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Preparation of tungsten oxide nanowires from sputter-deposited WC 5 films
using an annealing/oxidation process
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The self-synthesis of tungsten oxi@é/,40,49 Nanowires on sputter-deposited WfIms using a
simple annealing/oxidization process was reported. It was found that thermal annealing,of WC
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,3@,9 (010 nanowires with a typical length/
diameter of about 0.15-0,2m/10-20 nm. The formation of \WO,g nanowires is attributed to the
nuclei of immature WC nanowires experiencing a regrowth process, accompanied by carbon
depletion and the oxidization of tungsten during the subsequent oxidization procex30%
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Transition metal oxides are a large family of materialsgated. The possible mechanism behind the regrowth and con-
exhibiting various distinctive electrochromic, optochromic, version of nanowires was also proposed.
and gaschromic propertiés! For device applications, such In experiments, 4 inn-type S{100) wafers with a resis-
as flat panel display, optical modulation devices, auto dimdivity of 1-10 ) cm were used as the substrate. The WC
ming mirror, gas sensors, humidity, and temperature sensotgrget used for the deposition of WCfilms was
etc.”" nanoscaled tungsten oxidé&/O,) are attractive be- 50:50(wt %) in composition and 99.5% in purity. After a
cause they exhibit physical and chemical properties that argresputtering procedure of W@arget with a power of 60 W
very different from their bulk counterparts. Essentially, thefor 10 min, the WG films were deposited at a power of
sensitivity and response of W@elated sensors could be 200 W in an argon ambient with a flow rate of 24 sccm
substantially improved and the working temperature couldvithout substrate biasing or heating. During sputtering, the
also be reduced due to the larger surface area, enormoti@se and sputtering pressure were kept &tl2® and 7.6
number of surface atoms, and/or dimensional confinement ok 102 Torr, respectively. The thickness of Wdiims was
electrond. It is interesting and important from a technologi- 60 Nm and the deposition rate was about 0.4 A/s. Since the
cal point of view concerning the development of simple angdrowth of well-crystallized tungsten oxide nanowires is very
effective ways for preparing tungsten oxide nanopartitfes. difficult from the direct oxidation of sputter-deposited WC
Nonetheless, studies on nanoscaled Wiaaterials are still  films, here a simple thermal annealllng/OX|d|zat|on process
limited for the past decade due to the lack of an appropriat¥/@S proposed to grow-W,C nanowires self-catalytically
preparation method. Recently, the preparation of M@no- first, and then convert them into tungsten_ oxide nanowires.
wires has been reported by many research grftSsdow- 10 prepare WC nanowires, the WEfilms were sub-
ever, these methods are either technically comf)levqt jected to aquartz.furnace to synth?Stz-QNZC nanowires at
compatible with complementary metal-oxide-semiconducto®80 “C for 30 min in N ambient. Because the thermal
technolog)}? or incapable of pattern growfﬁ.Therefore, of- budget arising from all thermal processing steps plays a cru-

forts to develop a simple method for the synthesis of WO cial role in the .f|nal status of the grown nanovwr%sth_e
nanowires for device applications without the aboVe_thermal annealing temperature was reduced intentionally
mentioned drawbacks are still required from the optimum value of 700 °C to 680 °C to cover the

In this work, a thermal annealing/oxidization processthetm(;'e:lhb:’?hget ct(:mlng frortT;] s;;bsequent .Ox'd'zaﬁj%n' IS
was employed to synthesize tungsten oxiédé;0,9) nano- noted that the pattern growin o W Nanowires can be eas-
wires on sputter-deposited Wda@Ims. Thermal annealing of lly acr_ueved by defining the deposﬁed_\&/ﬁlms photolitho-
WC. films w rried out in nitr. n ambient with a d _graphically before the thermal annealing process. After that,
X S was carried out in a nitrogen amoien 4 0% the annealed samples were oxidized in, @mbient at
ficient thermal budget to grow YZ nanowires self-

. . - 300-500 °C for 30 min to have the immature,@/nano-
catalytically. These immature nanowires were then served Aires regrown and transformed into tungsten oxide nano-

precursors or nuclei for the growth of tungsten oxide nano- ires

wires in a subsequent oxidization process. The oxidation Fi.gure 1 shows the scanning electron microsc(&§M)
conditions and suitable thermal budget for the formation Ofimage of the surface morphology of W@Ims before and
well-crystallized tungsten oxide nanowires were investi-atiar oxidation at 450° C in an Lambient for 30 min. Since
the synthesized temperature was intentionally reduced, the
@Electronic mail: sjyang@mail.ncku.edu.tw W,C nanowires shown in the inset were not fully developed
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FIG. 1. The SEM image of the 680 °C-annealed sample after oxidation at
450 °C for 30 min in an @ ambient. Inset is the image of the oV
680 °C-annealed sample before oxidation. [Bsfore Oxidations o Y a A AR

20 25 30 35 40 45 50 55 60 65 70 75 80
yet. It is found that the phase change from WG W,C 26 (deg)

caused by the decarburization of Walms during thermal FIG. 3. XRD patterns of 680 °C-annealed samples with and without oxi-

annealing is responsible for the self-catalytic growth OOV ;ation. Oxidization was performed at 300500 °C igfor 30 min.
nanowires:t After oxidization, it is seen that the surface of

the sample turns from silver to reddish violet in color, and

: . : d 38.03° is an indication af-W,C (002 nanowires
both the length and density of nanowires apparently increas&foun 2 '
The length/diameter of the oxidized nanowires shown in FigWhIIe the sharp peak at around 38.3° corresponds to the bulk

: . 1 .
1 was in the range of 0.15—0;2m/10—20 nm. Densities of /sS'3 phase'" Comparing the samples of before and after

nanowires estimated from SEM images of the 300, 350 40d)xidization, it is observed that the oxidization at 300, 350,

450, and 500 °C-oxidized samples were about 165, 145and 400 °C had caused the regrowth ofGhanowires and

130, 330, and 18@m respectively. Note that the the oxidization of nanowires as revealed by the main peak at

450 °C-oxidized sample has the highest density of nanof:"ro_und 2,30_240 corresponding to W’QA_/O&_ and nonsto-

wires. The same situations were also observed for, ¥il@s ichiometric WQ,_,. However, as the oxidization temperature

with other thickness ranging from 15—60 nm. was increased to 450 or 500 °C, the peak at around 38°
Figure 2 presents the transmission electron microscop§€c@me sharp and peak intensity of around 23°-24° was

(TEM) image and selected-area electron diffractiSAED) ore intensive, indicating that the conversion from@V.
pattern of nanowire obtained from the 450 °C-oxidizedN@NOWires to tungsten oxide nanowires was significantly in-

samples. The length and diameter of the wire shown in thgreased. Note that the peak at around 23°-24° was seen

low-left inset of Fig. 2 is about 0.2zm and 10 nm, respec- slightly shifting from 23.76° for 300 °C-oxidized samples to

tively. Clear stripes of lattice plane and the associated SAER3-4° for 500 ° C-oxidized samples. .
pattern indicate that the nanowire is well crystallized. The 10 further explore the possible phase transitions that oc-
inter plane distance af space was determined to be 3.78 A. ¢urred in oxidized samples, the spectra ranging from 23° to
The crystallization phase of the wire could be identified as,24 were smootheneq aqd deconvoluted into several Qauss-
nonstoichiometric monoclinic \WO,s (010 according to 'an Peaks as shown in Fig. 4. Here, peaks corresponding to
JCPDS Card no. 36-0101. Since,@,, has a close-packed the nonst0|ch|ome_tr|c monoclinic, orthorhom_blc, triclinic, te-
plane of(010), nanowires prepared by the present work thusiragonal, and cubic WX2.72<x=3) crystallites were de-
grow along thg[010] direction. The crystallization phase of
W ;14049 (010 is similar to that prepared by chemical vapor @
depositionl or synthesized on tungsten plafes. _
The typical x-ray diffraction(XRD) patterns of the an- ; I
nealed samples before and after oxidation at different tem-&
peratures are shown in Fig. 3. Note that the broad peak a§
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FIG. 4. XRD spectra of 350—-500 °C oxidized samples in the range of
FIG. 2. TEM images of the WO, nanowire obtained from sputter- 23°-24°. The anomalous peaks have been deconvoluted into several Gauss-
deposited WC films after thermal annealingat 680 °C for 30 mih and ian peaks corresponding to monoclirihd), orthorhombic(O), triclinic (T),
oxidization (at 450 °C for 30 min Inset is the SAED pattern for a single tetragonal(G), and cubic(C) of WO, crystallites, and the orthorhombic

W ;60,49 Nanowire. WO, (R).
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AWO,W BW,0, CWC A WA4f spectra Note that Peak B of 450 ° C-oxidized samples has the highest
,,\B intensity, indicating that it should have the densesi®y
o \__C nanowires, which is in good agreement with both the SEM

. |800°C e i T — images and XRD analysis.

g 1 In summary, WC nanowires self-synthesized from
= sputter-deposited Wdilms by thermal annealing in Nam-

%‘ bient have been used as precursors or nuclei for the forma-
§ tion of tungsten oxide nanowires. The conversion ofGN

o

nanowires to WgO,9 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,Y@,q
323130 29 (010. The length, diameter, and density of;}@,9 nano-
wires obtained from the 450 °C-oxidized sample are of
FIG. 5. The surface XPS Widspectra of 680 °C-annealed samples after 0.15—0.2um, 10—-20 nm, and 330-34@0m™? respectively.
oxidization at 350—500 °C. It has been found that annealing condition of &/ 30 min

for growing W,C nanowires as the precursors, and

noted by M, O, T, G, and C, respectively, while the peak450 °C/30 min forsynthesizing WzO,9 nanowires would
corresponding to the orthorhombic W@as denoted by R. ylelq tungsten oxide nanowires with the highest density and
As is evident in Fig. 4, the strongest peak for the 350, 400purity.
450, and 500 °C-oxidized samples was monoclinigs®g
(103) (~23.759), triclinic WO5 (020) (~23.65°, mono-
clinic W1g049 (010 (~23.45°, and orthorhombic W@
(111) (~23.32°), respectively. Note that the strongest peak
position for the 450 °C-oxidized samples falls in the region
of monoclinic W;g0,9 (010. Accordingly, the M peak at
23.45°-23.5° would be a good indicator for the appearancey .,y nin s . Nikitenko, and A. Gedanken, J. Mater. Chei, 1107
of well-crystallized monoclinic WOy (0100 nanowires. (2002.
Based on the SEM images and XRD analysis mentionecc. santato, M. Odziemkowski, M. Ulmann, and J. Augustynski, J. Am.
above, it can be concluded that the oxidation temperature ofChem. Soc.123 10639(2001.
450 °C would yield the densest and purest monoclinic 3C. Sella, M. Maaza, O. Nemraoui, J. Lafait, N. Renard, and Y. Sampeur,
- Surf. Coat. Technol98, 1477(1998.

W18049. (010)_nan0v¥]|res. ibl hani . h %Y. Zhao, Z. C. Feng, and Y. Liang, Sens. Actuators6B 171 (2000.

To investigate t e. possible mec, anism govgrnlng t e. résy, Meixner, J. Gerblinger, U. Lampe, and M. Fleischer, Sens. Actuators B
growth and conversion of nanowires, chemical bonding 23 119(1995.
states of the oxidized samples were characterized by x-rayJ. L. Solis, S. Saukko, L. Kish, C. G. Grangvist, and V. Lantto, Thin Solid
photoelectron spectroscogXPS) as shown in Fig. 5. Note _Films 391, 255(2001. _ ,
that the O % spectra of 350—500 °C samples all have simi- ;'oﬁd-Ts?Zthe' IL'e'\tAt'engfésJist)rggh’ W. H. Lai, and M. H. Hon, Electrochem.
lar peaks at around 530.8—-531 ¢hot shown which mdll;1 %G. Gu, B. Zheng, W. Q. Han, S. Roth, and J. Liu, Nano Let.849
cate the existence of Wand WG, crystalline phaset® (2002.
In Fig. 5, the W 4 spectra can be deconvoluted into five °x.L.Li, J. F. Liu, and Y. D. Li, Inorg. Chem 42, 921 (2003.
Gaussian peaks, which werea81.58(W 4f7, of WC, de- . Liu, Y. Zhao, and Z. Zhang, J. Phys.: Condens. MalirL453 (2003.
noted as Peak)C~33.65(W4f5,2 of WC), ~34.3(W 4f7/2 S.hJ. Wang,IC. E Chen, S. C. Chang, K. M. Uang, C. P. Juan, and H. C.
of W;¢Oyq, denoted as Peak)B~36 (W 4f7, of WO,/W, g% APPL PRys, Leuss, 2358(200.

. J. Wang, C. H. Chen, S. C. Chang, C. H. Wong, K. M. Uang, T. M.

denOteq as E_??-k)Aand ~38.07 eV(W 4fs, of WO/W), Chen, R. M. Ko, and B. W. Liou, Nanotechnolody6, 273 (2005.
respectively> ™ Note that the intensity of Peaks A and B . p. J. Kerkhof, J. A. Moulijn, and A. Heeres, J. Electron Spectrosc. Relat.
increases with increasing the oxidization temperature, WhiIelAPhenom.14, 453(1978.
Peak C has an inverse situation. It could be ascribed to theP: D. Sarma and C. N. R. Rao, J. Electron Spectrosc. Relat. Phe2@m.
fact that the degree of carbon depletion and chemical reaqgé5 Slggé)lion and 3. W. Rabalals, Inorg. Chet, 237 (1976
tion between_W and O increases w?th the oxidization teM-16p gilgen and G. T. Pott, J. Cata®o, 139 (1973. ’
perature, which should be responsible for the mechanism¥ kojima and M. Kurahashi, J. Electron Spectrosc. Relat. Phenden.
governing the conversion of W to W;g0,9 Nanowires. 177 (1987).
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