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Abstract

:

The first fifty years of chemoresistive sensors for gas detection are here reviewed, focusing on the main scientific and technological innovations that have occurred in the field over the course of these years. A look at advances made in fundamental and applied research and leading to the development of actual high performance chemoresistive devices is presented. The approaches devoted to the synthesis of novel semiconducting materials with unprecedented nanostructure and gas-sensing properties have been also presented. Perspectives on new technologies and future applications of chemoresistive gas sensors have also been highlighted.
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1. Introduction: Historical Overview


Chemoresistive gas sensors were introduced for the first time fifty years ago. At the beginning of the 1960s, Seyama, using ZnO thin film as a sensing layer, was able to demonstrate that gas sensing is possible with simple electrical devices [1]. He used a simple chemoresistive device based on ZnO thin films operating at the temperature of 485 °C. The response of the detection system to propane was about 100 times higher compared to the thermal conductivity detector used at that time.



In the early 1950s, Brattain and Bardeen, two scientists working at Bell Laboratories, gave the first demonstration that some semiconductor materials such as Ge modify their resistance, depending on the atmosphere they are in contact with [2]. Later, Heiland additionally described [3] that metal oxides such as ZnO modify their semiconducting properties with a change in the partial pressure of oxygen or other gases in the surrounding atmosphere. However, these discoveries were not investigated further.



After Seyama’s work, Shaver [4] in 1967 described effects achievable with oxide semiconductors modified by the addition of noble metals (e.g., Pt, Pd, Ir, Rh). Since that time, the sensitivity and selectivity of semiconductor sensing devices have been enhanced significantly, and the search of new formulations for sensing materials has been intensified.



At the beginning of the 1970s, Taguchi fabricated and patented the first chemoresistive gas sensor device for practical applications using tin dioxide (SnO2) as the sensitive material [5].



Indeed, after investigating many metal oxides, he found that SnO2 has many advantageous properties such as higher sensitivity, low operating temperature, and a thermal stable structure. Its first generation of thick film sensors was based on a mixture of tin chloride (SnCl4) and stearic acid that was painted on the substrate and fired at 700 °C in air. Firing burned off the organic component, leaving behind a porous SnO2 layer. In order to increase the sensitivity, selectivity and stability, Taguchi used also Pd as a metal catalyst. The main application of these devices commercialized by Figaro Inc. was as alarms to prevent accidents and fire in domestic residences by monitoring the presence of hazardous levels of explosive gases. Intense efforts in this direction resulted in widespread application of semiconductor gas sensors.



In the late 1980s, the field of semiconductor gas sensors underwent a significant expansion and became one of the most active research areas within the sensor community. The demand for high performance gas sensors with high sensitivity and selectivity, faster response, together with low power consumption and high device reliability, generated intensive efforts in order to develop new sensing materials. The rapid growth of materials chemistry, the broader field of materials science, has led to a dramatic increase in the number of new sensing materials available, subsequently enlarging the basis for a wider choice and favoring the development of high performance solid state gas sensors.



Seyama presumably would not have been able to anticipate that, half a century after the publication of his seminal paper, research on chemoresistive devices would assume an important role in daily life. Indeed, over the last five decades, due to their simplicity, low cost, small size and ability to be integrated into electronic devices, chemical sensors have seen an increase in their application to a variety of fields, including industrial emission control, household security, vehicle emission control and environmental monitoring, agricultural, biomedical, etc., [6,7,8,9].



Today, the development of semiconducting sensing materials is adjunctively reliant on opportunities provided by new nanoscale technologies. Nanoscience, enabling controllable manipulation of matter at the molecular level, has become a fundamental generator for innovations in materials processing. Furthermore, emerging nanotechnologies promise dramatic changes in sensor designs and capabilities. A substantially smaller size, lower weight, more modest power requirements, greater sensitivity, and better specificity are just a few of the improvements we will see in sensor design.



It is not the intention here to do a comprehensive research survey within this short review article. There are already many excellent review articles on this topic in which readers can obtain a complete picture of chemoresistive gas sensors research from various perspectives [8,9,10,11,12,13,14,15,16,17,18,19]. In this brief review, a chronological approach is taken in order to not only examine the past, but also to identify key concepts, new materials and technologies, as well as predict innovative ideas for the future.




2. Chemoresistive Gas Sensors


2.1. The Device


Detection of target gases by chemoresistive gas sensors has received impulse great deal of attention because of its many advantages over other sensing technologies. Table 1 illustrates the main characteristics of electrochemical, optical and chemoresistive gas sensors.
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Table 1. Comparison of three gas-sensing technologies.
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Characteristic

	
Electrochemical

	
Optical

	
Chemoresistive






	
Cost

	
low

	
high

	
low




	
Lifetime

	
short

	
long

	
long




	
Sensitivity

	
high

	
high

	
high




	
Selectivity

	
good

	
excellent

	
poor




	
Response time

	
fast

	
fast

	
fast




	
Size

	
medium

	
large

	
small









Electrochemical sensors are becoming unpopular as they have a short lifetime, rendering them unacceptable for some applications. Optical sensors show excellent characteristics of sensitivity, selectivity, adequate lifetime, and fast response; however, they have a high cost and large size. Although the chemoresistive sensors are largely unselective, the low cost and fabrication simplicity of chemoresistive sensors are the main factors contributing to their widespread use.



A chemoresistive sensor is based on a sensitive material, in bulk or deposited on a suitable support, upon which the molecular recognition process takes place. The analyte recognition process occurs either at the surface of the sensing element or in the bulk of the material, leading to a concentration-dependent change property that can be transformed into an electrical signal by the appropriate transducer. This simple transduction mechanism allowed the fabrication of devices with different configurations.



Classical Taguchi sensors have a sensitive material in the form of sintered porous ceramic body (see Figure 1). Other examples of chemoresistive sensors bearing different forms and dimensions are shown in Figure 2.
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Figure 1. Schematization and picture of Taguchi chemoresistive gas sensor. 
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Figure 2. Chemoresistive gas sensors with different configurations. 
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Planar-type gas sensors are constituted of a sensing thick/thin layer deposited by chemical or physical methods onto a ceramic substrate with interdigited electrodes (Figure 2a). The sensing layer can be deposited also on a plastic support, thereby allowing the fabrication of flexible chemoresistive gas sensors (Figure 2b).



Although these sensors are small in size, further miniaturization of sensors is demanded by a variety of applications. In particular, compatibility with integrated circuit (IC) technology is now largely pursued. Fully integrated devices have been fabricated using top-down processes, but the top-down approach typically has the advantage of higher throughput and amenability for large-scale integration. By these techniques, micromachined chemoresistive sensors can be fabricated on a chip substrate, enabling easy interfacing with conventional silicon microelectronics (Figure 2c).



The continual drive towards even finer microstructures will lead to the fabrication of sensing nanodevices. Already now there are existing mature industrial technologies (e.g., technologies based on thin film semiconductors), but long-term stability could be a serious problem for these sensing nanodevices. For example, sensing nanomaterials may be quite unstable under thermal conditions due to their high surface energy leading to severe grain growth, which may result in the degradation of the device performances. Under such operations, the mechanical deterioration of electrodes can also lead to performance degradation due to the possible formation of micro-cracks on the electrode structure.



Therefore, unless there are significant cost and/or performance benefits from using nanosensors, it will be difficult to displace the existing bulk sensor technologies in the near future.




2.2. Sensing Materials


From the first tin dioxide sensor developed in the 1970s for domestic gas alarms, there has been an increase in the demand for high performance solid-state gas sensors. Results of a search study on semiconductor metal oxides used as sensing materials for chemoresistive gas sensors, including both the n-type and p-type oxides, are summarized in the graph shown in Figure 3.
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Figure 3. Studies on n- and p-type oxide semiconductor gas sensors (internet search of Web of Knowledge). Reprinted with permission from [15]. 






Figure 3. Studies on n- and p-type oxide semiconductor gas sensors (internet search of Web of Knowledge). Reprinted with permission from [15].



[image: Chemosensors 03 00001 g003]





Metal oxides stand out as one of the most common, diverse and, most likely, largest class of materials due to their extensive structural, physical and chemical properties and functionalities. The most common metal oxides utilized as sensing layer in chemoresistive devices are binary oxides such as SnO2, ZnO, TiO2, etc.; however, ternary and more complex oxides are also applied in practical gas sensors [14].



SnO2 is the most extensively studied metal oxide and is widely applied in practical commercial devices. Tin dioxide is a wide-band gap (3.6 eV) semiconductor with interesting electrical properties [20]. Due to its high sensitivities for different gas species, tin oxide-based sensors allow the detection of low concentration levels of gaseous species, though it unfortunately suffers from the lack of selectivity. Nevertheless, strategies devoted to enhance the SnO2-based devices performance (synthesis and treatment conditions, and nano- micro- and nano-structure, addition of dopants) have been extensively studied [21].



Zinc oxide is a II−VI semiconductor showing a wide-band gap (3.37 eV), with the dominant defects identified as O vacancies [22]. ZnO has attracted much attention in the gas-sensing field because of its high mechanical and chemical stability, suitability to doping, non-toxicity and low cost. The sensing property of ZnO is strongly influenced by the microstructural features, such as the grain size, geometry and connectivity between the grains.



Titania is particularly attractive for gas sensors because of its lower cross-sensitivity to humidity than other metal oxides [23]. Among the other applications, TiO2 has been largely investigated as a sensing layer in resistive oxygen gas sensors operating at medium-high temperatures for automotive air/fuel ratio control. At medium temperatures (400–600 °C), oxygen detection is mainly due to reactions that takes place on the surface, whereas at high temperatures (700–1000 °C), oxygen detection is mainly due to diffusion of oxygen ions in the bulk of the material [24].



A lot of factors affect the gas sensor performance of metal oxide chemosensors which, in turn, is determined by the reception and transduction function along with the fabrication procedure [16]. The synthesis procedure, crystal size and shape, the addition of foreign elements with the role of sensitizers or conductivity modifiers are some of the factors influencing the sensor response [17,18,19,20,21,22,23,24,25].



Doping the metal oxide layer with suitable promoters (metal particles, foreign metal oxide, ions) is a common way of enhancing the sensing characteristics of chemoresistive gas sensors. A comprehensive review dealing with all aspects of metal doping can be found in [26]. The modification of the sensing properties of the sensing material by the introduced additives depends on the nature of the latter. For example, Pt is known to promote the gas-sensing reaction by the spill-over of sample gas (chemical sensitization), whereas Pd is known to promote the gas-sensing reaction by electronic interaction between Pd and sensing materials (electronic sensitization) [27].



The grain-size reduction at nanometric level is another of the main factors enhancing the detection properties of metal oxides. It is in fact well recognized that by reducing the particle size of the sensing material in the nanometer range the sensitivity of chemoresistive gas sensors is greatly improved both for the large specific surface offered and for the influence in reducing the surface charge density [21,28,29,30,31,32,33,34,35]. Furthermore, in this size range, a large fraction of the atoms (up to 50%) are present at the surface or the interface region; therefore, the chemical and electronic of nanoparticles are different from those of the bulk, consequently contributing to an increase in the sensing properties.



Over the last fifty years, novel sensing materials others than metal oxides have been proposed. In 1983, the gas-sensing properties of conducting polymers were first reported. The sensor involved the use of doped polypyrrole (PPy), functioning as an ammonia sensor [36]. In fact, as the conductivity of the pure conducting polymer is rather low, in order to achieve the high conductivity suitable for sensing applications, a doping process was necessary (Figure 4). A wide variety of polymers of this type is now available, including substituted polypyrroles, polythiophenes, polyindoles, and polyanilines.
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Figure 4. Molecular structure of polypyrrole (PPy) and related doping process. 
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Organic materials are much more easily modified than inorganic materials with respect to such characteristics as sensitivity, working temperature, and selectivity. Long-term instability is a main drawback of the sensors based on conducting polymers as they are thermally unstable, so it is often impossible to use them at temperatures at which gas-solid interactions proceed rapidly and reversibly.



To fully use all the potential advantages of organic and inorganic materials, hybrid composites have also been introduced as sensing elements for resistive sensors [37]. These hybrid organic/metal oxide composites are not merely the sum of the individual components, but rather new materials with new functionalities and properties. From the viewpoint of structure, organic support can induce the nucleation, growth and formation of fine metal oxide nano-/microstructures with uniform dispersion and controlled morphology, thereby avoiding the agglomeration of metal oxides. If the organic component is a good electrical conductor (e.g., conductive carbon, carbon nanotubes or graphene), the resulting composites can form a perfect integrated structure with a developed electron conductive network and shortened current transport paths, improving the poor electrical properties and charge transfer of pure metal oxides. Significant synergistic effects, such as room-temperature sensing capability when exposed to low-concentration gases such as NO2, H2, and CO, often occur in hybrid composites because of size effects and interfacial interactions in contrast to the high-temperature operation required for metal oxides alone.



The possibility of synthesized materials having dimensions in the order of nanometers has provided enormous advantages for gas sensing because their extremely high surface-to-volume ratio is ideal for gas molecule adsorption. One important example is that of carbon nanotubes (CNTs), which are currently receiving a great deal of interest in gas sensing. Dai et al. first demonstrated the variety that they can offer for practical applications in highly sensitive gas sensors [38]. The high surface-to-volume ratio, high conductivity and mechanical stability make CNTs very attractive for gas-sensing applications. Carbon nanotubes can now be synthesized by different methods in large quantities and with high purity, such as the chemical vapor deposition (CVD) technique, and can be doped with B- and/or N-groups, thus rendering them very sensitive to a wide range of gas vapors [39]. In a similar way, functionalizing the nanotube surface with the polar COOH group attached, the sensors will give stronger responses towards the volatile organic compounds (VOCs) as their absorption efficiency with these volatile organic molecules will be increased due to the dipole-dipole interactions (mainly hydrogen bonding) between the COOH and the polar organic molecules [40].



CNTs are also often used as carriers of supported metal oxide particles [41]. CNTs provide high surface area, then help the dispersion of the sensing materials on the nanotube walls (Figure 5a). The better performance of these hybrid sensors are also attributed to the effective electron transfer between the metal oxide particles and the highly conductive carbon nanotube network [42,43,44]. CNTs could also be coated with metal oxides of controlled thickness [45]. By combining the non-aqueous sol-gel route with the atomic layer deposition, metal oxides have been grown from the respective metal alkoxide precursors at low temperatures (Figure 5b). Moreover, the surface reaction leading to the M−O−M bond formation is self-limited and allows then the deposition of films with well-controlled thickness on the internal and external surface of CNTs.



The successful synthesis of nanoparticles, nanowires, nanotubes and other shapes has generated a lot of work to use these nanostructured materials in gas sensing [46,47,48,49,50]. In particular, low-dimensional structures of metal oxides were found to possess characteristics and enhanced gas-sensing properties. In 2002, the Sberveglieri and Yang groups initiated the investigation of gas-sensing properties of one-dimensional nanostructures [51,52]. The shape and morphology of the key one-dimensional nanostructures in chemoresistive sensors are shown in Figure 6.
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Figure 5. SEM images showing metal oxide nanoparticles, visible as white spots, dispersed on CNT: (a) irregularly coated CNT; (b) uniformly coated CNT. Reprinted with permission from [45]. 
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Figure 6. Morphology of the key one-dimensional nanostructures in gas chemiresitors (internet search of Web of Knowledge). Adapted from [53]. 
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Hierarchical and hollow oxide nanostructures are also very promising gas sensor materials due to well-aligned nanoporous structures with less agglomerated configurations. The literature data clearly show that these peculiar nanostructures can increase both the gas response and response speed simultaneously and substantially [54]. This can be explained by the rapid and effective gas diffusion toward the entire sensing surfaces via the highly porous structures.



In 2007, a two-dimensional monolayer of carbon atoms, named graphene, has been identified to be a promising sensing material because it has unique and excellent electrical and mechanical properties [55]. Graphene appears to be more suitable for integration into devices than CNTs because its planar nanostructure makes graphene advantageous for use in standard microfabrication techniques. Furthermore, the sheet structure of graphene (Figure 7a) makes it suitable for depositing and stabilizing small metal and/or metal oxide nanoparticles (Figure 7b), which is of remarkable interest for use in gas sensors.
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Figure 7. (a) Graphene sheets; (b) picture of metal oxide nanoparticles deposited on graphene sheets. 
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2.3. Working Mechanism


Along with the improvement of the characteristics and properties of the devices, a great deal of effort has been also made during these years to improve knowledge of the sensing mechanism and understanding the related processes. The description of mechanisms of chemoresistive sensors based on metal oxides was first depicted through the application of electron theory of chemisorption and catalysis on semiconductors originally formulated by Wolkenstein [56].



Later, Morrison, Yamazoe and Gopel especially contributed to the description of conditions of transport of electric charges through the metal oxide semiconducting layer in the presence of oxygen and reactive gases [57,58,59]. Following these theories, the sensing mechanism of MOS sensors relies on reactions which occur between adsorbed oxygen species and the probed gas on the surface of the sensing layer. Details on this subject can be found in many books and reviews [10,12,60,61]. In first approximation, oxygen adsorbed on the surface of n-type metal oxide semiconductors plays a key role, trapping free electrons because of its high electron affinity, and forming a potential barrier at the grain boundaries. This potential barrier restricts the flow of electrons, causing the electric resistance to increase. When the sensor is exposed to an atmosphere containing reducing gases, e.g., CO, the gas molecules adsorbs on the surface and reacts with active oxygen species, e.g., O−, which liberates free electrons in the bulk. This lowers the potential barrier allowing electrons to flow more easily, thereby reducing the electrical resistance. With oxidizing gases such as NO2 and ozone, the adsorption process increases instead the surface resistance [62]. The converse is true for p-type oxides, where electron exchange due to the gas interaction leads either to a reduction (reducing gas) or an increase (oxidizing gas) in electron holes in the valence band [63]. However, to give a complete description of the gas-sensing mechanism for these sensors, it is necessary to take into account all elementary steps (adsorption, reaction, desorption, etc.) governing surface-gas target interactions leading to charge transfer [64].



Yamazoe first demonstrated that reduction in crystal size would significantly increase the sensor performance [7]. In particular, the sensitivity of metal oxides is drastically promoted when the crystallite size, D, is in the nanometer range (Figure 8). The sensing properties are partially associated with the depth of the surface space charge region which is affected by the gas adsorption and depend on the particle size. Specifically, the sensor’s response increases significantly if the crystallite size is about twice the adsorption depth, 2L (L is the depth of the space-charge layer), of oxygen adsorbates. This means that the sensor performance improves not only when D decreases, but also if L increases, since a major proportion of material takes place in the reaction of oxygen adsorbates with the target gas even if the grain size is not excessively small. For a typical sensing material, SnO2, with different grain sizes between 5 and 80 nm, simulations showed that the conductivity increases linearly with decreasing trapped charge densities and the sensitivity to the gas-induced variations in the trapped charge density increases too, in agreement with experimental findings [65].
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Figure 8. Sensitivity to H2 and CO of SnO2 vs. particle size and sensing mechanisms associated. Adapted with permission from [7]. 
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When dealing with wire with lateral dimensions to the order of hundreds of nanometers, gas adsorption creates a surface depletion layer, consequently reducing the conducting channel thickness [50,66]. The mobility dependence on surface coverage can be neglected because electron diffusion length (about 1 nm) is much shorter than the diameter (tens of nanometers). Electrical transport changes when the thickness of the wire is small like in nano-wires with low lateral dimensions low compared to the Debye length, the space charge region extends through the entire wire cross-section and all electrons are trapped in surface states.



A model of the sensing mechanism of hybrid heterostructures such as metal oxide/CNTs has been attempted. The junctions existing between the nanotubes of the networking at their crossing points (Figure 9), as well as the different depletion regions existing as a function of the presence of the target gas, have been taken into account. Their role in the sensing mechanism has been established by several authors [67,68].
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Figure 9. Schematic illustration of the junctions involved in the sensing mechanism of metal oxide/CNTs. Adapted with permission from [68]. 
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3. Applications of Chemoresistive Gas Sensors


While the previous sections focused on the scientific breakthroughs achieved by constantly pushing the fundaments of sensing materials and devices, focus in the following is addressed towards the applicative aspects of chemoresistive gas sensors.



Rapid, comprehensive, and reliable information regarding the chemical state of a gaseous system is currently indispensable in many high-technology fields. Solid-state gas sensors are thus generating tremendous interest because of their widespread applications in industry, environmental monitoring, space exploration, biomedicine, and pharmaceutics. Generally, basic criteria for these practical gas-sensing devices are: (i) high sensitivity and selectivity; (ii) fast response time and recovery time; (iii) low power consumption; (iv) low operating temperature and temperature independence; (v) high stability.



For most of the practical applications, a relevant problem is not only to estimate the target gas concentration, but also to identify it in the real mixture (outdoor and indoor ambient, exhaust gases, breath). Unfortunately, chemoresistive gas sensors are very sensitive but not selective. Such a task can therefore not be performed by a single sensor. E-nose, an artificial olfactory system consisting of an array of sensors, then needs to be used. Each sensor shows an individual response to all (or to a certain subset) of the target gases which are identified by pattern recognition of the sensor signals, e.g., that developed by Cyrano Sciences is based on the concept of using multiple semi-selective sensors combined with electronic computation, first proposed by Gardner and Bartlett [69].



In the following, some of the most important applicative fields of semiconductor gas sensors are listed.



3.1. Environmental Applications


In environmental applications, field-portable monitors based on chemoresistive sensor devices are particularly suited to comply with the newly reinforced environmental regulations, and give a valuable alternative to conventional analytical techniques; they are accurate but more expensive and time consuming [70]. Metal oxide semiconductor sensors are relatively inexpensive compared to other sensing technologies; they are also robust, lightweight, long lasting and benefit from high material sensitivity and quick response times. These properties could lead to them becoming ever more important tools in environmental monitoring with respect to the other type of sensors. They can be used to measure and monitor trace amounts of environmentally important gases such as carbon monoxide and nitrogen dioxide [71]. Today, it is also highly desirable to develop simple and inexpensive sensors to measure atmospheric carbon dioxide in order to monitor indoor air quality [72].




3.2. Automotive Applications


The ability of chemosensors based on refractory metal oxides to withstand high temperatures, the robust nature, efficient packaging procedures and small size, are strong technical merits for automotive applications. Indeed, usually high temperatures are reached in the exhausts, and sensor devices should operate in the range 600–900 °C in a harsh ambient requiring advanced packaging. Other requirement for these sensors are reaction measurement speed of the order of fraction of seconds and 5–10 year service life. As a result of the introduction of emergent technologies in the automotive industry, new vehicle diagnostic sensors are at present necessary to control motor functioning, monitor a range of emission gases (NO, NO2, CO, CO2, HC, O2, etc.), and detect high pollution levels in the vehicle cabin [73].



Chemoresistive sensors can be used to minimize the emission of CO, hydrocarbons, and nitrogen oxides coming from combustion engines. It is important for the engine to operate with the proper air-to-fuel ratio (A/F) so that combustion parameters are optimized. The first titania gas sensors were developed in the late 1970s and early 1980s. They were primarily used to detect the stoichiometric A/F [74]. In these instances, the sensor resistance increased by orders of magnitude around the stoichiometric A/F, making it a very useful device for these applications.



Chemoresistive sensors will have high importance also in future cars. In fact, CO sensors have been identified as a critical need for proton exchange membrane (PEM) fuel cell systems, which offer a viable approach to improve efficiency of power generation from fossil fuels, while reducing emissions of pollutants and greenhouse gases [75]. The primary uses of such sensors include measurement of the CO content of the reformate gas entering the PEM fuel cell (i.e., for fuel cell protection) and measurement of the CO content of the reformate gas at various catalytic stages of the fuel processor (for fuel processor feedback and control). A further requirement is that these sensors must not exhibit cross-sensitivities to the gaseous components of the reformed gases (e.g., hydrogen, carbon dioxide, and/or humidity) or to other potential contaminants.




3.3. Biomedical Applications


Biomedical uses of chemoresistive gas sensors (e.g., in breath test) require instead high sensitivity to detect very low concentrations of target gases (in the ppt−ppm range), coming from biochemical processes occurring in the human body and used as markers of for several pathologies [76]. Furthermore, the target gas is to be analyzed and quantified in a complex mixture, i.e., in the presence of many other interferent gases and a high humidity content [77]. Such sensors can complement or serve as an alternative to more sophisticated spectrometric systems for breath analysis and speciation, especially for clinical diagnostics and monitoring [78].




3.4. Miscellaneous


During recent years, single or array of metal oxide semiconductor (MOS) sensors have found applications in many other different fields than those listed above, including odor landfill, chemical agent warfare detection, food quality control, etc. [79]. These technologies enable rapid detection and identification of substances based on their chemical profile. They find applications in the monitoring of some medical conditions as well as industrial applications generally related to quality control or contamination detection. A new multi-chamber electronic nose (MCE-nose) which overcomes, to a great extent, one of the major disadvantages of the use of MOS technology for e-noses—the long recovery period needed after each gas exposure that severely restricts its use in applications where the gas concentrations may change rapidly—has been also proposed [80]. It comprises several identical sets of MOS sensors accommodated in separate chambers which alternate between sensing and recovery states, providing, as a whole, a device capable of sensing more quickly changes in chemical concentrations.





4. New Opportunities


Although resistive gas sensors are still commercialized intensively as bulk devices, there is a strong demand for novel, smaller, integrated, high performance and reliable devices for advanced applications. Technological advances will assist gas sensor device scale of economies by exploring more efficient fabrication methods that may include material and component assembly into the final device.



At the material level, technological advances will arise from multidisciplinary contributions, which will hopefully open up new areas of nanoscience research. In the past few years, large efforts have been expended in the development of new synthetic approaches for sensing materials at the nanoscale. Advances in recent activities concerning the synthesis, characterization and properties of novel materials with potential in sensing applications can be found in many reviews [81,82]. Among the obvious challenges are improving reproducibly and control over nanoparticle structure, surface chemistry and dispersion.



Future work will continue to focus also on generating improved component assembly and device fabrication strategies. For small or medium-scale batch production, a hybrid design whereby component parts are created separately for subsequent assembly into a complete system is an attractive option, as it removes many of the restrictions imposed by the need for process compatibility.



Integrated gas sensor with a micro-hotplate (MHP) demonstrates better sensitivity, faster response, and lower power consumption than traditional thick film devices. For the detection of a target gas, a gas-sensitive layer is applied on a suspended micro-hotplate that is mounted on top of a silicon chip. Any gas-induced change of the gas-sensitive layer’s surface potential is detected and digitally processed by the integrated electronics.



Sensor platforms robust enough for integration into standard, industrial weaving processes have been proposed [83]. Such sensors were fabricated on a thin, flexible plastic stripe (e.g., made of Kapton®, DuPont™, Wilmington, De, USA) and woven into a cotton fabric by using a standard weaving machine, to create a smart fabric able to detect ambient gas. The fabrication process is actually very simple and compatible with large-scale roll-to-roll fabrication. Inkjet-printing can be used as an effective, low-cost alternative, suitable for the fabrication of long sensor stripes. Bending tests performed on the devices showed that they can be successfully woven within a cotton fabric using a standard weaving machine without being damaged.



From a processing point of view, employing modern microelectronics technology to manufacture both the sensing element and the signal conditioning circuitry on a single silicon chip, is now possible to make low-power, low-cost smart gas sensors in high volume and this should result in a new generation of miniaturized gas sensors [84]. Full-integration of micro-electronic and micro-mechanical components on a single wafer has been achieved commercially using silicon processing technology. Figure 10 shows a commercial micro electro mechanical system (MEMS) gas sensor for indoor air quality monitoring [85].
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Figure 10. TGS 8100 MEMS gas sensors by FIGARO Eng. Inc., Osaka, Japan. 






Figure 10. TGS 8100 MEMS gas sensors by FIGARO Eng. Inc., Osaka, Japan.
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The sensing element is comprised of a sensing chip and an integrated heater fabricated on a silicon substrate using MEMS technology, and a metal oxide semiconductor layer on the sensing chip. Due to miniaturization of the sensing chip, the sensor requires a heater power consumption of only 15 mW and is suitable for low-power equipment and battery-operated instruments. We expect many areas will benefit from these miniaturized sensors, including transportation (land, sea, air, and space), buildings and facilities (homes, offices, factories), humans (especially for health and medical monitoring) and robotics of all types.



Recent technological advances are quickly changing the landscape of gas sensors. As these devices are becoming smaller in size, require less support infrastructure than currently used equipment, and are capable of operating autonomously, new opportunity for gas sensors could come from their integration into smartphones [86]. Chemical sensors, integrated within smartphones and other wireless and wearable devices, provide a vast array of functionality, from informing people about their environment, air quality and safety, to diagnosing health conditions through breath analysis. For example, background apps on a smartphone (see Figure 11) can monitor CO or CO2 levels and provide Safe/Warning/Alert indication to the user about possible dangerous changes in their environment [87].
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Figure 11. App on smartphone for providing CO or CO2 levels from gas sensors. 






Figure 11. App on smartphone for providing CO or CO2 levels from gas sensors.
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Furthermore, monitoring devices can become simpler and cheaper as the computation is pushed to the cloud. This enables users to buy off-the-shelf devices and access customized monitoring applications via cloud-based services.




5. Conclusions


In this paper the historical development of semiconductor gas sensors accomplished during the past five decades has been briefly reviewed. Since early 1970s, after the pioneering work of Seyama and Taguchi, a number of research teams in both academia and industry have been engaged to investigate gas sensing mechanism and propose gas sensor devices featuring a wide offering of functionalities. With the advent of the latest technological breakthroughs, recent progress in gas sensor devices has been stimulated by inter-disciplinary perspectives at the intersection of materials science, microelectronics, nanotechnology and signal processing/pattern recognition in an attempt to overcome limitations of early systems. The effect of microstructure, size feature of the material, the advantages of novel nano-structured materials, have been widely pursued to improve the sensors’ performance as well as to reduce their power consumption. With time, sensors migrated to process control market, then industrial controls, automotive and medical markets. Further, as embedded system technologies continues to growth at very fast rates offering great functionality at lower costs, efforts in gas sensing area seek for system solutions based on miniaturized smart sensors. Taking this into account, new generation of semiconductor gas sensors are now appearing in cloth fabrics, smart phones, media tablets, etc., and in the near future will permeate the lives of consumers in ways unimaginable 50 years ago.
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