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One-pot synthesis and characterization of a mixture of Ga,0; and SnO, nanofibers
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We have achieved simultaneous production of gallium oxide (Ga,0;) and tin oxide (SnQ,) one-dimensional (1D)
nanostructures by heating a mixture of GaN and Sn powders at 900°C. X-ray diffraction and transmission electron microscopy
analysis revealed that the product corresponded to a mixture of monoclinic Ga,O; nanofibers and tetragonal rutile SnO,
nanofibers. We suggest the growth mechanisms of Ga,0; nanofibers and SnO, nanofibers to be vapor-solid and vapor-liquid-
solid processes, respectively. The photoluminescence (PL) measurement with a Gaussian fitting exhibited visible light emission
bands in the blue, yellow-green, and orange regions. The PL spectrum of the mixture of Ga,0; and SnO, nanofibers was a
combination of the PL spectra from the Ga,O; and SnO, nanostructures.
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Introduction create extraordinary applications. For example, a
mixture of Ga,0O; and SnO, nanowires would result in a
Nanostructures are attracting great attention due to chemical sensor with exceptionally high selectivity.
their novel physical properties [1-20]. Among these, In this paper, we explore the use of a mixture of GaN
one-dimensional (1D) nanostuctures show potential and Sn powders for producing 1D nanostructures. We
applications to nanoelectronics and optoelectronics [21- investigate the structural and photoluminescence (PL)
27]. Several researchers have studied on the growth of properties, as well as the morphology and composition
Ga203 1D nanostructures by various techniques [28-30] of the product. This study paves the way to prepare and
since gallium oxide (Ga203) is a stable wide-bandgap characterize a mixture of nanostructures with various
compound with intense luminescence properties [23]. In types of materials, which enables us to tailor or modify
addition, tin oxide (SnO2), an n-type semiconductor various useful properties.
with a wide band gap (Eg=3.6eV at 300 K), is
regarded as one of the most promising materials for gas Experimental
sensors, heat mirrors, photovoltaic solar energy conversion
devices, and transparent electrodes [31-33]. Accordingly, The synthesis was carried out in a quartz tube
various structural and morphological forms of SnO2 1D mounted vertically inside a high-temperature tube
nanostructures have been fabricated over the past several furnace. A mixture of GaN and Sn powders was placed
years [34-36]. on the alumina holder in the center of the quartz tube.
With the development of nanoscience and nano- For preparing the gold (Au)-coated Si substrates, we
technology, many researchers are interested in tailoring used Si as the starting materials (p-type (100) Si;
or improving the characteristics of nanostructures by resistivity = 1-30 Q cm), onto which a layer of Au
synthesizing a wide variety of nanowires as well as (about 3 nm) was deposited by a sputtering process.
developing a novel fabrication method. Although the 1D The furnace was heated to 900 °C, and maintained at
nanostructures of Ga,0; and SnO, have previously been this temperature for 2 h in a flow of nitrogen (N;) gas
synthesized by the thermal heating of GaN and Sn (flow rate; 500 standard cm*/min). The tube was then
powders, respectively, to the best of our knowledge, cooled down naturally to room temperature in about 8 h.
attempts to fabricate a mixture of both products have As-grown samples were investigated and analyzed
not been made. using glancing angle (0.5 °) X-ray diffraction (XRD,
Since both Ga,O; and SnO, nanowires are useful X’pert MPD-Philips with CuKa, radiation), scanning
materials, the mixture of the two materials is likely to electron microscopy (SEM, Hitachi S-4200), and

transmission electron microscopy (TEM, Philips CM-
200) with energy-dispersive X-ray spectroscopy (EDX)

*%rfeﬁggnzdg’i%ugg%g attached. The PL spectra of the samples were measured
Fax: +82-2-2720-0389 in a SPEC-1403 photoluminescence spectrometer with
E-mail: hyounwoo@hanyang.ac.kr a He-Cd laser (325 nm, 55 mW) at room temperature.
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Results and Discussion

We found a large piece of wool-like products on the
surface of the substrate. Fig. 1(a) shows a low-
magnification SEM image, indicating that the product
consists of a large quantity of straight or curved 1D
structures. Statistical observation of many SEM images
indicated that the average diameter of the 1D structures
ranged from 10 to 500 nm. Fig. 1(b) shows the typical
XRD pattern of the product. The reflection peaks of
(111), (202), (113), (115), (300), (213), (313), (220),
and (222) correspond to a monoclinic Ga,0Oj; structure
with lattice constants of a=5.80 A, b=3.04 A, and
c=12.23 A (JCPDS: 74-1176), whereas the diffraction
peaks of (110), (200), (111), (211), (220), (310), (301),
and (321) can be readily indexed to the tetragonal
rutile structure of SnO, with the lattice constants
a=4.74A and c=3.19A (JCPDS: 41-1445). No
obvious reflection peaks from impurities, such as
unreacted Sn, Ga or other oxides, were detected. In the
present XRD measurements, the angle of the incident
X-ray beam to the surface of substrate was about 0.5 °,
with the detector being rotated to scan the samples.
Since the peaks mainly originated from the products,
the XRD analysis indicated that the well-crystallized
Ga,0; and SnO, were successfully obtained through
the present synthetic route.

Fig. 2 is a low magnification TEM image, indicating
that there are two types of 1D structure in the product:
those without tip-nanoparticles (indicated by Arrow 1)
and those with tip-nanoparticles (indicated by Arrow 2).
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Fig. 1. (a) Low-magnification SEM image of the product. (b) XRD
patterns recorded from the product.

Fig. 3(a) shows a TEM image of a single nanofiber
indicated by Arrow 1 in Fig. 2, in which the nanofiber
has a diameter of about 62 nm. The upper right inset in
Fig. 3(a) shows the associated selected area electron
diffraction (SAED) pattern. The SAED pattern can be
indexed for the [110] zone axis of crystalline Ga,O;.

Fig. 2. Low-magnification TEM image of the product. SnO,
nanofibers exhibit the tip nanoparticles, whereas Ga,O; nanofibers
do not.
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Fig. 3. (a) TEM image of a single nanofiber indicated by Arrow 1
in Fig. 2 (Upper right inset: associated SAED pattern; lower right
inset: HRTEM image enlarging an area enclosed by the square in
Fig. 3(a). (b) EDX spectrum collected from the nanofiber shown in
Fig. 3(a).
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The length direction of the nanofiber is along the [111]
direction. The lower right inset is a high resolution
TEM (HRTEM) image enlarging an area enclosed by
the square in Fig. 3(a), revealing good crystallinity. The
interplanar spacing is about 0.255 nm, corresponding to
the (111) plane of monoclinic Ga,Os. Fig. 3(b) shows
the typical EDX spectrum collected from the nanofiber
shown in Fig. 3(a). The spectrum identifies the peaks
of Ga, O, Sn, and Cu. Since the Cu signals are
generated from the TEM microgrid supporting the
nanofibers, we suppose that the components of the
nanofiber are Ga, O, and a trace amount of Sn. From
the XRD, SAED, and HRTEM observation, in which
the nanofiber is monoclinic Ga,0;, we suggest that Sn
exists is an element in the Ga,O; lattice.

Fig. 4(a) shows the TEM image of a single nanofiber
indicated by Arrow 2 in Fig. 2 (average diameter
~ 83 nm). The nanoparticle at the tip of the nanofiber
appears dark, having high contrast compared with the
nanofiber stem. The inset in Fig. 4(a) shows the
corresponding SAED pattern, which can be indexed for
the [102] zone axis of the tetragonal rutile SnO,. Fig.
4(b) is the enlarged HRTEM image of the rectangular
box marked in Fig. 4(a). The interplanar spacing is
approximately 0.176 nm, corresponding to the (211)
plane of the tetragonal rutile SnO,. EDX measurements
made on the fiber tip and the fiber stem indicate that
the tip consists of Au, Sn, O, and Ga (Fig. 4(c)), but
the stem is only composed of Sn, O, and Ga (Fig.
4(d)). Accordingly, we reveal that the SnO, nanofibers
contain a trace amount of Ga, while the nanoparticle
comprises a Au element.

In the preliminary experiments, the synthesis was
carried out under the same conditions as those in the
present work, with the exception that only Sn powders
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Fig. 4. (a) TEM image of a single nanofiber indicated by Arrow 2
in Fig. 2 (Inset: corresponding SAED pattern). (b) Enlarged
HRTEM image of a rectangular box marked in Fig. 4(a). EDX
spectra of (c) the fiber tip and (d) the fiber stem.

were used. In this case, 1D nanostructures of SnO,
without tip nanoparticles were obtained. When only
GaN powders were used, Ga,O; 1D nanostructures
without tip nanoparticles were obtained. In the present
work, however, although the Ga,O; nanofibers still do
not have nanoparticles at their tips, the SnO, nanofibers
revealed the presence of tip nanoparticles. In other
words, it is noteworthy that the growth mechanism was
changed with the change in the source composition.
SnO, nanofibers with tip nanoparticles were not
obtained when only the Sn precursors as the source
were used, whereas those with tip nanoparticles were
produced by using a mixture of GaN and Sn powders.

We suppose that the mixing of the source powders will
affect the growth mechanism. In general, there are two
main growth mechanisms of 1D nanostructures: vapor-
liquid-solid (VLS) and vapor-solid (VS) mechanisms. It
is expected that the growth mode is dependent on the
experimental condition. In the VLS mode, the generated
vapor combines with Au on the substrate and the
supersaturation of the liquid alloy droplet brings about
the precipitation of short nuclei from which the
nanowires may subsequently grow [37]. On the other
hand, in the VS mode, the catalytic role of Au will be
reduced, and the nanowires will tend to grow by direct
adsorption of the source vapors onto the solid substrate
[38].

In a previous study, the growth temperature de-
termines the relevant growth mode, in which lower and
higher temperature growth were dominated by the
VLS and VS processes, respectively [38]. Higher
temperature guarantees higher vapor pressure of the
source materials. Similarly, at the growth temperature
in the present work, sufficient amount of source vapor
is provided. Furthermore, we expect that the relative
amount of Ga concentration is significantly greater
than that of the Sn concentration in the vapor of the
present system. Accordingly, most Ga vapors will
directly adsorb on the substrate and nanowire surface,
being operated by the VS process. On the other hand,
the relatively small amount of Sn vapors at that
temperature will bring about a situation, in which the
ratio of the Sn-associated vapor to Au is expected to be
sufficiently small.

The existence of Au-related tip nanoparticles suggests
that the growth of SnO, nanofibers is mainly controlled
by a VLS process, with Au originating from the pre-
deposited Au layer. In the present synthetic process, liquid
Sn (Melting point =232 °C) is oxidized, according to the
reaction of 2Sn(l) + O, (g) > 2SnO(g). We believe that
the oxygen comes from the air leakage or the residual
oxygen in the furnace, even though we did not
intentionally introduced oxygen to the tube. The gen-
erated metastable SnO gas spontaneously decomposes
into liquid Sn and solid SnO, (2SnO(g) - SnOx(s)
+ Sn(l)) [39-42]. The liquid Sn droplets fall on the
substrate and subsequently form Sn-Au alloyed
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Fig. 5. (a) PL spectrum of the product synthesized by heating a
mixture of GaN and Sn powders. The solid line is the experimental
spectrum and the dotted lines are the Gaussian deconvolution. The
PL spectra of the products obtained by heating (b) the pure GaN
and (b) the pure Sn powders.

droplets, which provide energetically favored sites for
adsorption of the SnO and O vapor [43]. Subsequently,
as the concentrations of the Sn and O atoms in the
alloy droplets or nanoparticles become greater than the
saturation threshold, the short SnO, nuclei precipitate from
the solid/liquid interface. In the next step, by continuously
dissolving SnO and O onto the nanoparticles, solid SnO,
nanofibers may subsequently grow.

On the other hand, the GaN powders are evaporated
into Ga and N gases when they are heated at 900 °C,
according to the reaction: 4GaN(s) — 4Ga(g) + 2N(g)
[44]. A large amount of Ga vapor directly deposits on
the substrate or on the surface of the fibers and reacts
with the O atoms. Accordingly, the VS mechanism
dominate the growth process of the Ga,O; nanofibers.
This is evidenced by the observation that no catalyst
was present at the tips of Ga,O; nanofibers (Fig. 2). It
is noteworthy that only Ga,O; or SnO, was found in
the product, without the formation of a Ga.Sn,O,
compound phase. This observation agrees with previous
work reporting that the GaO;s-SnO, binary consists
entirely of a two-phase region between the two
endpoints [45], with minimal solubility of GaO, s into
SnO, or SnO, into GaO;s [46]. The intermediate
compound, Ga,;SnOg, which has been reported to be
stable at temperatures higher than ~ 1300 °C [46, 47],
does not form in the present synthetic process at 900 °C.

The PL spectrum at room temperature is shown in
Fig. 5(a). If using Gaussian fitting, we can find that the
PL spectrum consists mainly of three bands, peaking at
about 440 (2.83eV), 569 (2.18¢eV), and 644 nm
(1.93 eV), in the blue, yellow-green, and orange region,
respectively. For comparison, we measured the PL

spectra of the Ga,O; 1D nanostructures (Fig. 5(b)) and
the SnO, 1D nanostructures (Fig. 5(c)). The 1D
nanostructures of Ga,O; and SnO, were produced
when pure GaN powders and pure Sn powders were
heated at 900 °C, respectively. The blue emission band,
which is shown in Figs. 5(a) and 5(b), is known to be
attributed to Ga vacancies (Vg,), O vacancies (Vo)
[48], and a Ga-O vacancy pair (Vg,, Vo) in Ga,03 [49].
The products also show an emission band in the
yellow-green region (Figs. 5(a) and 5(c)), being similar
to that of the SnO, 1D nanostructures previously
synthesized by using laser ablation [50] and solution
phase growth [51]. In addition, we observed an orange
band as shown in Fig. 5(a) and 5(c). Similarly, orange
emission has been previously observed from sintered
SnO; [52]. The visible light emission of SnO, is known
to be related to defects, such as O vacancies or Sn
interstitials that form during the synthesis process [50-
53]. In consideration of a possible measurement error
during the Gaussian fitting analysis, we suggest that the
PL spectrum of the mixture of Ga,O; and SnO,
nanofibers is a combination of the PL spectra from the
Ga,0; and SnO, nanostructures, respectively. Further
detailed study is in progress in order to reveal the
emission mechanism in detail.

Conclusions

In summary, we simultaneously fabricated crystalline
Ga,0; and SnO, nanofibers by heating a mixture of
GaN and Sn powders at 900 °C. We used XRD, SEM,
TEM, and EDX spectroscopy to characterize the
samples. The product consists of 1D nanostructures
with diameters in the range of 10 to 500 nm. The
Ga, 05 nanofibers have a monoclinic structure, whereas
the SnO, nanofibers have a tetragonal rutile structure.
The Ga,0; and SnO, nanofibers contain a trace amount
of Sn and Ga elements, respectively. Based on the
observation of the nanofiber tips, we suggest that the
growth of the Ga,O; and SnO, nanofibers is mainly
controlled by the VS and VLS mechanisms, respectively.
The relatively large amount of Ga vapors contributes to
the growth of the Ga,O; nanofibers via the VS
mechanism. On the other hand, the small ratio of Sn to
Au atoms in the system actives the Au catalytic effect,
which is operated by the VLS mechanism. The PL
measurement with a Gaussian fitting shows apparent
visible light emission bands centered at 440, 569, and
644 nm, indicating that the blue emission can be
attributed to the Ga,Os nanofibers, whereas the yellow-
green and the orange emissions are ascribed to the
SnO, nanofibers.
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