates including glass, Si(111),
6H-SiC(0001) and sapphire (0001), which were pre-coated with c-oriented
ZnO buffer layers, by simple physical vapour deposition. The alignments of
the ZnO nanorods on the different substrates depend on the crystallographic
alignments of the pre-coated ZnO buffer layers. The ZnO nanorods grown
on glass and Si(111) are vertically aligned but randomly oriented in the
in-plane direction. In contrast, the vertically aligned ZnO nanorods on
6H-SiC(0001) and sapphire (0001) show an in-plane alignment with
azimuthally sixfold symmetry, which indicates the epitaxial relationship
between ZnO and the substrate. Similarly, photoluminescence
measurements show the distinct appearance of ZnO nanorods on different
substrates. Besides the UV band, which was attributed to the recombination
of free excitons near the band edge, defect-related visible emissions were
also observed for the samples grown on both glass and Si(111) substrates.
However, the ZnO nanorods exhibit only strong band edge emission peaks
with no noticeable deep level emissions when grown on the 6H-SiC(0001)
and sapphire (0001) substrates, which confirms the good crystalline and

optical quality of the epitaxial ZnO nanorods.

1. Introduction

ZnO is an efficient material for photonic device use in the
wavelength range of ultraviolet to blue, since it has a wide
band gap energy of 3.37 eV and a large exciton binding energy
of 60 meV at room temperature. It is expected that exciton as
well as polariton lasers will be fabricated using ZnO-related
materials and that they will supplant GaN-related materials
in the near future, because exciton-stimulated emission and
optically pumped laser action in high quality ZnO epitaxial
films have been observed [1, 2] at room temperature. Due to
the optical losses, including not only those due to nonradiative
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recombination centres but also those due to trapping of
excitons, the high quality of ZnO becomes even more necessary
in the excitonic lasing process.

Recently, one-dimensional (1D) ZnO nanostructures,
such as nanowires and nanorods, have attracted considerable
attention owing to their good crystal quality and unique
photonic properties [3, 4]. ZnO nanowires and nanorods are
also expected to play an important role, as crystal quality and
photonic properties interconnect, as functional units in the
fabrication of electronic, optoelectronic, electrochemical and
electromechanical devices with nanoscale dimensions [4—19].
However, the synthesis of an array of well-aligned ZnO
nanowires and nanorods is of great interest because it is
a necessary step for realizing nanophotonic devices, which
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include light-emitting diodes and laser diodes. Different
methods have been reported for fabricating arrays of well-
aligned 1D ZnO nanostructures that include vapour transport
and condensation methods [3, 4], template methods [19, 20],
metal—-organic source vapour deposition methods [21, 22] and
buffer layer pre-coating methods [23-26]. In our previous
reports, the conductive ZnO buffer layer behaves as the active
nucleus for the growth of ZnO nanorods on a Si substrate [23]
and the patterned area for selective growth of ZnO nanorods
on a sapphire substrate [26]. Accordingly, the buffer layer pre-
coating method is a promising candidate for photonic device
applications. In order to speed up the practical use of such ZnO
nanorod arrays, studies on the growth behaviour of vertically
well-aligned ZnO nanorods on various substrates for different
applications seem more and more imperative.

In this paper, we report that vertical arrays of well-
aligned ZnO nanorods were synthesized on various substrates
including glass, Si(111), 6H-SiC(0001) and sapphire (0001),
which were pre-coated with c-oriented ZnO buffer layers. We
will discuss the in-plane orientation relationship between ZnO
nanorods and buffer layers below. The photoluminescence
(PL) properties of the nanorods were also comparatively
investigated.

2. Experiments

The pre-coated substrates and ZnO nanorods were fabricated
by the following procedure. First, the ZnO buffer layers were
grown on glass, Si(111), 6H-SiC(0001) and c-plane sapphire,
by the pulsed laser deposition (PLD) technique using a KrF
excimer laser (wavelength of 248 nm and pulse duration of
25 ns) to ablate a ceramic ZnO target (99.999%) at 600 °C for
2 h and in situ annealing for 1 h at 700 °C under the pressure
of 1078 Torr. The thicknesses of the ZnO buffer layers were
around 900 nm under rough control. Then the substrates were
loaded 2 cm above an alumina boat containing 1 g zinc metal
balls. The boat was put in the middle of the tube furnace. The
furnace temperature was increased to 550 °C and high purity
argon gas was then introduced at a flow rate of 500 sccm.
When the growth process was complete, the tube furnace was
cooled to room temperature in Ar-gas ambient and a grey—
white coloured product was found over the substrates.

The morphologies of the as-synthesized products were
characterized using a field emission scanning electron
microscope (FESEM; JEOL-6500), which was equipped
with an energy dispersive spectroscopy (EDS; Oxford)
facility. The crystal structure of the nanorods was analysed
using a transmission electron microscope (TEM; JEOL
JEM-2000FX). High resolution x-ray diffraction (HRXRD)
measurements were performed in a Bede D1 diffractometer
equipped with an asymmetrically cut Si(220) monochromator
and horizontal divergence slits with a width of 100 um and
a height of 2 mm, to select the Cu K1 radiation. The room
temperature photoluminescence (RTPL) was obtained using
a 20 mW He—Cd laser at the wavelength of 325 nm and the
emission light was dispersed by a TRIAX-320 spectrometer
and detected by a UV-sensitive photomultiplier tube.

3. Results and discussion

Parts (a)—(h) of figure 1 show typical top- and oblique-
view SEM photographs of the vertically well-aligned ZnO

Figure 1. Top- and oblique-view SEM photographs of the vertically
well-aligned ZnO nanorods fabricated on the various substrates:

((a), (b)) glass, ((c), (d)) Si(111), ((e), (f)) SIC(0001), ((g), (h))
sapphire (0001). The insets of (a), (c), (e) and (g) display the
corresponding FFT images from top-view photographs.

nanorods, with lengths of several micrometres, fabricated on
the various substrates. As shown, non-uniform, less well-
aligned ZnO nanorods grow on glass (figures 1(a) and (b)),
Si(111) (figures 1(c) and (d)) and 6H-SiC(0001) (figures 1(e)
and (f)). In the case of sapphire (0001) (figures 1(g) and (h))
substrates, vertically well-aligned ZnO nanorods of uniform
diameter and length were formed. An especially interesting
feature of the ZnO nanorods is the relationship of the in-
plane orientation which was discovered from top-view SEM
photographs by fast Fourier transformation (FFT), as shown
in the insets. The insets in figures 1(a) and (c) display
blurred spots. These show that the ZnO nanorods on glass
and Si(111) are randomly oriented in the in-plane direction. In
contrast, the vertically aligned ZnO nanorods on 6H-SiC(0001)
and sapphire (0001) show an in-plane alignment with sixfold
symmetry, confirmed by the hexagonal starlike spots, as shown
in the insets in figures 1(e) and (g). Moreover, figures 2(a)
and (b) show the magnified top-view SEM images of the
ZnO nanorods on the Si(111) and sapphire (0001) substrates,
respectively. The photographs reveal more evidence that the
nanorods have different in-plane orientations when grown on
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Figure 2. Magnified top-view SEM photographs of the vertically
well-aligned ZnO nanorods fabricated on the (a) Si(111) and
(b) sapphire (0001) substrates.

(b)
|:>:E::1] .

(10710 L]

fooor) "

I‘D:'”J] o

ZnO buffer layer l

500 nm _

100 mmm
! o e |

Figure 3. (a) Cross-sectional TEM image of ZnO nanorods grown
on a ZnO buffer layer. ((b), (c)) SAED images of ZnO nanorods and
the buffer layer, respectively. (d) Single-nanorod image; no catalyst
particle at the end. (e) HRTEM image, showing the [0001] direction
and the lattice spacing 0.52 nm.

different substrates. The sixfold facets of individual ZnO
nanorods having the same direction shows the better epitaxial
relationship for the rods on sapphire (0001) than on Si(111) and
other substrates that we used. Since the ZnO nanorods were
grown continuously above the pre-coated ZnO buffer layers,
we firmly believe that the differences in relationships of in-
plane orientations arise from the influences of the pre-coating
layers.

Figure 3(a) shows a cross-sectional TEM image of ZnO
nanorods on Si(111). The difference in brightness of the
image is due to the diffraction from various crystallographic
planes. Therefore, the ZnO film has a grainy and columnar
structure. Furthermore, the ZnO nanorods were grown along
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Figure 4. 6-20 XRD profiles of ZnO nanorods on the various
substrates: (a) glass, (b) Si(111), (c) SiC(0001), (d) sapphire (0001);
and the corresponding ZnO(0002) 0 rocking curves shown in the
insets.

the columnar grains of the ZnO film. The ZnO buffer layer
behaves as the active nucleus for the growth of ZnO nanorods.
In addition, selected-area electron diffraction (SAED) patterns,
as shown in figures 3(b) and (c), indicate that the columnar
grains of the ZnO film were grown along the [0001] direction
and hence the ZnO nanorods were also grown epitaxially
along the same direction. Figure 3(e) shows a high resolution
TEM (HRTEM) image confirming that the nanorods are single
crystal and that the lattice spacing is approximately 5.2 A along
the c-axis, indicating again [0001] as the preferred growth
direction for ZnO nanorods.

The ZnO buffer layer below governs the in-plane
orientation of the ZnO nanorods above. Investigating the
growth orientation and crystal alignment of the ZnO buffer
layers grown on the substrates seems more significant. Various
XRD techniques were performed. Figure 4 shows the 620 x-
ray diffraction patterns. Only the {0001} reflection family of
ZnO and the surface parallel plane of the substrate appear in
the wide angle XRD profile, indicating that all the ZnO films
have a single ZnO phase as well as complete c-axis preferential
growth. Meanwhile, the corresponding ZnO(0002) 6 rocking
curve was also obtained to investigate the degree of alignment
with the normal of the surface, as depicted in the inset of
figure 4. The ZnO buffer layer, which was grown on glass,
shows a very broad vertical mosaic distribution of 2.56°, as
shown in the inset of figure 4(a). The broad mosaic distribution
causes some ZnO nanorods to grow at a slightly inclined angle,
due to the mosaic grains behaving as a nucleus for growth of
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Figure 5. X-ray ®-scan profiles of the ZnO(2022) plane from ZnO
nanorods on the various substrates: (a) glass, (b) Si(111),
(c) SiC(0001) and (d) sapphire (0001).

ZnO nanorods. These features can be readily predicted since
the glass substrate has an amorphous phase. Comparing with
the glass substrate, the mosaic distributions become narrower:
0.73° and 0.85° for ZnO films grown on Si(111) and SiC(0001)
substrates, respectively. Slightly tilted ZnO nanorods can also
be found on those two substrates. It should be noted here that
the mosaic distributions of the ZnO buffer layer on sapphire
(0001) show extremely narrow FWHM values of 0.056°, as
shown in the inset of figure 4(d), meaning that the buffer layers
on the sapphire substrates were almost perfectly grown along
the c-axial direction. Therefore, the ZnO nanorods reflect
more uniformity and vertical alignment on sapphire (0001)
compared to other substrates.

To explain the in-plane growth relationship of ZnO
nanorods, XRD ®-scan analysis of the ZnO(2022) plane was
used to investigate the ZnO buffer layers on different substrates.
Figures 5(a) and (b) demonstrate that the ZnO buffer layers
on glass and Si(111) have random alignment along the in-
plane direction. The reasons are explained in terms of the
amorphous phase for glass and the possible formation of an
amorphous silica layer between ZnO and the Si substrate.
Although the lattice mismatch between ZnO and Si(111) is
~3.5%, the difficulty basically stems from the fact that the
Si surface readily gets oxidized during the nucleation stage
of a ZnO growth process [27]. In contrast, the ZnO buffer
layers on 6H-SiC(0001) and sapphire (0001) exhibit an in-
plane alignment with sixfold azimuthal symmetry, as shown
in figures 5(c) and (d). Integrated evidence indicates that

(a) glass
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Figure 6. Typical room temperature photoluminescence (RTPL)
spectra of ZnO nanorods on the various substrates: (a) glass,

(b) Si(111), (¢) SiC(0001) and (d) sapphire (0001). All the ZnO
nanorods exhibit strong UV emission, and the distinct visible
emissions, as shown enlarged in (a), (b) and (c), were attributed to
nonstoichiometric defects.

the epitaxial relationship between the ZnO buffer layer and
6H-SiC(0001) substrate would be [0001]z,0 || [0001]sic
along the normal to the substrate and [1010]z40 Il [1010]sic
along the in-plane direction. For the sapphire substrate the
epitaxial relationship would be [0001]z,0 || [0001]¢—a10, and
[1010]z:0 I [lliO]a,Aley In addition, the sharp peaks of
the XRD ®-scan for the ZnO buffer layer on sapphire (0001)
indicate good alignment in the in-plane direction in comparison
with the case for the buffer layer on SiC(0001). This result
is also consistent with the FFT SEM image as shown by the
sharp starlike spots when the ZnO nanorods were grown on
sapphire (0001). Consequently, we consider that we have
excellent normal and in-plane alignment for the ZnO buffer
layer on sapphire (0001), therefore improving the growth of
ZnO nanorods.

The RTPL spectra of the ZnO nanorods on different
substrates are shown in figure 6. For all spectra, sharp
ultraviolet (UV) peaks observed in the range of 3.0-
3.4 eV were attributed to the exciton-related recombination.
Furthermore, the weak green emissions in the range of
2.1-2.7 eV, attributed to the oxygen vacancies (Vp), are
investigated when using glass and Si(111) substrates, as shown
in figures 6(a) and (b). The weak yellow emission in the
range of 1.9-2.4 eV, attributed to the oxygen interstitials (O;),
appeared when using the SiC(0001) substrate, as shown in
figure 6(c). The strong UV emission with no visible band in the
PL spectra indicates that the ZnO nanorods grown on sapphire
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(0001) have a good crystal quality with few nonstoichiometric
defects, as shown in figure 6(d). Various defect-related
emissions were also reported in ZnO nanostructures fabricated
by different methods [28]. In our work, we suppose the
visible emissions to come from the interface between the
pre-coated buffer layers and the nanorods, because of the
strain and squeezing from discontinuous ZnO grains. Other
analytical techniques such as cathodoluminescence will be
used to resolve this controversy in our further investigations.

4. Conclusion

In summary, well-aligned ZnO nanorods were synthesized
without employing any metal catalysts on glass, Si(111),
6H-SiC(0001) and sapphire (0001), which were pre-coated
with c-oriented ZnO buffer layers. The alignments of the
ZnO nanorods on the different substrates depend on the
crystallographic alignment of the pre-coated ZnO buffer layer.
Similarly, the photoluminescence measurements show the
distinct appearance of ZnO nanorods on different substrates.
Among those on the various substrates, ZnO nanorods grown
on the sapphire (0001) substrate exhibit only a UV peak
without noticeable visible emission, confirming epitaxial
growth and good crystalline quality. Consequently, the
crystal structure and characterization of the ZnO nanorods are
basically related to the type of the substrate used.
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