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Abstract—Pure and Iron incorporated nanostructured Tungsten
Oxide (WO;) thin films were investigated for gas sensing
applications using noise spectroscopy. The WO; sensor was able
to detect lower concentrations (1 ppm-10 ppm) of NH3, CO, CH,
and Acetaldehyde gases at operating temperatures between
100°C to 250°C. The iron doped Tungsten Oxide sensor (WO;:Fe)
showed some response to Acetaldehyde gas at relatively higher
operating temperature (250°C) and gas concentration of 10 ppm.
The sensitivity of the WO; sensor towards NHi; CH,; and
Acetaldehyde at lower operating temperatures (50°C -100°C) was
significant when the sensor was photo-activated using blue-light
emitting diode (Blue-LED). From the results, photo-activated
WO, thin film that operates at room temperature appeared to be
a promising gas sensor. The overall results indicated that the
WO; sensor exhibited reproducibility for the detection of various
gasses and the WOs:Fe indicated some response towards

Acetaldehyde gas.

Index Terms—Iron doping tungsten oxide, nanostructured thin
films, gas sensor, noise spectroscopy

I. INTRODUCTION
AS sensors are of great importance for many applications
including industrial production, environmental monitoring,
medical diagnosis, domestic security, etc. There are several gasses
known to be harmful to humans and the environment and to protect
people and the environment from these harmful gases affordable gas

sensors with higher detecting capacity and gas selectivity are needed.

The author acknowledges the Japanese Society for the Promotion of
Science (JSPS) for the fellowship and financial assistance to this research.

Such devices are suitable to detect the presence of low concentration
target gasses and can give warnings or send message for proper
action when the designed threshold value is attained. For example
health related problems may result from low indoor air quality due to
various pollutants and immediate ventilation of these species is
desirable when the limit is reached [1, 2]. Thin film sensors are
widely compatible to microelectronic technology and can easily be
integrated into different kinds of circuits. Most of research in gas
sensing devices has been focused on metal oxide materials such as
Sn0,, TiO,, ZnO and WOj; because of their simplicity and low cost
[3-12]. The gas sensing properties of these oxides are determined by
their intrinsic properties. The materials have band gap energies
between 2.6 to 3.3eV at room temperature. The response behavior of
various metal oxide films to a specific gas suggests that oxygen
vacancy and charge transport mechanisms are dependent on film
microstructure [12, 13]. A common sensing mechanism of the
sensors involves the change in an electrical resistance caused by gas
adsorption. These oxides behave like n-type semiconductor due to
non-stoichiometry and they show good chemo-sensitivity towards
oxidizing or reducing gas pollutants. Among these oxides SnO, is
one of the most widely used sensors but recent research shows the
other metal oxides are able to detect volatile organic compounds,
pollutants and toxic gases such as methane, ammonia, carbon

monoxide, hydrogen sulfide, nitrogen dioxide, etc.

The sensing properties of the metal oxides can be enhanced by
optimizing various parameters including thickness of the oxide film,
microstructure (e.g. particle size, distribution and orientation, surface
morphology, porosity), by doping and mixing of various oxide films
[8, 10, 14-17]. Thin films are usually compact and the active layer is
limited to the surface whereas thick films are commonly porous and
hence the whole layer can interact with the gas species. Through
controlled porosity of a nanostructured thin film, the gas sensing

properties can be enhanced significantly [18]. Optimum film
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thickness also can have significant effect in improving sensor
selectivity and sensitivity [19]. From a theoretical study elsewhere,
gas detection capacity can be enhanced significantly if the grain size
is smaller than 50 nm [20]. Gas detecting sensitivity also depends on
the reactivity of film surface as sensors are strongly influenced by the
presence of oxidizing or reducing gases on the surface. The
adsorption of gas species can be enhanced due to impurities, defects
and active species on the surface of the films. It has been shown that
inclusion of different doping metals in the oxide films increased the
sensitivity to specific gases [5, 14-16, 21-23]. Gas detection capacity
can also be enhanced by mixing metal oxides since each material has
its own response and the mixture can add sensitivity and selectivity
to specific gas species and also often improves sensor quality and
performance [10, 18, 24, 25]. An increase of response towards
certain gasses has been reported elsewhere, when iron oxide was
added into tungsten oxide film [26]. Recent research reports show
that room temperature gas detection of metal oxide sensors can be
enhanced based on photo-activation of the metal oxide film. In most
of the work a UV-light had been used to activate and increase gas

selectivity and sensitivity [27-30].

The main objective of this experiment is to investigate the gas
detection capacity and sensitivity of an electron beam evaporated
nanostructured tungsten oxide (WOs) and iron-doped tungsten oxide
(WOs:Fe) thin film sensors operated at higher temperatures. In
addition, low temperature gas detection of both sensors when photo-

activated using blue-light emitting diode (Blue-LED) is presented.

Il. GAS SENSING MEASUREMENTS
Preparations of tungsten oxide (WOj) and iron doped (10at%)
tungsten oxide (WOs:Fe) thin films and sensor developments have
been reported elsewhere [31]. In this paper noise spectroscopy has
been used for evaluating the gas sensitivity of the sensors [32,33].
The sensors were annealed at 300°C for 1 hour and the thickness of
the films were 200 nm (WOs) and 225 nm (WOs:Fe), respectively.
The gas sensing measurements were performed inside a 1 dm®
volume stainless steel chamber connected to a low-noise current
generator. The resistance and voltage fluctuation across the sensor
were measured using digital multimeter and Stanford SR560 low-
noise differential preamplifier, respectively. The later (voltage
fluctuation) was sampled with a rate of 50 kHz by a PowerLab/4SP
(AD Instruments) data acquisition unit to calculate a power density

spectrum (PDS). The Power Density Spectrum (PDS) signal obtained

from the noise spectroscopy measurements was used to determine the
gas sensitive and selectivity of the sensors.

The sensing properties of each sensor as a function of operating
temperature, type of gas and concentrations have been performed.
Synthetic air was used as reference. Various types of gasses (NHs,
CO, CH,4 and Acetaldehyde) with different concentrations (1 ppm- 10
ppm) were tested at higher operating temperatures (100°C-250°C). In
addition, the performances of the sensors at lower temperatures
(50°C-100°C) were investigated by assisting the sensors with Blue-
LED. A gas calibration system with mass flow controllers was used
to allow continuous flow of known concentration gas into the
chamber after a steady background reference signal in synthetic air
was established. The total flow rate was kept constant at about 405
sccm. The PDS of a particular gas was then measured when the
stochastic signal remained constant as a function of time. In most of
the measurements, the time needed to reach a steady state signal of
the target gas was in the range of about 10-15 minutes and the time
taken to achieve the background signal (recovery time) of the
synthetic air after cutting-off the target gas was about 5-10 minutes.
It has been reported elsewhere that the change in stochastic signal
when the film is exposed to a target gas, is due to resistance
fluctuation of the film and not by other effects [34]. A common
problem with a nanoparticle-based seniors is their long-term drift of
the electrical resistance in which the noise spectroscopy method
using PDS may become an alternative technique of gas detection

measurements.

1. FILM CHARACTERISTICS

Figure 1 shows AFM images of WO; and WO3:Fe films annealed at
300°C for 1 hour. The average particle diameter (film roughness) of
these samples as estimated using the Nova and Image Analysis
software were 9 nm (2.61 nm) and 12 nm (2.93 nm), respectively. In
order to improve the gas-sensing characteristic of a film,
optimizations of the grain size and porosity are important factors.
The nanostructured films appeared to have particle size and porosity

suitable for gas sensing applications.

The chemical nature of the films was determined using Raman
spectroscopy. Raman peaks of the annealed sample were found at
peak positions about 957 cm™ and 779 cm?, respectively (Fig. 2).
From the Raman characteristics band, the short range order of the

annealed films may be assigned to the tetragonal-phase as reported
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elsewhere [35]. The addition of Fe to WO; seems to prompt the

crystallization of the WO; film, as seen from the Raman intensity.

IVV. GAS SENSING CHARACTERISTICS
Fig. 3 is an example of WOj; sensor exposed to 10 ppm NH; gas at
200°C for different times between 3 to 15 minutes where saturation
occurred after 10 minutes. The PDS spectra obtained at higher
temperatures tend to bend in the lower frequency range and the
reason for this was not known which may need further understanding

of the spectroscopy signal.

A. NHj; Gas Detection of WO; Sensor
In the present time, study of ammonia (NH3) gas sensor has greatly

increased as it is one of the industrial gasses with high toxicity [9,
36]. The American Conference of Government Industrial Hygienists
has established threshold limit values, for an 8-h work day and 40-h
work week for humans exposed to NH; gas as 25 ppm [18]. In this
paper, temperature dependence of the WO; sensor exposed to 10 ppm
of NH; are presented. As shown in Fig. 4, the gas detection capacity
of the sensor was significant over a wide temperature range at higher
operating temperatures (>100°C). The detection of the sensor at
lower temperature (100°C) was appreciable (see Fig. 4c), when the
sensor was photo-activated using blue-light emitting diode (Blue-
LED). To the best of our knowledge this is the first to observe the
enhancement of a low concentration (10 ppm) gas detection using
photo-activation method at lower operating temperatures. The WO;
film as reported elsewhere [31] has optical band-gap energy (Eg) of
3.12 eV (0.38 um) and is within the UV/Vis wavelength of the solar

spectrum.

B. CO Gas Detection of WO;
The toxic nature of CO necessitates the detection of this gas for

household and environmental applications and for controlling
emissions from combustion processes [19, 37]. Fig. 5 shows the
response of WO; sensor to 1 ppm of CO gas measured at various
operating temperatures between 100°C to 250°C. As shown in the
figures, the WO; sensor exhibits low sensitivity for all the measured
temperature range. This indicates that the WO; sensor is less sesntive
to CO at lower concentrations. However, at higher concentration (10
ppm) and higher operating temperature (200°C) some appreciable
response towards CO was observed as show in Fig. 6. The stochastic

signal increases with increasing gas concentration and the change in

the signal is directly related to the concentration of the exposed gas.
At lower operating temperature (50°C), small amount of signal was
detected for higher CO concentration (10 ppm) only after

illumination the sensor using Blue-LED (Fig. 6d).

C. CH, Gas Detection of WO3sensor

Methane is one of the green house gases and hence requires
environmental monitoring using gas sensors. The detection of the
WO sensor towards 1 ppm and 10 ppm CH, gas at 50°C with and
without blue light illumination are shown in Fig. 7. From the figures,
a significant response can only be observed after the sensor was
photo-activated with Blue-LED. The response increases with
increasing the concentration of the gas from 1 ppm to 10 ppm (Fig.
7b). For comparison photo-activation of the sensor using UV-LED
for detection of a 10 ppm CH, gas is shown in Fig. 7c. From the
results, it can observe that the blue-LED is more efficient than the

UV-LED while both LED have similar intensity.

D. Acetaldehyde Gas Detection of WO; Sensor

Acetaldehyde has received much attention as a hazardous and
odorous substance in studies of air pollution as it is one of the 33 air
pollutants indicated by the U.S. Environmental Protection Agency
and considered being a probable carcinogen. Temperature
dependence spectra of the WO; sensor exposed to 10 ppm of
Acetaldehyde operated at 150°C and 200°C are shown in Fig. 8. The
gas detection capacity of the sensor was found to be large over the

measured temperature range.

E. Gas Detection of WO; :Fe Sensor

The sensing characteristics of iron-doped tungsten oxide sensor
(WOs:Fe) to various gasses (NHs, CO, CH,4 or Acetaldehyde) was
performed. From the measurements, there was no response of the
sensor towards NHs;, CO and CH,4 gases in the concentration range of
1 ppm to 10 ppm and at operating temperature between 100°C to
250°C. Fig. 9a shows PDS of the WO3:Fe sensor exposed to 1 ppm
CO at operating temperature of 200°C. The highest response
observed was for 10 ppm Acetaldehyde gas at operating temperature
of 250°C (Fig. 9b). This may indicate to a certain degree the gas
selectivity of the sensor. Thus, the response of tungsten oxide sensor
toward NHs, CO, CH, and Acetaldehyde gases has been diminished

when 10at% of iron was added.
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V. CONCLUSION
The gas sensing characteristics of nanostructured WO; and
have been studied to NHj; CO, CH, and

Acetaldehyde gases. Experimental results indicated that the pure

WOs:Fe sensors

WOj; sensor has good sensitivity to these gases in the concentration
range of 1-10 ppm and operating temperature between 100°C to
250°C s. The iron doped WOs:Fe sensor showed some sensitivity to
only Acetaldehyde gas. The sensitivity of the WO; sensor at lower
temperatures (50°C to 100°C) was appreciable when the sensor was
photo-activated with Blue-LED. From the results, it can be concluded
that photo-activated WO; thin film that can be operated at room

temperature appeared to be a promising gas sensing devices.
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