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GaN-core/Au-shell nanowires were fabricated and the effects of thermal annealing on the structural and
photoluminescence (PL) properties were investigated. The surfaces of hetero-nanowires became rough
due to the thermal annealing which could be attributed to the agglomeration of Au-shell layers into the
cluster-like structures. X-ray diffraction indicated that the thermal annealing enhanced the crystallinity
of the Au shell. From Gaussian deconvolution studies, we observed that the Au coating added a green
band to the PL spectrum, whereas the thermal annealing enhanced the ultraviolet band. We have discussed the possible emission mechanisms.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Since one-dimensional (1D) heterostructures with modulated
composition and interfaces are supposed to have diverse functionalities, they are believed to have potential applications in nanodevice fabrication [1,2]. Accordingly, many attempts have been
made to achieve 1D heterostructures with different material
systems, including semiconductor/semiconductor superlattices and
metal/insulator nanocables. In spite of their interesting properties
and their use in various nanodevice applications, metal/semiconductor nanocables have not been sufﬁciently studied. This may
arise from the difﬁculty in forming the metal shell layers on semiconductor core nanowires. In this study, we have coated GaN
nanowires with Au-shell layers by using the plasma sputtering
technique.
Gallium nitride (GaN) nanowires have been the subject of an
intense research owing to a variety of potential applications,
including blue and ultraviolet light-emitting diodes and laser
diodes, high temperature and high power optoelectronic devices,
modulators and detectors [3–9]. On the other hand, gold (Au)
nanostructures have exhibited novel size-dependent properties
that cannot be explained classically [10]. Also, they have many
applications such as biological probes [11], submicrometer metallic
barcodes [12], surface-enhanced Raman spectroscopy [13,14],
plasmon waveguides for optical devices [15], photonic materials
[16], and chemical sensors [17].
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The Au-shell layer will not only prevent the degradation of core
GaN nanowires but also extend the functionalities. The fabrication
of nanodevices inevitably comprises a thermal annealing process
which will alter/improve the properties of core/shell nanowires.
Accordingly, we have investigated the effects of thermal annealing
on the structural and optical properties of as-fabricated GaN-core/
Au-shell nanowires.

2. Experimental
First, we prepared core GaN nanowires on silver (Ag: about
10 nm)-coated Si substrates and by heating pure GaN powders in
a tube furnace. A mixture of Ar (ﬂow rate: 100 sccm) and NH3 (ﬂow
rate: 20 sccm) gases ﬂowed at 1000  C for 1 h. Second, the
substrates were transferred to a turbo sputter coater (Emitech
K575X, Emitech Ltd., Ashford, Kent, UK) [18]. By using a circular Au
target at room temperature, the sputter time was set to 1 min in
high-purity (99.999%) argon (Ar) ambient. During the sputtering
process, the DC current was maintained at 65 mA. Subsequently,
the GaN-core/Au-shell nanowires were annealed at 600  C for
10 min in N2 ambient.
The samples were characterized by powder X-ray diffraction
(XRD, Philips X’pert MRD diffractometer), scanning electron
microscopy (SEM, Hitachi, S-4200), transmission electron microscopy (TEM, Philips CM-200), selected area electron diffraction
(SAED), and energy dispersive X-ray spectroscopy (EDX). The
photoluminescence (PL) measurement was carried out using
a 325 nm He-Cd laser. A 55 mW Kimmon laser beam was focused
on the sample.
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Fig. 1. SEM images of the GaN-core/Au-shell nanowires (a) before and (b) after the
thermal annealing.
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Fig. 2. (a) TEM image of an as-synthesized GaN-core/Au-shell nanowire. (b) Associated
SAED pattern image. (c) Lattice-resolved TEM image enlarging an area near the surface of
the nanowires in (a). The inset in (c) exhibits an EDX spectrum which conﬁrms the existence of Au elements.

3. Results and discussion
Fig. 1a and b shows typical SEM images of the GaN-core/Au-shell
nanowires before and after thermal annealing, respectively. It is
worthwhile to note that the surface of annealed samples appeared
more rough-natured than that of as-fabricated ones. Fig. 2a and
b shows a TEM image and a corresponding SAED pattern of an asfabricated GaN-core/Au-shell nanowire, respectively. The SAED
pattern can be indexed as the diffraction ring of cubic Au. In
a lattice-resolved TEM image shown in Fig. 2c, the space of
0.235 nm between arrowheads corresponds to the distance
between two (111) planes of cubic Au, indicating that the nanowire
is poly-crystalline. The inset in the upper-left-hand corner of Fig. 2c
is the associated EDX spectrum. There are peaks associated with Au,
in addition to Ga and N elements in the spectrum.
Fig. 3a shows a TEM image of GaN-core/Au-shell nanowires
annealed at 600  C. By comparing Fig. 3a with Fig. 2a, it was found
that Au-shell layers had been transformed to particle-like or
cluster-like structures by the thermal annealing. Fig. 3b and c is an
EDX spectra from the region indicated by arrow 1 and arrow 2,
respectively, in Fig. 3a. Since the region indicated by arrow 2 has
a greater portion of blackened area than that by arrow 1, we reveal
that the blacked regions in Fig. 3a correspond to the Au-related

structures. Although the region indicated by arrow 1 also exhibits
a cluster-like surface, this may have originated from a very rough
GaN surface prior to Au coating. The O content in Fig. 3b was
calculated to be about 0.43 atomic %.
Fig. 3d is a lattice-resolved TEM image. In the blackened region,
the marked parallel fringes with spacing of 0.235 nm correspond to
the (111) plane of cubic Au. Fig. 3e shows the associated SAED
pattern, conﬁrming the existence of diffraction rings of cubic Au. By
comparing Fig. 3e with Fig. 2b, it can be seen that the SAED pattern
became more spotty from thermal annealing. Accordingly, we
suggest that the Au shell has become more crystalline as a result of
this annealing.
An XRD pattern of core GaN nanowires, shown in Fig. 4a, reveals
that the whole spectrum can be indexed in peak position to
a crystalline hexagonal wurtzite GaN phase (JCPDS card: No.
02-1078). From the XRD pattern of as-prepared GaN-core/Au-shell
nanowires shown in Fig. 4b, it was found that there exists a cubic
Au phase (JCPDS card: No. 04-0783), in addition to the GaN phase.
Fig. 4c represents an XRD spectrum of annealed GaN-core/Au-shell
nanowires. By comparing Fig. 4c with Fig. 4b, we see that the
relative intensity of Au-associated peak to GaN-related peaks is
increased by thermal annealing at 600  C. Additionally, from the
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XRD peak broadening analysis, the full-width-at-half-maximum
(FWHM) values of the Au-associated peaks are found to decrease by
thermal annealing. Thus, the Scherrer formula reveals that the Au
grain size becomes larger as a result of the thermal annealing [19].
The result agrees well with the SAED patterns.
Fig. 5a shows a normalized PL spectrum of core GaN nanowires
measured at 298 K. The broad emission was divided into three
Gaussian functions, which were centred at 2.9 eV in the blue region,
2.4 eV in the green region, and 1.9 eV in the red region, respectively.
It is known that the blue light band in GaN is attributed to crystal
defects such as VGa(Ga vacancy)-related complexes [20,21]. Similarly,
the green emission is ascribed to structural defects, including VGa,
VGa–ON complexes, etc [22,23]. On the other hand, red emission
band in GaN is generally ascribed to vacancy-impurity pairs [24–26],
such as a deep donor VNCN and a deep acceptor VGaON [27,28].
In the present work, we surmise that impurities such as C and
O originated from inside the chamber during the high-temperature heating process, inducing the red emission.
Fig. 5b shows a normalized PL spectrum of as-fabricated GaNcore/Au-shell nanowires. In addition to 2.9 eV-centred, 2.4 eVcentred, and 1.9 eV-centred peaks from GaN core nanowires, there
exists a green peak at around 2.2 eV. The green emission peak was
previously observed from Au whiskers [29] and Au nanorods [30],
being related to the interband electronic transition, which is less
sensitive to the variation in surrounding temperature [30,31].
Fig. 5c shows a normalized PL spectrum of annealed GaN-core/
Au-shell nanowires. This emission can be deconvoluted into ﬁve
peaks. Being similar to an unannealed sample (Fig. 5b), the PL
spectrum has exhibited four peaks, centred at 1.9 eV, 2.2 eV, 2.4 eV,
and 2.9 eV, respectively. In addition, it is noteworthy that a relatively strong ultraviolet (UV) emission peak at around 3.2 eV has
appeared as a result of thermal annealing. Since XRD spectra
revealed that no noticeable compound other than GaN and Au was
produced by the annealing, we suggest that the UV emission is
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Fig. 3. TEM image of annealed GaN-core/Au-shell nanowires (b,c) EDX spectra from
the region indicated by (b) arrow 1 and (c) arrow 2, respectively, in (a). (d) Latticeresolved TEM image. (e) Corresponding SAED pattern image.
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Fig. 4. XRD patterns of (a) core GaN nanowires, (b) unannealed GaN-core/Au-shell
nanowires, and (c) annealed GaN-core/Au-shell nanowires.

attributed to a GaN core or Au shell. One possibility is that the UV
peak is ascribed to the GaN core nanowires. It is known that the UV
emission in GaN is associated with the transition from a shallow
donor to a shallow acceptor [23]. Main candidates for the shallow
donors are SiGa and ON, whereas those for the shallow acceptors are
SiN and CN [23]. It is surmised that the diffusion of Si from the
substrate C and O from inside the chamber will be activated by the
thermal annealing at a sufﬁciently high temperature, ultimately
enhancing the UV emission. The other possibility is that the UV
peak is attributed to the Au-shell layers. Nevertheless, there has not
been any report so far on the UV emission from Au structures,
discarding this possibility.
4. Conclusions
In summary, we have fabricated GaN-core/Au-shell nanowires
and subsequently investigated the effects of thermal annealing on
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the structural and optical properties. Thermal annealing has
induced morphological and structural changes in the Au-shell
layers. Gaussian deconvolution study reveals that the coating of Au
has added a green emission band to the PL spectrum of core GaN
nanowires, whereas the subsequent thermal annealing at 600  C
has added a UV emission band. It is suggested that the annealinginduced change in PL spectrum resulted from the change in the GaN
core nanowires.
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Fig. 5. Normalized PL spectra of (a) core GaN nanowires, (b) Au-coated GaN nanowires
prior to thermal annealing, and (c) Au-coated GaN nanowires after thermal annealing.
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