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a b s t r a c t

We have prepared GaN-core/Pt-shell composite nanowires via a two-step process. With the crystalline

Pt shell layer being deposited with a deposition rate of about 4.5 nm/min, it was agglomerated to

become cluster-like structures by the subsequent thermal annealing. The shell layers corresponded

mainly to a cubic Pt phase regardless of annealing, whereas PtOx phases were additionally observed.

From Gaussian deconvolution studies, the photoluminescence (PL) spectra were divided into three

Gaussian functions, which were centered in the ultraviolet (UV), green, and red region, respectively. The

overall PL intensity was increased by increasing the annealing temperature. We have discussed the

associated PL mechanisms.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

With a variety of potential applications, including blue and
ultraviolet light-emitting diodes and laser diodes, high tempera-
ture and high power optoelectronic devices, modulators,
detectors, gallium nitride (GaN) nanowires have been the
subject of intense studies [1–4]. On the other hand, platinum
(Pt) is one of the most important transition metal, being used
extensively in semiconductor devices including an electrode
material for the capacitor structures in memory devices [5].
Additionally, Pt-based metallization schemes have been em-
ployed to obtain reliable ohmic contacts to p-GaN [6] and
n-GaN [7]. Furthermore, since hydrogen atoms can diffuse very
quickly towards Pt-GaN interface, the combination of GaN with
catalytic Pt has been used to realize sensors for hydrogen and
hydrocarbon gases [8].

With the nanostructures having exhibited novel size-depen-
dent properties [9], one-dimensional (1D) heterostructures of
modulated composition and interfaces are supposed to have
diverse functionalities. However, metal/semiconductor nanoc-
ables could not be sufficiently studied, due to the difficulty in
forming a metal shell layers on core nanowires. In the present
work, we have prepared GaN/Pt core–shell heteronanowires by
directly sputtering Pt onto GaN core nanowires. The Pt shell layer
will not only prevent the degradation of core GaN nanowires but
also extend their functionalities. The fabrication of nanodevices
inevitably comprises thermal annealing process, which will alter/

enhance 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/Pt-
shell nanowires.

2. Experimental

In the first step, we have prepared core GaN nanowires
on silver (Ag: about 10 nm)-coated Si substrates, by heating pure
GaN powders in a tube furnace. During the process, Ar (flow rate:
100 sccm) and NH3 (flow rate: 20 sccm) gases was flowed
at 1000 1C for 1 h. In the second step, the substrates were
transferred to a turbo sputter coater (Emitech K575X, Emitech
Ltd., Ashford, Kent, UK) [10]. With using a circular Pt target at
room temperature, the DC current was maintained at 30 mA.
Subsequently, in order to investigate the effects of thermal
annealing, we have heated the GaN-core/Pt-shell nanowires at
temperatures in the range 500–900 1C, for 30 min in N2 ambient.

The product was characterized by scanning electron microscopy
(SEM, Hitachi, S-4200) and transmission electron microscopy (TEM,
Philips CM-200). X-ray powder diffraction (XRD) was performed by
using a Philips X’pert MRD diffractometer. A He–Cd laser (55 mW,
wavelength at 325 nm) was employed to measure the photolumi-
nescence (PL) of the sample.

3. Results and discussion

Figs. 1a–d show the SEM-based diameter distributions of the
uncoated GaN nanowires (sample A), the GaN/Pt core/shell
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nanowires with a sputter time of 1 (sample B), 2 (sample C), and 4
(sample D). Accordingly, the average diameter of samples A, B, C,
and D, is calculated to be 65.4, 74.2, 85.4, and 97.4 nm,
respectively. It is thereupon estimated that the average shell
thicknesses (per side) of 1-, 2-, and 4-min-sputtered nanowires
are approximately 4.4, 10, and 16.0 nm, respectively. The shell
thickness tends to increase almost linearly with the growth time,
as shown in Fig. 1e. The deposition rate of the Pt coating is
determined in a straightforward manner from the plot to be about
4.5 nm/min. Magnified SEM image of the 4-min-sputtered sample
exhibited the rough surface, revealing that the present sputtering
is not a uniform process.

Fig. 2a shows a low-magnification TEM image of a GaN/Pt core/
shell nanowire, clearly indicating that there are two segments in
the structure: a rod-like core and thin coating layers (on both
sides). The outer solid layer, which was formed by the second
step, is relatively smooth and continuous along the nanowire.
Fig. 2b shows a corresponding SAED pattern, exhibiting diffraction
rings of Pt. An enlarged TEM image as shown in Fig. 2c reveals that
the shell is crystalline, in which the spacings between lattice
planes are about 0.22 and 0.19 nm, corresponding to spacing d111

and d200 of cubic Pt.

Fig. 3a shows a SEM image of GaN-core/Pt-shell nano-
wires annealed at 700 1C. Although close examination revealed
that the nanowire surface became rougher by the thermal
annealing, it is apparent that the annealed structures maintain
their 1D morphology. The inset of Fig. 3a reveals that the
900 1C-annealed sample has a noticeably rough surface. Fig. 3b
shows a low-magnification TEM image of a GaN-core/Pt-shell
nanowire annealed at 700 1C, exhibiting the blackened cluster-
like regions. Figs. 3c and d show the associated elemental maps of
Ga and Pt, respectively. The Pt atoms have been concentrated in
the blackened part of Fig. 3b, suggesting that the cluster-like
structures in Fig. 3b comprised Pt elements. Fig. 3e shows the
associated SAED pattern, confirming the existence of diffraction
rings of cubic Pt. It is noteworthy that shell layers mainly
comprise a cubic Pt phase in spite of thermal annealing.

Fig. 4a shows an XRD pattern of uncoated GaN nanowires,
indicating that the whole spectrum can be indexed to a crysta-
lline hexagonal wurtzite GaN phase (JCPDS card: No. 50-0792).
Fig. 4b shows an XRD spectrum of GaN/Pt core–shell nanowires,
revealing that there exists a cubic Pt phase (JCPDS card: No.
04-0802), in addition to the GaN phase. Figs. 4c and d represent
XRD spectra of 500- and 900 1C-annealed GaN/Pt core–shell
nanowires, respectively. Fig. 4c clearly exhibits the Pt-related
diffraction peaks. By comparing Fig. 4d with Fig. 4c, we reveal
that the relative intensity of Pt- to GaN-associated peaks
increased with increasing the annealing temperature from 500
to 900 1C. Furthermore, there exist very weak diffraction peaks in
regard to the Pt3O4 and PtO2 phases, indicating that a trace
amount of Pt3O4 and PtO2 phases has been generated by the
thermal annealing.

Fig. 5a shows a PL spectrum of Pt-coated GaN nanowires,
which was subsequently annealed at 500 1C. The spectrum is
nearly identical to those of GaN core nanowires and as-
synthesized Pt-coated GaN nanowires, indicating that the Pt
coating and subsequent thermal annealing at 500 1C did not
significantly alter the optical properties. The broad emission can
be divided into three Gaussian functions, which were centered at
3.2 eV in the ultraviolet (UV) region, 2.4 eV in the green region,
and 1.9 eV in the red region, respectively. Fig. 5b shows a PL
spectrum of 900 1C-annealed GaN-core/Pt-shell nanowires. Being
similar to 500 1C-annealed sample, the PL spectrum exhibited
three peaks, centered at 1.9, 2.3, and 3.2 eV, respectively. The
intensities of red, green, ultraviolet (UV) emission peaks have
been increased by the thermal annealing.

It is known that the UV band in GaN is attributed to the
transition from a shallow donor to a shallow acceptor [11]. Main
candidates for the shallow donors are SiGa and ON, whereas
those for the shallow acceptors are SiN and CN [11]. Also, the green
emission is ascribed to structural defects, including VGa, VGa–ON

complexes, etc. [11,12]. On the other hand, red emission band in
GaN is generally ascribed to vacancy-impurity pairs [13–15],
such as a deep donor VNCN and a deep acceptor VGaON [16,17].
It is surmised that the diffusion of Si from the substrate and C
and O from inside the chamber will be activated by the thermal
annealing at a sufficiently high temperature, ultimately enhan-
cing the UV and red emission. The thermal annealing will also
favor the generation of vacancy-related structural defects,
enhancing the green emission. Also, Pt was found to be a
fast diffuser, becoming a shallow donor in GaN [18]. The
formation of Ga vacancies can be enhanced by complex formation
with donor (Pt) impurity, presumably contributing to the
enhancement of green emission [18]. The other possibility is that
the generated PtOx compounds affected the emission. For
example, it has been reported that Pt4 + in octahedral complexes
exhibited a red emission [19]. In addition, it is noteworthy
that the ratio of the intensity of red emission to that of UV
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Fig. 1. SEM-based diameter distributions of (a) uncoated GaN nanowires and

GaN-core/Pt-shell nanowires sputtered with (b) 1 min, (c) 2 min, and (d) 4 min.

(e) Dependence of the average thickness of shell layers on deposition time.
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emission has been increased with increasing the annealing
temperature. From the above discussion, we realize that the
UV emission is associated with SiGa, ON, SiN, and CN, whereas the
red emission is related to VNCN and VGaON. We surmise that
the activation energy of Si diffusion is relatively higher than those
of diffusion of vacancy, O, and C, resulting in the observed
phenomenon.

4. Conclusions

We have fabricated GaN-core/Pt-shell nanowires. The Pt
shell thickness tends to increase almost linearly with the sputter

time, with a growth rate of about 4.5 nm/min. By thermal
annealing the Pt shell layers, not only morphological changes
but also the generation of a trace amount of PtOx phases has
been observed. PL analysis with Gaussian deconvolution indicates
that the PL spectra consist of three major emission bands,
which were centered at 1.9, 2.4, and 3.2 eV, respectively.
Although subsequent thermal annealing did not significantly
change the peak positions of those emission bands, it
enhanced their intensity. It is possible that the annealing-induced
change in PL spectra resulted not only from the impurity
and vacancy-related defects in GaN, but also from PtOx

compounds.

Fig. 2. (a) TEM image of an as-synthesized GaN-core/Pt-shell nanowire. (b) Associated SAED pattern image. (c) Lattice-resolved TEM image enlarging an area near the

surface of the nanowires in (a).
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Fig. 3. (a) SEM image of GaN-core/Pt-shell nanowires annealed at 700 1C (inset: SEM image of GaN-core/Pt-shell nanowires annealed at 900 1C). (b) TEM image of a GaN-

core/Pt-shell nanowires annealed at 700 1C and associated elemental maps of (c) Ga elements and (d) Pt elements. (e) Corresponding SAED pattern image.
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Fig. 4. XRD patterns of (a) uncoated GaN nanowires, (b) unannealed, (c) 500 1C-annealed, and (d) 900 1C-annealed GaN-core/Pt-shell nanowires.
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Fig. 5. PL spectra of GaN-core/Pt-shell nanowires annealed at (a) 500 1C and (b) 900 1C.
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