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Abstract

We synthesized crystalline Sb,Oj3 rods by heating a mixture of Sb and Zn powders. Scanning electron microscopy indicated that the Zn powder
as well as the growth temperature affected the morphology of the product. We discussed the possible growth mechanisms. Scanning electron
microscopy, X-ray diffraction, selected area electron diffraction, Raman spectroscopy and transmission electron microscopy collectively revealed
that the products consisted of Sb,O5 having a pure cubic structure with diameters in the range of 150-600 nm. The photoluminescence spectrum of

the Sb,O3 submicron rods under excitation at 325 nm exhibited a visible light emission.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Low-dimensional materials, such as rods, belts, wires and
particles, have potential applications in nanoelectronics and
optoelectronics, due to their novel physical and chemical
properties. Particularly, submicron rods or wires have peculiar
properties, such as the finite-size effect of flux pinning in
superconducting wires [ 1], enhanced field emission behavior [2],
quantum Hall effect [3], and excellent magnetic properties
including a high coercive (magnetic) field [4], suppression of spin
relaxation [5] and charge—density—wave current conversion [6].

Antimony trioxide (Sb,03) is an important semiconducting
material, which has been widely used as a fire retardant in
membranes in the plastic industry, as enclosures of electric
devices, and as a catalytic agent in organic synthesis [7—15].
Sb,05 is not only an interesting semiconducting material with
unique optical and optoelectronic properties [16], but also has
remarkable magnetic properties [17-20]. Accordingly, Sb,O3
submicron rods with their excellent physical and chemical
properties have potential applications in future advanced
optoelectronic and magnetic devices.

* Corresponding author. Tel.: +82 32 860 7544; fax: +82 32 862 5546.
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Up to the present, researchers have fabricated one-
dimensional (1D) structures of Sb,O; by various methods,
including the air oxidation of Sb metal in a mixed solution made
of ethylenediamine (EDA) and deionized water (DIW) [16], the
microemulsion method [21], the hydrothermal route [22], the
carbon nanotube (CNT)-template technique [23], and the
transformation of nanoporous oxoselenoantimonates [24]. In
particular, Ye et al. successfully synthesized 1D structures of
Sb,05 by the thermal heating of Sb,S3 [25], which is simple and
suitable for the established ULSI fabrication process. However,
in their work, the products consisted of a variety of
morphologies, such as fibers and tubules [25]. In the present
study, we heated a mixture of Sb and Zn powders, leading to the
production of Sb,O3; submicron rods, which have a homo-
geneous rectangular cross-section. It was observed that not only
the substrate temperature, but also the addition of Zn affected
the generation of the thin rods. In addition, we investigated the
structural and photoluminescence (PL) properties of the as-
prepared Sb,O; rods.

2. Experimental

In this study, we employed Au-coated Si substrates, which
were fabricated using Si as the starting material onto which an

0272-8842/$36.00 © 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2010.09.050


http://dx.doi.org/10.1016/j.ceramint.2010.09.050
mailto:hwkim@inha.ac.kr
http://dx.doi.org/10.1016/j.ceramint.2010.09.050

594 H.W. Kim et al./Ceramics International 37 (2011) 593-598

Au layer with a thickness of about 3 nm was deposited by ion
sputtering (Emitech, K757X). The synthesis process was
carried out in a quartz tube. Zn metal powders and Sb
nanopowders, which were fully mixed with a weight ratio of 1:1
(approximately 2 g in total), were used as the source material.
The source material and substrate were placed on the lower and
upper holders, respectively, in the center of a quartz tube
inserted into a vertical furnace. The vertical distance between
the powders and substrate was approximately 10 mm, with the
Au-coated side facing downwards. During the experiment, the
furnace was maintained at a temperature in the range of 700—
800 °C with the ambient gas (Ar + O,) being at a constant total
flow rate of 2 standard liters per min (slm). After 1 h of

Fig. 1. Top-view SEM images of the products with an evaporation temperature
of: (a) 700, (b) 750, and (c) 800 °C.

evaporation, the furnace was allowed to cool down to room
temperature.

The crystal structure of the products was investigated by X-
ray diffraction (XRD, X’pert MRD-Philips) with CuKa,
radiation and an incidence angle of 0.5°. Scanning electron
microscopy (SEM) was carried out using a Hitachi S-4200
scanning electron field emission microscope. A Philips CM-
200 microscope was used for the transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy
(EDX), and selected area electron diffraction (SAED) analyses.
PL measurements were performed using a He—Cd laser line
(325 nm, 55 mW) as the excitation source at room temperature.
Micro-Raman spectra were taken at room temperature in the
spectral range of 100-600 cm™' using a Renishaw Raman
spectromicroscope in the open air. A He—Ne laser beam with a
wavelength of 633 nm was used for Raman excitation.

3. Results and discussion

Fig. 1(a—c) shows the SEM images of the final products
obtained with evaporation temperatures of 700, 750, and
800 °C, respectively. It is evident that the products grown at
750 °C comprise thin 1D rods, whereas those grown at both 700
and 800 °C contain cluster-like or thick 1D structures. It is
noteworthy that the rods grown at 750 °C have a diameter in the
range of 150-600 nm. Fig. 2 shows the XRD spectrum of the
product grown at 750 °C. The diffraction peaks in the XRD
spectrum can be indexed to the cubic structure of Sb,O3
(JCPDS 72-1854).

Fig. 3(a and b) shows the images of the elemental maps in
regard to Sb and O elements, respectively. It is observed that the
rod comprises Sb and O elements. Fig. 3(c) is a high resolution
TEM (HRTEM) image enlarging an area near the surface of a
rod. The interplanar spacings are about 0.23 and 0.27 nm,
which correspond to the (42 2) and (4 4 0) planes of cubic
Sb,03, respectively. Fig. 3(d) shows the associated SAED
pattern, revealing that the rod has a single crystalline structure.

Fig. 4 shows the Raman spectrum of the Sb,O5 rods, in
which the peak at 521 cm ™" was identified as the TO phonon
mode in the silicon (Si) crystal structure [26], presumably from

>

=

)

g

o

=2

Q»

=

172
@
p—1 - =
= el Q
= < <

Q S
N o<

ﬁ =2 S a8 =
< - m\ov w
< 7 S8 &y
> Q - IS = =
£ §8 sw| 22 R¥g2 € 3
7] “W T 2 2 UF °
5 S8 =9 2Ss% &5 o
5 S wn 2 NOO' o J
- = (=3 2 = ~ <
= 7 L@ ©ngs 2 8
= » n 9 @»n

20angle

Fig. 2. XRD patterns recorded from the product with an evaporation tempera-
ture of 750 °C.
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Fig. 3. TEM-EDX elemental maps of: (a) Sb and (b) O elements. (c) Lattice-resolved TEM image near the surface of a rod. (d) Corresponding SAED pattern.
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Fig. 4. Room-temperature Raman spectrum of the product with an evaporation
temperature of 750 °C.

the Si substrates. Also, the peak at around 192 cm s usually
observed from bulk Sb,O; [27-29]. The peaks at around
400 cm ™" and 457 cm ™" are similar to the ones observed from
micro-sized Sb,0j3 octahedra [30]. On the other hand, the peaks
at 223 cm™ ' and 435 cm ™! have been previously reported from
the Raman spectra of single-crystalline Sb,O5 nanowires [31].

Since the SEM and TEM analyses provided no evidence for
the presence of the catalyst at the tips of the 1D structures (Figs.
1(b) and 3(a and b)), the growth mechanism of the Sb,O3 rods
cannot be ascribed to the tip-growth VLS mechanism. The
reaction that occurred in the formation of the Sb,O; crystal
nucleus may be illustrated as follows: 4Sb + 30, — 2Sb,05
[31]. The Sb-associated vapors from the Sb powders would
react with O, in the ambient gas to generate solid Sb,0O5 nuclei
on the substrate. It is surmised that the Au nanoparticles or
islands, which are generated from the Au-coated Si substrates
during the heating process, may stay at the bottom of the rods
during the growth process. In a previous work, the growth of the
CNTs was attributed to the base growth mechanism, in which
the metal catalyst remains at the bottom of the nanostructures
[32]. Fig. 5(a) shows an enlarged SEM image of the Sb,O3 rods
obtained with an evaporation temperature of 750 °C. It is
observed that the tip parts of the submicron rods mostly have a
rectangular shape, which presumably originates from the cubic
structure of Sb,0s;.

On the other hand, Fig. 5(b) shows a SEM image of the final
product obtained by heating the Sb powders at 750 °C without
any Zn powder. By comparing Fig. 5(b) with Fig. 1(b)/Fig.
5(a), we noticed that the rods became thinner when the Zn
powders were added, implying that the Zn powders play a role
in the growth of the submicron rods. From the Sb-Zn binary
phase diagram, we would expect the melting point to be
decreased by the addition of Zn [33]. Accordingly, we surmise
that the addition of Zn induces less supercooling and, thus, the
secondary growth from the stem rods is suppressed. Instead,
relatively thin 1D structures will be favored. On the contrary,
the presence of less Zn leads to severe supercooling, facilitating
the growth of secondary branches or clusters on the surface of
the stem rods and ultimately generating thicker 1D structures.

INHA WD13.9mm 15.0

Fig. 5. (a) Enlarged SEM image of the products with an evaporation tempera-
ture of 750 °C, in which a mixture of Sb and Zn powders were heated. (b) Top-
view SEM image of the products with an evaporation temperature of 750 °C, in
which Sb powders were heated without Zn powers.

In addition, it is possible that the addition of Zn reduces the
activity of Sb in Sb—Zn binary alloy, which brings about the
reduction of Sb partial pressure and thus the slowing down of
the formation of the Sb,Oj crystal. The slower reaction is
supposed to be closer to the equilibrium process, favoring the
growth of thin 1D structures.

Fig. 1 clearly indicates that the change of growth
temperature contributes to the variation in the morphology
of Sb,Oj structures: it affects the surface diffusion, desorption,
and re-evaporation of the adsorbed vapor species, as well as the
amount of reactive vapor generated [34]. At the lower
temperature (700 °C) (Fig. 1(a)), insufficient thermal energy
of the Sb vapor allows the atoms to be deposited exactly where
they land with low surface diffusion, generating a rough film
with cluster-like structures [35]. By comparing Fig. 1(c) with
Fig. 1(b), we observe that the rods grown at 800 °C are
noticeably thicker and shorter than those grown at 750 °C. At
higher temperature, the sufficiently high thermal energy allows
for a high rate of desorption, re-evaporation, and redeposition.
Accordingly, thick and short rods, instead of thin and long ones,
have been produced at 800 °C [35].

Fig. 6 shows the PL spectrum of the Sb,O; rods. It shows a
broad band with a peak wavelength of around 470 nm. The
broad blue emission profile between 390 and 500 nm was
attributed to emissions related to defects such as oxygen
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Fig. 6. Room-temperature PL spectrum of Sb,O; rods with an excitation
wavelength at 325 nm.

vacancies [33]. It is shown that the overall PL intensity was not
dependent on the growth temperature (see Supplementary
material S-1). At higher temperatures, the oxygen vacancy
concentration in the nanowire tends to increase. On the other
hand, the increase of the oxygen pressure in the ambient will
suppress the increase of the oxygen vacancy concentration in
the nanowire. This will result in the insignificant change of
oxygen vacancy concentration and thus the invariance of PL
intensity with varying the growth temperature.

4. Conclusion

We fabricated Sb,0j; rods via a thermal evaporation method,
which consisted of heating a mixture of Sb and Zn powders.
The addition of Zn powders as well as the optimal substrate
temperature was required for the growth of thin rods. Possible
associated growth mechanisms were suggested. The XRD,
TEM and SAED analyses collectively indicated that the
product is crystalline with a cubic Sb,O3 structure. Also, the
Raman spectrum of the submicron rods exhibits the character-
istics of the Sb,O;5 structure. The PL measurement shows a
visible light emission band, which holds promise for future
optoelectronic applications.
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