Thin Films for Advancements in Gas Sensing Technologies
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Abstract The transition from conventional bulk materials to materials with size- and shape-dependent
surface properties such as nanostructured materials, nanoparticles, and thin films have opened the
way to a new generation of gas sensors characterized by enhanced sensitivity, selectivity, and rapid
response. Thin films, with their unique properties, offering functionalized surfaces through precise
control of parameters such as thickness, grain size, and composition, by selecting the proper substrate
material and deposition methods can address these requirements. In this scenario increased surface-
to-volume ratio of nanostructured thin films make them ideal for detecting a wide range of gases.
Moreover, the reduced size facilitates cost-effective production processes and seamless integration
into devices, enabling constant remote monitoring and wireless data collection. This study explores
the use of thin films in gas sensors employing metal oxide semiconductors (MOXs). MOX sensors,
particularly those based on SnO., ZnO, and WOz, stand out for their high surface sensitivity and
stability. Their chemiresistor behaviour, where electronic properties change upon the adsorption of
gas molecules, enables precise detection of harmful gases by measuring variations in electrical
resistivity. The possibility of operating at room temperature, together with a high sensitivity due to
enhanced nanostructuring, represents a viable solution to the increasing demand for monitoring air
pollution.
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1. Introduction

The evolution of gas sensors has been closely linked to human progress since the Industrial
Revolution in the 18" century. However, only during the 1950s that solid-state gas sensors, primarily
composed of semiconductors, had emerged. With the advent of the 21 century and the rise of
nanotechnologies, there was a significant shift from bulk materials with good intrinsic properties to
those where behaviours are strongly affected by the low surface dimensionality [1,2].

Today, the demand for monitoring air pollutants, such as CO2, NO2, and Og, is critical for outdoor
and indoor environmental protection, industrial safety, and healthcare. Thin films, which have
demonstrated their applicability in various environmental and energy scientific fields such as
thermoelectric [3-5] and thermionic applications [6-11], are nowadays proposed as excellent
candidates for use as sensitive materials in gas sensors [12]. Thanks to their increased surface-to-
volume ratio, thin films exhibit enhanced sensitivity, selectivity, and response readiness. They also
enable low-cost production and easy integration into devices, making them well-suited for the latest
innovations, such as Internet of Things (IoT) technology for continuous remote gas monitoring [13].
Metal oxide semiconductors (MOXs) like SnO2, ZnO, and WOs3 detect gases through chemiresistor
behaviour, changing electrical resistivity upon gas molecule adsorption [14]. Although they are
effective for gas detection, high operating temperatures (300-500 °C) are usually needed for optimal
sensitivity [1,14]. However, film performance can be significantly influenced by the deposition
methods used [12,15]. By applying specific techniques and even post-deposition technological
approaches for optimization, the working temperature allowing optimal operation can be reduced



down to room temperature. In such conditions the stability and longevity of the device, as well as the
technical constraints for the design of the electronic board of sensors, can be achieved [16].

This paper focuses on the advancements in gas sensing technologies, particularly on the deposition
methods and post-deposition treatments used to tailor the surface of MOX thin films for gas sensing
at room temperature in indoor applications as smart buildings.

2. Materials and Methods

2.1 Thin film deposition

Several physical vapor deposition techniques have been investigated for the deposition of thin films.
RF magnetron sputtering (RF-MS) is a widely used thin film deposition technique that uses radio
frequency power to generate plasma, enabling the sputtering of a target material onto a substrate and
producing high-quality, uniform coatings. As a result, RF-MS provides excellent thickness control
[15]. Another physical deposition method is electron-beam evaporation (EBE), where an electron
beam heats and locally evaporates a target material, which then condenses onto a substrate, so that
high-purity films are formed. EBE produces polycrystalline films with high surface areas [12].
Finally, pulsed laser deposition (PLD) is a technique where a high-power laser pulse ablates material
from a target, which then deposits onto a substrate, thus forming a thin film with high crystallinity if
suitable process parameters are selected [15]. The right choice of deposition technique allows control
over key film properties such as grain size, thickness, crystallinity, and porosity, which can
significantly improve the performance of a gas sensor, as demonstrated in the cited reference works
[12,15].

2.2 Defect Engineering and Composed materials to improve gas sensor’s performance

Defect engineering is a strategic approach in materials science used to manipulate and control the
properties of materials by intentionally introducing and managing defects. This technique is
particularly effective for optimizing the properties of surfaces in gas sensor technologies thanks to
the possibility to alter the band structure, carrier concentration, and mobility. Key techniques for
defect engineering include thermal annealing [17] and various surface treatments such as innovative
solution recently proposed where femtosecond (fs) laser treatments are employed. These treatments
modify the surface morphology by producing well-organized and periodic geometrical features, as
shown in tin oxide-based sensors for CO. detection at room temperature [18]. Another approach
involves composite and multilayer materials. Recent studies have shown that p-n heterojunctions can
enhance the charge transport, thereby resulting in a improvement of the gas sensitivity of MOX thin
films. Advanced results of thin films forming p-n heterojunctions are reported in recent papers [18-
20]. Additionally, in this work the strategy in using multilayer thin films made from different
materials will be introduced.

2.3 Gas Sensing

The gas sensitivity tests of all the sensors cited in this work were conducted on devices comprising
thin films or multilayer materials (the sensitive part of the sensor) deposited on an alumina printed-
circuit board (PCB) produced by CERcuits BV (Geel, Belgium). The gas sensor tests were performed
using a commercial glove box (Cole-Parmer Instrument Company, LLC, UK) with a volume of about
0.25 m3, suitable for maintaining confined gas concentrations.

Thanks to a customized flowmeter system (lonvac Process srl, Pomezia, Italy), it was possible to
regulate the flow of each gas in the chamber, which was then evacuated by a membrane pump
(pressure of ~107! mbar) to ensure stable conditions and fast removal of pollutants. The experimental
setup was described in detail in a previous work [12].

Results and Discussion



Table 1 summarizes the recent results obtained by our group with MOX thin film sensors deposited
on alumina substrate using different techniques and testing various types of potentially hazardous
gases present in air. All these solutions have the advantage to operate at room temperature.

Table 1 Results

MOX thin Deposition Target Response Recovery time Range Threshold Sensitivity Refs.
film Method Gas time Tested for health (%)
ZnO MS O3 <4s <15 min 55-1150 50 ppb 30 % Not
ppb at 100 ppb published
ZnO EBE Os <2s <15s 55-1150 50 ppb 10 % [12]
ppb at 55 ppb
WOs PLD NO2 <20s <80s 5-20 ppm 10 ppm [17]
SnO-Sn0: EBE CO2 <2s <120s 110-5000 1500 ppm 15 % [18]
as deposited ppm at 1000 ppm
Sn0-Sn0: EBE + fs- CO2 <2s infinite 110-5000 1500 ppm 15% [18]
treated ppm at 5000 ppm
Multilayer EBE CO2 < < commercial 500-1200 1500 ppm 50 % This work
commercial sensor ppm At 800 ppm
sensor

In the previous works, we found that all the deposition techniques provide nanostructured materials,
with the achievement of promising results in terms of both response readiness and recovery rates.
However, the sensitivity values are in line with other proposed structures present in literature, and,
above all, no real tests out-of-the-lab were made to assess either reliability or durability.

For this work, a sensor composed of multilayer thin films of SnO - ZnO - SnO (300-100-300 nm of
thickness) was deposited on alumina substrate using the EBE technique. The multilayer was
characterized by Raman spectroscopy (see Figure 1), which confirmed the presence of both
compounds, that means: 1) two bands, B1g = 112 cm™! and Alg =210 cm™! which are related to SnO
species; one band centered at around 560 cm™ due to the B1(high) vibration corresponding to the
ZnO cubic structure (zincblende) induced by the growth carried out by EBE [12].
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Figure 1. Raman spectrum of multilayer SnO-ZnO-SnO sample.

This multilayer was tested during a measurement campaign carried out in a primary school. The signal
from this prototype was always compared with that provided by a commercial sensor (see Figure 2),
showing response and recovery times that were equal or even faster than those of the commercial
sensor based on a different technology (NDIR). Peaks in [CO2] were observed during the daytime,
when students and school personnel staff were present in the building. The tests demonstrated that
the prototype remained stable throughout the entire week, stabilizing to the ground level CO;
concentration of around 500 ppm when the building was closed during the night, with peaks reaching
1200 ppm during crowded periods such as school entrance and exit times. Our prototype seems to

3



have a lower sensitivity with respect to the commercial sensor (which is considered reliable with a
resolution of 0.6 ppm and a lowest detection threshold of 1 ppm according to the datasheet [21]),
estimating however a sensitivity of 50% at 800 ppm.
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Figure 2. (a) CO; sensitivity measurement campaign conducted for 8 days in a primary school of the
Montemurro city (Basilicata, South Italy). Multilayer sensor signal (red line) compared with the signal
from a commercial sensor (NDIR technology, AQ Safe, green line); (b) Detailed gas concentration data
for two specific days.

3 Conclusions

As it is shown by the results obtained from the recent developed MOX thin films, MS, EBE, and PLD
can be considered to be promising techniques for obtaining nanostructured thin films with good gas
sensing performance at room temperature. Multilayer sensors produced by EBE have finally been
tested and continuously monitored using an 10T network in the framework of the IBIS ECO project,
by showing a behaviour very similar to commercial sensors based on a different technology. These
tests demonstrate the potential of the produced sensors, which can operate at room temperature with
lower energy consumption, and low costs at the mass-market scale. Finally, advanced nanostructuring
techniques like fs-laser treatments can further enhance the device performance so that, in the near
future, the role innovative gas sensor devices can be applied in the real life.
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