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Abstract Nanotechnology is the engineering and art of manipulating matter at the
nanoscale. The adaptability of physical and chemical properties of metal, semicon-
ductor, noble, and composite nanoparticles renders them as promising materials in
the fields ranging from optoelectronics to sensors. These nanoparticles or their self-
assemblies are able to distinguish the mixtures of gases, volatile organic compounds,
and others. Detection of pollutant, toxic, refining, and combustible gases is signif-
icant for framework and process control, safety monitoring, and environmental
safeguard. In the last two decades, there have been essential improvements in two
key areas that may make this guarantee a reality. First is the improvement of a
diversity of excellent performing nanostructured metal oxide semiconductors
(MOSs), the most commonly utilized materials for gas sensing. Second are advances
in very low power loss reduced heater elements.

Here we review an overview about the principles and the technologies used in
solid-state gas sensors. These devices work by measuring a physical property
changed by adsorption/desorption processes and chemical reactions on the surface
of a sensing element, i.e., a solid-state film of a gas-sensitive material. Some of the
most used kinds of solid-state gas sensors are here described jointly with new sensor
technologies in progress for commercial exploitation in the future. The analysis of
different parameters of metal oxides and the search of criteria, which could be
utilized through material chosen for solid-state gas sensor applications, were the
main objectives of this chapter. Finally, the future horizons of such semiconductor
nanomaterials for gas-sensing applications are also highlighted.

Keywords Gas sensor · Nanomaterials · Metal oxide semiconductor · Conducting
polymers · Environmental monitoring · Sensing materials · Sensitivity · Gas sensors
applications

Abbreviations

AACVD Aerosol-assisted chemical vapor deposition
BAW Bulk acoustic waves
CVD Chemical vapor deposition
IDT Interdigitated transducer
MEMS Micro-electrochemical systems
MHP Microhotplate
MOSs Metal oxide semiconductors
NDIR Nondispersive infrared
PECVD Plasma-enhanced chemical vapor deposition
PEM Proton exchange membrane
QCM Quartz crystal microbalance
QMB Quartz microbalances
SAW Surface acoustic wave
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VOC Volatile organic compounds
YSZ Yttria-stabilized zirconia

10.1 Introduction and Historical Overview

In the last decade, the applications of nanomaterials have received increasingly
magnificent attention in the field of nanotechnology, biotechnology, and
bioanalytical chemistry. With regard to environmental applications, nanotechnology
displays the potential of novel functional materials, procedures, and devices with
unique effectiveness toward some contaminants, development of mobility in envi-
ronmental media, and desired application elasticity.

Over the past six decades, there has been an increasing request for cheap,
accurate, portable, and effective gas sensors that can distinguish between very low
concentrations of analytes. Typically, gases of interest include NO, CO, CH4, CO2,
NH4, SO2, NO2, and other hydrocarbons. These gases can be harmful to human
health if present outside a specific concentration. Historically, gas sensors were first
mostly used in coal mines where exact detection of hazardous gases has to be carried
out continually. Readily gas sensors were also beginning to appear in the chemical
industry, in environmental pollution sensing units, and in the human health strip.
Some other significant applications of gas sensors include the analysis of organic
vapors (methanol, toluene, benzene, etc.) for laboratory, industrial safety, diseases
diagnosis, and breath analysis for traffic safety (Wang et al. 1995; Mitsubayashi et al.
2004, McEntegart et al. 2000). An electronic nose, based on arrays of gas sensors for
testing aroma of food, perfumes and synthetic fragrances, etc., is one of the more
recent personifications of gas sensing that has received much interest owing to its
enhanced analytical power (Arshak et al. 2004).

Many fields of nanotechnology are based on physical and chemical interactions,
including nanoparticles of specific size and shape. Nanoparticles (NPs) played a
significant role in absorption/adsorption process of (volatile) organic molecules and
gases due to their large specific surface area and high surface energy (Chen et al.
2006a, b). Nanoscale inorganic materials have received significantly more consid-
eration because of their high chemical inertness, non-swelling influence, high purity,
and hardness (El Kady et al. 2016). In order to use the nanomaterials as sensors, one
has to understand the features of both the installation and interaction technique
during the sensing action. In recent years, the interest of scientists and engineers to
gas- and liquid-sensitive materials has grown extraordinarily because of the
advances in nanotechnology. This attention is fundamentally connected to the
promising electronic properties of nanomaterials, their size dependence, and the
potential of controlling the material structure by using new experimental methods
(El-Aassar et al. 2016). New generations of low-power, low-cost, and portable
sensing devices are needed for monitoring of chemistry, medical, agriculture, and
manufacturing environments. With the recent progress in nanoscience and
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nanotechnology, there is an urgent need for adaptable, mechanically durable, and
environmentally stable chemical vapor sensors with a high efficiency and low power
consumption. Among the major trends in the particle-gas-sensor nanotechnology,
the invention of sensor arrays or electronic noses should be listed. Such multi-sensor
systems can be fabricated on a single substrate, which can include gas sensors of
various types. There are many models of sequential productions of their nanostruc-
tured prototypes, which are able to discriminate the mixtures of gases, volatile
organic compounds, and odors (Font et al. 2011).

In recent years, great attention has been paid to inorganic nano-sized crystals
because of their significant characteristics determined by the high surface areas and
quantization of most electronic properties. Nanometer-sized inorganic particles
potentially have unparalleled properties because of quantum confinement effects
and their large surface area comparative to their volume. The versatility of physical
and chemical properties of metal and semiconductor nanoparticles renders them as
favorable materials in the fields extending from optoelectronics, sensors, to medi-
cine. Till now, great research attentions have been involved in preparation nanopar-
ticle assemblies because they represent a popular route toward the preparation of
advanced functional materials as well as a central concept in nanoscience and
nanotechnology (Elkady and Hassan 2015).

It has been known for a long time that electrical impedance of a semiconductor is
very sensitive to the presence of defects in its volume or at the surface. At the
beginning of the 1950s, Brattain and Bardeen gave the first proof that some semi-
conductor materials such as Ge change their resistance, depending on the atmo-
sphere they are in contact with (Brattain and Bardeen 1952). Subsequently, Heiland
furthermore found that metal oxides such as ZnO alter their semiconducting aspects
with a change in the partial pressure of oxygen or other gases in the surrounding
atmosphere (Heiland 1957). However, these results were not delicate further. The
same properties were reported for SnO2 with higher stability. These results started
further evolution of trade gas sensors.

Chemoresistive gas sensors were inserted for the first time 50 years ago. In 1962,
Seiyama used ZnO thin film as a sensing layer and was able to confirm that gas
sensing is possible with simple electrical devices (Seiyama and Kato 1962). He used
an unpretentious chemoresistive device based on ZnO thin films operating at the
temperature of 485 �C. The response of the sensing system to propane was about
100 times higher comparing with the thermal conductivity detector used at that time.

Then, in 1967 Shaver described the detection effects of oxide semiconductors
with small additives of noble metals such as Pt, Pd, Ir, and Rh (Shaver 1967). Since
that time, the sensitivity and selectivity of semiconductor sensing devices have been
developed dramatically, and the search of new sensing materials has been
concentrated.

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 (Taguchi 1971). Certainly, after investigating
many sensitive metal oxides, he found that SnO2 has many advantage aspects
(e.g., higher sensitivity, low operating temperature, and thermal stability).
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In the late 1980s, the field of semiconductor gas sensors underwent a considerable
development and became one of the most attractive research areas within the sensor
society. The request for high-performance gas sensors with high sensitivity and
selectivity and faster response with low power consumption and reliability created
intense efforts in order to improve novel sensing materials. The quick development
of materials chemistry and the more extensive field of materials science have
prompted to a dramatic increment in the number of new sensing materials (Seiyama
1988; Yamazoe 1991).

Seiyama probably would not have been able to predict that, half a century after
the publication of his fundamental paper, research on gas sensor would consider a
significant role in daily life. Certainly, the most recent five decades, due to their
simplicity, small size, low cost, and ability to be integrated into electronic devices.
Chemical sensors have seen an increase in their application to a variety of fields,
including environmental monitoring, industrial emission control, vehicle emission
control, domestic security, agricultural, biomedical, etc. (Shimizu and Egashira
1999; Yamazoe 2005).

Several decades after the first published paper on SnO2 sensors, researchers
became the best-understood prototype of oxide-based gas sensors. It was well
known that the sensor properties may be changed by modifying the crystal struc-
tures, doping, preparation techniques, operation temperatures, etc. (Neri 2015).

Now, the expansion of semiconducting sensing materials is depending on oppor-
tunities presented by new nanotechnology. Furthermore, emerging nanotechnol-
ogies promise dramatic changes in sensor designs and abilities.

10.2 Review of Solid-State Gas Sensors

Gas sensors can be categorized according to the operation mechanism (semiconduc-
tors, flame ionization, photoionization, electrochemical, thermal conductivity, oxi-
dation, light scattering, catalytic photoionization, combustible, colorimetric, infrared
or ultraviolet, absorption, etc.). In this section a review on the various kinds of
sensors and their principle of operation will be discussed.

10.2.1 Catalytic Sensors

Catalytic sensors have been in use for almost a century to be used in detection of
combustible gases. Jonson invented the first catalytic combustion-type sensor in
1923 (Firth et al. 1973) which was used for the detection of methane in mines.
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Principle of Operation

Most kinds of metal oxides and their compounds have catalytic property. Combus-
tible gas mixtures do not burn until they get a specific ignition temperature; never-
theless in the presence of a particular chemical process, the gas will begin to burn
even at lower temperatures. This process is known as catalytic combustion. Catalytic
gas sensor is a gas sensor made on the basis of catalytic principle. A Wheatstone
bridge is used to measure the output of catalytic gas sensor. The catalytic gas sensor
is divided into two, namely, pellistor type and thermoelectric type. The earliest
catalytic gas sensor overview was simply a coil-shaped platinum wire (Fig. 10.1a).
This was used to produce an effective heating and a strong signal for a gas sensor;
however in spite of the perfect attributes of platinum, it is still a poor catalyst for
combustion of hydrocarbon gases. The temperature needed for the sensing of
hydrocarbons is between 900 �C and 1000 �C, but at this temperature, the platinum
starts to evaporate, and as such resistance of the platinum wire increases.

Another disadvantage with the platinum wire is that at the temperature of
1000 �C, the platinum becomes tender. The solution to this problem is to overcoat
the platinum with other metal oxides and then treat the sensor with a catalyst like
palladium, platinum, or thoria compounds. Figure 10.1b shows a catalytic bead
sensor with the metal oxide coating; the coating makes the sensor more stable,
harder, and resistant to shock and vibrations.

Recently, microhotplates have been widely used in gas sensors instead of using
platinum coil due to the high power consumption. These kinds of sensors always
contain a catalytic surface coated on a hot plate with Pt resistor which heats up the

Fig. 10.1 Catalytic sensors.
(a) Hot-wire sensor, (b)
catalytic bead sensor
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catalyst to a very high temperature at which any flammable gas molecules can ignite.
The concentrations of gases can be detected by measuring resistance change of the
platinum resistance emerge from increase in temperature. This design was recently
developed by Lei Xu et al. in which they design and construct a two-beam
microplate for catalytic gas sensors (Karthikeyan et al. 2015). The two-beam
microplate was designed using MEMS technology. Their design manifested low
power consumption with a 30% power per active area as compared with other
microhotplates, and a sensitivity of the sensor to 50% LEL methane was 2.4 mV/
% methane.

10.2.2 Pellistor-Type Catalytic Gas Sensor

A pellistor-type catalytic gas sensor is depicted in Fig. 10.2a consisting of two
platinum coils which have two functions. They serve as heater as well as resistance
thermometer. It also consists of active and inactive beads. The active bead is
activated with catalyst made from a metal like platinum or palladium. The inactive

Fig. 10.2 (a) Pellistor-type
gas sensor. (b) Wheatstone
bridge setup for methane gas
detection
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bead has no catalyst but usually plays as compensating element. A voltage source
use for powering the circuit heats up the coils; so the beads are increased to a high
temperature from a range of 300 �C to 500 �C depending on the target gas. This
causes the gas to ignite and raises the temperature of the detector coil.

This increase in temperature raises the coil resistance and causes an imbalance in
the voltage of the Wheatstone bridge which constitutes the detector signal. The
output of the sensor is taken across the Wheatstone bridge circuit as shown in
Fig. 10.2b. Recent researchers (Xu et al. 2010) enhanced a catalytic combustion-
type methane detection sensor with a Pd-Pt catalyst working on pulse voltage mode.
The sensor was fabricated by micromachining and sol-gel process on a silicon
substrate. The output of the gas sensor is measured by a bridge circuit which consists
of a resistive sensing element, microhotplate with a Pd-Pt-Al2O3 layer, a variable
resistor R, and two fixed resistors R1 and R2.

The pellistor technology has witnessed significant development by using micro-
electrochemical systems (MEMS) technology for their fabrication due to the advan-
tage of integration, miniaturization, and reduced power consumption. Catalytic gas
combustion gas sensors have been fabricated using thin-film or micromachining
technologies. Recently, Lee et al. developed an integrated catalytic combustion H2

sensor using MEMS technology (Lee et al. 2011). The novelty of their design was
that the gas sensors were fabricated with two sensing elements and two reference
elements using MEMS technology.

10.2.3 Thermoelectric Gas Sensor

In 1985 McAleer invented the earliest thermoelectric gas sensor for the detection of
combustible gas like H2 gas as reported by Shin et al. (Shin et al. 2003, 2004).
Hydrogen detection using thermoelectric sensor is possible by generating an elec-
trical signal based on the catalyzed exothermic oxidation reaction of hydrogen.
Thermoelectric gas sensors work on the principle of the Seebeck effect. The Seebeck
effect occurs as a result of a temperature change between two points of a conductor
or semiconductor material which gives increase to a voltage difference between
these two points. Thermoelectric sensors have been manufactured using
micromachining techniques. A microelectric gas sensor for the detection of hydro-
gen and atomic oxygen was reported by Se-Chuk Park et al. using surface
micromachining technique for the sensor fabrication (Kim et al. 2009). The sensor
senses the gases by measuring the reaction temperature of the catalytic reaction
between a novel metal catalyst using Cu-Bi thermopiles. Hydrogen recently reported
thermoelectric sensors were used for the detection of volatile organic compounds
(VOCs) by the use of SnO2 thin films. The precept of gas sensing using thermoelec-
tric gas sensors is usually based on gas absorption. Nevertheless this technique
usually slows down the response and recovery times. Seung-II Yoon et al. (Yoon
et al. 2009) invented and fabricated a thermoelectric gas sensor based on the
principle of gas adsorption instead of gas absorption. The sensor uses an embedded
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tin oxide catalyst for the detection of hydrogen and NOx gases. MEMS technology
was employed for the sensor fabrication on a Pyrex substrate. To understand the
principle of gas adsorption, sensing and reference thermopiles with Bi and Cr pairs
were used. A thermopile was used so as to produce an electric potential that is
proportionate to the temperature variation between the hot and cold junctions
without the need of power consumption while a catalyst film is placed underneath
the hot junctions of the thermopile.

A thermoelectric gas sensor for the detection of volatile organic compounds was
fabricated and developed by S. Anuradha et al. (Anuradha and Rajanna 2006). The
sensor was evaluated for response toward VOC, namely, ethanol, isopropyl alcohol,
and hexane, in the temperature range of about 80–160 �C. The sensors developed
with and without the metal films were tested for their response to acetone gas.
Sensors with chromium metal showed good sensitivity to acetone as low as
28 ppm and were found to be selective toward acetone gas.

10.2.4 Thermal Conductivity Gas Sensor

Gases with thermal conductivities less than air are difficult to sense using this way
due to interference of, for example, carbon dioxide and butane. Their principle of
operation is based on the measured heat loss from a hotter body to the cold element
through thermal conductivity. The first type of thermal conductivity gas sensor is
called pellistor-like sensor, and it consists of two inert resistor beads with an
implanted thermoresistor. The sensing device is usually located within a gas cham-
ber which contains a reference gas. Comparable to a catalytic gas sensor, a Wheat-
stone bridge circuit is also utilized whereby the two beads are connected. The
principle of the detection mechanism is such that when the resistor is exposed to
the target gas mixture, heat is lost which is either higher or lower depending on the
thermal conductivity of the target gas with respect to the reference gas. This leads to
an increasing or decreasing temperature of the bead and furthermore a difference in
its resistance which is measured as an imbalance in the Wheatstone bridge. The
second type of sensor doesn’t need the use of reference cell because it is made up of a
hot and cold element which has a known and a constant temperature variance. The
heat is transferred from the hot element to the cold element by means of thermal
conductivity of the investigated gas (Yunusa et al. 2014).

Tardy et al. (2004) developed a dynamic thermal conductivity sensor based on the
transient response of a SiC microplate for the determination of CO, H2, and CH4.
Simon and Arndt fabricated a simple micromachined thermal conductivity sensor.
Experiments carried out showed good sensor performance predicted by the model.
The sensor chips were used to build a hydrogen detector for automotive applications
(Simon and Arndt 2002).

Recently, micromachining have been used for hydrogen gas sensor due to
miniaturization and reduced power consumption. De-Graaf and Wolffenbuttel
(2012) recently developed a thermal conductivity gas sensing which uses MEMS
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technology for the fabrication of high-sensitivity thermal sensors for hydrogen
detection. The analysis showed that the performance of surface-micromachined
devices could be better than that of bulk-micromachined devices. It is made up of
thermopile temperature sensors which depend upon the reduction in efficient thermal
resistance between the sensitive area of the sensor and the substrate by the thermal
conductance of the gas in the thin membrane. The heating element is a resistor which
is set in the middle of the membrane. A gas chamber is located for the hydrogen
sensing.

10.2.5 Electrochemical Gas Sensors

These types of sensors allow gases to diffuse through a porous membrane to an
electrode where it is either reduced or oxidized at the electrode. Electrochemical
sensors operate by reacting with a target gas and producing an electrical signal that is
proportional to the gas concentration. A typical electrochemical gas sensor consists
of a sensing electrode or working electrode and a counter electrode which are
separated by a thin layer of electrolyte. Before the gas comes in contact with the
sensor, it goes through a thin capillary-type opening and then diffuses through a
hydrophobic barrier before finally reaching the electrode surface. The function of
this membrane is to prevent liquid electrolyte from leaking out and generate enough
electrical signal at the sensing electrode. It also consists of a reference electrode
whose function is to maintain a stable and constant potential at the sensing electrode
due to the continuous electrochemical reactions occurring on the electrode surface.
The electrochemical reaction with the target gas generates a flow of current flow
between the sensing and counter electrodes. The electrolyte is responsible for
carrying the ionic charges across the electrode.

The earliest electrochemical cells were reported by Kohlraush in 1885 and Haber
in the early 1900s (Hübert et al. 2011). Since after that a lot of researchers have
worked on electrochemical gas sensors for detection of different gases. Currie et al.
(1999) developed micromachined thin solid-state electrochemical sensor for simul-
taneous detection of CO2, NO2, and SO2 gases. Similarly, Sathiyamoorthi et al.
(2004) developed an electrochemical sensor for the detection of fluorine and chlo-
rine. In order to improve the sensitivity of the electrochemical gas sensor, Gan and
Hu (2011) published a review paper on electrochemical sensors based on graphene
materials; due to the fact that nanoscale materials are good candidates for
gas-sensing elements due to high surface-to-volume ratio, they have reduced size
and reduced power consumption and have been used for the detection of various
gases as shown by Lu et al. (2009a, b). However, microelectronic systems (MEMS)
have been employed for the design of electrochemical microsensors, and efforts have
been made to improve their sensitivity as shown by Zhang et al. (2008).

They explained that improved sensitivity could be attained by coating
nanosensors developed from carbon nanotubes with polymers. An electrochemical
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sensor can be used for measuring carbon monoxide by undergoing a chemical
reaction as follows:

COþ H2O ! CO2 þ 2Hþþ2e� ð10:1Þ

As shown in Eq. (10.1), oxidation reaction takes place at the sensing electrode,
CO2 diffuses into the air, and the positively charged ions migrate into the electrolyte.

Oþ 4Hþ þ 4e� ! 2HO ð10:2Þ

The oxidation reaction is balanced by a corresponding reduction reaction at the
counter electrode as shown in Eq. (10.2). At one electrode, water is consumed, while
electrons are generated, and at the other electrode, water is created, while electrons
are consumed. The carbon monoxide generated diffuses in the air, and the positively
charged hydrogen ions travel down to the electrolyte.

Similarly, for hydrogen the electrochemical reaction is shown in Eq. (10.3).
Hydrogen gas diffuses and becomes oxidized at the sensing electrode. This reaction
causes a change in the potential of the sensing electrode, and thus reduction of
oxygen takes place as shown in Eq. (10.4):

H ! 2Hþ þ 2e� ð10:3Þ
½ Oþ Hþ þ e� ! H2O ð10:4Þ

The result of the flow of electrons from anode to the cathode constitutes an
electric current that is proportional to the hydrogen gas concentration which obeys
Faraday’s law:

i ¼ Z:F:Q ð10:5Þ

where Z is the number of exchanged electrons/molecules, Q is the conversion rate of
hydrogen in moles/second, and F is Faraday constant ¼ 96486.7 As/mol. Electro-
chemical sensors are usually of three types, namely, amperometric, potentiometric,
and conductometric, which are discussed below.

10.2.6 Amperometric Gas Sensor

The amperometric sensors work at a constant applied voltage, and the sensor signal
is a diffusion-limited current. It usually consists of two electrodes, the working
electrode and the counter electrode, and also a reference electrode which are
immersed in the electrolyte solution and a potentiostat for maintaining constant
voltage as shown in Fig. 10.3.
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Amperometric sensors are usually built using two-electrode configuration, but
due to the limits of the concentrations of reactant gas, they are built using a three-
electrode scheme. In the three-electrode configuration, the current at the sensing
electrode can be measured at a constant potential which gives a genuine thermody-
namic potential for all reactions; in this case the reference electrode is not involved in
the reaction. However, the current generated as a result of the target gas at the
sensing or working electrode is measured as the sensor signal which can then be
measured at either a fixed or variable electrode potential.

Amperometric sensors have been used for detecting various gases by changing
the type of electrolyte. Xianbo Lu et al. (2005) developed a novel design for an
amperometric gas sensor with the use of an yttria-stabilized zirconia (YSZ) porous
layer which acts as an oxygen conductor and a gas diffusion barrier. The planar stack
configuration was developed and allowed a deposition of YSZ layers. The device
developed showed a linear output in the range of oxygen partial pressures. Ho and
Hung (2001) also developed an amperometric NO2 gas sensor based on Pt/Nafion
electrode; NO2 concentrations in the range of 0–485 ppm were detected. Similarly an
amperometric hydrogen sensor was developed based on polymer electrolyte mem-
brane with Nafion membrane as the conducting polymer. The response to hydrogen
concentration was in the range of 260–11,500 ppm. Chao et al. (2005) developed an
amperometric sensor using three different sensor designs for hydrogen and carbon
monoxide sensing. The three different designs were tested under hydrogen and CO
concentration, and devices II and III were found to have slower response times as
compared to device I. Selectivity of the sensor under hydrogen concentrations was
greatly improved by replacing Pt-air RE with modified Ag/AgCl RE and incorpo-
rating a semipermeable membrane. Amperometric gas sensors for the detection of
hydrocarbon were reported by Dutta et al. (2005) for monitoring in exhaust pipes.

With the advent of microelectronics system (MEMS), microelectrodes with very
small electrode surface area have been employed in the fabrication of electrochem-
ical sensors due to their numerous advantages of having small size and weight, low
cost, and faster response time without affecting the signal-to-noise ratio.
Microamperometric sensors dated back in the 1980s consisted only of
microfabricated electrodes on a suitable substrate; the earliest microamperometric

Fig. 10.3 A typical
electrochemical gas sensor
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sensor was developed by Sleszynski and Osteryoung in 1984 (La et al. 2011).
Recently, techniques on how to improve the sensitivity of the sensors were reported
by (Phawachalotorn et al. 2012).

10.2.7 Potentiometric Gas Sensors

Potentiometric gas sensors are used to determine the analytical concentration of
some components of the analyte gas. They can measure the electric potential of an
electrode without current flow. The signal is measured as the potential difference
between the working electrode and the reference electrode. Potentiometric sensors
have been used for oxygen detection. A typical potentiometric oxygen sensor is
made up of an oxygen ion conducting solid electrolyte and two electrodes which are
deposited on the two sides of the electrolyte. One of these is a reference electrode
which is in contact with a known oxygen partial pressure, while the other is a
working electrode which is in contact with an unknown oxygen partial pressure
that needs to be measured. When the electrodes are in contact with two different
oxygen partial pressures and isolated from each other, an EMF is developed by the
sensor.

The electrodes are usually made from palladium, platinum, gold, or silver.
Different electrolytes have been also used or a combination of two materials for
the detection of different gases. Lee et al. (2001) developed a potentiometric CO2 gas
sensor using lithium phosphorus oxynitride electrolyte, while recently Jiun-Chan
Yang et al. (Yang and Dutta 2010) developed a high-temperature NO2 sensor
fabricated with asymmetric reference and sensing electrode made with Pt and YSZ
electrolyte. The combinations of these two materials have simplified the design and
make it more compact. Similarly, Yan et al. (1995) developed a potentiometric
sensor using stabilized zirconia for chlorine gas by combining MgO-stabilized
zirconia tube with an auxiliary phase containing metal chloride with a sensitivity
of 1–100 ppm of chlorine at 550–600 �C. With the advent of microfabrication
technology, miniaturized sensors are produced so as to amplify the output of the
potentiometric sensors. Radhakrishnan et al. (2005) fabricated a miniaturized series
connected potentiometric sensor on a silicon fabricated electrode after using
microfabrication techniques for oxygen detection.

10.2.8 Optical Gas Sensors

This type of sensors uses optical absorption/emission scattering of a gas species at
defined optical wavelengths. An optical gas sensor consists of a light-emitting
element, a photodetecting element, a gas-sensing element (the gas-sensing element
responding to light), and a filter for picking up fluorescence or phosphorescence.
Most optical sensors are usually based on thin films of palladium or chemochromic
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oxides coated along the length of an optical fiber. These types of fiber optic sensors
are known as optodes. One of the most common optical gas sensors is infrared gas
sensors which will be discussed later in more detail.

As shown by many authors, optical sensors have been used for many years in the
detection of flammable gases like hydrogen. The first optical hydrogen gas sensor
was reported by Butler (Hübert et al. 2011) in 1984 which consists of an optical fiber
with palladium and titanium coatings. Detection of hydrogen was made using
interferometry. Massie et al. (2006) also designed a low-cost portable optical sensor
for methane detection with very good sensitivity; the sensor can operate even in
harsh environments. Acquaroli et al. (2010) designed an optical porous silicon gas
sensor. The system was tested over a detection area of the porous silicon microcavity
with isopropyl alcohol vapor, and even small changes in concentrations were
detected. Manap et al. (2009) developed an optical fiber sensor for the monitoring
of ammonia gas using an open optical path techniques. Cross sensitivity of CO2 and
O2 was also tested to see their effect on ammonia gas. Okazaki et al. (2003) also
developed a fiber optic hydrogen gas sensor using catalyst-supported tungsten
trioxide (WO3). The sensor used platinic acid at 500 �C and showed good response
toward hydrogen gas detection and can detect gas even at room temperature.
Girschikofsky et al. (2012) recently reported an optical planar Bragg grating sensor
which is capable of detecting substances like benzene, toluene, and xylene. Results
obtained showed good sensitivity toward these gases.

10.2.9 Infrared Gas Sensor

Infrared sensors consist of a detector which converts electromagnetic radiation
energy into electrical signals. The detectors are of different types, namely, thermo-
electric, thermistor bolometer, pyroelectric detector, and photon detector. It also
consists of an infrared source which could be a regular incandescent light or a heated
wire filament which can be used for the detection of CO2, CO, and other hydrocar-
bons. Another component is an optical fiber which could be of two types: dispersive
and nondispersive.

Nondispersive types use discrete optical band-pass filters and are mostly used for
gas sensor applications, while the dispersive types use an optical device like a
grating or prism. The last but not the least is the gas cell which allows the light
path so as to interact with the target gas. Infrared gas sensors are used for detecting
different gases like methane, ethane, propane, butane, benzene toluene, and xylene
and other alcohols like methanol, ethanol, etc. Okajima et al. (2006) developed an
infrared gas sensor using LED for the measurement of methane; absorption of gas
samples between 0% and 97% was successfully measured. Garcia-R et al. (2012)
developed a nondispersive infrared (NDIR) gas sensor for the measurement of CO2

gas concentration for wireless sensor networks with low power consumption. Sim-
ilarly Chen et al. (2006a, b) designed a tunable diode laser absorption spectroscopy
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to produce a sensor that is miniaturized, and Zhang et al. (2010) developed a
miniaturized CO2 sensor based on infrared absorption.

There are two types of optical structure which is used for the construction of
infrared CO2 gas sensors, namely, time double beam and space double beams. The
time double beam optical structure has only one infrared beam emitted from the
infrared source, and the detector receives two infrared beams with different wave-
lengths and at different times, while the space double beam structure has one infrared
beam emitted from the infrared source and simultaneously enters two parallel plate
detectors. In this design, the space double beam is used so as to enhance the
construction, and a cone-shaped air chamber is designed. The optical probe consists
of an infrared source, an air chamber, an infrared receiving device, and two sapphire
windows. The sensor showed an accuracy of 0.026% with CO2 gas concentration in
the range of 0–3%. Kasai et al. (2011) investigated the ability of a system using a
carbon infrared emitter and an infrared camera to detect combustible gas propane.

10.2.10 Acoustic Wave Gas Sensors

Acoustic wave sensors are so named because their detection mechanism is a
mechanical or acoustic wave. As the acoustic wave propagates through or on the
surface of the material, any changes to the characteristics of the propagation path
affect the velocity and/or amplitude of the wave. Changes in velocity can be
monitored by measuring the frequency or phase characteristics of the sensor and
can then be correlated to the corresponding physical quantity being measured. An
acoustic wave sensor contains a receptor which is an element that is sensitive to an
analyte and a transducer, i.e., an element that converts the response into an electrical
signal.

The first acoustic gas sensor was discovered by King in 1964 (King 1964) and
was based on the measurement of bulk acoustic waves (BAW) in a piezoelectric
quartz crystal resonator which is sensitive to mass changes. After intensive research
studies in mid-1960, chemical sensors for industrial atmospheric pollutants were
developed. Since piezoelectric quartz resonators were used, these types of sensors
were called quartz microbalances (QMB).

There are different types of acoustic wave sensors which are based on the type of
wave propagation. Acoustic wave sensors have a variety of applications as in
temperature, pressure, mass, chemical, etc. In this paper the application will be for
gas sensing. The principle of operation of acoustic chemical sensor is described as
follows. When a receptor film is introduced unto the vibrating surface of a transducer
that is activated by an electronic device, the characteristics of the receptor film such
as its mass and thickness are changed when exposed to an analyte. This change
directly affects the vibration frequency, amplitude, and phase. The shift is directly
proportional to the analyte concentration.

As reviewed by several works on different gas sensors, the current trend has taken
the direction of developing the gas sensors using microelectronics technology due to
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its advantage of miniaturization and low power consumption. However, acoustic
wave sensors already possess this inherent characteristic and were used in gas
sensors since 1964, so this makes it to be an attractive candidate over its
gas-sensing counterparts. A review on acoustic waves will be made in this section
of the paper with emphasis on surface acoustic wave sensors. Another advantage of
surface acoustic wave technology is that the gas sensing can be made wirelessly as
shown by (Lim et al. 2011), which makes real online monitoring of the gas sensor
possible and eliminates the use of wired cables. This property makes it an attractive
candidate for gas detection and makes it superior to other gas-sensing techniques.
Also high selectivity and sensitivity have also been reported in many SAW
gas-sensing applications (Dutta et al. 2005; Yang and Dutta 2010; Radhakrishnan
et al. 2005).

Surface Acoustic Wave Gas Sensors

Surface acoustic wave technology refers to the use of the SAW device in several
technological applications. Surface acoustic waves were first discovered by Lord
Rayleigh in 1885. SAW sensors are developed based on Rayleigh waves. A Ray-
leigh SAW is made up of two mechanical displacement components in the sagittal
plane, i.e., the plane containing the direction of propagation and the surface normal.
For gas-sensing applications, the choice of piezoelectric substrate determines the
type of SAW wave. Rayleigh waves propagate in a thin surface layer and can
penetrate into the substrate at a distance of the order of a wavelength. The velocity
of propagation of the wave depends on the substrate material, the crystal cut of the
substrate, and the working frequency (Hübert et al. 2011).

Since after the discovery, a lot of potential applications have been exploited
which among them are the sensor applications including chemical, optical, thermal,
pressure, acceleration, torque, and biological. The main advantages of using SAW
technology are high sensitivity, low power consumption, being wireless, and can be
placed on moving or rotating parts and in hazardous environment. The SAW device
is also technologically compatible because its fabrication process is similar to that of
other microelectronic devices.

Principle of Operation

Surface acoustic wave sensors work based on the principle of transduction whereby
the sensor converts an input electrical signal into a mechanical wave and reconverts
back into electrical signal. This is made possible by means of the interdigitated
transducer known as the IDT which uses the piezoelectric effect. The IDTs are made
of electrodes made from aluminum, gold, or platinum. A typical SAW therefore
consists of an input and output transducer with spacing between them called a delay
line. The principle of gas sensing in SAW is realized by the application of a sensing
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material like a thin polymer across the delay line which selectively absorbs the gas or
gases of interest as depicted in Fig. 10.4.

Rayleigh SAW sensors are based on two types of acoustoelectronic devices,
namely, delay line and resonator. The frequency of operation of Rayleigh wave’s
sensors usually lies between 40 MHz and 600 MHz. These devices differ from each
other in their design. A delay line has two receiving and transmitting interdigital
transducers, whereas a resonator has one interdigital transducer placed at the reso-
nator cavity. However, their mechanism of response is the same, and they also have
similar output characteristics. A delay line is simpler to design compared with the
resonator; that is why it is mainly used for practical applications. However, a delay
line requires matching due to the insertion attenuation and is subjected to having
oscillation frequency, but the resonators have smaller attenuations and do not require
matching (Fischerauer et al. 1996). A resonator and a delay line could be either
single- or two-port. A single-port delay line consists of a propagation path between
one IDT and one or more interdigital reflectors. A two-port SAW delay line consists
of a propagation path between two separate IDTs: the first serves as a transmitting
transducer, and the second serves as a receiving transducer so as to convert the SAW
back to electrical form.

10.2.11 SAW-Based Gas Sensors

Surface acoustic waves were the next generation of acoustic wave sensors after the
advent of the quartz crystal microbalance (QCM) which was used to stabilize the
frequencies of radio transmitters and later modified by the addition of sorptive film
on the crystal so that it could be used for chemical sensing. Subsequently the device
was analyzed and improved by some researchers in the 1950s. In the late 1970s,
Wohltjen and Dessy (1979) realized that chemical vapor sensing could be

Fig. 10.4 A SAW device to depict the principle of gas sensing
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accomplished with a device that was originally used for processing of electrical
signals which is the SAW delay line.

Since then a lot of researchers have been working on SAW sensors for detection
of different gases which are either toxic, harmful, or pollutants, while others can be
used as fuel gases in industries and automobiles. Researchers tend to employ SAW
resonator if their prime interest is to control the center frequency, whereas if the time
response is of interest, they decide to use the delay line. SAW delay line is
commonly used due to its simplicity in the design and fabrication. M. S.
Nieuwenhuizen et al. (Nieuwenhuizen and Nederlof 1990) developed a SAW gas
sensor for detection of CO2 and H2O using dual delay-line oscillators on a quartz
substrate at a frequency of 40 MHz. Venema et al. (1987) also designed a SAW
delay-line gas sensor using quartz substrate for the detection of NO2 gas. Subse-
quently, Anisimkin et al. (1995) also developed a SAW delay-line gas sensor for the
detection of CO, NO, hydrogen, and oxygen gases, respectively. Beck et al. (1999)
also developed a SAW delay line using lithium niobate substrate for the detection of
NO2 and methane gases. A review paper was published recently by Wieslaw
P. Jakubik on dual delay-line oscillator. However, Lee et al. (1997) designed
SAW resonator gas sensor using lithium niobate for the detection of methane and
hydrogen gas. Similarly, Fischerauer et al. (1996) also employed a SAW resonator
for the detection of hydrocarbons. Due to the good results displayed by the use of
SAW devices for gas sensing in terms of high sensitivity, selectivity, and good
response times, a lot of researchers are working extensively so as to detect different
gases using different configurations of SAWs and at different frequencies. Results
obtained have produced excellent results in terms of high selectivity, high sensitiv-
ity, and good response times.

10.2.12 Semiconductor Gas Sensors

Semiconductor gas sensors are devices that are made up of heated metal oxides
which are used for measurement of gas concentration of a target gas by measuring
the electrical resistance of the device. They work on the principle of reversible gas
adsorption process at the surface of the heated oxide, usually oxides of tin deposited
on a silicon slide by chemical vapor deposition method. Absorption of the sample of
gas on the oxide surface followed by catalytic oxidation results in a change of
electrical resistance of the oxide material which is then related to the sample gas
concentration which is monitored by the meter as shown in Fig. 10.5. The heater at
the base is used for heating up the sensor to a constant temperature of about
200–250 �C so as to speed up the reaction rate (Hassan et al. 2013, 2014a, b, c).

An intrinsic n-type semiconductor is suitable for detecting reducing gases due to
the high conductance change as a result of the injected electrons. Similarly, a p-type
semiconductor is suitable for the detection of oxidizing gases. The oxides usually
used for the n-type are mainly oxides: SnO2, ZnO In2O3, or WO3 (Hassan et al.
2014a, b, c). They are commonly used to detect hydrogen, oxygen, alcohol, and
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harmful gases like carbon monoxide. Gas sensors using metal oxide semiconductor
were first proposed by Seiyama and Taguchi. When inflammable gases come into
contact with metal oxides, they excite a new electron level within the solid and thus
cause a change in electrical resistance of the gas-sensing elements. Jin Huang and
Qing Wan published a review paper on the progress in gas sensors based on
semiconducting metal oxide one-dimensional (1D) nanostructures (Dey 2018).

It was reported that due to the advent of microelectronics, new device structures
such as the electronic nose and the low power consumption self-heated gas sensor
have been designed, and their response has been evaluated (Huang and Wan 2009).
Sensitivity and selectivity could be improved by the addition of small amounts of
noble metals like Pd-added elements. Khodadadi et al. (2001) reported on improving
the sensitivities of methane and carbon monoxide gases by adding 5% of K2O into
SnO2 samples; the sensitivity was improved by 40%.

Similarly, 5% of Na2O in SnO2 layers showed reduction of sensor sensitivity to
CO. Addition of platinum into the prepared samples improves the response to
methane. However, improved sensitivity could also be obtained by the addition of
doping agent in thick-film semiconductor gas sensor developed for the sensing of
methane and butane. The semiconductor gas sensors have different configurations,
one-electrode and two-electrode configuration.

Operation Principle of One-Electrode Semiconductor Gas Sensors

The one-electrode sensor configuration is depicted in Fig. 10.6; as reported by
Korotcenkov (2007a, b), the metal resistor acts as both the heater and measuring
electrode at the same time. One-electrode sensors are similar to pellistors or hot-wire
sensors. The operation principle of one-electrode sensor is based on the shunting of
the Pt wire by semiconductor oxide coating the metal spiral. The one-electrode
sensors are typically incorporated in a Wheatstone bridge circuit, and they work

Fig. 10.5 A typical semiconductor sensor
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under a stabilized constant current. The shunting semiconductor resistance should be
ensured to have a resistance value of the same order of magnitude as that of the Pt
resistor at the operation temperature. Due to the low heater resistance, only metal
oxides with high conductivity are capable of changing the total resistance of sensors
in the presence of gases detected. For one-electrode semiconductor sensor design,
SnO2 and In2O3 have been used. However, the two-electrode configuration will not
be discussed because it is not very common.

The gas-sensing materials for one-electrode sensors are deposited using chemical
vapor deposition (CVD), physical vapor deposition, and sol-gel process. Recently,
Shimanoe et al. (2011) developed a semiconductor nano-sized oxide for the detec-
tion of inflammable gases, odor gases, and other environmental-related gases using
MEMS technology with low power consumption. Takada (2000) developed a new
method for gas identification of different gases including hydrogen, carbon monox-
ide, methane, and volatile organic compounds. Recently, artificial intelligence
techniques are integrated into gas sensors as shown by Byeongdeok Yea et al.
(Konishi 1997).

In order to improve sensitivity of the sensor, different methods had been used
including temperature modulation, synthesis of new sensor materials, designing new
sensor constructions, adoption of new filter layers, and using of sensor array.
Therefore, Halek et al. (2009) made a comparison of methods of selectivity improve-
ments of semiconductor gas sensors and concluded that the kind of sensing material
and filter layer has a strong influence on the sensor parameter.

Sensing Materials of Semiconductor Gas Sensor

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 metal oxide semiconductor (MOS) used as
sensing materials for solid-state gas sensors, including both the n-type and p-type
oxides, are summarized in the graph shown in Fig. 10.7 (Kim and Lee 2014).

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 gas sensor devices are binary oxides such as SnO2, ZnO, TiO2, etc.;
however, ternary and more complex oxides are also applied in practical gas sensors
(Huang and Wan 2009).

Pt Electrodes

Substrate

Semiconductor Thin Film

Heater

Fig. 10.6 Showing one-electrode configuration of semiconductor gas sensor
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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) semiconduc-
tor with interesting electrical properties (Ogawa et al. 1982). 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
device’s performance have been extensively studied (Korotcenkov 2005).

Zinc oxide is a II�VI semiconductor showing a wide band gap (3.37 eV), with
the dominant defects identified as O vacancies (Mahmood et al. 2013). ZnO has
attracted much attention in the gas-sensing field because of its high mechanical and
chemical stability, suitability to doping, nontoxicity, and low cost. The sensing
property of ZnO is strongly influenced by the nanostructural features, such as the
grain size, geometry, and connectivity between the grains (Kashyout et al. 2010).

Titania is particularly attractive for gas sensors because of its lower cross sensi-
tivity to humidity than other metal oxides (Tricoli et al. 2009). Among the other
applications, TiO2 has been largely investigated as a sensing layer in resistive
oxygen gas sensors operating at medium to 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 (Ramamoorthy et al. 2003).

A lot of factors affect the gas sensor performance of metal oxide which, in turn, is
determined by the reception and transduction function along with the fabrication
procedure (Yamazoe and Shimanoe 2009). The synthesis procedure, crystal size and
shape, and the addition of foreign elements with the role of sensitizers or conduc-
tivity modifiers are some of the factors influencing the sensor response (Aleixandre
and Gerboles 2012; Huang and Choi 2007; Jimenez-Cadena et al. 2007).

Doping the metal oxide layer with suitable promoters (metal particles, other metal
oxide, and ions) is a common way of enhancing the sensing characteristics of gas
sensitivity. The modification of the sensing properties of the sensing material by the
introduced additives depends on the nature of the latter (Hassan et al. 2014a, b, c).
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Fig. 10.7 Studies on n- and p-type oxide semiconductor gas sensors
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For example, Pt is known to promote the gas-sensing reaction by the spillover 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) (Cabot et al. 2000).

The grain-size reduction at nanometric level is one 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 gas
sensors is greatly improved both for the large specific surface offered and for the
influence in reducing the surface charge density (Dolbec et al. 2003; Korotcenkov
2008; Rothschild and Komem 2004a, b). 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 50 years, novel sensing materials other 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. 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 (Fig. 10.8). A wide variety of polymers of this type is
now available, including substituted polypyrroles, polythiophenes, polyindoles, and
polyanilines (Hassan et al. 2015).

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 poly-
mers as they are thermally unstable, so it is often impossible to use them at
temperatures at which gas-solid interactions proceed rapidly and reversibly.

Fig. 10.8 Molecular structure of polypyrrole (PPy) and related doping process
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To fully use all the potential advantages of organic and inorganic materials,
hybrid composites have also been introduced as sensing elements for resistive
sensors (Jiang et al. 2013). 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 (Kong et al.
2000). 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 (Peng and
Cho 2003). In a similar way, functionalizing the nanotube surface with the polar
COOH group attached, the sensors will give stronger responses toward 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 (Sin et al. 2007).

CNTs are also often used as carriers of supported metal oxide particles (Sun et al.
2002). CNTs provide high surface area and then help the dispersion of the sensing
materials on the nanotube walls. The better performance of these hybrid sensors is
also attributed to the effective electron transfer between the metal oxide particles and
the highly conductive carbon nanotube network (Lu et al. 2009a, b; Sun et al. 2012;
Willinger et al. 2008). CNTs could also be coated with metal oxides of controlled
thickness (Marichy and Pinna 2013). By combining the nonaqueous sol-gel route
with the atomic layer deposition, metal oxides have been grown from the respective
metal alkoxide precursors at low temperatures. 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
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sensing (Lu et al. 2006; Pan et al. 2001; Li et al. 2003; Comini 2006). 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
(Comini et al. 2002; Law et al. 2002).

Hierarchical and hollow oxide nanostructures are also very promising gas sensor
materials due to well-aligned nanoporous structures with less agglomerated config-
urations. The literature data clearly show that these peculiar nanostructures can
increase both the gas response and response speed simultaneously and substantially
(Lee 2009). This can be explained by the rapid and effective gas diffusion toward the
entire sensing surfaces via the highly porous structures.

Working Mechanism of Metal Oxide Semiconducting

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 gas sensors based on metal oxides was first depicted through the
application of electron theory of chemisorption and catalysis on semiconductors
originally formulated by Wolkenstein (1961).

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 (Morrison 1982; Yamazoe et al.
1983; Gopel and Schierbaum 1995). Following these theories, the sensing mecha-
nism 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 (Azad et al. 1992; Barsan et al. 1999). In
first approximation, oxygen adsorbed on the surface of n-type metal oxide semi-
conductors 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 adsorb on the surface and react 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 (Leblanc et al. 2000). 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
(Li et al. 2002). 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 interac-
tions leading to charge transfer (Yamazoe and Shimanoe 2008).
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Yamazoe first demonstrated that reduction in crystal size would significantly
increase the sensor performance (Yamazoe 1991). The sensing properties are par-
tially associated with the depth of the surface space charge region which is affected
by the gas adsorption and depends 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 nm 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 (Rothschild
and Komem 2004a, b).

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 (Chen et al. 2013). 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 nanowires with low lateral dimensions
compared to the Debye length, the space charge region extends through the entire
wire cross section, and all electrons are trapped in surface states (Zhu and Zeng
2017).

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 and 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 (Wei et al. 2004;
Marichy et al. 2013).

Sensing Materials: Effect of Grain Size and Film Thickness

The most traditionally used materials for solid-state gas sensors are thick films of
polycrystalline compressed or sintered MOS powders. In the case of compressed
powders, the grain-boundary resistance dominates the response of the sensor device
since the resistance at these intergranular contacts is much larger than the resistance
across a single grain. Compressed powders are not very stable as the intergranular
contact is pressure sensitive. In sintered powders, some of these grain boundaries
disappear and form more stable neck-like structures as the grains sinter together.
These necks often constitute the most sensitive sites of sensing materials as all the
electrons from these narrow necks are potentially tied up with the adsorbed oxygen,
giving rise to very sensitive completely electron-depleted highly resistive regions.

In Fig. 10.9, we illustrate the energy band model for an MOS compressed
powder. A few grains are shown where chemisorbed oxygen has captured electrons
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from the material forming a depletion layer (also known as the space charge layer or
the Debye layer). At the intergranular contact, two space charge layers back to back
form a formidable barrier for electrons to cross, and this gives rise to the higher
resistance values at those contact points. The thickness of the depletion layer or the
Debye layer (L) is relatively small compared with the grain diameter (D) in most
traditionally polycrystalline materials. A typical value for L is 100 nm for MOS
films. Grain-boundary-controlled gas sensing, most important for relatively large-
particle MOS sensors, has been extensively reviewed by Barsan and Weimar (2001,
2003). In this contribution, we use these early sensing models to gain an under-
standing about what to expect when particle size decreases to the nanometer range.

When an MOS gas sensor is exposed to reducing gases, such as H2, CO, and CH4,
at a sufficiently high temperature, the chemisorbed oxygen reacts with the reducing
gases, lowering the steady-state surface coverage of the oxygen while injecting
electrons into the MOS crystallites and thus lowering the height of the potential
barriers at the intergranular contacts (qVs in Fig. 10.1). The important reactions
involved in this type of gas sensor may thus be summarized as follows.

Oxygen Reactions
MOþ Oþ e� ! MO� O� between 150

�
C and 300

�
C

� � ð10:6Þ
MOþ 2Oþ e� ! MO� O2

� between 30
�
C and 150

�
C

� � ð10:7Þ

As a result, electrons are extracted and resistance goes up.

Reducing Gas Reactions Reducing gas molecules (R) react with the chemisorbed
oxygen at the grain boundaries and/or necks:

Fig. 10.9 Three grains of a semiconductor oxide showing how the intergranular contact resistance
comes about
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RþMO� O� ! MOþ ROþ e� ð10:8Þ

As a result, electrons are injected and resistance goes down.
Also, oxidizing gases can be detected. The oxidizing reactions may be summa-

rized as:

MO� O� þ Oþ e� ! MO� O2
� ð10:9Þ

As a result, electrons are extracted and resistance goes up even further. Therefore,
by measuring the change in the conductivity of the semiconductor oxide films, one
can detect reducing and oxidizing gases in the atmosphere.

The above analysis of the MOS sensing mechanism, for the sake of clarity and
brevity, is somewhat simplified. Indeed, not only a change in the number of free
electrons (and thus boundary layer thickness modulation) but also changes in
electron mobility may modulate the sensing response, as investigated by Ogawa
et al. and recently reviewed by Tricoli et al. (Ogawa et al. 1982; Tricoli et al. 2010).
Furthermore, there is still an ongoing debate in the MOS gas sensor community
about the possibility of another sensing mechanism altogether. Gurlo and Riedel
(2007) point out that, although it has been sought for a long time, there is not yet any
convincing spectroscopic evidence for oxygen “ionosorption” as shown in Fig. 10.1.
In their alternative model, there is no oxygen ionosorption on the MOS surface, and
the model focuses instead on oxygen vacancies at the surface, which are considered
to be “the determining factor in the chemiresistive behavior” (Zemel 1988). SnO2,
the model gas-sensing material, is oxygen deficient and therefore acts as an n-type
semiconductor, with oxygen vacancies that act as electron donors. Alternate reduc-
tion and reoxidation of the surface by gaseous oxygen control the surface conduc-
tivity and therefore the overall sensing behavior in this model.

Catalysts such as Pt enhance gas-sensing reactions of MOS via the spillover
effect. Spillover refers to the process in which the catalyst dissociates a gas molecule,
and then the atoms “spill over” onto the surface of the MOS. At the right temper-
ature, a gas reactant first adsorbs onto the surface of the catalyst particles and then
migrates to the oxide surface to react there with reactive surface oxygen species. For
this process to be possible, the spilled-over species must be able to migrate to the
interparticle contact (grain boundary or neck). As a consequence, for a catalyst to be
effective, there must be a very good dispersion of the catalyst particles so that they
are available near all contacts. Only then can the catalysts affect the interparticle
contact resistance that controls the gas sensor sensitivity. Importantly, in the case of
nanoparticles, there are several reports which indicate that the need for metal
catalysts is somewhat alleviated (Rothschild and Komem 2004a, b; Cukrov et al.
2001).

Porosity, grain size, and film thickness all play an important role in the LOD and
sensitivity of MOS gas sensors. Lee et al. (2000) carried out a comparative study of
thick- and thin-film SnO2 gas sensors in order to understand the differences in
gas-sensing characteristics as a function of the microstructure of the gas-sensing
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materials. Thin films, in their investigation, were deposited using metal organic
chemical vapor deposition (CVD), which yielded a dense compact microstructure
(Fig. 10.10). Thick porous films were derived from metal organic decomposition.
These thick films were made up of a network of loosely connected crystallites that
also featured several cracks (approx. 1 mm wide) as well as small pore channels at
the crystallite surfaces that all help in the penetration of gas molecules throughout
the material and thereby enhance the sensitivity (Fig. 10.10). Lee et al. confirmed a
much improved gas sensitivity in the case of porous thick-film microstructures
compared with compact thin layers of SnO2. In a porous MOS film, grain boundaries
are present in all directions, and more surface area is available for reactions (R1)–
(R3) to take place. In a compact film, on the other hand, only a limited exposed
surface area is affected by the presence of analyte gases. Therefore, porous films are
superior for gas-sensing purposes. In Fig. 10.2, we illustrate the surfaces that are
likely to participate in the resistance change of these two types of MOS gas-sensitive
material configurations.

Since the sensitivity of the high-surface-area porous gas sensors resides in the
high resistivity grain-boundary contact points, one wants to make the number of
these contact points as high as possible. So a thicker porous film is better. One also
wants to make these contact points as stable as possible. A powder that is not sintered
is pressure sensitive and quite unstable. In order to improve this, the MOS powders
are sintered, giving rise to the formation of necks between the grains in the powder.
The sensitivity of the film depends very much on the extent of the sintering of the

Fig. 10.10 Schematic of a gas-sensing reaction in (a) the compact layer and (b) the porous layer
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material. One should not sinter so much that the film becomes one compact layer,
reducing the porosity and thus the sensitivity of the sensor dramatically. In most
sintered MOS films, both necks and grain contacts are present. Neck-grain models
with different degrees of neck formation have been investigated by several research
groups.

Xu et al. (1991) proposed a model with a chain of crystallites connected mostly
by necks and sometimes by grain-boundary contacts. These authors assumed the
neck size (X) 0.8 times the crystallite size (D) and suggested that, when D is larger
than 2L, grain-boundary contacts display higher resistance and govern the electric
gas sensitivity of the chain (grain-boundary control). As D becomes smaller and
comparable to 2L, necks become most resistant, and therefore they start controlling
the gas sensitivity (neck control). Finally, when D is smaller than 2L, the resistance
of grains dominates the whole resistance of the chain, and the gas sensitivity in this
case is controlled by grains themselves (grain control) and yields the largest gas
sensor response.

Figure 10.11 demonstrates the three situations. Along the same line, Rothschild
and Komem [19] showed that the gas-induced variations in the trapped charge
density in the MOS are proportional to 1/D, where D is the average grain size. At
the nanoscale, the grain size can be decreased to match the Debye layer (L) thickness
(typical value is 100 nm – see above), or can even be made smaller, which leads to
the extraction of all electrons by the chemisorbed oxygen present. Such
nanostructures can thus be treated as gas sensor materials with uniformly changing
resistance upon exposure to gases (see grain control in Fig. 10.11).

Ma et al. (2002) carried out a theoretical study to better understand the depen-
dence of the grain-boundary potential barrier as a function of the density of electrons
trapped at the surface (nt) and electron density in the bulk of the material (nb). These
authors suggest a model for neck-grain boundary control in order to investigate the
combined effect of neck and grain boundaries in a sintered powder. For a constant
distribution of such donors, the height of the grain-boundary potential barrier (eVs;
see Fig. 10.9) is

Fig. 10.11 Schematic models for grain-size effects
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eVs ¼ e2n2t
2Σ0Σr nb

ð10:10Þ

where e is the electron charge, n is the surface electron density, ΣoΣr is the
permittivity, and nb denotes the free electron density in the grain body.

Assuming that the necks in a sintered ZnO powder are cylindrical, resistance
values were calculated for both neck and grain boundaries employing Eq. 10.10.
Like Xu et al. (1991), these authors concluded that gas sensitivity increases with
decreasing grain size, which results from increased neck control. From this discus-
sion, we can also appreciate that, in the case of a thin compact film, one likes the
thickness to be small, perhaps in the range of L or less, so as to have a completely
electron-depleted thin film.

We can conclude from the discussions so far on grain size, porosity, and thickness
that, for the best gas sensor performance, we need a thick film of lightly sintered
nanocrystalline, porous material. Nanocrystalline metal oxides offer other advan-
tages as well; they can operate at lower temperatures and might obviate the need for
expensive catalysts (Wang et al. 2010). Some words of caution are in order here with
respect to the ultimate MOS grain size and the optimal film thickness.

Nanomaterials do indeed not come without disadvantages. Especially, thermal
instabilities are worrisome since smaller MOS grains tend to agglomerate at lower
temperatures, and this leads to changing sensor characteristics over time. Thermal
degradation is responsible for temporal instabilities in device parameters and higher
drift rates. According to Korotcenkov and Cho (2010), the larger the grain size, the
wider the temperature range in which crystallites retain their size and shape without
changes. Conversely, the smaller the grain size, the lower the temperature at which
structural changes start taking effect; for example, films with a grain size of 2–3 nm
start transforming at temperatures of approximately 200 �C. The same authors
concluded that very small (approx. 20 nm) particles of SnO2 and In2O3 MOS
materials are not quite suitable for gas sensing above 500 �C, as the particles melt
and agglomerate at much lower temperatures than their respective bulk melting
points. An optimum approach that balances a high sensitivity by decreasing the
particle size with good stability, calibration frequency, and lifetime requirements of a
commercial gas sensor is therefore recommended. Above, we advocated making
porous, lightly sintered nanoparticles into a thick film for the ideal gas sensor
characteristics. On the other hand, some reports have shown that reducing the film
thickness does increase the sensor’s response considerably (Tricoli and Pratsinis
2010). This is in agreement with models of MOS sensor response to several analytes
(Becker et al. 2001) and has been discussed in detail recently by Tricoli et al. (2010).
Without more detailed studies, this is a hard argument to settle; indeed particle size,
degree of sintering, and thus porosity are all intertwined. Depending on the porosity
and particle size, either a thinner or a thicker film might be required.

MOS nanocatalysis can be considered as a bridge between homogeneous and
heterogeneous catalysis. Because of their nanosize, i.e., high surface area, the
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contact between reactants, gas sensors, and nanoparticles is huge. Pinna et al. (2004),
for example, demonstrated that gas sensors based on tin and indium oxide
nanopowders exhibited high sensitivity and good recovery time at low temperature.
Especially, indium oxide nanoparticles were highly sensitive toward NO2 with a
detection limit of 1 ppb at low temperatures.

Nanobelts (nanowire-like structures but with flat cross sections), nanorods, and
nanowires have all been successfully implemented as gas sensor materials and
continue to be investigated for their potential advantages over traditional materials.
These nanomaterial-based gas sensor devices are based either on mass assemblies of
nanoparticles (e.g., porous mats) or on one or a set of individual nanoparticles (e.g., a
small number of nanowires) (Sadek et al. 2007; Lee et al. 2008; Wang et al. 2008).

Sadek et al. (2007), for example, developed a conductometric H2, NO2, and
hydrocarbon gas sensor using a ZnO nanobelt film as the sensitive layer. In Sadek
et al.’s experiments, ZnO nanobelts display a structural morphology (wurtzite
family) characterized by a rectangular cross section and a uniform long structure
along their length. A mat of these nanobelts was deposited by radio frequency
(RF) sputtering on a heater element.

The sensing elements in sensors fabricated by Lee et al. (2008) are thin films
consisting of SnO2 nanorods. The nanorod films also were equipped with well-
dispersed Pd catalyst nanoparticles with an average diameter of 3 nm. These thin-
film nanorods were deposited using plasma-enhanced CVD (PECVD) with post-
plasma treatment. The surface of these nanorod thin films was modified with Pd
nanoparticles, and the sensing properties of the thus fabricated films were tested with
H2 and ethanol vapors. Yeom et al. (2008) employed nanomembranes for
pre-concentration of gases that were detected using a microfluidic sensor that
resulted in much enhanced sensitivity.

In another study by Liu et al. (2006), vanadium oxide nanobelts coated with MOS
nanoparticles such as Fe2O3, TiO2, and SnO2 were employed as hybrid sensor
nanostructures for sensing ethanol vapors. These vanadium pentoxide (V2O5)
nanobelts coated with MOS nanoparticles showed a much improved sensitivity
compared with the nanobelts alone. The authors suggest that the coated V2O5

nanobelts exhibit enhanced sensitivity owing to the synergy between electrical
transport through the largely depleted nanobelts and the effective gas sensing on
the high surface area MOS nanoparticles that inject electrons into the nanobelts. The
V2O5 nanobelts were synthesized using a chemical process based on a mild hydro-
thermal reaction of 0.1 M ammonium metavanadate solution in dilute nitric acid, and
the MOS nanoparticle coatings were fabricated from ferric nitrate, tetrabutyl titanate,
and tin tetrachloride in ethanol, for depositing Fe2O3, TiO2, and SnO2, respectively.
The sensing mechanism is clarified in Fig. 10.12 with a schematic drawing of a
longitudinal cross section of nanobelts coated with MOS nanoparticles.

Upon exposure to ethanol, the electron-depleted surface layers in both the
nanobelts and the nanoparticles are reduced because of the electron injection that
accompanies the reaction of ethanol with the reactive adsorbed oxygen species. The
authors believe that the boundaries between metal oxide grains on the V2O5

nanobelts dominate the sensor resistance.
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As micromachined heater elements tend to be mechanically less sturdy than the
ceramic substrate-based heaters in traditional gas sensors, we need to pay close
attention to how the MOS nanoparticles are deposited. Techniques that do not exert
mechanical pressure on the brittle micromachined heater substrates and result in
porous nanoparticle films constitute the more attractive technologies. RF sputtering,
for example, as used by Sadek et al. (2007), is a possible approach, but the process
needs to be modified so as to generate more porous films.

As another example, Cukrov et al. (2001) synthesized tin oxide nanoparticles
(average diameter 24 nm) and tested the O2 sensing properties of porous thin films
prepared by mechanochemical processing and spin coating. The mechanochemical
process uses a conventional ball mill in which the mechanical energy activates the
necessary chemical reactions and induces structural changes. These particles were
subsequently spin coated in a thin film on alumina substrates with interdigitated
electrodes (measuring electrodes on the front side and the heater on the back side).
These films were tested for their oxygen-sensing potential and were found to be
extremely stable and repeatable. Although the nanomaterial is very interesting
because it does not require any metal catalyst and because of its demonstrated
stability, spin coating is not a method of choice to coat the MOS on fragile
microelectromechanical system (MEMS) or nanoelectromechanical system
(NEMS) structures. Screen printing of electrodes and sensing materials, as often
employed in the construction of traditional gas sensors, is an even less attractive
candidate as significant pressure is exerted on the substrate in the silk screen printing
(Fine et al. 2010). During screen printing, pressure is exerted on the structures, and

Fig. 10.12 Schematic of the ethanol-sensing mechanism of vanadium oxide sensors coated with
SnO2, TiO2, and Fe2O3
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therefore it may not be a very useful technique for fabricating fragile nanogas
sensors (Viricelle et al. 2006).

Another nanopowder gas sensor, based on the synthesis of Al-doped TiO2

nanoparticles (average diameter 100 nm), was reported by Choi et al. (2007). The
nanopowder in this study was used to make thick-film gas sensors to measure CO
selectively and sensitively in an O2 environment. A thick film of this material was
prepared on an alumina substrate with interdigitated Pt-measuring electrodes. To
integrate the material with the measuring electrodes, the nanopowder was mixed in
an appropriate solvent (alpha teripineol) and, drop by drop, was deposited on the
electrodes followed by drying and densifying, at 100 �C and 800 �C, respectively, on
the thus deposited films. This chemical method as well as sol-gel techniques and
physical vapor deposition (Fine et al. 2010) are all feasible approaches to integrate
sensing materials on brittle MEMS and NEMS structures. An especially attractive
approach to deposit MOS locally on a brittle heater structure is to use the heat of the
heater element itself to initiate the CVD from a metallo-organic precursor. Such an
approach was pioneered by Cavicchi et al. (Sharma and Madou 2012), who depos-
ited films on the prefabricated gas heater structures employing thermally
activated CVD.

In CVD, a controlled mixture of precursors is brought in contact with a heated
substrate, which causes a chemical reaction between the vapor and the substrate and
leads to the deposition of a layer of the desired compound on the substrate. A basic
outline of the CVD method is illustrated in Fig. 10.13.

Commonly employed CVD techniques include atmospheric pressure CVD
(APCVD), aerosol-assisted CVD (AACVD), PECVD, and rapid thermal CVD. An
advantage of using CVD for gas sensor purposes is that the thickness and density of
the film can be optimized by controlling the concentration of the reagents in the
vapor and the time of deposition. A concentrated vapor precursor yields a compact
film that may grow at a rate of up to 1 μmmin�1; a rarified mixture of reagents on the
other hand deposits a more porous film at a considerably lower growth rate (Fine
et al. 2010).

Fig. 10.13 Basic outline of the CVD technique
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Two relevant CVD applications are by Shaw et al. and Ashraf et al. (Shaw et al.
2005; Ashraf et al. 2008). Shaw et al. employed AACVD for the deposition of
tungsten oxide from W (OPh)6 (the precursor) in toluene at 600 �C. After a
deposition time of 90 min, a 50–75-nm-thick fibrous film was obtained. The thus
fabricated films can be made thicker by using an electrical field in the CVD process.
The authors investigated the porosity of the tungsten oxide films, a feature, as we
know, of key importance for the utility of these films in gas sensing, at different
applied voltages. Ashraf et al. demonstrated that APCVD is an effective technique
for depositing tungsten films as thick as 3.6–6.7 mm. They used WCl6 as the
precursor vapor and operated the reactor at 625 �C in N2. The particles in these up
to 6.7-mm-thick tungsten oxide films were thin needle-like crystals with a high
surface area and high porosity. Significantly, Ashraf et al. found that the MOS films
deposited this way are more sensitive than those fabricated by screen printing.

Carbon nanotube (CNT)-based miniaturized gas sensors constitute yet another
innovation in nanogas sensing. A single-walled CNT is a one-molecule-thick layer
of graphite rolled into a cylinder with a diameter of a few nanometers. Multi-walled
CNTs are composed of several such graphite cylinders rolled up into one. The
distribution of electrons on their outer surface only makes CNTs extremely sensitive
to charge transfer and chemical doping effects by surrounding molecules (Zhang
et al. 2008). When electron-withdrawing or electron-donating gas molecules come in
contact with CNTs, it very dramatically changes the surface electron concentration.
CNT-based gas sensors show faster response, higher sensitivity, and lower operating
temperatures and detection ability for a wider variety of gases than any other
gas-sensitive materials (Suehiro et al. 2003). Because of these extensively perceived
advantages, the use of CNTs, both pristine and functionalized, continues to be
studied extensively. Unfortunately, the difficulty in making electrical contact to
CNTs and the tremendous variety of lengths, thicknesses, and conductivities they
come in have hampered progress. Our approach to nanogas sensing with suspended
CNWs (§5) constitutes a viable alternative to CNT-based gas sensing as we can
control contact resistance, thickness, and resistivity of the nanowires very well.

Gas-Sensing Characteristics of Metal Oxides

(A) Sensitivity

It is the response of a gas sensor per unit change in the gas concentration. Since metal
oxide gas sensors are based on the principle of chemiresistivity, it is generally
defined in terms of conductance or resistance. For n-type material in the presence
of reducing gas and p-type material in the presence of oxidizing gas, sensitivity can
be defined as:

S ¼ Ra � Rg
� �

=Rg

where Ra and Rg are the stable values of the resistance of the material before and
after exposure to gas.
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(B) Selectivity

A sensor should respond to only a particular molecule in a mixture of environment.
The selectivity of a gas sensor toward a particular molecule is the ratio of its response
toward it and that of another dominant interfering molecule in the atmosphere.

Selectivity of an gas sensor ¼ sensitivity of particular molecule
sensitivity towards an interferrent

Selectivity of a gas sensor should be always greater than one.

(C) Accuracy

Accuracy represents the degree of exactness of a measurement compared to the
true value.

(D) Speed of Response

The time required for a sensor to reach 90% of the total response of the signal
such as resistance upon exposure to the target gas.

(E) Recovery Time

The time required for a sensor to return to 90% of the original baseline signal
upon removal of target gas.

(F) Detection Limit

It is the lowest concentration of the gas that can be detected under given
conditions, particularly at a given temperature.

(G) Precision

It is a measure of repeatability of a gas sensor.

(H) Error

It is the difference between the measurand value and true value.

(I) Dynamic Range

The concentration range between the detection limit and the upper limiting
concentration.

(J) Linearity

The relative deviation of an experimentally determined calibration graph from an
ideal straight line. Usually values for linearity are specified for a definite concentra-
tion range.

(K) Resolution

The lowest concentration difference which can be distinguished when the com-
position is varied continuously. This parameter is important chiefly for detectors in
flowing streams.
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(L) Stability

The ability of the sensor to maintain its performance for a certain period of time.
As a measure of stability, drift values are used, e.g., the signal variation for zero
concentration.

(M) Life Cycle

The length of time over which the sensor will operate. The maximum storage time
(shelf life) must be distinguished from the maximum operating life. The latter can be
specified either for continuous operation or for repeated on-off cycles (Jimenez-
Cadena et al. 2007; Korotcenkov 2007a, b; Wang et al. 2010).

Table 10.1 is summarizing the comparison of various kinds of the mentioned gas
sensors and its most proper parameters that have been studied by Korotcenkov
(2007a, b).

10.3 Applications of 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 toward 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 indepen-
dence; and (v) high stability (Hung et al. 2017).

Table 10.1 Comparison of various types of gas sensors

Parameters Kinds of gas sensors

SMO Electrochemical
Catalytic
combustion

Thermal
conductivity

Infrared
absorption

Sensitivity H G G L H

Selectivity M G L L H

Response time H M G G L

Durability G M G G H

Accuracy G G G G H

Stability G L G G G

Suitability to portable
instruments

H M G G L

H high, G good, M moderate, L low
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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 pro-
posed by Gardner and Bartlett (Wilson and Baietto 2009).

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

10.3.1 Environmental Applications

In environmental applications, field-portable monitors based on chemoresistive
sensor devices are particularly suited to comply with the newly reinforced environ-
mental regulations and give a valuable alternative to conventional analytical tech-
niques; they are accurate but more expensive and time-consuming (Yamazoe and
Miura 1994). Metal oxide semiconductor sensors are relatively inexpensive com-
pared to other sensing technologies; they are also robust, lightweight, and long-
lasting and benefit from high material sensitivity and quick response times. These
properties could lead them to 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 (Fine et al. 2010). Today, it is also highly desirable
to develop simple and inexpensive sensors to measure atmospheric carbon dioxide in
order to monitor indoor air quality (Marsal et al. 2003).

10.3.2 Automotive Applications

The ability of chemosensors based on refractory metal oxides to withstand high temper-
atures, 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. Another requirement for these sensors is
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 (Pijolat et al. 1999).
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Chemoresistive sensors can be used to minimize the emission of CO, hydrocar-
bons, 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 param-
eters 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 (Cederquist
et al. 1976). In these instances, the sensor resistance increased by orders of magni-
tude 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 (Holt et al. 2002). 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.

10.3.3 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 for several pathologies (152 D’Amico et al. 2008). 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. 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
(Righettoni et al. 2015).

10.3.4 Health-Care Application

In the human gas breath, detection technique can be obtained; decreasing the cost of
the system is essential for the spread of the breath-analyzing system. Sensor device
or a detector that aimed to a high-performance breath gas detector at the medical
diagnosis level was developed by Ohsawa et al. (2007).

The main gas composition of human breath consists of the following gases:

(i) Nitrogen that is the most common gas in atmosphere
(ii) Carbon dioxide produced by respiration
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(iii) Water vapor generated from bodily fluids
(iv) Oxygen that was not consumed

Table 10.2 is a summary of the sensing methods and the relationships between the
physical conditions or diseases and various biogases (Shin et al. 2015).

For such analysis or health screening, technologies are necessary to selectively
detect various gas compounds in the breath and to measure the concentration of
important gas species that are correlated with halitosis, metabolism, and disease
(Shin et al. 2011).

Recently, the capacities to monitor health conditions and to predict disease
noninvasively became easy without infringing the Medical Practitioners Act. One
of the simple ways of detection is to make predictions based on biogas, just as in the
previous times when the physicians made decisions by smelling the odor from
patients. A representative example is alcohol detection tool in the breath, which
will be nearly commercially available. However, drunkenness is caused by an
external factor, and it is not an index of a human state. Also, there are devices of
urea breath test to detect carbamide peroxide and other devices used for asthma
patients to measure nitric oxide (Itoh et al. 2013).

Research is being conducted actively to clarify the relationships between various
diseases and breath components, such as monitoring the liver function using ammo-
nia, evaluation of cholesterol metabolism by isoprene, and monitoring the blood
carboxyhemoglobin by carbon monoxide (Shin et al. 2015).

Table 10.2 Comparison of various types of gas sensors

Type of
gas Name of gas

Chemical
formula Relation to physical condition

Reducing Hydrogen H2 Abnormality of intestinal
anaerobes

Semiconductor
(ppm)

Methane CH4 Abnormality of intestinal
anaerobes

Carbon
monoxide

CO Smoking and oxidation stress ElectroChem.
(ppm)

Ethanol C2H5OH Drinking

Acetone CH3COCH3 Diabetes, obesity, and dieting Semiconductor
(ppm)Hydrogen

peroxide
H2O2 Smoking

Isoprene C5H8 Cholesterol synthesis
intermediates

Sulfur Hydrogen
sulfide

H2S Periodontitis GC/MS(ppb)

Methyl
mercaptan

CH3SH Periodontitis, liver disease,
colon cancer

Amine Ammonia NH3 Hepatitis, H. Pylori test Semiconductor
(ppm)

VOC Nonanaldehyde C9H18O Lung cancer GC/MS(ppb)

Benzene C6H6
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10.3.5 Miscellaneous Applications

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. (Casalinuovo and
Pierro 2006). 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 con-
tamination detection. A new multichamber electronic nose (MCE-nose) which over-
comes, 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 (G-Jimenez et al. 2011). It comprises several identical sets of MOS
sensors accommodated in separate chambers which alternate between sensing and recov-
ery states, providing, as a whole, a device capable of sensing more quickly changes in
chemical concentrations.

10.3.6 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 mate-
rials with potential in sensing applications can be found in many reviews (Neri 2011;
Carbone and Cozzoli 2010). Among the obvious challenges are improving repro-
ducibly 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 pro-
duction, a hybrid design whereby component parts are created separately for subse-
quent 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 microhotplate (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
microhotplate 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.
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Sensor platforms robust enough for integration into standard, industrial weaving
processes have been proposed (Ataman et al. 2013). Such sensors were fabricated on
a thin, flexible plastic stripe 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 fabrica-
tion. 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
(Gardner et al. 2010). Full integration of microelectronic and micro-mechanical
components on a single wafer has been achieved commercially using silicon
processing technology.

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 semi-
conductor 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, and 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
conditions through breath analysis. For example, background apps on a smartphone
can monitor CO or CO2 levels and provide safe/warning/alert indication to the user
about possible dangerous changes in their environment.

Furthermore, monitoring devices can become simpler and cheaper as the compu-
tation is pushed to the cloud. This enables users to buy off-the-shelf devices and
access customized monitoring applications via cloud-based services.

10.4 Conclusions

In this study, the historical progress of semiconductor gas sensors carried out during
the past century has been briefly reviewed. As it follows from conducted analysis,
the choice of an appropriate material for gas sensors should be based on good gas
response time, high selectivity, low sensitivity to air humidity, low hysteresis,
thermal cycling, high stability of parameters over the time, all range of operation
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temperatures, and on exposure to the various chemicals likely to be present in the
environment. Therefore required efficiency of reactions, responsible for gas sensors’
sensitivity, is necessary to achieve, taking into account the necessity of an attainment
of maximum chemical, structural, and long-term stability of the device’s parameters.

Such requirements drive the trends of R&D in gas sensors industry, which in turn
fuels opportunities for technology progress that can open up new applications of gas
sensors. Whereas many different approaches to gas detection are available, the R&D
of solid-state gas sensors has extremely developed in recent years. Due to the
diversity of solid-state gas sensors, it’s impossible to deal with all the different
types of solid-state gas sensors. Hence, herewith we focused on the basics of some of
the main solid-state gas sensors, discussing the principles of operation for each and
the future trends of the scientific research. In particular, metal oxide gas sensors were
discussed in more detailed with respect to the other types of solid-state gas sensors
due to their comparative simplicity, low cost, and advantages that should work in
their favor as new types of applications and technologies emerge.

In the next few days, there is no doubt that nanostructured metal oxides will
constitute the key for the development of semiconducting gas sensors with improved
gas-sensing properties. Not only in chemical gas sensors but also in solid-state gas
sensors nanocrystalline materials will play a fundamental role in the gas sensors of
new generation. In fact, nanoscience and nanotechnology are dedicating great efforts
to developing of novel materials for gas sensor applications. This new classification
of nanostructures shows a great potential for applications in ultrasmall sensors
because the conductivity of these materials changes dramatically when gas or liquid
molecules attach their surfaces. In addition, with the development of standard
wireless communication protocols optimized for sensors, wireless sensor network
is expected to gain a wide approval in applications such as homeland security,
process monitoring, food monitoring, and medical instrumentation.

Creation of new sensitive, selective, and stable gas sensor materials is one of the
most important and actual tasks of nanotechnology.
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