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Development of Sheet-Type Hydrogen Sensors 
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The deposition of tungsten oxide thin films on the polymer sheets was performed by reactive r.f. sputtering 
method. It was found that the tungsten oxide thin film changes the color from transparency to deep blue 
within few minutes to expose 0.1 %hydrogen, such as to be recognized the change by viewing with the naked 
eye. The tungsten oxide thin films is useful as convenient sheet-type hydrogen sensors for the utilization of 
hydrogen in fuel cell as a clean energy source. 
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1. INTRODUCTION 
Recently, the utilization of hydrogen in fuel cells as a 

clean energy source has been paid much attention. 
Hydrogen is colorless, odorless, and inflammable as the 
large flame propagation velocity. The concentration of 
lower explosive limit (LEL) in hydrogen is 4 vol.% at 
room temperature in air. Therefore, the technique of 
secure and high sensitive detection has been required to 
develop for the production, the storage, the 
transportation, and the utilization of hydrogen. 

Tungsten oxide thin films as. gasochrornic materials 
have been studied for the application of optical hydrogen 
sensors [1-6], using the reversibly change of the color to 
be exposed with hydrogen gas (gasochromic coloration). 
The optical sensors and it's systems have more 
lightweight, smaller size, simpler structure, and less 
power than the electrical sensors which detect hydrogen 
leakage with the change of the thermal voltage and are 
used most at present [7]. But the rate of the coloration is 
not high enough to satisfy the specification for hydrogen 
sensors. The optical sensing characteristic is measuring 
the gasochromic coloration, i.e., the change of optical 
transmittance of tungsten oxide thin film. The 
mechanism of the gasochromic coloration is still not 
fully understood despite the recent studies [8-11]. In our 
previous report, crystalline tungsten oxide thin films 
fabricated by reactive r.f. sputtering method exhibited 
superior gasochromic coloration to amorphous films [6]. 
However, to fabrication of the crystalline tungsten oxide 
needs to heat treatment up to 400 oc with expensive 
heating equipment which resists the oxidation during the 
reactive r.f. sputtering. The substrates are limited to be 
durability materials for the high temperature in the 
fabrication. 

In this work, tungsten oxide thin films with a sheet in 
which soft materials such as cheap polymers are applied 
to the substrate with sheets are proposed as sheet-type 
hydrogen sensors. The sheet-type sensors can wind the 
pipes and the storage tanks with complex shape. The 
points or locations with hydrogen leakage are 
recognized by the viewing of the coloration with the 
naked eye, without using the photo-detectors. The 
temperature to deposit tungsten oxide thin film on the 
cheap polymer sheets is required to be low temperature, 
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because the melting point of the polymer sheets is 
usually low temperature. Therefore, the fabrication of 
the sheet-type sensors, are lower the production cost 
than that of the crystalline tungsten oxide thin films 
using the heating equipment and heat-resistant materials. 
To deposit on the polymer sheets at low temperature, the 
deposition parameters of the tungsten oxide are 
investigated using reactive r.f. sputtering method. In 
order to examine the efficiency for the detection of 
hydrogen leakage, the gasochromic coloration of the 
tungsten oxide thin film deposited on the polymer sheets 
is observed with diluted hydrogen. 

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

reactive r.f. magnetron sputtering with a target of W 
(purity 99.9 %) at room temperature. The deposition 
chamber equipped with two sputter sources was pumped 
down to a base pressure of about 5xl0·4 Pa using a 
turbo-molecular pump. Sputtering gas of purity 
99.999% argon (Ar) and reactive gas of purity 99.99% 
oxygen (02) were flowed into the deposition chamber 
through mass-flow meters to obtain the required Ar and 
0 2 mixture under the pumping condition. The Ar partial 
pressure was fixed at 150 mPa, and 0 2 partial 
pressure was changed from 18 to 69 mPa. The 
substrates were selected to be quartz glass (QG) with the 
thickness of 0.5 mm, Polyvinylchloride (PVC) with 
the thickness of 11 ).l.m, Polycarbonate (PC) with the 
thickness of 1.2 mm, Polyethylene (PE) with the 
thickness of 40 ).l.m, and Polyethylene terephthalate 
(PET) with the thickness of 1 00 ).l.m. 

The thickness was measured with a surface profiler 
(DEKTAK3ST, Veeco), and supported by Rutherford 
backscattering spectroscopy (RBS) analysis. The 
structure of tungsten oxide films on the QG substrate 
was characterized by x-ray diffraction (XRD) in which 
the x-ray source was operated at 40 kV and 30 mA for 
Cu-Ka radiations. 

To characterize the gasochromic coloration for 
hydrogen, a palladium (Pd) which can be used as 
catalyst material was deposited on the surface of the 
tungsten oxide thin films using the r.£ sputtering. The 
thickness of Pd was estimated to be 15 nm. The 
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gasochromic properties were examined by time resolved 
optical spectroscopy at room temperature as described 
in previous reports [6]. The experimedtal set up is 
composed of sealed gas cell to keep concentration of 
hydrogen, light-emitting diode with the wavelength of 
645 nm, and optical spectrometer. The reduction of the 
tr.ansmittance !/lair was measured with an exposure of 
diluted hydrogen. In this experiment, lair and I are the 
intensity of light transmitted the film in air and during 
the hydrogen exposing, respectively. The background of 
the spectrometer is subtracted from /air and I. In order to 
investigate the gasochromic coloration of the tungsten 
oxide thin films with various 0 2 partial pressures at 
deposition, the optical experiments were performed with 
the concentration of hydrogen at 1 % diluted by Ar gas. 
For the tungsten oxide film deposited on the PET 
substrate, the gasochromic coloration with various 
concentration of hydrogen diluted by nitrogen (N2) gas 
was observed on the assumption that the hydrogen 
sensor with the films is used practically in ambient air. 

3. RESULTS AND DISCUSSIONS 
3 .1 Deposition rate and Structure 

For the tungsten oxide thin films deposited on the QG 
substrate with various 0 2 partial pressures, the 
deposition rate was estimated from the measurement of 
the thickness and deposition time as shown in Fig. 1. 
The .deposition rate decreased exponentially with 
the mcrease the 0 2 partial pressure. It is expected 
that the gasochromic coloration is influenced by the 
difference of the thickness [12]. To avoid the 
influencing, the films were made the same thickness, 
~50 nm, adjusting the deposition time. For example, 
m the case of the 0 2 partial pressur\! at 22 mPa, the 
deposition time is adjusted to 30 minutes. On the other 
hand, the atomic ratio of oxygen atoms to tungsten 
atoms in the films is expected to be different due to the 
different 0 2 partial pressure [9,10]. 

The crystallinity of the films was confirmed by XRD. 
The typical XRD pattern for the films deposited on the 
QG substrate is shown in Fig. 2(a). The XRD pattern has 
broad peak at about 22 degrees. The broad peak is 
considered to the diffraction from amorphous structure 
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Fig. 1. Deposition rate of the tungsten oxide with 
various 0 2 partial pressures at the reactive r.f. 
magnetron sputtering. Broken line is a fitting line with 
an exponential function. 
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Fig. 2. XRD patterns of tungsten oxide films with 
the thickness of 350 nm deposited on quartz glass 
(QG) substrate with the 0 2 partial pressure at 22 
mPa (a), and QG substrate (b). 

of the QG substrate as shown in Fig. 2(b). The films can 
not be observed crystalline structure. The XRD pattern 
indicates that the tungsten oxide the films deposited at 
room temperature have amorphous or microcrystalline 
structure. 

3.2 Gasochromic coloration 
The gasochromic coloration of the tungsten oxide thin 

films deposited on the QG substrate with various 0 2 

partial pressures was observed, after the deposition of 
the palladium catalyst. The reduction of the 
transmittance for the typical films deposited at the 
different 0 2 partial pressures is shown in Fig. 3 as the 
function of the exposure time. In the case of deposited at 
13 mPa, the transmittance decreases gradually during the 
exposure as shown in Fig. 3(a). The reduction of the 
transmittance is almost saturated approximately 600 
seconds. The saturated value of the transmittance is 0.87. 
Therefore, the reduction of the transmittance, that is the 
gasochromic coloration level, is 13 %. In the case of 69 
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Fig. 3. Gasochromic property of tungsten oxide films 
with the 0 2 partial pressure at 13 mPa (a), 69 mPa 
(b), 42 mPa (c), and 18 mPa (d), exposed 1% H2 in 
Ar. 
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Fig. 4. Gasochromic coloration level for the tungsten 
oxide thin films deposited on the quartz glass (QG) 
substrate with various 0 2 partial pressures. 

mPa, the transmittance gradually decreases as shown in 
Fig. 3(b). The transmittance is expected to decrease 
during the exposure of hydrogen more than the exposure 
time of 600 seconds, but saturate soon. The gasochromic 
coloration level is assumed to be 77 % at 600 seconds. 
In the case of 42 mPa, the reduction of the transmittance 
drastically decreases and saturates to be 0.13 at 600 
seconds as shown in Fig. 3(c). The gasochromic 
coloration level is 87 %. In the case of 18 mPa, the 
reduction of the transmittance is larger than that of 42 
mPa as shown in Fig. 3(d). The gasochromic coloration 
level is 93 % at 600 seconds. 

The gasochromic coloration level of fabricated films 
is plotted for the 0 2 partial pressure as shown in 
Fig. 4. The gasochromic coloration level has the 
maximum at 18 mPa, and the minimum at 13 mPa. On 
the other hand, the gasochromic coloration level is 
plotted for the deposition rate as shown in Fig. 5. It is 
found that the gasochromic coloration level has the local 
maximum at 14 nm/min, and the minimum at 17 nm/min. 
These distributions of gasochromic coloration level are 
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Fig. 5. Gasochromic coloration level for the tungsten 
oxide thin films deposited on the quartz glass (QG) 
substrate with various deposition rate. 

the tungsten oxide thin film. In the case of the lower 

supposed to relate to the growth or formation process in 
deposition rate, the tungsten oxide thin films have higher 
concentration of oxygen such as full oxidized tungsten, 
W03• In the case of higher deposition rate, the films 
have lower concentration of oxygen such as sub or 
non-stoichiometric W03.x [9,10]. At the deposition rate 
of 14 nm/min, the defects of oxygen in the tungsten 
oxide film are considered to be effective in the 
gasochromic coloration. The tungsten oxide thin films 
deposited with the deposition rate of 14 nm/min at room 
temperature have superior gasochromic coloration such 
as to be expected the application to the hydrogen 
sensors. 

3.3 Efficiency for the detection of hydrogen 
The tungsten oxide thin films with the PVC, the PC, 

the PE, and PET sheet substrate were fabricated by the 
deposition of tungsten oxide at 0 2 partial pressure of 
18 mPa, when the deposition rate is 14 nm/min. The 
reduction of the transmittance for the films was observed 
with the exposure of I % hydrogen, as shown in Fig. 6. 
The transmittance for all the films decreases to the lower 
than 0.5 within 20 seconds due to the gasochromic 
coloration. At the time of 20 seconds, The color of all 
the films changes from transparency to deep blue such 
as to be recognized by viewing. In particularly, the 
gasochromic coloration level of the film deposited on 
the PET sheet substrate is the largest in all the films, 
84 % at 20 seconds. 

To investigate a repetitive response for hydrogen, the 
flowing of 1% hydrogen and stopping of the flow are 
alternately performed for the tungsten oxide thin film 
deposited on the PET sheet substrate at several times. 
The stopping is the similar to be a bleaching with normal 
ambient air. Figure 7 shows the typical result. The 
transmittance decreases from 0.7 to 0.3 for 40 seconds 
blowing the hydrogen, and recovers for 180 seconds. To 
repeat the blowing and stopping, the decreasing and the 
recovering reappear similarly. The tungsten oxide thin 
film can detect the hydrogen, repetitively. 

In order to confirm the lower limit of the hydrogen 
concentration to response, the gasochromic coloration of 
the tungsten oxide thin film deposited on the PET sheet 
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Fig. 6. Gasochromic property for l% Hz in Ar of 
tungsten oxide thin film deposited on the quartz 
glass (QG), Polyvinylchloride (PVC), 
Polycarbonate (PC), Polyethylene (PE), and 
Polyethylene terephthalate (PET). 
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Fig. 7. Repetitive response of tungsten oxide thin 
film deposited on the PET substrate. The blowing of 
1% H2 and bleaching with normal ambient air are 
alternately performed at room temperature. 

substrate was observed with various concentration of 
hydrogen diluted by N2• The reduction of the 
transmittance for the concentration of 1 %, 0.5 %, 0.1 %, 
0.05 %, and 0.01% is shown in Fig. 8(a), 8(b), 8(c), 8(d), 
and 8(e), respectively. To expose 1 % hydrogen, the 
transmittance decreases slowly during 6 seconds, and 
then decreases promptly to be under 0.03 at 60 seconds. 
With the decrease of the concentration of hydrogen, 
beginning of the promptly reduction delays, and the rate 
of the promptly reduction becomes low. In the case of 
the exposure with 0.01 % hydrogen, the transmittance 
decreases by 0.85 at 1200 seconds. The transmittance 
reaches to saturated value, keeping the exposure. It is 
considered that the gasochromic coloration level does 
not change by the concentration of hydrogen, but 
corresponds to the amounts of hydrogen which reach at 
the tungsten oxide thin film [ 6]. On the other hand, the 
delay of the reduction happens in N2 atmosphere. The 
gasochromic coloration of the tungsten oxide thin films 
is supposed to change by the species and the 
composition of element in atmosphere. 

When the transmittance is decreases to the lower than 
0.5, half of the full coloration, the change of the color in 
the tungsten oxide thin films can be recognized by 
viewing. On the tungsten oxide thin film deposited on 
the PET sheet substrate, the time in the case of the 
exposure with 1, 0.5, 0.1, and 0.05 %hydrogen is 18, 46, 
100, 381 seconds, respectively. In this examination, it is 
concluded that the hydrogen of diluted concentration 
until 0.1 can be detected within few minutes with the 
tungsten oxide thin films % by viewing, and can be 
applied to the sheet-type hydrogen sensor. 

4. CONCLUSIONS 
The deposition of the tungsten oxide thin films on the 

polymer sheets was performed with various 0 2 partial 
pressures at room temperature, using the reactive r.f. 
sputtering method. At the 0 2 partial pressure of 18 
mPa, the deposition rate is 14 nm/min and the tungsten 
oxide thin film has maximum of the gasochromic 
coloration level. To expose 1 % hydrogen, the tungsten 
oxide thin films deposited on the polymer sheets with 
the deposition rate is 14 nm/min change the color more 
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Fig. 8. Response of tungsten oxide thin film deposited 
on the PET substrate for 1 %(a), 0.5% (b), 0.1% (c), 
0.05% (d), and 0.01% hydrogen (e) diluted by N2. 

than 50 % within 20 seconds. The hydrogen of diluted 
concentration until 0.1 % can be detected within few 
minutes with the tungsten oxide thin films deposited on 
the PET sheet substrate by viewing with the naked eye. 
The tungsten oxide thin films can be applied to the 
sheet-type hydrogen sensors which is able to use 
repeatedly. 
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