Fluctuation enhanced gas sensing with WOs-based nanoparticle
gas sensors modulated by UV light at selected wavelengths
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Abstract: The sensitivity and selectivity of WOs-based gas sensors can be enhanced by UV-
irradiation-induced modulation, especially if different wavelengths are employed. We used
fluctuation-enhanced gas sensing, based on measurements of resistance fluctuations in the
gas sensor, to study the effects of such modulation on the noise intensity for ambient
atmospheres of synthetic air without and with additions of small amounts of ethanal,
methane and formaldehyde. Our data confirmed that the method is energy efficient and can
be applied to improve gas detection sensitivity and selectivity. The results are strongly
dependent on the gaseous species, and a single UV-modulated WOs-based gas sensor can
discriminate between different gases.

Highlights:
e Sensitivity and selectivity of WOs-based gas sensors can be improved by irradiation with
ultraviolet light.
e The wavelength of the UV light is important.
e Fluctuation enhanced gas sensing improves the selectivity of gas detection upon UV
irradiation.
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1. Introduction

Metal-oxide-based gas sensors are of much current interest as a consequence of their
facile production and simple applications to a wide range of applications. These sensors are
promising for the detection of low concentrations of various gases since they are compatible
with various fabrication technologies (even nanotechnology) and also because there is a
large variety of metal oxides with different gas sensing characteristics [1-3]. Unfortunately,
the sensitivity and selectivity of metal-oxide-based sensors are still too low for a number of
emerging applications. This problem can be partially solved by using an array of gas sensors
with different sensing properties, but this solution is expensive and requires increased
amounts of energy for heating because resistive metal-oxide-based gas sensors normally
operate at elevated temperature. Consequently, new methods for enhancing the gas
detection are a driving force in the field of gas sensing.

Noise spectroscopy, with or without complementary resistance recordings, was proposed
more than a decade ago and proved to be a powerful tool for boosting the selectivity and
sensitivity of resistive gas sensors [4-6]. The conductivity of these sensors is altered upon
exposure to ambient gases and depends on the reducing or oxidizing ability of these gases.
The conductivity change depends on the gas concentration, which hence can be monitored.
The power spectral density (PSD) of the gas sensors’ resistance fluctuations can change
concurrently, and these changes can be utilized to provide more efficient gas detection [7-9].
This latter method is referred to as fluctuation-enhanced sensing (FES) [7].

Recently, there have been reports of resistive gas sensors demonstrating a photocatalytic
effect when irradiated by ultraviolet (UV) light [10-13]. The pertinent materials (e.g., WOs3
and TiO2) have been applied to gas sensing for more than two decades [14]. Irradiating
sensors of these materials with UV light is an interesting option for activating chemical
reactions at the metal oxide surface and could to some extent replace the necessity of
running the sensors at high operating temperatures. In the present work we apply UV light
of different wavelengths and demonstrate that the FES method then provides even more
information about the sensor’s ambient atmosphere.

2. Fluctuation enhanced sensing and UV light

Noise at low-frequency f, especially 1/f noise, is often employed to assess the quality of
materials and devices [15, 16]. Such noise is utilized in the FES method to determine the
presence of various gases in the ambient atmosphere where the resistive gas sensors are
placed. In the case of WOs-based gas sensors, the noise sources appear to be similar to
those in devices incorporating intrinsic semiconductors [17]. Some common types of noise
are thermal noise, shot noise, burst noise, 1/f noise and 1/f?> noise. The physical origins of
these noises are different and are related to the properties of the gas sensitive layer of the



metal oxide and/or the ambient gas. Noise in metal oxides depends strongly on oxygen-
related quantities and on the removal of oxygen atoms [18]. Adsorption-desorption of
oxygen atoms—and the presence of inhomogeneity, stress, impurities and grain boundaries
in the WOs3 layer—causes fluctuations of the oxygen density and thereby fluctuations of the
sensor’s resistance [19].

In general, the gas sensing process involves of two phenomena: physisorption and
chemisorption [20]. Physisorption is a weak adsorption process—usually related to
polarization and van der Waals forces between adsorbate and adsorbent—with interaction
energies smaller than 1 eV, while chemisorption involves greater covalent forces and partial
electron transfer between adsorbent and adsorbate with interaction energies as large as
10 eV. The main noise sources due to the chemical environment are adsorption-desorption
of gas molecules, diffusion of the adsorbed molecules on the sensor surface and shot noise
of the current flowing through the potential barriers at grain boundaries in the sensing layer.
Measured noise spectra involve the superposition of these three noise sources [19, 20]. In
metal-oxide gas sensors, gas adsorption—desorption leads to fluctuations of the free-charge
density and generates Lorentzian components in the noise spectrum, which then can be
characterized by a flat-level amplitude at low frequencies and a higher “corner frequency”
signaling the onset of 1/f? dependence. The ensuing 1/f-like resistance noise spectrum
comprises a superposition of such Lorentzians, whose parameters are expected to depend
on the ambient gas. When the operating temperature of the sensor, as well as the UV light
level, are carefully selected it is possible to observe the corner frequencies of the Lorentzian
contributions in the low-frequency noise spectrum, and these data are characteristic for the
ambient gas and yield improved gas sensitivity and selectivity. The effect of UV irradiation on
gas sensing efficiency was indicated in earlier work by noise measurements on TiO, gas
sensing layers [21] and also by simply observing changes in DC resistance [22-24].

3. Experimental procedures

Measurements were performed on a prototype WOs-based nanosensor (see below)
irradiated by either of two UV light emitting diodes (LEDs) with different spectral
characteristics (Fig. 1). The measurements were performed in the presence of ethanol
(C2H50H), methane (CHi) or formaldehyde (CH;0) at several concentrations up to a
maximum value between 15 and 75 ppm for the various gases. To enable comparisons of the
sensors’ response at different irradiations, the maximum optical power of the emitted
radiation was equal for both diodes; this was accomplished by carefully selecting their DC
currents (Fig. 2).

Metal-oxide-based gas sensors usually operate at relatively high temperatures (typically
100-400°C) in order to accelerate chemical reactions between the metal oxide surface and
ambient gas molecules. The operating temperature is an important parameter because
detection mechanisms are founded on thermo-activated chemical reactions with influence



on sensor performance such as response time, selectivity and power consumption. We set
the operating temperature to 200°C, which is convenient for our purposes since UV
irradiation is then able to affect the sensors’ DC resistance to a significant degree.
Consequently, the gas sensor can be effectively modulated by UV light and furthermore
requires less heating energy than for most other gas sensing applications.

3.1. WOs-based gas sensor

Tungsten oxide is an important n-type semiconducting material with a band gap of 2.6—
2.8 eV and can have advantageous properties for gas sensing, such as a large surface area
[25]. The sensor can be significantly improved by decorating its surface with a small amount
of noble metals such as Pt or Au [26, 27].

Many techniques can be used to grow WOs3 nanowires (NWs) decorated with metal
nanoparticles (NPs), one example being manufacturing based on aerosol-assisted chemical
vapour deposition (AACVD) [28-31]. This is a versatile and high-yield technique for growing
metal oxides with notable gas sensing properties and was employed to produce the sensor
for our present experiments. The synthesis of nanostructures, as well as the decoration with
metal nanoparticles and device integration, was realized in a single processing step. AuNP-
decorated WOs-nanowire films were grown at 350°C by AACVD directly onto the electrode
area of alumina gas sensor substrates using tungsten hexacarbonyl and hydrogen
tetrachloroaurate as precursors. The average size of the AuNPs was 10 nm, while the WOs-
NWs were ~5 pum in length and 60—120 nm in width. Full details on the deposition conditions
can be found elsewhere [30]. Figure 1 depicts the AuNP-decorated WOs3-NW gas sensor
together with one of the UV diodes employed for irradiation.

3.2. UV diode characteristics

Two different UV-emitting LEDs were used as radiation sources: T5F produced by Seoul
Optodevice [32] and denoted LED1, and OSV4YL5451B produced by OptoSupply [33] and
denoted LED2. The main parameters of these diodes are given in Table 1 for a DC current of
20 mA. The optical power emitted by these diodes was measured separately in order to
determine the operating currents at which the maximum emitted light intensity is the same
but lies at different wavelengths (Fig. 2).

The UV light can affect the gas sensor in the following ways [21, 23, 24]: it gives rise to the
dissociation of target gas molecules and surface-adsorbed species, and it generates charge
carriers and increases the density of free electron—hole pairs. Thus the UV radiation causes
an increase of sensor’s conductivity, at least in the thin surface layer surface which interacts
with the gaseous ambience. The UV irradiation penetrates the gas sensing layer to various
depths depending on the wavelength. Thus one expects that different wavelengths of the UV
light will induce different effects in the gas sensor. Moreover, the additional energy supplied



by the UV light can reduce the operating temperature of the gas sensing layer and thereby
lower the energy consumption in the sensor.

3.3. Measurement setup

The low-frequency noise measurement setup consisted of a specially designed DC current
supply unit, a low-noise preamplifier having low equivalent input noise voltage and high
input resistance, a hermetic gas chamber with gas flowmeters to control the ambient
atmosphere, and a data acquisition board to record voltage fluctuations and DC voltage
across the sensor. The carefully shielded input circuit and preamplifier used a self-contained
power supply based on batteries, and the sensor was powered by a constant DC current. The
data acquisition board (type NI4474) utilized an analog—digital 24-bits converter multiplexed
to register signals from two channels, specifically for voltage fluctuations and for DC voltage
across the sensor. The frequency bandwidth of the measurement setup could be selected
from 0.1 to 10 kHz. Voltage fluctuations were sampled at frequency fs, given in Table 2, to
observe 1/f-like noise under different measurement conditions, i.e., for selected ambient gas
and UV diode. The recorded data samples were further processed—e.g., scaled and used to
estimate PSDs—by Matlab scripts and built-in functions. The measurement setup was
controlled by a computer using LabVIEW software.

4. Results

The sensor was first stabilized in an ambient atmosphere of synthetic air (80% N2 and 20%
0,, denoted SA), and the flow of a chosen calibration gas was then introduced to obtain a
gas mixture of selected concentration. Low and similar flow rates were used for pure SA and
for SA with added gases (below 150 ml/min, see Table 2) in order to avoid gas turbulence
and allow direct comparisons between consecutive measurements. Changes in the DC
resistance Rs were monitored in the presence of the selected calibration gases (75 ppm of
C2HsOH and 75 ppm of CHs) and modulated by UV light emitted by the diode LED2 (394 nm).
These preliminary results confirmed that the WOs3 gas sensing layer responded to both gases
and, moreover, that the response (e.g., DC resistance) can be modulated by UV light (Fig. 3).
The gas sensor response was repeatable and strongly dependent on the ambient gas; the DC
resistance decreased in the presence of C;HsOH and increased in the presence of CHs. The
UV irradiation increased the response time of the gas sensor for the various ambient
atmospheres. Moreover, UV light irradiation enhanced the relative change of the sensors’
DC resistance in the presence of C;HsOH and decreased this change when CHs was
introduced. Additional measurements in an ambient atmosphere of formaldehyde were
done using another specimen from the same batch of sensors. We did not observe any
significant change of DC resistance upon UV light irradiation, whereas the noise was altered
extensively. This result verifies once more the capability of the FES method. Thus we



conclude that UV light can be used to modulate the gas sensing properties of the
investigated gas sensing layer, at least for the selected gases and for the present
measurement setup.

4.1. Measurements in the presence of ethanol

Detailed gas sensor measurements in the presence of ethanol were performed using the
parameters shown in Table 2. The sensor’s DC resistance changed upon exposure to
ambiences with different C;HsOH concentrations, as expected from the previous calibration
measurements using LED2 (Fig. 3). The response was different when LED1 (362 nm) was
used (Fig. 4); Rs decreased for increased ethanol concentrations but at a different pace than
for LED2, which emits at longer wavelengths (394 nm). This difference can be reconciled
with variations in the light adsorption: the longer wavelengths penetrate deeper into the
WO3s-based gas sensing layer and therefore induce more pronounced changes of its DC
resistance despite this light having lower energy than light at shorter wavelengths [34]. The
phenomenon is related to changes in adsorption—desorption rates (different for different
ambient gases; cf. Fig. 3a and Fig. 3b) or to the UV-light-induced decomposition of the gases
followed by adsorption—desorption processes related to photocatalytic reactions on the
sensor’s surface. The effect can be easily utilized to enhance the discrimination between
ambient gases or for estimating their concentration. The improvement has to be determined
experimentally for the gas of interest and for the selected detection algorithm.

1/f-like noise was recorded under the same conditions as those for measuring Rs. The
normalized PDS of voltage fluctuations across the sensor, denoted S(f), was estimated and
this function was multiplied by frequency and divided by the squared DC bias voltage Us* of
the sensor with the object of having a product that exposes the 1/f-like noise component
and is independent of the sensor’s bias conditions [5]. The product S(f)-f/(Us)> was obtained
at different ethanol concentrations and is presented in Fig. 5. The shapes of the noise
spectra are similar: 1/f-like noise is apparent in the middle range of the measured frequency
bandwidth, sometimes with a clearly visible plateau caused by additive Lorentzian
components (generated by adsorption—desorption processes), and thermal noise occurs at
high frequencies. The position of the Lorentzian components depends on gas concentration
and wavelength of the UV light (Figs. 5b and c). Thus we conclude that the FES method can
be applied successfully to detect ethanol using an AuNP-decorated WOs-NW gas sensing
layer and provides detailed information about the gaseous ambience gas as well as improved
gas detection.

When LED2 (394 nm) was applied, we observed a strong difference in S(f)-f/(Us)*> when
the ethanol concentration was increased from zero to 25 ppm, whereas only marginal
changes were noted at higher concentrations. Thus LED2 is able to improve the gas
detection at very low concentrations of ethanol.



4.2. Measurements in the presence of methane

Measurements analogous to the ones above were performed for methane diluted in SA.
The DC resistance of the sensor became larger when the gas concentration was increased
(Fig. 6) and was dependent on the wavelength of the UV light. The changes of Rs were more
intense for LED2, which is characterized by its more long-wavelength radiation. The DC
resistance saturated at lower concentrations of methane than of ethanol, and therefore the
measurements were limited to 20 ppm of CHa and used conditions presented in Table 2. It
should be noted that Rs was more erratic in the presence of methane than of ethanol
(Fig. 3).

The noise intensities for our selected conditions (Fig. 7) did not change as much as in the
case of ethanol. When the measurements were performed without UV light, the spectra
were almost independent of methane concentration (Fig. 7a). Introduction of UV light gave
rise to changes in the shapes and intensities of the spectra (Figs. 7b and 7c) but only LED2,
with longer-wavelength emission, induced spectral changes dependent on methane
concentration (Fig. 7c). It should be noted that the product S(f)-f/(Us)> went up at increasing
methane concentration, which is in contrast with the data observed for ethanol.

4.3. Measurements in the presence of formaldehyde

Additional data were recorded when the sensor was exposed to formaldehyde diluted in
SA. The gas sensor was sensitive to this gas via a change of DC resistance and/or noise
intensity. However, its DC resistance was almost independent of the UV light (Fig. 8),
whereas the product S(f)-f/(Us)> was strongly modulated by UV (Fig. 9). Furthermore, low-
frequency noise depended on the wavelength of the irradiating light (Figs. 9b and 9c). We
can expect further improvements of the formaldehyde detection level for LED2 (394 nm; Fig.
9¢) since the noise intensity saturated already at very low gas concentrations. At the latter
UV light wavelength, and at frequencies below 5 Hz, the noise intensity was altered very
significantly by exposure to as little as little as 5 ppm of CH;0.

5. Discussion

We found that UV light is able to modulate the DC resistance and resistance noise of
sensors based on AuNP-decorated WQO3-NWs, and that this effect depends on the gas and
the wavelength of the UV light. The optical power emitted by the UV-LEDs is inversely
proportional to the emitted wavelength, and therefore the energy of the photons from the
UV diode LED1 (362 nm) is greater than the energy from LED2 (394 nm) (Fig. 2). But the
influence of the UV irradiation depends not only on its energy but also on the depth of its
penetration inside the irradiated layer, and for assessing the impact of energy on the
sensor’s DC resistance one should take into account the absorption of the gas medium and



of the sensing layer. Generally, the absorption in the WO3 sensor layer changes rapidly as a
function of the wavelength of the UV light [35]. The absorption in ethanol and methane is
weak for the wavelengths of present interest [36], and hence we can claim that the influence
of the UV light on the investigated gas sensor is governed by absorption in the sensing layer
and may be explained by processes involving surface-oxygen removal [37]. The same
conclusion can be suggested for formaldehyde.

Evidently a greater volume of the gas sensing layer being accessible to UV light means a
deeper region subjected to oxygen removal and hence to more profound variations of its
physical properties. The volume available to UV irradiation depends strongly on the
roughness of the sensing layer since the penetration depth of the irradiation was relatively
small; the attenuation length of the UV light is only about 150 nm and increases for longer
wavelengths [38]. Such a small length, and the volume reachable by UV light, can explain the
observed increase of run-in and recovery times when the UV light was applied. Clearly the
oxygen molecules from the deeper regions of the gas sensing layer have to diffuse to its
surface in order to exhibit an effect of UV irradiation, and this process can take a longer time
than the diffusion of the ambient gas inside the gas sensing layer and the replacement of
oxygen molecules there. Therefore, additional improvements of the gas sensitivity ought to
be easily obtainable by having an optimized morphology of the gas sensing layer which, in its
turn, is contingent on the technology for making the layer [39]. The observed effect of a
stronger modification of DC resistance or noise level when using UV light with longer
wavelengths confirms our reasoning.

The observed Lorentzian-based plateau in the noise spectra, and its shift induced by UV
light, are more difficult to reconcile with the arguments above. We may argue that
additional energy of the UV light influences adsorption—desorption processes in a way that is
analogous to a change of the sensor’s operating temperature [1], which means that the
result can be different for different gases because of modified reactions between the gas
sensing layer and the gaseous ambient.

Our experimental results indicate that the FES method, together with UV light
modulation, is more efficient for detecting ethanol than methane, which follows since the
relative changes of the DC resistance and noise intensity are more pronounced for ethanol
than for methane. Different responses observed for the investigated gases mean that the
proposed sensing method is able to improve gas selectivity. We can even assert that
combined temperature and UV-light modulation would be able to boost the selectivity and
sensitivity even further. The improvement would be observable for the detection or gas
concentration prediction by use of regression methods. Further data could lead to enhanced
pattern recognition methods when unknown gas mixtures are investigated. Moreover, a
combination of UV irradiation and temperature modulation by pulses could limit the energy
consumption and presumably decrease the sensors’ response times. The specific degree of
improvement for selectivity and sensitivity of gas detection depends also on the algorithm
for analyzing the data and requires additional and detailed analysis, as presented elsewhere

[8].



6. Conclusion

The influence of UV light on AuNP-decorated WOs-NW gas sensing layers was
experimentally investigated by measuring DC resistance and using fluctuation-enhanced
sensing. We found that the sensor response is related to photochemical reactions on the
surface of the gas sensing material. Thus its properties can be modulated by irradiation, and
the observed effect depends critically on the wavelength of the UV light. Such changes were
observed both in DC resistance and in resistance noise. Moreover, the power spectral
density of the resistance noise changed its slope upon UV irradiation, which provides more
information about the ambient gas than the DC resistance alone.

The results of the present work support an endeavor to reduce the number of gas sensors
in numerous applications by employing UV light modulation in conjunction with fluctuation-
enhanced sensing. The method can readily be implemented by using tiny and relatively
cheap UV diodes. This approach leads us to expect better selectivity of gas detection and
prediction of gas concentrations than with today’s standard techniques. Moreover, we
believe that the proposed method can reduce the operating temperature of the gas sensors
and therefore contribute to energy-efficient gas detection systems.
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Tables

Table 1. Parameters of UV LEDs operated at a DC current of 20 mA.

LED1 LED2
Peak wavelength [nm] 362 394
Optical power output [mW] 1.75 5
Forward voltage [V] 3.9 3.4
Spectrum half width [nm] 18 10
View angle [deg] 130 55/30

Table 2. Parameters of gas sensors exposed to synthetic air with 75 ppm of ethanol or
methane, and 15 ppm of formaldehyde.

Ambient gas C2HsOH CH4 CH.0
Sensor operating temperature [°C] 200 200 200
LED1 DC current [mA] 8.3 8.3 8.3
LED2 DC current [mA] 10 10 10
Sensor DC current [uA] 12.5 12.5" 12.5
Sampling frequency [Hz] 2000 4000 2000
Number of recorded samples 348 000 1024 000 348 000
Gas flow [ml/min] 133 100 100
Volume of the gas chamber [dm3] 1.0 1.0 1.0

*2.66 A during measurements without UV-light



Captions to the figures

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Gas sensor based on AuNP-decorated WOs-NWs irradiated by use of UV diodes: 1 -
wires for connection to preamplifier input and DC bias current, 2 — UV diode, 3 —
sensor with a heater on the bottom side, 4 — mounting plate.

Optical power spectra of light emitted by UV diodes, specifically LED1 (T5F) and LED2
(OSV4YL5451B). Ir denotes DC current.

Relative changes of the DC resistance Rs of a gas sensor based on AuNP-decorated
WO3-NWs in the absence and presence of UV irradiation at 394 nm and upon
repeated exposures to synthetic air (SA) and (a) 75 ppm of ethanol in SA and (b) 75
ppm of methane in SA. Ro denotes DC resistance observed at the beginning of the
measurements.

Relative changes of the DC resistance Rs of a gas sensor based on AuNP-decorated
WO3-NWs in the absence and presence of UV irradiation at the shown wavelengths
and upon exposure to synthetic air (SA) and to various concentrations of ethanol in
SA. Ro denotes DC resistance observed at the beginning of the measurements
without UV-light (247 kQ), with turned-on LED1 (161 k€2) and with turned-on LED2
(52 kQ).

Normalized product of frequency f and power spectral density S(f) of voltage
fluctuations across a gas sensor based on AuNP-decorated WO3-NWs, divided by the
square of the bias voltage Us and shown as a function of f. Data were recorded for
the shown concentrations of ethanol in synthetic air in the absence (a) and presence
of UV irradiation at the shown wavelengths (b) and (c).

Relative changes of the DC resistance Rs of a gas sensor based on AuNP-decorated
WO3-NWs in the absence and presence of UV irradiation at the shown wavelengths
and upon exposure to synthetic air (SA) and various concentrations of methane in SA.
Ro denotes the DC resistance observed at exposure to SA without UV-light (283 k(2),
with turned-on LED1 (176 kQ) and with turned-on LED2 (63 kQ2).

Normalized product of frequency f and power spectral density S(f) of voltage
fluctuations across a gas sensor based on AuNP-decorated WO3-NWs, divided by the
square of the bias voltage Us and shown as a function of f. Data were recorded for
the shown concentrations of methane in synthetic air in the absence (a) and
presence of UV irradiation at the shown wavelengths (b) and (c).

Relative changes of the DC resistance RS of a gas sensor based on AuNP-decorated
WO3-NWs in the absence and presence of UV irradiation at the shown wavelengths
and upon exposure to synthetic air (SA) and to various concentrations of
formaldehyde in SA. Ry denotes DC resistance observed at exposure to SA without
UV-light (103 k€2), with turned-on LED1 (99.6 kQ2) and with turned-on LED2 (94.7 kQ2).



Fig. 9. Normalized product of frequency f and power spectral density S(f) of voltage
fluctuations across a gas sensor based on AuNP-decorated WO3-NWs, divided by the
square of the bias voltage Us and shown as a function of f. Data were recorded for
the shown concentrations of formaldehyde in synthetic air in the absence (a) and
presence of UV irradiation at the shown wavelengths (b) and (c).
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