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Abstract

There is a need for low-cost mass-production circuits on various substrates, possibly performing some simple
functions as switches, antennas, displays, and sensors. Also in the field of gas sensors widely used in several
applications there is a need for such novel fabrication technologies and materials. In this paper, we present three gas
sensor structures fabricated using novel printing techniques. Inkjet and gravure printing techniques were used for
fabrication of resistive WOj; nanoparticle gas sensors for detection of NO, and inkjet printing was utilized for
fabrication of solid electrolyte (mixture of H;PW,0,4, and PVC) in a nanostructured Metal-Electrolyte-Insulator-
Semiconductor (MEIS) transistor for detection of H,. The sensor structures were found to be sensitive for detection of
NO below 10 ppm, and H, below 100 ppm concentrations in synthetic air, respectively.
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1. Introduction

Currently available gas sensors are often rather expensive to fabricate, have high energy consumption
and low selectivity. Thus, using novel fabrication techniques and nanomaterials, such as inkjet and
gravure printing, new approaches and functionality of the gas sensors can be achieved. In the following,
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there are three examples of gas sensor structures fabricated using nanoscale materials and printing
techniques. Gas sensors based on tungsten oxide (WOs3) particles have been researched fo more than 20
years, mainly due to material sensitivity towards nitric oxides, but inkjet printing is almost uncovered in
the literature [1].
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Fig. 1. (a) and (b) FESEM images of inkjet-printed WO; nanoparticles on Si/SiO, substrate with Pt-electrodes. (c) Response of the
resistive WO; gas sensor to NO analyte gas in air buffer at 220 °C. (d) Sensitivity of the sensor towards different levels of NO at 25
V bias at 220 °C.

2. Inkjet-printed resistive WO; nanoparticle gas sensor

One type of resistive gas sensors was fabricated by ink-jet printing. For the ink fabrication, 20 mg of
WOj; nanoparticles (Sigma-Aldrich) were dispersed in 100 ml of deionized water by ultrasonic agitation
for 3 hours. The obtained dispersion was left to sediment for 1 day. Gray opaque supernatant dispersion
on top was collected and used for inkjet printing. 100 layers using 10 droplets with 20-um spacing were
printed on Si/SiO, substrates with interdigital Pt-electrodes. Relative dense and uniform layer of WO,
nanoparticles was obtained, as shown in Fig. 1(a,b). The manufactured structures were used as resistive
gas sensors at 220 °C for NO gas. The response of the sensor was visible even at 2 ppm of NO, as shown
in Fig. 1(c). In this measurement, the sensor signal drifts initially. This could be avoided by keeping the
sensor at 220 °C for extended period before the measurements. Sensitivity of the sensor was defined as a
value [Gno-Guirl/Gair, Grno and Gy, are the conductance of the sensor in NO-air mixture and in air,
respectively. The sensor was observed to have nonlinear sensitivity, as shown in Fig. 1(d), with the
highest relative sensitivity at lower concentrations.

3. Gravure-printed resistive WO3; nanoparticle gas sensor

Another type of resistive gas sensor was manufactured by gravure-printing WO; nanoparticles onto
metal electrodes on a flexible polyimide Kapton HN foil, as shown in Fig. 2(a). The nanoparticles were
dispersed in solvent together with binders and surfactants to obtain printable inks with 30-40 wt% WO,
concentration. The printed layer was dried in an oven at 250 °C for 2 h. The sensitivity to NO gas was
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determined by measuring the printed layer conductance at different gas concentrations and temperatures,
as shown in Fig. 2.(a). The printed sensor gave a clear response to NO even at 5 ppm. The response
improved with increasing gas concentration and chamber temperature. In addition, the increase in the
nanoparticle content of the ink, ink layer thickness, and layer coverage improved the sensor performance.
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Fig. 2. (a) Gravure-printed resistive gas sensor on a flexible plastic foil with interdigital metal
electrodes and (b) its response to NO gas of different concentrations in air buffer gas at 200 °C.

4. Inkjet-printed capacitive gas sensor based on solid electrolyte

In addition to resistive gas sensors, also capacitive gas sensors were fabricated. Their main advantage
is ability to function without heating (at room temperature). In this case, the sensor represented a
capacitor formed by a proton-conducting layer of solid electrolyte deposited on an oxidized (SiO,)
surface (200-nm-thick) of a silicon substrate. Prior to deposition, the electrolyte (mixture of H3PW ;04
and PVC) was diluted in distilled water and filtered through a 0.2-um filter. The whole structure was
sandwiched between 15-nm-thick platinum top and 150-nm-thick aluminum bottom electrodes. Tests
were performed in hydrogen with concentration of 100-2100 ppm in synthetic air as carrier gas at 20-25
°C. The change in capacitance was measured at frequencies 1-100 kHz. Typically, clear response was
observed already for 100 ppm concentration of H,, which was the only gas that sensor was sensitive to, as
is shown in Fig. 3.
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Fig. 3. (a) Outline of the capacitive sensor and (b) sensor response to the H, at 2 V constant bias and 250 mV amplitude (frequencies
applied: 1-100 kHz).
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It was found that the signal, i.e. change of capacitance, is small and noisy at lower frequencies of 1-2
kHz but increases at higher frequencies of 50-100 kHz. In order to reveal sensitivity of the sensor on the
H, concentration, a value [Cpux-Cuin]/Cmin Was calculated; C,.x is the maximum value of capacitance in
presence of hydrogen, C,,;, is the minimum value of capacitance in the absence of hydrogen, for one
measurement cycle of H, injection and successive purging with synthetic air. As it is shown in Fig. 4, the
sensitivity depends not only on the H, concentration and frequency but also on the bias applied. Higher
bias voltage and gas concentration within the tested limits led to higher sensitivity. Optimal frequencies
were found to be 5-20 kHz.

Comparing manufactured electrolyte-based capacitive sensors with nanoparticle-based resistive gas
sensors, it was concluded that the capacitive sensors had much lower sensitivity (1% or lower) and higher
sensing limit (100 ppm) than the resistive ones (hundreds % and units ppm, respectively). Nevertheless,
they can be designed to be more selective, like in our case to H,, and are able to work at room
temperature. Possible ways to overcome the mentioned weaknesses are to decrease the thickness of the
deposited electrolyte layer.
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Fig. 4. Sensitivity of the capacitive sensor towards different levels of H, at bias (a) 0 V and (b) 2 V for varied frequencies.
5. Conclusions

Three different types of printed gas sensors were successfully demonstrated. Printing is concluded to be
cost-effective method for gas sensor preparation. It has environmental benefits, since very little waste of
sensing material is produced. The process temperatures during printing are at the scale of room
temperature, while most of the other gas sensor preparation methods demand elevated temperatures.
Printing is a promising fabrication method for large-scale production of gas sensors.
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