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The self-synthesis of tungsten oxidesW18O49d nanowires on sputter-deposited WCx films using a
simple annealing/oxidization process was reported. It was found that thermal annealing of WCx

films at 680 °C for 30 min in nitrogen followed by oxidation at 450 °C for 30 min in pure oxygen
would yield dense and well-crystallized monoclinic W18O49 s010d nanowires with a typical length/
diameter of about 0.15–0.2mm/10–20 nm. The formation of W18O49 nanowires is attributed to the
nuclei of immature W2C nanowires experiencing a regrowth process, accompanied by carbon
depletion and the oxidization of tungsten during the subsequent oxidization process. ©2005
American Institute of Physics. fDOI: 10.1063/1.1957115g

Transition metal oxides are a large family of materials
exhibiting various distinctive electrochromic, optochromic,
and gaschromic properties.1–4 For device applications, such
as flat panel display, optical modulation devices, auto dim-
ming mirror, gas sensors, humidity, and temperature sensors
etc.,1–7 nanoscaled tungsten oxidessWOxd are attractive be-
cause they exhibit physical and chemical properties that are
very different from their bulk counterparts. Essentially, the
sensitivity and response of WOx-related sensors could be
substantially improved and the working temperature could
also be reduced due to the larger surface area, enormous
number of surface atoms, and/or dimensional confinement of
electrons.7 It is interesting and important from a technologi-
cal point of view concerning the development of simple and
effective ways for preparing tungsten oxide nanoparticles.1,7

Nonetheless, studies on nanoscaled WOx materials are still
limited for the past decade due to the lack of an appropriate
preparation method. Recently, the preparation of WOx nano-
wires has been reported by many research groups.8–10 How-
ever, these methods are either technically complex,9 not
compatible with complementary metal-oxide-semiconductor
technology,8 or incapable of pattern growth.10 Therefore, ef-
forts to develop a simple method for the synthesis of WOx

nanowires for device applications without the above-
mentioned drawbacks are still required.

In this work, a thermal annealing/oxidization process
was employed to synthesize tungsten oxidesW18O49d nano-
wires on sputter-deposited WCx films. Thermal annealing of
WCx films was carried out in a nitrogen ambient with a de-
ficient thermal budget to grow W2C nanowires self-
catalytically. These immature nanowires were then served as
precursors or nuclei for the growth of tungsten oxide nano-
wires in a subsequent oxidization process. The oxidation
conditions and suitable thermal budget for the formation of
well-crystallized tungsten oxide nanowires were investi-

gated. The possible mechanism behind the regrowth and con-
version of nanowires was also proposed.

In experiments, 4 in.n-type Sis100d wafers with a resis-
tivity of 1–10 V cm were used as the substrate. The WCx
target used for the deposition of WCx films was
50:50swt %d in composition and 99.5% in purity. After a
presputtering procedure of WCx target with a power of 60 W
for 10 min, the WCx films were deposited at a power of
200 W in an argon ambient with a flow rate of 24 sccm
without substrate biasing or heating. During sputtering, the
base and sputtering pressure were kept at 2310−6 and 7.6
310−3 Torr, respectively. The thickness of WCx films was
60 nm and the deposition rate was about 0.4 Å/s. Since the
growth of well-crystallized tungsten oxide nanowires is very
difficult from the direct oxidation of sputter-deposited WCx
films, here a simple thermal annealing/oxidization process
was proposed to growa-W2C nanowires self-catalytically
first, and then convert them into tungsten oxide nanowires.

To prepare W2C nanowires, the WCx films were sub-
jected to a quartz furnace to synthesizea-W2C nanowires at
680 °C for 30 min in N2 ambient.11 Because the thermal
budget arising from all thermal processing steps plays a cru-
cial role in the final status of the grown nanowires,12 the
thermal annealing temperature was reduced intentionally
from the optimum value of 700 °C to 680 °C to cover the
thermal budget coming from subsequent oxidization.11 It is
noted that the pattern growth of W2C nanowires can be eas-
ily achieved by defining the deposited WCx films photolitho-
graphically before the thermal annealing process. After that,
the annealed samples were oxidized in O2 ambient at
300–500 °C for 30 min to have the immature W2C nano-
wires regrown and transformed into tungsten oxide nano-
wires.

Figure 1 shows the scanning electron microscopysSEMd
image of the surface morphology of WCx films before and
after oxidation at 450° C in an O2 ambient for 30 min. Since
the synthesized temperature was intentionally reduced, the
W2C nanowires shown in the inset were not fully developedadElectronic mail: sjwang@mail.ncku.edu.tw
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yet. It is found that the phase change from WCx to W2C
caused by the decarburization of WCx films during thermal
annealing is responsible for the self-catalytic growth of W2C
nanowires.11 After oxidization, it is seen that the surface of
the sample turns from silver to reddish violet in color, and
both the length and density of nanowires apparently increase.
The length/diameter of the oxidized nanowires shown in Fig.
1 was in the range of 0.15–0.2mm/10–20 nm. Densities of
nanowires estimated from SEM images of the 300, 350, 400,
450, and 500 °C-oxidized samples were about 165, 145,
130, 330, and 180mm−2, respectively. Note that the
450 °C-oxidized sample has the highest density of nano-
wires. The same situations were also observed for WCx films
with other thickness ranging from 15–60 nm.

Figure 2 presents the transmission electron microscopy
sTEMd image and selected-area electron diffractionsSAEDd
pattern of nanowire obtained from the 450 °C-oxidized
samples. The length and diameter of the wire shown in the
low-left inset of Fig. 2 is about 0.2mm and 10 nm, respec-
tively. Clear stripes of lattice plane and the associated SAED
pattern indicate that the nanowire is well crystallized. The
inter plane distance ofd space was determined to be 3.78 Å.
The crystallization phase of the wire could be identified as
nonstoichiometric monoclinic W18O49 s010d according to
JCPDS Card no. 36-0101. Since W18O49 has a close-packed
plane ofs010d, nanowires prepared by the present work thus
grow along thef010g direction. The crystallization phase of
W18O49 s010d is similar to that prepared by chemical vapor
deposition9 or synthesized on tungsten plates.8

The typical x-ray diffractionsXRDd patterns of the an-
nealed samples before and after oxidation at different tem-
peratures are shown in Fig. 3. Note that the broad peak at

around 38.03° is an indication ofa-W2C s002d nanowires,
while the sharp peak at around 38.3° corresponds to the bulk
W5Si3 phase.11 Comparing the samples of before and after
oxidization, it is observed that the oxidization at 300, 350,
and 400 °C had caused the regrowth of W2C nanowires and
the oxidization of nanowires as revealed by the main peak at
around 23°–24° corresponding to WO2, WO3, and nonsto-
ichiometric WO3−x. However, as the oxidization temperature
was increased to 450 or 500 °C, the peak at around 38°
became sharp and peak intensity of around 23°–24° was
more intensive, indicating that the conversion from W2C
nanowires to tungsten oxide nanowires was significantly in-
creased. Note that the peak at around 23°–24° was seen
slightly shifting from 23.76° for 300 °C-oxidized samples to
23.4° for 500 °C-oxidized samples.

To further explore the possible phase transitions that oc-
curred in oxidized samples, the spectra ranging from 23° to
24° were smoothened and deconvoluted into several Gauss-
ian peaks as shown in Fig. 4. Here, peaks corresponding to
the nonstoichiometric monoclinic, orthorhombic, triclinic, te-
tragonal, and cubic WOx s2.72øxø3d crystallites were de-

FIG. 1. The SEM image of the 680 °C-annealed sample after oxidation at
450 °C for 30 min in an O2 ambient. Inset is the image of the
680 °C-annealed sample before oxidation.

FIG. 2. TEM images of the W18O49 nanowire obtained from sputter-
deposited WCx films after thermal annealingsat 680 °C for 30 mind and
oxidization sat 450 °C for 30 mind. Inset is the SAED pattern for a single
W18O49 nanowire.

FIG. 3. XRD patterns of 680 °C-annealed samples with and without oxi-
dization. Oxidization was performed at 300–500 °C in O2 for 30 min.

FIG. 4. XRD spectra of 350–500 °C oxidized samples in the range of
23°–24°. The anomalous peaks have been deconvoluted into several Gauss-
ian peaks corresponding to monoclinicsMd, orthorhombicsOd, triclinic sTd,
tetragonalsGd, and cubicsCd of WOx crystallites, and the orthorhombic
WO2 sRd.
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noted by M, O, T, G, and C, respectively, while the peak
corresponding to the orthorhombic WO2 was denoted by R.
As is evident in Fig. 4, the strongest peak for the 350, 400,
450, and 500 °C-oxidized samples was monoclinic W18O49
s103d s,23.75°d, triclinic WO3 s020d s,23.65°d, mono-
clinic W18O49 s010d s,23.45°d, and orthorhombic WO2
s111d s,23.32°d, respectively. Note that the strongest peak
position for the 450 °C-oxidized samples falls in the region
of monoclinic W18O49 s010d. Accordingly, the M peak at
23.45°–23.5° would be a good indicator for the appearance
of well-crystallized monoclinic W18O49 s010d nanowires.
Based on the SEM images and XRD analysis mentioned
above, it can be concluded that the oxidation temperature of
450 °C would yield the densest and purest monoclinic
W18O49 s010d nanowires.

To investigate the possible mechanism governing the re-
growth and conversion of nanowires, chemical bonding
states of the oxidized samples were characterized by x-ray
photoelectron spectroscopysXPSd as shown in Fig. 5. Note
that the O 1s spectra of 350–500 °C samples all have simi-
lar peaks at around 530.8–531 eVsnot shownd which indi-
cate the existence of WO2 and WO3 crystalline phases.13,14

In Fig. 5, the W 4f spectra can be deconvoluted into five
Gaussian peaks, which were at,31.58sW 4f7/2 of WC, de-
noted as Peak Cd, ,33.65sW4f5/2 of WCd, ,34.3 sW 4f7/2
of W18O49, denoted as Peak Bd, ,36 sW 4f7/2 of WOx/W,
denoted as Peak Ad, and ,38.07 eVsW 4f5/2 of WOx/Wd,
respectively.15–17 Note that the intensity of Peaks A and B
increases with increasing the oxidization temperature, while
Peak C has an inverse situation. It could be ascribed to the
fact that the degree of carbon depletion and chemical reac-
tion between W and O increases with the oxidization tem-
perature, which should be responsible for the mechanism
governing the conversion of W2C to W18O49 nanowires.

Note that Peak B of 450 °C-oxidized samples has the highest
intensity, indicating that it should have the densest W18O49
nanowires, which is in good agreement with both the SEM
images and XRD analysis.

In summary, W2C nanowires self-synthesized from
sputter-deposited WCx films by thermal annealing in N2 am-
bient have been used as precursors or nuclei for the forma-
tion of tungsten oxide nanowires. The conversion of W2C
nanowires to W18O49 ones is attributed to carbon depletion
accompanying with the chemical reaction of W and O inside
nanowires during oxidation process. According to material
analysis, tungsten oxide nanowires are well crystallized and
mainly comprised of nonstoichiometric monoclinic W18O49
s010d. The length, diameter, and density of W18O49 nano-
wires obtained from the 450 °C-oxidized sample are of
0.15–0.2mm, 10–20 nm, and 330–340mm−2, respectively.
It has been found that annealing condition of 680°C/30 min
for growing W2C nanowires as the precursors, and
450 °C/30 min forsynthesizing W18O49 nanowires would
yield tungsten oxide nanowires with the highest density and
purity.
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FIG. 5. The surface XPS W 4f spectra of 680 °C-annealed samples after
oxidization at 350–500 °C.
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