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1. Introduction

The formation and characterization of one-dimensional nanomaterials have attracted
considerable attention because of their unique physical and chemical properties [1-6]. For
example, they can be applied in organic light-emitting diodes (OLEDs), solid lubricants,
DNA analysis, and electrochromic devices [7-10]. Because of their semiconducting
properties and high surface areas, transition metal oxide nanostructures have been used in a
variety of research projects that developed device-oriented nanostructures. For example,
tungsten oxide nanostructures such as nanowires, nanorods, nanotubes, nanobelts, and
nanofibers have well-known electrical, mechanical, gasochromic, and photoelectrochromic
properties that make them very useful for various applications, including field-emission
devices, electrochromic devices, light-emitting diodes, and gas and chemical sensors [11-15].
Recently, nanostructured tungsten oxide materials have been of great scientific and applied
interest.

Bulk properties such as piezoelectricity, chemical sensing, and photoconductivity of these
materials are enhanced in their quasi one-dimensional (Q1D) form. Interestingly, Q1D
structures can be used as template for the growth of other nanostructures resulting in novel
hierarchical nanoheterostructures with enhanced functionality. Nanosized tungsten oxide
particles have been found useful in fabricating gas sensors for the detection of nitrogen
oxides, ammonia, and hydrogen sulfide. Current research, however, has focused on the use
of polycrystalline tungsten oxide systems for these applications, and thus important sensor
requirements such as high sensitivity and reproducibility, which can be obtained only by
using size-controlled pure nanomaterials, have not been accomplished.

Cao et al. [16] synthesized WO3 nanowire by thermal evaporation method, and reported gas
sensing tests revealed that the sensor based on the WOs3 nanowire array had the capability of
detecting NO, concentrations as low as 50 ppb, demonstrating a promising application in
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the field of low concentration gas detection. Kim [17] has investigated the dependence of
gas-sensing characteristics on thermal treatment conditions in a tungsten oxide nanorod
system that demonstrated the facile detection of various analysts at ambient temperature.
Thermal treatments under the O;-containing active environments were found to result in
bad reproducibility in sensor response compared with the inert N> conditions. As a result,
the recommendable thermal treatment conditions for WO, 7, sensors were an annealing
temperature of 300-500 -C under inert N> or Ar ambience. The annealing temperature
within the range could be utilized as a parameter to regulate a relative population ratio
between W5+ and W¢* states without any noticeable change in morphology or crystalline
structure. Sen et al [18] reported that nanowire hierarchical hetero-structures of SnO2:WO- 7,
have been prepared by thermal evaporation technique. The density of WO, 7, nanowires was
found to depend on partial pressure of oxygen and source temperature. Single wires of
heterostructures have been aligned between two electrodes to make gas sensors that show
high sensitivity and selective response to chlorine gas at room temperature. Improvement in
selectivity is attributed to transfer of electrons from WO.7 to SnO, on formation of
heterojunctions. The study shows the potential of semiconductor oxide hetero-junctions for
application to sensors and other electronic devices.

Field emission (FE) (also known as electron field emission) is an emission of electrons
induced by external electromagnetic fields. Field emission can happen from solid and liquid
surfaces, or individual atoms into vacuum or open air, or result in promotion of electrons
from the valence to conduction band of semiconductors. Field emission involves the
extraction of electrons from a solid by tunneling through the surface potential barrier. The
emitted current depends directly on the local electric field at the emitting surface, E, and on
its work function, ¢, as shown below. In fact, a simple model (the Fowler-Nordheim model,
can be written as J= (E232 / ¢) exp(—B ¢'> /EP), where | is the current density, E is the
applied electric field, ¢ is the work function (eV), and f is the field enhancement factor)
shows that the dependence of the emitted current on the local electric field and the work
function is exponential-like. As a consequence, a small variation of the shape or surrounding
of the emitter (geometric field enhancement) and/or the chemical state of the surface has a
strong impact on the emitted current [19,20].

Tungsten oxide nanowires are one-dimensional nanostructures, with diameters of 10-100
nm and a length of about 1 pm. Since the nanowires have high aspect ratios and are easily
fabricated, they have attracted considerable attention as promising materials for field
emitters of the field-emission displays (FEDs) [21-23]. Furubayashi et al. [24] have
demonstrated that the tungsten oxide nanowires obtained from sputtered tungsten films
have good field emission properties. The number density of nanowires was discovered to be
an important parameter in determining the field emission properties. A suitably low density
resulted in good field emission properties owing to the concentration of the electric field.
Concentrating an electric field at the tip of tungsten oxide nanowires increases their
emission current. Moreover, they synthesized tungsten oxide nanowires on 1x1 pm? islands
with various pitches. The lengths of tungsten oxide nanowires were 600-1000 nm and the
number of nanowires per island was about 100. It found that the sample with the island
pitch of 5pm exhibited the highest field emission current among the samples with pitches of
2,5,10, 20 and 30pm.
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Among the tungsten oxides, tungsten oxide (WOs), which is a versatile semiconductor
material with a wide bandgap ranging from 2.5-3.6 eV, has strong potential for many
interesting applications [25-28]. Methods of synthesizing WO3 with various morphologies
and phases using either physical or chemical routes have been the subject of considerable
research. Xu et al. recently synthesized tungsten oxide nanowires using a flame with an air
jet impinging on an opposing jet of nitrogen-diluted methane at atmospheric pressure [29].
Klinke et al. found that tungsten oxide nanowires could be formed in a gas mixture of
argon, hydrogen, and methane [30]. Wilson et al. reported on a synthesis method that uses
tungsten probes 1 m in diameter inserted into an opposed flow of methane oxy-flame with
ethane [31].

However, these techniques for making tungsten oxide nanomaterials on substrates require
external catalysts or reactants, as well as complicated sample pretreatment and preparation
conditions. Furthermore, the importance of substrate temperature in the synthesis of WO3
nanomaterials has not been considered in previous work. For practical purposes, it is also
desirable to develop a simple method for fabricating WO; nanobundles of different
morphologies, in which appropriate morphology control can be achieved by adjusting the
growth parameters. Such a method would yield a thorough understanding of the
relationship between the morphologies and properties of the obtained nanobundles.
Fabrication of tungsten oxide nanobundles of different morphologies under controlled
growth conditions has always been a challenge. As a result, efficient, large-scale fabrication
of morphology-controllable tungsten oxide nanobundles is a difficult task.

The thermal chemical vapor deposition (CVD) process offers significant advantages: simple
experimental equipment, high homogeneity, very short processing time, cost effectiveness,
high efficiency, easy synthesis, and controllability. High quality can be easily obtained with
good reproducibility by controlling the CVD parameters [32-34]. Therefore, in the present
work, we explore a simple, more economical thermal CVD method for large-scale
fabrication of WO3; nanobundles with controllable morphologies on silicon (100) substrates
with no additional catalysts. By heating tungsten powder to 1100°C in vacuum (6.13 Pa) in a
two-step process, WO3 nanobundles with controllable morphologies were produced in high
yield; nanowires, nanobars, and nanobulk were produced in furnace temperature ranges of
250-350°C, 450-550°C, and 650-750°C, respectively. Furthermore, in a series of experiments,
we successfully achieved room-temperature blue emission from the as-synthesized WOj3
nanobundles, which can be attributed to the band-band indirect transitions of the WO;
nanobundles.

2. Experimental

In our experiment, we synthesized tungsten oxide nanobundles using thermal CVD. WO3
nanobundles were synthesized in a conventional horizontal tube furnace made from quartz.
Tungsten powder (0.05 g, Alfa AESAR; particle size, 12 pm; purity, 99.99%) acted as the
source material; it was deposited on a ceramic boat and placed in the constant-temperature
zone of the furnace. A silicon (100) wafer, which acted as the substrate, was subjected to
ultrasonic cleaning in ethanol for 30 min and then placed in different temperature zones
ranging from 100°C to 800°C, which is about 5 cm downstream from the source. After the
tube was pumped to the required vacuum of 0.67-0.8 Pa , the temperature of the furnace
was raised from room temperature to 800°C at a ramping rate of 30°C/min. The flow rates
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of a mixture of argon and oxygen gases were maintained at 10 sccm and 1 sccm, respectively,
and were controlled by a flow meter. The pressure was maintained at 6.13 Pa, and then the
temperature of the furnace was increased from 800°C to 1100°C. After this temperature was
maintained for 1.2 h, the furnace was cooled naturally to room temperature. Samples
formed at substrate temperatures of 250-350°C, 450-550°C, and 650-750°C were removed
for characterization.

The deposited nanobundles were then characterized and analyzed. A scanning electron
microscope (SEM; JEOL JSM-6500F) was used for morphological analysis. X-ray analysis
was performed using a Shimadzu Lab XRD-6000 diffractometer equipped with a graphite
monochromator. The Cu Ka radiation had a wavelength of A = 0.154056 nm; it was operated
at 43 kV and 30 mA. Transmission electron microscopy (TEM) and energy-dispersive x-ray
spectroscopy (EDS) were conducted using a JEOL 2010 transmission electron microscope
operated at 200 kV. Raman spectroscopy was performed using a micro-Raman setup
(LabRAM,; Dilor) equipped with a He-Ne laser emitting radiation at 632.8 nm.

The optical properties of the as-prepared nanobundles were measured by
cathodoluminescence (CL) spectrometry on a JEOL-JSM-7001F field-emission scanning
electron microscope (FESEM) at room temperature. A 15-keV electron beam was used to
excite the sample. The CL light was dispersed by a 1200-nm grating spectrometer and
detected by a liquid-nitrogen-cooled charge-coupled device.

3. Results

Figure 1 shows SEM images of numerous high-density tungsten oxide nanobundles formed
at different substrate temperatures. The morphology of the WO; nanobundles on the silicon
substrate clearly reveals the formation of nanowires, nanorods, and nanobulk material. The
SEM image in Fig. 1a clearly demonstrates that the nanowires obtained on the substrate at
250-350°C have uniform one-dimensional morphologies and are produced at high density
and large scale. The nanowires had diameters of 20-30 nm and lengths of up to several
nanometers. The as-synthesized nanowires have a high aspect ratio similar to that reported

previously [35]. Figure 1b shows nanorods prepared on the substrate at 450-550°C. The
average lengths of these nanorods were 400-500 nm, and their diameters were 100-150 nm,
and they have polygonal cross sections. It is apparent that the nanorods are formed by an
increase in the diameter of the nanowires. Figure 1c shows nanobulk material that covered
the entire surface of the substrate at 650-750°C. The material consists of polyhedrons with
an average diameter of up to 300 nm and lengths of up to hundreds of nanometers.

Fig. 1. SEM images of tungsten oxide nanobundles formed at different substrate
temperatures: (a) 250-350°C, (b) 450-550°C, (c) 650-750°C.
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The phases of the as-prepared WO; nanobundles were identified by XRD. Figure 2 shows
XRD spectra of WO3 nanobundles fabricated at three different substrate temperatures. All
the spectral peaks were indexed well to monoclinic WOs3 in accordance with the Joint
Committee on Powder Diffraction Standards (JCPDS) card No. 43-1035 (lattice constants: a =
0.7297 nm; b = 0.7539 nm; ¢ = 0.7688 nm; B = 90.91°). No diffraction peaks corresponding to
tungsten oxides other than WOj3 could be detected in the spectra. Strong, sharp diffraction
peaks also indicate good crystallinity in the as-synthesized product. The (002) diffraction
peak shows the strongest diffraction, indicating that [002] is the major growth direction of
the nanobundles. Moreover, the intensity of the (002) peak was found to increase with
increasing substrate temperature. This may reflect the increasing volume of the
nanobundles with increasing substrate temperature. However, the distribution and
alignment of the nanobundles whose spectra appear in Fig. 2 may vary with substrate
temperature. This change in distribution and alignment may also change the relative
intensities of the (002), (200), (120), and (140) peaks in the XRD spectra. Further, the
intensities of the (022), (202), and (114) diffraction peaks also increased with increasing
substrate temperature. This behavior indicates that the [002] growth direction also influence
all three peaks with increasing substrate temperature.
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Fig. 2. XRD spectra of the nanobundles fabricated at substrate temperatures of 250-350°C,
450-550°C, and 650-750°C.

We further studied the morphologies of the as-prepared nanobundles by TEM. Figure 3a
shows a typical low-magnification TEM image of a straight nanowire with a uniform
diameter (25 nm). The crystal structure and growth direction of individual nanowires are
further investigated by high-resolution TEM (HRTEM), as shown in Fig. 3b. The inset in this
figure shows the selected-area diffraction (SAD) pattern along the [100] zone axis. It reveals
that the nanowire has a single-crystal structure. The lattice spacings are 0.385 and 0.379 nm
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along the two orthogonal directions, which correspond to the (002) and (020) planes of
monoclinic WO;3, respectively. The SAD pattern shown in the inset of Fig. 3b also confirms
that the nanowires exhibit the monoclinic WO3 phase (JCPDS 43-1035). Figure 3c shows a
typical low-magnification TEM image of the obtained nanorods (width: 120 nm). The
HRTEM image shown in Fig. 3d shows the crystal structure and growth direction of the
individual nanorod in Fig. 3c. The measured lattice spacings along the two orthonormal
directions are 0.385 and 0.379 nm, which correspond to the (002) and (020) planes of
monoclinic WO3, respectively. The measured lattice spacing and SAD pattern show that the
nanobundles are single crystalline and that the major growth direction is [002].

50 nm &%
Fig. 3. (a) TEM and (b) high-resolution TEM (HRTEM) images of a nanowire. Inset shows
the corresponding selected-area diffraction (SAD) pattern. (c) TEM and (b) HRTEM images of a
nanorod.

Figure 4a shows the corresponding elemental line-scan mapping of the nanowires, revealing
that they contain only O and W atoms. Typical EDS data recorded for a single nanowire and
a single nanorod (Fig. 4b and 4c) confirm that both these nanobundles are made of WO3 and
that the C and Cu signals can be attributed to the Cu grids used for our TEM measurements.
Therefore, the WO3 nanobundles fabricated in this study are confirmed to have high purity.
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An analysis of individual nanobundles shows that the calculated atomic ratio of W to O is
approximately 1:3, which is consistent with the XRD and TEM results obtained for WO3.

Fig. 4. (a) Energy-dispersive X-ray spectroscopy (EDS) elemental line profile of nanowire
shown in Fig. 3a. (b) and (c) EDS spectra for nanobundles fabricated at substrate
temperatures of 250-350°C and 450-550°C, respectively. Nanobundles contain only W and
O atoms. Peaks due to C and Cu signals can be attributed to copper TEM grids.

To examine the necessary conditions for the growth of WO; nanobundles in more detail, we
prepared samples using the same method but forming samples on the silicon substrate at
different temperatures. Figure 5a, 5b, and 5c shows SEM images of samples synthesized
using the same methods and conditions as those for growing the samples shown in Fig. 1;
however, the substrate temperatures were 150-250°C, 350-450°C, and 550-650°C,
respectively. In Fig. 5a, where the substrate temperature was 150-250°C, almost no
nanowires are visible, but many unknown WO, nanoparticles appear on the substrate. This
is because nucleation is difficult with such a low surface energy. In Fig. 5b, where the
substrate temperature was 350-450°C, although tungsten oxide nanomaterials were
fabricated with high yield, the morphology is disordered. At the substrate temperature of
550-650°C used to fabricate the samples shown in Fig. 5c, the surface energy increased with
the substrate temperature and enhanced nucleation. However, the growth environment was
still not optimal for producing the required nanobundles but instead yielded unknown
tungsten oxide nanomaterials. Thus, these findings unambiguously demonstrate the
significant effects of the temperature of the silicon substrate on the WO3 nanomaterials with
controllable morphology.

Finally, the optical properties of the synthesized tungsten oxide nanobundles were
characterized by room temperature CL spectroscopy. Figure 6 shows typical CL spectra of
the as-prepared WO; nanobundles. The strongest CL emission peaks are centered at 351 nm,
350 nm, and 349 nm for substrate temperatures of 250-350°C, 450-550°C, and 650-750°C,
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Fig. 5. SEM images of tungsten oxide nanobundles formed at different substrate
temperatures: (a) 150-250°C, (b) 350-450°C, (c) 550-650°C.

respectively. Tungsten trioxide is an indirect band gap semiconductor, and its crystals or
thin films do not produce such strong luminescence [36]. Single peak at the wavelength has
been detected by Lee et al. [37] and Feng et al. [36] They suggested that the peak is due to
the intrinsic band-band transition emission induced by quantum confinement effects in
nanomaterials with an ultrafine diameter (<5 nm) of individual nanomaterials within each
bundle. It is interesting that the nanobundles exhibited a blueshift caused by the increase in
diameter with increasing substrate temperature. On the other hand, other origins such as
foreign matter or native defects in the structure cannot be ruled out.
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Fig. 6. Cathodoluminescence (CL) spectra of the as-prepared WO; nanobundles formed at
different substrate temperatures.
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4. Discussion

The vapor-solid mechanism is responsible for the growth of WO; nanobundles in this
experiment, since no catalysts were used [38]. Tungsten powder begins to sublimate from
the quartz boat when the temperature is increased to 800°C, and this process is highly
enhanced at a temperature of 1100°C. The sublimated tungsten vapor reacts if sufficient
oxygen is present. Tungsten trioxide vapor subsequently flows to the lower-temperature
zone where the silicon substrate is located and becomes supersaturated, with nucleation
of small clusters and subsequent growth of nanobundles. A previous report revealed that
when the vacuum is not high enough, the mean free path of the vapor in the furnace is
small; this affects the degree of supersaturation over the substrate and thereby obstructs
the nucleation process [39]. On the other hand, when the vacuum becomes significantly
higher, such that the mean free path of the tungsten trioxide vapor is highly enhanced, its
partial pressure, and hence supersaturation, increases in the substrate zone in which the
nucleation of WO; on the silicon substrate has been enhanced. In this growth process, if
the furnace has a vacuum of intermediate strength, nucleation on the silicon substrate is
rare. Increasing the temperature and selecting a suitable gas flux and substrate
temperature promote nucleation by modifying the adsorption and diffusion
characteristics of the surface. This increases the efficiency of nucleation, thereby
promoting nanobundle growth. It is extremely interesting to compare our results with
those of studies in which WO; nanostructures are fabricated on a silicon substrate using
different types of catalyst [40, 41].

For reasons of practicality and efficiency, we tried to produce tungsten oxide nanobundles
while controlling fewer experimental parameters. We found that different substrate
temperatures can produce different nanomaterials, including nanowires, nanorods, and
nanobulk, under a suitable growth environment. However, the mechanism responsible for
the formation of different tungsten oxide nanobundles is not yet fully understood. Ye et al.
[42] reported that the growth rate of the crystals was generally determined by gas-phase
supersaturation of the species of the growth material, and that the shape of the final crystal
was determined by the surface energy of the planes of the growing surface. These
conclusions can also explain the growth process in our study. To our knowledge, the
observed types of tungsten oxide nanobundle, i.e., nanowires, nanorods, and nanobulk, may
be directly related to the principal factor in our experiment, substrate temperature. During
growth, the surface energy increases with increasing substrate temperature, facilitating easy
and efficient nucleation. Therefore, the growth of various nanobundles was influenced by
changing the substrate temperature.

5. Conclusions

We fabricated WO3 nanobundles by thermal chemical vapor deposition via a two-step
heating process with no catalyst. By simply varying the substrate temperatures, several
types of uniform, single-crystalline WO; nanobundles can be formed, such as nanowires,
nanorods, and nanobulk. This method is simple, effective, catalyst-free, and easily
repeatable; further, it affords the desired nanobundles in very large yields. Thus, this
method is highly suitable for the fabrication of WO; nanobundles. The fabricated
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nanobundles can be wused in gas and chemical sensors, field-emission devices,
electrochromic devices, and light-emitting diodes.

In a future study, we intend to apply this more efficient and controllable fabrication method
to the synthesis of metal-semiconductor composite nanoarchitectures with promising
structural, morphological, and electrochemical properties.
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