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We have reported the preparation of ZnO-coated GaN nanowires and investigated changes in the structural
and photoluminescence (PL) properties by the application of a thermal annealing process. For fabricating the
core-shell nanowires, Zn target was used to sputter ZnO shell onto GaN core nanowires. X-ray diffraction
(XRD) analysis indicated that the annealed core-shell nanowires clearly exhibited the ZnO as well as GaN
phase. The transmissoin electron microscopy (TEM) investigation suggested that annealing has induced the
crystallization of ZnO shell layer. We have carried out Gaussian deconvolution analysis for the measured PL
spectra, revealing that the core GaN nanowires exhibited broad emission which consist of red, yellow, blue,
and ultraviolet peaks. ZnO-sputtering induced new peaks in the green region. Thermal annealing reduced the
relative intensity of the green emission.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

There has been fast-growing interest in one-dimensional (1D) nanoscale materials due to their excellent
physical properties and potential device applications [1-3]. The fabrication of 1D nanostructures with
compositional modulation along the radial direction will not only enhance the multi-functionality of the 1D
structures but also protect the core 1D structures from contamination [4-8].

Hexagonal gallium nitride (GaN) is a wide band-gap material, finding applications in high-temperature and
high-power electronics, blue light-emitting diodes and laser diodes [9]. On the other hand, zinc oxide (ZnO) is
a wide band gap (3.37 eV) compound semiconductor with large exciton-binding energy (60 meV) at room
temperature [10]. Accordingly, it has potential applications in optoelectronic devices [11], field emitters [12],
solar cells [13], sensors [3], and transparent electrodes [14].

The fabrication of the core-shell structures will not only combine the characteristics of GaN and ZnO, but
also induce peculiar and novel properties. Also, since the fabrication of p-type ZnO is difficult and thus disbles
the fabrication of n-ZnO/p-ZnO structures [15,16], the fabrication of optoelectornic devices consisting of n-
ZnO/p-GaN heteronanowires will be realized sooner or later.

In the present work, we coated ZnO on the surface of GaN nanowires for preparing GaN/ZnO core/shell
structures. The core-shell structures have been obtained by sputter-coating ZnO shells around the GaN core
nanowires. The sputtering is a simple and finely-controllable technique that is compatible with commercial
ULSI processes [17]. Besides, the core-shell nanowires can be used in solid state circuits and thus they will
probably undergo the high-temperature fabrication processes. Accordingly, we have investigated the effects of
thermal annealing, in regard to their structural and photoluminescence (PL) characteristics.
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2 Experimental

GaN nanowires were fabricated inside a quartz tube in a horizontal tube furnace. Pure GaN powders were
heated and the resultant products were collected on gold (Au: about 3 nm)-coated Si substrates. With a constant
flow of NH; (flow rate: 20 standard cm’/min (sccm)) and Ar (flow rate: 100 sccm), the substrate temperature
was set to 1050 °C for 1h.

By using a Zn target, coating experiments on the core GaN nanowires were performed in a DC turbo sputter
coater (Emitech K575X, Emitech Ltd., Ashford, Kent, UK) [17]. The sputtering process was carried out at
8 x 10~ * Pa. During the sputter process with a DC current of 65 mA, Ar gas was flowed for 1 min. With most
thermal process in IC fabrication being carried out at or below 800 °C, thermal annealing was carried out in an
air ambient at a temperature of 800 °C for 10 min.

The samples were analyzed by X-ray diffraction (XRD) (Philips X’pert MRD diffractometer with CuKa,
radiation), field emission scanning electron microscopy (FE-SEM) (Hitachi, S-4200), and transmission electron
microscopy (TEM) (Philips, CM-200). PL was conducted at room temperature with the 325 nm line from a He-
Cd laser (Kimon, 1K, Japan).
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Fig. 2 (a) SAED pattern from a typical sputtered GaN nanowire. Schematic diagrams of (b) GaN spotty
pattern and (c) ZnO ring pattern, respectively.

3 Results and discussion

Figure 1a shows a SEM image of the sputtered structures, indicating that the product consists of 1D structures.
However, it is clear that the surface of the product is very rough. The lower-left inset shows a SEM image of
the core GaN nanowires prior to sputtering, exhibiting a rough surface. By comparing figure 1a with the inset,
it is noteworthy that the surface roughness has been increased by the sputtering. Accordingly, we surmise that
the surface roughness of sputtered GaN nanowires is attributed not only to that of core GaN nanowires but also
to that from the sputtering process. In order to investigate the shell region of the sputtered nanowires in more
detail, we have carried out the TEM analysis. Figure 1b shows a lattice-resolved TEM image of a surface
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region of a sputtered GaN nanowire, corresponding to the area enclosed by the dotted square box in figure 1a.
The lattice images are not clear and thus considerable parts of the shell region are supposed to be amorphous.
However, in some region, d spacing of 0.28 and 0.26 nm were measured, corresponding to the (100) and (002)
planes of hexagonal ZnO (JCPDS File No. 36-1451).

Figure 2a shows the selected area electron diffraction (SAED) pattern from a typical sputtered GaN
nanowire. Close examination reveals that the SAED pattern can be indexed as a superimposition of those from
GaN and ZnO. The spotty pattern of GaN core reveals the single crystal nature, whereas ZnO shell exhibits
ring spots due to the polycrystalline nature. Figures 2b and 2c show the corresponding schematic diagram of
GaN spotty pattern and ZnO ring pattern, respectively.
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Fig. 3 (a) TEM image and (b) SAED pattern from a typical sputtered GaN nanowire with a post annealing.
(c) Schematic diagrams of ZnO ring pattern.

Figure 3a shows a lattice-resolved TEM image of a surface region of a sputtered GaN nanowire, with the post
annealing. The lattice images are relatively clear and thus considerable parts of the shell region are supposed to
be crystalline. d spacings of 0.25, 0.28, and 0.52 nm were measured, corresponding to the (101), (100), and
(001) planes of hexagonal ZnO (JCPDS File No. 36-1451).

Figure 3b shows the associated SAED pattern, revealing that ZnO shell exhibits ring spots due to the
polycrystalline nature. Figure 3¢ shows the corresponding schematic diagram of ZnO ring pattern.

By comparing figure 3a with figure 1b, we suppose that the ZnO shell layer has been significantly
crystallized. In addition, we have compared figure 3b with figure 2a. While figure 2a exhibited mainly GaN
diffraction spots with a very weak ZnO ring spot, figure 3b showed clear ZnO ring spots. We surmise that the
shell layer prior to thermal annealing is mainly amorphous and thus SAED pattern exhibited the weak
diffraction spots from underlying GaN core nanowires. On the other hand, the shell layer was supposed to be
considerably crystallized by post annealing, mainly exhibiting the ZnO diffraction ring spots.

Figure 4a shows the XRD pattern indicating that the core GaN nanowires are well-crystallized. The peaks
in the XRD pattern could be well-indexed to wurtzite-type (hexagonal) GaN with lattice parameters of a=
0.3186 nm and c= 0.5178 nm. The values are in good agreement with previously reported data (JCPDS card:
No. 02-1078). Figure 4b shows the XRD pattern of the sputtered GaN nanowires. By comparing Fig. 4b with
Fig. 4a, we reveal that sputtering did not significantly alter the XRD spectrum of GaN nanowires. However,
TEM investigation confirmed that the sputtered shell layer comprised ZnO phase (Fig. 1b). Accordingly, it is
possible that the sputtered shell layer is mainly polycrystalline with small enough grains and/or some
amorphous region, due to the absence of a strong and noticeable ZnO diffraction peak.

Figure 4c shows the XRD pattern of the sputtered GaN nanowires after the thermal annealing at 800C.
Being similar to figure 4b, the XRD pattern exhibits GaN-associated peaks. In addition, figure 4c exhibits
weak lines which coincide with (100), (102), (110), (103), and (112) peaks of the hexagonal structure of ZnO
with lattice constants of a=3.249 A and ¢=5.205 A (JCPDS File No. 36-1451). Therefore, figure 4c confirms
that the shell layers corresponded to ZnO. Since no noticeable ZnO-related XRD peak was found in sputtered
GaN nanowires prior to thermal annealing (Fig. 4b), we surmise that the crystallinity of ZnO shell was
considerably enhanced by the thermal annealing.
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Fig. 4 XRD pattern of (a) core GaN nano- Fig.5 PL spectra of (a) core GaN nanowires, (b)
wires, (b) sputtered GaN nanowires, and (c) sputtered GaN nanowires, and (c) sputtered GaN
sputtered GaN nanowires with the post- nanowires with the post-annealing at 800 °C.

annealing at 800 °C.

Figure 5a shows the PL emission spectrum of the core GaN nanowires. Peak-deconvolution with Gaussian
distribution functions [18] shows that the broad band consists of four peaks centered at 1.9 eV, 2.2 eV,
2.85¢V, and 3.2 eV, respectively. The blue emission band at 2.85 eV in GaN is attributed to defects such as
Vga-related complexes [19-21], whereas the yellow emission band at 2.2 eV is ascribed to defects such as
V5.On complex [19]. On the other hand, the ultraviolet (UV) emission around ~3.2 eV is related to shallow
donor-acceptor-pair (DAP) transitions [22] or free-to-bound transitions (e, A transitions) [23]. In undoped
GaN, the red emission centered at 1.9 eV results from the overlap of the DAP band and the electron-to-
acceptor (e, A) transition band [24].

Figure 5b shows the PL spectrum of the sputtered core/shell structures, revealing that the PL spectrum is
composed of five bands, peaking at about 1.9, 2.2, 2.4, 2.85, and 3.2 eV, respectively. Being similar to the as-
synthesized sample, the peaks at 1.9. 2.2, 2.85, and 3.2 eV are attributed to the PL from the GaN core. In
addition, there exists a PL band centered at around 2.4 ¢V in the green region, which is supposed to be ascribed
to the sputtered ZnO layer. The green emission of ZnO is attributed to the recombination of photoexcited holes
in the valance band with singly ionized oxygen vacancies [25-28]. Figure 5S¢ shows the PL spectrum of the
sputtered core/shell structures, which have been annealed at 800°C. Being similar to figure 5b, the spectrum
exhibited five bands at 1.9, 2.2, 2.4, 2.85, and 3.2 eV, respectively. However, by comparing figure 5c with
figure 5b, we notice that the relative intensity of 2.4 eV-centered band has been decreased by the thermal
annealing. In previous study based on ZnO single crystals, the PL intensity of the emission band around 2.4 eV
decreased by increasing the annealing temperature [29]. We surmise that the oxygen vacancies were
annihilated by the thermal annealing, in which oxygen in ambient entered the ZnO shell and combined with
oxygen vacancies at high temperature [29-31].
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4 Conclusions

In summary, we have sputtered ZnO onto GaN core nanowires and investigated the effect of thermal annealing
on the structural and optical properties of core GaN/shell ZnO nanowires. We characterized samples by using
XRD, SEM, TEM, and PL spectroscopy. The SAED pattern and lattice-resolved TEM image were significantly
changed by the thermal annealing, suggesting the annealing-induced crystallization of ZnO shell layer. The
overall shape of the PL spectrum has been significantly changed by the post-annealing as well as by the ZnO-
sputtering. The PL spectrum of GaN core nanowires are fitted with four Gaussian functions peaked at 1.9 eV,
2.2 eV, 2.85 eV, and 3.2 eV. The ZnO-sputtering induced additional bands at 2.4 eV, which is ascribed to
oxygen vacancies. The relative intensity of the 2.4eV-band has been decreased by the thermal annealing.
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