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Tungsten tri-oxide (W0a) thin films are prepared by magnetron sputtering and subsequent thermal treatment. 
Ion irradiations with ~e+ at 350 keV were performed for the films. Gasocbromic coloration of the irradiated 
films was observed by a measurement of optical transmittance with the exposure of 1 % hydrogen. The extent 
of coloration level of the irradiated film with the tluence of lxl017 ionslcm2 is 7.5 times laaer than that of 
non-irradiated film. W 4f photoemission spectra for the films were measured by x-ray photoelectron 
spectroscopy. From the fitting analysis for the spectra, the non-irradiated film has only. W+. In the irradiated 
film with the tluence of lxl017 ionslcm2

, it is estimated that 17% and 4% of the V change into w+ and 
vt'+, respectively. The irradiation for the films breaks the chemical bonds between tungsten and oxygen, and 
makes atomic sites of oxygen-deficient tungsten such as w'+ and v+. The improvement ofthe gasocbromic 
coloration for thew~ films relates to the increment of thew'+ and vt+ sites induced by the irradiation. 
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L INTRODUCTION 
TttngSten tri-oxide (W~) thin films, whose color 

reversibly turn yellow into blue while in the exposure 
with hydrogen (gasochromic coloration)., bas been 
promised to be used as a detector of optical hydrogen 
sensors [ 1·6]. Tbe optical sensors and its systems have 
less power, more lightweight, smaller size, and simpler 
structure than the electrical sensors which are used most 
at present [7]. Tbe optical sensing characteristic is 
measuring the gasoobromic coloration, i.e., the change 
of optical transmittance ofW~ thin film. But the rate of 
the gasoobromic coloration is not high enough to satistY 
the specification for hydrogen sensors. 

While the mechanism of the gasochromic coloration 
for the W~ films is still not fully understood in spite of 
the recent studies, the gasochromic coloration bas been 
considered to relate to the double charge injection of 
electrons and protons into the films. This injection can 
be written in a simplified form as [Sl 

xW + xe· +WO, +-~ H.. WO,. (1) 
An existence of tungsten valences with w'+ and W4+, or 
the oxygen vacancies [9-11] bas been proposed to 
participate in the cment of coloration levels. During 
hydrogen or charge injection, charge are localized at 
tungsten sites thereby changing the valence of the 
tungsten ions from 6+ to s+ or from s+ to 4+. These 
localized charges accompany a lattice distortion that 
forms small polarons. These polarons can hop from sites 
A to adjacent sites B. This process which is responsible 
for color in tungsten oxide is referred to as inter-valence 
transfer and can be expresse4 as 

WS+(A) and V' (B)~ W+(B) and V'(A), 
w+(A) and WS+(B) ~ w+(B) and WS+(A}. (2) 

Although this model is widely accepted, it still cannot 
explain some key experimental results [9]. 

Ion bean1 irradiation for W03 thin films has a 
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possibility to create different tungsten valence or the 
oxygen vacancies through the breaking chemical bonds 
between tungsten and oxygen [12-14}. Tbe rate of 
gasochromic coloration in W03 is expected to be 
improved by the irradiation due to the increment of the 
different tungsten valence. In this study, 4He+ irradiation 
at 350 keV for WO, films is performed to make atomic 
sites of oxygen-deficient tungsten such as such as ws+ 
and w++ valena:s. And then, a participation of the 
tungsten in the gasochromic coloration is investigates. 

2 .. EXPERIMENTAL 
Tbe tungsten oxide thin films were prepared by the 

reactive r.f. maanetron sputtering with a target of W 
(purity 99.9 %). Tbe deposition chamber equipped with 
two sputter sources was pumped down to a base pressure 
of about 5xH>"4 Pausing a turbo-molecular pump. The 
sputtering gas of purity 99.999 % argon (Ar) and 
reactive gas of purity 99.99 %oxygen((),) were flowed 
into the deposition chamber through mass-flow meters 
to obtain the required Ar and 02 mixture under the 
pumping condition. Tbe deposition on quartz glass 
substrate was performed in Oi Ar = 16 % atmosphere at 
room temperature. As-deposited films were annealed at 
400 oc in air for l hour in order to form the W03• The 
crystal structure of the tungsten oxide films is expected 
to change with the annealing [15,16]. Tbe structure for 
the films before and after annealing were characterized 
by x-ray diffraction (XRD) in which the x-ray source 
was operat4!d at 40 kV and 30 mA for Cu-Ka radiations. 
Tbe thickness of the films was oonfirmed with a surface 
profiler. 

'iie + irradiations were performed in the tluence range 
from lxl015 to 1xl017 ions/cm2 at JAEA/Takasaki. Tbe 
incident energy was selected 350 keV due to give the 
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energy uniformly for the thickness direction [17,13]. In 
this energy region with 4He+, dominant effeet is 
eleetronic excitation rather than nnclear collision in 
wo3 films. The incident direction of the ion beam was 
perpendicular to the surface of the film. The shape of the 
beam was sqnared to be the size of 5 mm x 10 mm using 
a slit. The current density of the beam was detected to be 
4 pA/cm?· at the film. The vacuum pressnre kept nnder 
than lxl0"5 Pa during the irradiation. 

To characterize the guochrmnic coloration. a 
palladium (Pd) catalyst with the thickness of 15 nm was 
deposited on the snrface of the W~ films using the 
sputtering. The guochromic coloration were examined 
by time resolved optical speetro:scopy at room 
temperature, as described in previous reports [6}. The 
experimental set up is composed of sealed gas cell to 
keep a concentration of hydrogen. light-emitting diode 
with the wavelength of 645 nm and optical speetrometer. 
The reduction of the transmittance TIT* was measured 
with an exposure of the hydrogen of which the 
concentration is 1 % diluted by Ar gas. In this 
experiment, T * and T are the intensity of light 
transmitted the film in air and during the hydrogen 
exposing, respectively. The background of the 
speetrometer is subtracted from T a1r and T. 

W 4f core-level XPS speetra have indirect implications 
on the valence band, and inform the tongsten valenees in 
the material [19]. The W 4/ doublet, 4/s12 and 4 h12 peak, 
has chemical shift according as the valence of the 
tongsten changes. To confll'lll the existence of different 
tongsten valences in the films, the W 4f XPS spectra 
were measured with an electron lens and a hemispherical 
electron energy analyzer under the pressnre of lx104 Pa. 
The x-ray source was used AI Ka radiation, and the 
photoelectron pass energy was selected 20 eV. In this 
resolution,. full width at half maximum of reference Au 
4fm. peak is measured to be 1.2 eV. The measurements 
of the XPS for W03 films are difficult, because the 
shape of speetra distort with an electrically charge up 
due to the insulator. Therefore, the films ware grounded 
by an aluminum electrode putted on the snrface to avoid 
the charge-up. The measured W 4f speetra were 
analyzed by the curve fitting method {20]. An inelastic 
backgronnd of photoelectron and components for the W 
4f doublet are estimated in the fitting procedure. In this 
analysis, it is assumed that the background· at the kinetic 
energy, ea, given an attention is estimated to be the 
constant ratio for the area intensity above the ea. 
Lorentzian function was selected as the components of 
the W 4f doublet. The total components were convoluted 
with Gaussian function which is window function with 
the full width at the half maximum of 0.7 eV for the 
instrument. 

3. RESULTS AND DISCUSSIONS 
3.1 Structure 

The XRD patterns for as-deposited and annealed films 
are shown in Fig. l(a) and (b), respectively. The XRD 
pattern of as-deposited film has broad peak at 22 degree 
from amorphous structure of quartz glass substrate. The 
as-deposited films can not be observed crystalline 
structure. For the annealed film, many XRD peaks 
appear, and are assigned to be polycrystalline of 

Fig. l XRD patterns of tungsten oxide films with 350 
am thickness, as-deposited (a), and after anneaUng at 
400 °C for l hour in air (b). The indexes of 
monoclinic phase in W~ are assigned to the peaks of 
the annealed films. 

monoclinic phase in W03 to be referred in Ref. 21 and 
the JCPDS file 43~1035. The XRD pattern indicates that 
the deposited tongsten oxide films transforms fi:om 
amorphous or microcrystalline structure into 
polycrystalline structure of monoclinic phase with the 
annealing at 400 oc for l hour in air. The annealed films 
are expected to be fully oxidized such as stoichiometric 
w~. On the other hand. the thickness of the 
as-deposited and after annealed films was confirmed to 
be the same thickness of350 nm. 

3.2 Gasochromic coloration 
Figure 2 shows gunchromie coloration, that is, the 

reduction of the transmittance with the e¥poSUre of 1 % 
hydrogen for non-irradiated film (a) and irradiated films 
at lxl016 ionslcm2 (b), 2.5xl016 ionslcm2 {c), and lxl017 

ionslcm2 (d), as the function of the exposure time. The 
transmittance of the non-irradiated film decreases 
gradually during the exposure. The reduction of 
transmittance is almost saturated approximately 200 
seconds. The saturated value of the transmittance is 
94 % at 1200 second. Therefore, the extent of coloration 
levels is 6 % in non-irradiated W03 film. The extent of 
coloration levels of irradiated films is almost similar to 
the non-irradiated film nnder the fluence of lxl016 

ionslcm2
• For the irradiated film at the fluence of 

2.5xl016 ionslcm2
, the transmittance decreases to 84 % 

at 1200 seconds. The extent of coloration levels is 16 %. 
During the exposure of hydrogen, the transmittance 
decreases gradually and is expected to saturate soon. For 
the irradiated film at the fluence of lxl011 ionslcm2

, the 
transmittance decreases drastically to 55 % at 1200 
seconds. The extent of coloration levels is 45 %. The 
transmittance keeps decreasing during the exposnre of 
hydrogen. The extent of coloration levels at 1200 second 
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Fig. 2 Gasochromic coloration of tunssten oxide films, 
oon-:in'adiawd ~a), and :in'adiated films at the flttel'We 
~xl011' ions/cm (b), 2.5x1016 ionslcm:2 (c), and lxl017 

tonslcm2 (d) with 'ife+ at the incident energy of 350 
keV. Tffa~r is the relative intensity of the transmitted 
light with the wavelength of 645 nm T and T a~r is 
intensity of the transmitted light <furin1 the exposure of 
l %hydrogen diluted by Argas and in air, respectively. 

in the~ films with 2.5x1016 and lxl017 ionstcm2 

is be 2.7 and 7.5 times larger than that ofnon-:in'adiawd 
film. Thus, the rate of gasoehromic coloration is 
recognized to be improved by 'ii:e + iiTadiation over the 
fluence of lxl016 ionslcm2. 

3.3XPS 
Figure 3(a) shows the W 4f spin-split core levels XPS 

spectra of oon-iiTadiawd film without the capping of 
palladium catalyst. Through the fitting analysis, the 
spectrum can be assigned to the r component as 
shown with dotted line. The 4f,12 and 4fsa peak appears 
at the binding ertergy of 35.9 eV and 37.9 eV, 
respectively. Relative to the metal state in which the 4/112 
peak appears at a binding ertergy of 31.0 e V, the 
measured W 4f doublet is shifted to higher binding 
ertergies by 5 e V and represents the oxidation state W". 
Therefore, the spectrUm indicates that the tungsten oxide 
films annealed at 400 oc for l bour in air are completely 
oxidized and has stoichiometric WOa [10,19]. 
Performing the subsequent annealing, the stoichiometric 
difference on the deposition can be canceled out, and the 
deposited tunssten oxide films can be adjusted to 
stoichiometric w~. On the other hand, the shape of the 
spectrUm in ii.Tadiated rllms change ftom that of 
non-~ film, as the intensity of low binding 
energy Slde for W 4/512 and W 4ha increases slightly. 
The ~ for the irradiated films at the fluence of 
lxl01 innslcm2 shows in Fig. 3(b) as a typical example. 
The spectrum can not be fitted with only the r 
component due to the chemical shift of the W 4f doublet 
Then, the component of 'W+ and r was assigned at 
lower binding energy of 1 eV and 2 eV that that vi"' 
respectively. The ratio of the r and w-+ component i; 
estimated to be 17 % and 4 %, respectively. The 
chemical shifl of the spectrtnn is attributed the creation 

of these atomic sites with oxygen-deficient tungstan. 
The ii.Tadiated film is suggested to transform ftom 
stoichiometric wo3 into the sub- or non-stoichiometric 
WO:k- The 4He+ ion iiTadiation at 350 keV is considered 
to break the chemical bonds between tungstan and 
ox.ygert, and simultaneously make the atomic sites of 
oxygen-deficient tungsten in the films. The amount of 
the atomic sites is considered to be increased with the 
increase of the fluence. The reason of the larger 
coloration in the ~ films with larger than the 
fluence of lxlOu' innslcm2 is the existence of the atomic 
sites of w'S+ and w-+ which induces polaron hopping. 
The gasochromi.c coloration is expected to be enhanced 
with the increase of the atomic sites. It is mentioned that 
just surface ooofiguration of the films is analyzed in 
XPS. The mean free path of W 4/ photoelectron is 
~y 0.5 mn [22,23}. In the gasochromic 
coloration, hydrogen injects through the interface 
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Fig. 3 W 4foore-level XPS spectra for tungstan oxide 
films, non-irradiated film (a), and irradiated f'tlm at 
the~ of lx1017 ionslcm2 (b). Solid circles are 
the e:s:perimerttal data.. Various lines are the result of 
the fitting analysis. Dotted, dashed, and solid lines are 
the component of W'+, v and w+, respectively. 
Dashed-and-dotted lines are the background. Bold 
solid lines are the result of the convolution for the 
total components. 
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between palladium and tungsten oxide. The atomic sites 
of oxygen-deficient tungsten are supposed to make the 
function to receive the injected hydrogen at the interface. 
The existence of the sites accelerates the double charge 
injection at the interface between tungsten oxide and 
palladium, and stimulates the polaron hopping. Ion 
irradiations for wo3 films is suggested the possibility to 
improve the gasocbromic coloration to select suitable 
energy and ion species. If suitable the tungsten valences 
are controlled by the ion irradiations. it is possible to 
indicate guidelines for high reproducti.vely of the useful 
gasochromic materials with the W03 thin films. As other 
possibility, the increment of the atomic sites of 
oxygen-deficient tungsten inner the film is expected to 
distort or transform the crystal structure due to the 
braking of the chemical bonds with the irradiation. 

For more investigation of the relation between the 
psochromic coloration and the amount of the atomic 
sites with oxygen-deficient tungsten. it is required to 
analyze many films at different fluence. To discuss 
about tungsten valence and chemical bonds in more 
detail, an analysis for XPS spectrum of the oxygen and 
directly observation for the valence band are necessary. 
In the analysis, the surface of the films is required to be 
clean. Ion bombardments for the surface treatments are 
not appropriate, because chemical bonds are broken 
easily [12-14}. 

4. CONCWSIONS 
wo3 thin films were prepared by msgnetron sputtering 

and wbsequent annealing. The crystalinity of the films 
were characterized by XRD to be polycrystalline 
monoclinic phase of w~. The irradiations for the films 
were carried out with 4H" at 350 keV to change the 
fluence. Non-irradiated films do not have almost the 
gasochromic coloration with the exposure of 1 % 
hydrogen. The rate of coloration is ~ved by the 
irradiation over the fluence of lxl016 ionslcm2

• The 
extent of coloration 1evel of the irradiated films at the 
fluence of lx1017 ionslcm2 is 7.5 times larger than that of 
non-irradiated films. By the irradiation, the chemical 
bonds between tungsten and oxygen are broken, and 
then oxygen-deficient tungsten atoms Sllch as W,.. and 
W+ are crested in the films. At the fluence of lxl017 

ionslcm2
, 17% and 4% of the r change wS+ and w+, 

respectively. The improvement of the psochromic 
coloration in the irradiated wo3 films relates to the 
increment of the atomic sites of oxygen-deficient 
tungsten in the films. 

ACKNOWLEDGMENTS 
This work was partly supported by a Grant-in-Aid for 

Scientific Researeb(C) from the Japan Society for the 
Promotion of Science (No.l7560625}. 

REFERENCES 
{1] K. Ito and T. Obgami, Appl. Phys. Lett., 00, 93&4() 
(1992). 
[2J Yong-su Oh, Junichi Hamsgami, Yuichi Watanabe 
and Masasuke Takata. Sensors and Actuators B, 14, 
547-48 (1993). 
[3} D. Schweiger, A. Georg, W. Graf, V. Witter, Solar 
Energy Materials and Solar Cells, 54, 99-108 (1998). 
[4] H. Nakaga;wa, N. Yamamoto, 8. Okazaki, T. Chinzei, 

S. Asakura, Sensors and Actuators B, 93, 468·74 (2003). 
[5] S. Sumida, S. Okazaki, S. Asakura, H. Nakagawa, H. 
Murayams, T. Hasegawa, Sensors and Actuators B, 108, 
508-14 (2005). 
[6] K Takano, S. Yamamoto, M. Yosbikawa, A.lnonye, 
A. Sugiyams, Trans. Mater. Res. Soc. Jpn., 31, 223~30 
(2006). 
[1} C. Christofides, A. Mandelis, J. AppL Phys., 68, 
Rl-30 (1990). 
[8] Ji-Guang Zhang, David K BenSlln, C. Edwin Tracy, 
Satyen K. Deb., and A. W. Czanderna, J. Electrochem. 
Soc., 144, 2022 (1997). 
[9] C. Bechinger, M. S. Burdis and J. -0. Zhang, Solid 
Stote Commum., JfJJ, 753-56 (1997). 
[10] M. Stolze, B. Camin, F. Gtllhcrt, U. Reinholz., L.K 
Thomas, Thtn Solid Films, 409, 254-64 (2002). 
[11] A. Oeorg, W. Graf, V. Wit1Wer, Electrachemtca 
Acta, 46,2001-05 (2001). 
[12] H. Morita. T. Miura and H. Washida, Jpn. J. Appl. 
Phys., 10, L323 ·25 (1981). 
[13] H. Y. Wong, C. W. Ong, R. W. M. Kwok, K. W. 
Wong, S. P. Wong and W. Y. Cheung, 'fhin Solid Films, 
376, 131·39 (2000). . 
[14) 0. Yu, Khyzhum,J. Alloys and Compounds, 305, 1 
-6 (2000). 
[15} X.Q. :XU. H. Shen, X.Y. Xiong, 'fhin Solid Films, 
415, 290-95 (2002). 
[16] M. Gillet. K. Aguir, C. Lemire, E. GiUet and K. 
Schierbaum, Thtn Solid Films, 467, 239-46 (2004). 
[11} J. P. Biersack and L. Haggmark:. NucL lnstr. and 
Meth., 114,251-69 {1980). 
[18] J.F. Ziegler, "The Stopping and Ranges of Ions in 
Matter", Vo1.4, Pergamon Press, Oxford, 1977. 
[19] B. Yous, S. Robin and A. DonnadieuG. Dufour, c. 
Maillot, H. Roulet and C. Sen.emaud, Mot. Res. Bull., 19 
(1984) 1349-54. 
{20] K. Takano and M. Okusawa, Science Reports of 
The Faculty of Education Gunma Univ., 44, 91-101 
(1996). 
[21] E. Ozkan, S. H. Lee, C. E. Tracy, J. R. Pitts and S. 
K. Deb, Solar Energy Materials arui Solar Oils, 19, 
{2003} 439-48. 

[22] Tanums, C. I. Powell, D. R. Penn, Surf. Interface 
A.na/.,11, 51-& (1988). 
[23] S. Tanums, C. J. Powell, D. R. Penn, Surf. Interface 
Anal., 17, 911-12 {1988}. 

(Received December 10, 2006;Accepted January 31, 2007) 


