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Abstract

The usage of the gas sensor has been increasing very rapidly in the industry and in daily life for
various potential applications. In recent years, metal oxide semiconductors (MOS) become the
primary choice for designing highly sensitive, stable, and low-cost real-life applications-based
gas sensors due to their inherent physical and chemical properties. Researchers have proposed
numerous sensing mechanism to explain the functionality of MOS based gas sensors. In this
review, we have comprehensively covered different sensing mechanisms used for MOS. We have
also discussed different parameters affecting the sensitivity and selectivity of the gas sensors.
Moreover, the different techniques used to enhance the gas sensing response of MOS based
sensors are also extensively covered. And finally, we give our prospective on recent opportunities

and challenges on future applications of MOS based gas sensors.
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1. Introduction

In today’s world, we want to expand the limit of our perceptions. To broaden the limit, a large
number of sensors are developed. Gas sensor is a device that can detect a specific gas even if the
amount or concentration of gas is very small 2 Sensor can help us in identifying the
information in our surrounding which is relevant to us and also convert this information into
electric signals > 3. Gas sensors have been widely used in monitoring industry and domestic
environments 1. These sensors have several advantages such as low power consumption, small
size, low cost, and high reliability. The demand of gas sensors is increasing day by day, hence
we need the gas sensors with high sensitivity and better selectivity [ €1, The sensing material is
one of the deciding factors about the performance of gas sensors. The gas sensing industry is
dominated by metal oxide semiconductors (MOS) to fulfil the requirement of ideal gas sensors.
MOS based gas sensors have many applications such as environmental monitoring, fire detection,
detection of harmful gases in mines, home safety, traffic safety, and healthcare, as shown in
Figure 1 13781,

In recent years, MOS gas sensors are one of the most researched groups of sensors particularly
with the nanoscale size of 1 -90 nm due to their size dependent properties. The ratio between
surface area and their volume increases drastically with decrease in material size. Moreover, the
size and materials geometry affected the movement of electrons and holes in the nanomaterials
5.9 Over the past few years, a wide variety of gas sensors (catalytic-type, Electrochemical-type,
MOS type) emerges based on distinct sensing mechanism and sensing materials. Among all the
gas sensing materials, MOS sensors performance is higher because of their unique structures,
physical and chemical properties. MOS based gas sensors could detect the gases even in ppt
range, whereas the other kinds of sensors could not perform only in ppb or ppm ranges, as shown
in Figure 2. The most often used MOS sensing materials are ZnO, SnO2, MoOs, TiO,, WOs3, NiO,
and Cu0 19281 Furthermore, in high-temperature or harsh situations, these MOS have better
stability and response times, which is prerequisite for practical applications ®l. The material's

popularity on the market is further aided by low-cost and easy production procedures 781,
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Figure 1. Application of MOS based gas sensors in various fields and their inherent

characteristics for developing efficient gas sensors.
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Figure 2. Sensing range comparison of catalytic-type, electrochemical-type and MOS-type gas
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This review paper gives the brief idea about the MOS gas sensor. This is mainly focused on those
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parameters which defines the gas sensors performance, sensing mechanism, methods to improve
the gas sensing, and sensing related properties of the MOS. In this article, we have also discussed
about the role of heterojunction and noble metal dopants in improving the gas sensing which is

heavily used for developing high performance gas sensors.

2. Performance parameters of gas sensors

Performance of any gas sensor can be defined by several parameters such as sensitivity, stability,
response and recovery time, selectivity, and operating temperature. Ideal gas sensor should have
the high sensitivity and selectivity, good stability, long life cycle, low operating temperature, and

fast response and recovery time 20231,

Sensitivity: Gas sensor sensitivity is defined as the ability to sense gases. The slope of the
response curve (also known as the calibration curve) is typically used to determine the sensitivity.
The response curve is a plot between the device response and concentration of gas 24 251, A
steeper slope indicates high sensitivity while a moderate slope signifies a lower sensitivity. In
general, the normalized ratio of response signal over baseline is called the sensitivity of the gas

Sensors.

Selectivity: The selectivity of a gas sensor can be explained as the ability to sense target gas in
presence of other gases. Ideal gas sensor has high selectivity indicating that it mainly senses the
target gas and neglecting the other interfering gases. Hence, high selectivity confirms that the

sensor gives the accurate information about the existence and concentration of gases.

Stability: Stability indicates the ability of a sensor to produce reliable results over a period of
time. MOS based gas sensors has low stability that leads to the undesired result or false alarms.

To some extent stability can be improved by lowering the operating temperature.

Response time: The time taken by the gas sensor to reach 90% of the saturation value after the
triggering is called response time. Logarithmic curve and error function are the common

approximations used for the transient response shape 221,

Recovery time: The time taken by the gas sensor to reach 90% of the initial value after ‘off’ the

triggering is called the recovery time.



Operating temperature: ldeally, the room temperature-based gas sensors are preferred in most
of the practical applications due to their less power consumption, high durability, and easy
portability. However, in most of the MOS based gas sensors, high temperature is required to

activate the absorption/desorption process at the sensing surface.
3. Gas sensing mechanism

Based on the operating temperature, MOS can be classified into two categories, the first category
involves the materials which follow the surface conductance effects while the second category
comprises the materials which follow the bulk conductance effects . The first category belong
to the oxides operated at low to moderate temperature (<600°C) whereas the second category
works at very high temperature (>700°C) [ 261, The operating temperature also defines the
mechanism by which these materials functions. Among popular MOS, SnO2 and ZnO are some
of the oxides which belongs to the first category and called as surface conductance materials.
Bulk conductance effect is slow at the lower temperature and change in conductance occurs
because of the adsorption and removal of oxygen at the surfaces 261, Some examples of the bulk
conductance materials (BCM) are TiO2, Nb2Os. These BCM belongs to the second category and
only respond to variation in the partial oxygen pressure at higher temperature (>700°C). They

also showed equilibrium between the atmosphere and bulk stoichiometry 261,

MOS based gas sensors detect the presence of gases primarily by recording the changes occurring
in the electric properties due to the target gas which is in contact with the sensor. The sensing
mechanisms explain the physics affecting the electric properties of a gas sensor upon exposure
of target gas molecules. The MOS based gas sensing mechanisms can be categorized at
microscopic and macroscopic levels. The microscopic perspective explains various mechanism
such as Fermi level control theory and charge carrier depletion layer theory. While the
macroscopic mechanism focuses on the relationship between the gases and materials. The
macroscopic level involves adsorption/desorption processes, bulk resistance control mechanism
and gas diffusion control mechanisms. In most of the MOS based gas sensors, macroscopic level

is used to explain the gas sensing mechanisms.

When different gases come in contact with the MOS, the conductivity and work function of the
MOS changes significantly. Most of the gas sensing mechanisms work on the

adsorption/desorption principle. The adsorption/desorption processes explain the physical or
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chemical changes in the sensor behavior when the gas is in contact with the sensing surface.
Upon exposure of target gas molecules, resistance of the material changes because of the
concentration of charge carrier changes in a significant manner. The carrier concentration
changes ascribed to chemisorption and physisorption process of target gas molecules and ambient

oxygen molecules.

Chemical Adsorption/Desorption is one of the dominant gas sensing mechanisms and strongly
affect most of the MOS based gas sensing devices. When gas comes into direct contact with the
sensor, a chemical reaction happens, causing an electrical signal to change. This change might
occur due to the presence of targeted gas or ambient oxygen molecules. The oxygen adsorption
is one of the most common gas sensing mechanisms and strongly affect most of the MOS based
gas sensing devices. When MOS is brought into air, the oxygen molecules started to adsorb on
the material surface and an oxidizing or reducing reaction took place between the atmospheric
oxygen and sensing surface. Based on these reactions, some electrical properties or resistance of
the sensing material changes considerably. Various kinds of oxygen ions (0;, 0~,0%7) are
formed in according with the operating temperature after capturing the electrons from the sensing
materials. Hence, the conductivity/resistance of the sensing material changes due to change in
surface electron density. Upon exposure of reducing targeted gases on n-type MOS, the captured
electrons by oxygen species released back to sensing material leading to decrease in resistance,
as shown in Figure 3(a). The reduction in the value of resistance could further be confirmed by
decreased barrier height (A¢) at the interface. While in presence of oxidizing gases, the electron
density decreases further resulting in increasing the value of resistance. In contrast, upon
adsorbing of reducing gases on p-type MOS surface, reduces the hole accumulation layer due to
electron-hole recombination process, as depicted in Figure 3(b). As a result, the surface resistance
increases of the p-type MOS structure. However, in presence of oxidizing gases on p-type MOS,
the hole carrier concentration significantly increases due to trapping of electrons by the oxidizing

gases and hence the value of resistance decreases.

In addition to chemisorption process, physisorption also play a very important role in
understanding of gas sensing mechanism. According to physical adsorption process, gas
molecules is adsorbed at the surface of MOS material via coulomb forces and other different type

of intermolecular forces without any chemical changes. Physical adsorption causes a minor



difference in the conductivity of MOS materials, hence this process is n
explain the gas sensing mechanism 27-2%1, Humidity sensors are the most

ot commonly used to
common MOS-based

sensors, whose sensing mechanism is based on the physical adsorption/desorption processes .

Therefore, chemical adsorption is considered as the dominant gas sensi

majority of MOS based gas sensors.
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Figure 3. Gas sensing mechanism of (a) n- and (b) p-type semiconducting metal oxide
nanostructures (SMONS) upon exposure of reducing gases.

Moreover, the resistance of MOS based gas sensors could also be changed due to the phase
transformations of the gas sensing material. However, this mechanism is only applicable for
limited gas sensing materials, such as ABO3; type MOS composites B, a-Fe,O3 and y-Fe,O3 are
the two different type of phase composition of Fe>Os samples which is prepared by the heating
of FeFe(CNGs) 2. Based on the two different phases of the material and their combined phases,
gas sensing experiments were conducted, and various gas sensing mechanisms of two samples
of Fe,O3 were investigated. In the case of a-Fe>Os, the phase structure was relatively stable,
therefore typical O, adsorption model can describe the gas sensing mechanism of a-Fe2Os.
Moreover, due to the changes in the inside structure of y-FeOsiits resistance changes 1. Hence,
a-Fe;Os and y-Fe;Os possess different gas sensing properties despite their identical
morphological structures. Gao et al.®¥ have also demonstrated that WOs3 hydrogen gas sensing
films stability strongly affected by the phase transition. The materials present originally as W501»
clusters form and by sharing the W-O-W bonds at corner. This whole transition affects the H»
desorption energy and the HOMO-LUMO gap, resulting in bulk resistance change and improved

sensing performance.

In the gas sensing process, materials and gases are the critical components. The chemisorption
and physisorption processes are primarily reliant on the chemical and the physical characteristics
of that material. In addition, there are some mechanisms largely relying on the process of gas
diffusion. Several theories are proposed by scientists indicating that the gas diffusion controls
the sensitivity of semiconductor based gas sensors 5371, For better understanding of gas sensing
properties, Wang et al. have developed a canal and hollow sphere model B8 When the
temperature is less than 150 °C then adsorbed O at the SnO, surface was poorly reactive O
ions, therefore surface chemical reaction controlled the gas sensing reaction. Now some amount
of the target gas is oxidized partially, and the remaining part of target gas diffuses into inner
pores and undergo some chemical reactions. When the temperature is in the range of 150 °C to
200 °C or greater than 200 °C, then O” and O* are the formed, so surface chemical diffusion
process is more active now. Hence, complete oxidation and ionization of target gases inside the

hollow sphere improves the sensing response 3941,



4. Methods to improve gas sensing

Gas sensors are mainly used to detect the harmful gases which are threat to human health even
at a very low concentration. Therefore, highly sensitive and selective gas sensors are prime need
of the electronic industry 21, The adsorption of gas molecules on the sensing surface could
significantly be improved by increasing the number of adsorption sites, increasing the oxygen
vacancy, and by enhancing the surface catalytic activity. Moreover, in the case of electron
depletion layer/ hole accumulation layer [46:471 gas sensing could be improved by barrier reducing
and also by the increasing the flow of electrons . Some of the methods to improve the gas sensing

are:
4.1 Doping with noble metals

Introducing noble metals is one of the most effective and widely used methods for fast catalytic
chemical reactions. Normally, Au, Ag, Pt and Pd are some of the noble metal dopants used for
improving the gas sensing response in the case of MOS sensing materials. There are several steps
involved to explain the role of noble metals in improving the sensing response. Firstly, adsorption
activation energy is decreased, and adsorption of additional oxygen anions and analyte gas
molecules occurs. Secondly, the redistribution of excitons causes the band bending and created
a Schottky barrier at the interface, which alters the movement of charge carriers. Lastly,
activation energy of the process is lowered by the spillover impact. Due to the addition of the
noble metal dopant, the adsorption capacity of gases increases. For example, In the case of
W180a49, When Pd was added then it adsorbed H2 approximately 900 times of its own volume.
Due to this greater adsorption, the effective collision frequency between gas molecules also
increased significantly [“®l. In other terms, due to this development, the adsorption energy would

get decreased after adding the noble metal dopant.

Xue et al. demonstrated the sensing behavior of pristine SnO2 and Pt-SnO_ upon exposure of CH4
molecules through first-principle calculations*’l. The adsorption energy of oxygen on the SnO;
and Pt-SnO; are -0.92 eV and -1.32 eV, respectively, on the exposed crystal planes (110). The
obtained results showed that the adsorption of oxygen molecules was more on the noble metal
modified SnO; as compared to pristine SnO2. From Figures 4 (a) and (b), it can be clearly visible

that adsorption energy is decreased remarkably for all the three adsorption sites when SnO; is



doped with Pt, confirming that CHs4 is more adsorbed on the surface of Pt-SnO, as compared to
the SnO, [50-52,

Moreover, in most of the cases, the work function of MOS gas sensitive materials is less
than the noble materials, therefore redistribution of charge is necessary for achieving the
equilibrium. Once the physical contact between metal and MOS is made, the band bending
due to charge transfer at the interface formed a Schottky barrier at the junction of MOS and
noble metals. The conduction band electrons of MOS sensing material moved into the noble
metal particles and form a layer called dipole layer interface (Figure 4(c)). This layer at the
interface prevents the electron-hole pair recombination process, therefore the MOS’s gas

response is increased. This phenomenon is called electronic sensitization 53561,

Figures 4(d-f) provide an illustration of the factor contributing to the excellent sensing
qualities, which has to do with the incorporation of Au-doped atoms. To enhance the chemo-
resistive gas sensors' sensing capabilities, metal catalysts such as Au, Pd, Pt, and Ag were
frequently utilized. The sensing film functionality was enhanced by catalytic processes on
the nanosensors material, which also lead to excellent gas sensor characteristics (such as
sensitivity, selectivity, and response and recovery times) 7% The two different methods
(i.e., electro-chemical sensitizations) explain why Au nanoparticles have improved sensing
performance [%% 621 The mismatch in the work functions of Au (i.e., ®ay = 5.1eV) and WO3
(i.e., Dwos = 5.7 eV), which causes the electrical sensitization, leads to a rise in base
resistances as seen in Figure 4(g) [%. According to Figure 4(f), the electron
transmission from semiconducting WO3 to the Au nanoparticles results in an enhancement
in resistance, which is implied by an increment in the sizes of the electron depletion zones.
Consequently, there were fluctuations in resistance of WQO3 nanosheet due to the treatment
of NO, analyte gas molecules, which causes enhancement in sensitivity in the WOs3
nanosheets. The second phenomenon, known as chemical sensitization i.e., the catalytic
impact, which happens when the Au nanoparticles size is less than 5 nm. Due to the catalytic
process and strong contact seen between NO2 molecules and hydrocarbons occur from the
weakening of Au-Au bonds and the modification of d orbitals as Au nanoparticles size
reduces 4. The oxygen molecules were then encouraged to split apart by the Au doped

nanocluster in the WOs3 nanosheets, and the resulting reactive oxygen ions. These oxygen
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ions were diffuse into the WO3 to act as chemical sensitizers. Due to this active site were
increased and this process is known as spill-over effect.
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Figure 4. (a) Pt-SnO, Computational model, and (b) Different adsorption sites calculated
results 491, (c) Typical band structure of In,Os-Au B %3, (d-f) an illustration of the factor
contributing to the excellent sensing qualities due to incorporation of Au-doped atoms. (Q)

The mismatch in the work functions of Au and WOs, which causes the electrical
sensitization, leads to a rise in base resistances [,

4.2 Doping metals other than noble metals
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Another effective way to improve the gas sensitivity is addition of heteroatom doping with
another metal. When the metal heteroatom is added to the sensing material then it changes the
size, porosity and surface area of the MOS, as a result, gas molecules adsorption sites and
diffusion paths are modified 1. In most of the cases, base atom of the MOS is replaced by the
metal heteroatom and causes the reduction in grain size. When the size of the grain is less than
twice of the length of the Debye then the entire grain size is occupied by the electron depletion
layer. Therefore, the MOS gas sensing property is improved -8 Now, this is not the case that
every heteroatom metal doping increased the gas response. As shown in the Figures 5(a) and (b),
when atoms of Al, Ga and Zr are added in the In.O3 then it improves the response towards
formaldehyde [%%1. However, when atoms Ti, Mo and W are added in the In,Os then it decreases
the material’s Fermi level, therefore this has a negative impact on the gas sensing response.
Hence for using this specific strategy, it is highly recommended that choose the alternative metal
heteroatom for doping into the sensing material very carefully for improving the gas sensing
performance M. A plausible concept was put out to show how a variation in the Fermi level
affects the oxide semiconductor's surface sensitivity and this process was well-known sensing
process 4 79 and explained by theory related to semiconductor physics "% 72, This variation in
Fermi level is introduced due the absorption of oxygen molecules. Three stages are involved in
the sensing process of 1IN0z nanomaterial to analyze the formaldehyde gas molecules, as
depicted in Figures 5(c-e). Firstly, at 150 °C temperature, oxygen molecules present in air get
adsorbed on the surface of In,O3 nanosheet and consequently withdraw the free electrons from
the conduction band, resulting in an upward bending in the energy band diagram. Secondly, under
the equilibrium the absorbed oxygen molecule LUMO level and In,0z Fermi level both keep at
the same energy level. Lastly, absorbed oxygen combines with formaldehyde gas molecules
which causes reduction in energy banding. The energy level mismatch between the
semiconductor and adsorbed oxygen molecule combined system in Al-doped In,Os having
relatively high Fermi levels (Figures 5 (f-h)) in contrast with undoped In.Og, resulting in higher
absorption of oxygen molecule on the Al-doped In,O3 nanosheet surface in air at equilibrium
condition. As a result, Al-doped In20O3 responds more strongly towards formaldehyde gas

molecules than undoped In.Os because it has more chemisorbed oxygen molecules to respond.
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Figure 5. (a) Metal heteroatom-doped 1n,Os structural model, (b) Fermi levels of ten different
kinds of metal heteroatom-doped into the In,O3 sensing materials. (c-e) Three stages involved in
the sensing process of In0O3 nanomaterial to analyze the formaldehyde gas molecules. (f-h) The
energy level mismatch between the semiconductor and adsorbed oxygen molecule combined

system in Al-doped In20s having relatively high Fermi levels, in contrast with undoped In20:s.
[69]
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4.3 Developing heterojunctions

Regardless of which sensing material is used, it is nearly impossible to get the maximum of all
performance parameters. Therefore, two or more MOS materials are combined to build a
heterojunction for overcoming their individual shortcomings. When two distinct materials with
different work functions are used for the heterojunction, then the electrons will flow from the
lower work function to the higher work function at the interface and this would lead to the
electronic depletion and enrichment areas, respectively [®. The heterojunction gives the
appreciative advantage and increase the gas sensing response significantly due to increased
catalytic activity and a greater number of available active sites for adsorption of gas molecules.
The heterojunctions could be divided into the n-n junctions, p-p junctions, and p-n junctions
depending on the type of constituent materials.

The charge carrier dynamics at the heterointerface is explained by Figure 6. When p-n
heterojunctions are considered, electrons are transferred from n-type to the p-type MOS and holes
are moved in the opposite direction till the nanocomposites Fermi level reaches the equilibrium
condition. Therefore, resistance will change at the interface of the heterojunction due to the
expansion in electron depletion layer 4. Now, when material is kept in the reducing gas
environment, then target gas and adsorbed O react with each other on the materials surface and
electrons returned to the n-type MOS conduction band, as illustrated in Figures 6(a) and (b)[".
Moreover, some electrons also enter the conduction band of p-type MOS. Consequently, the
recombination of electrons and holes will occur, as a result carrier concentration is reduced on
either side of the p-n junction 5781, Due to the limitation of carrier diffusion, reduction in barrier
at the interface is occurred. And apart from that heterojunctions also provides greater adsorption
and reaction sites, resulting improved catalytic activity as compared to monomers [® &1 Gao et
al. have demonstrated the HS sensing ability of n-n heterojunction using MoOs and SnO> MOS
81 The developed sensor showed high sensitivity and fast response at a lower value of
temperature (115 °C) due to larger number of gas adsorption sites at the sensing surface. Upon
making physical contact between MoOs and SnO, electrons started moving from lower work
function SnO> to higher work function MoOs. The electrons transfer resulted in bend bending

having a barrier height ¢esf, as shown in Figure 6(c). Upon exposure to H»S, the trapped electrons
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by the oxygen ions and targeted gas molecules, returned to the constituent materials leading to a
very high value of sensitivity ascribed to reduction in the potential barrier at the interface.
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4.4 MOS modified with the two-dimensional TMDs materials
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MX: is the general form of transition metal dichalcogenides (TMDs), where M represents the
transition metal element (Mo, Ti, etc.) and X refers the chalcogen elements such as S, Se, etc. 82
8l TMDs is very promising 2D family in the gas sensing applications because of its unique
physical and chemical properties. Molybdenum disulphide (MoS:) and MOS composites are one
of the most used composites in the gas sensing applications [ 86871 Zhang et al. prepared MoS;
and Coz04 composite sensor with 1 layer, 3 layers, 5 layers and 7 layers on a substrate using
layer by layer (LBL) self-assembly method 8. Upon comparing the sensing performance of all
those four different layers composite of MoS: and CosOs, it was observed that the five-layer
composite gives the best response upon NHz exposure at room temperature. They also
synthesized MoS; and CuO composites by using the LBL technology ®"1. By using this sensor
they achieved high sensitivity, quick response and excellent stability for H,S gas molecules [3],
The gas sensing mechanism for this composite is attributed to synergistic effect of energy band
structure and creation of p-n heterojunction, as shown in Figures 7(a,b). For better understanding
of gas sensing mechanism between H>S and CuO, X-ray diffraction analysis was performed
between MoS; and CuO nanocomposites. After exposing to NH3, some CuS peaks appeared
confirming formation of CuS upon CuO and H>S reaction. Both CuO and MoS: have the different
work functions and band gaps as depicted in Figures 7(b). Hence, charge transfer will take place
until the Fermi level reaches at equilibrium at the heterointerface. The charge distribution forms
a depletion layer at the junction and increases the resistance of the composite material. Upon
exposure of H2S, p-type CuO converted into metallic form and the p-n type heterojunction
transformed into metal-semiconductor junction as shown in Figure 7(b). This transformation

drastically reduces the sensor resistance and hence a very high value of sensitivity was obtained.
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and Er are the Fermi energy level) &1,
4.5 Light induced room temperature gas sensing

Light activation is used as a promising approach in sensing applications for oxide layers such as
ZnO, TiOz, WOs, etc. 890 |n MOS based gas sensing processes, high temperature is required
for adsorption and desorption of targeted gas molecules. The energy provided by the external
heating element could also be supplied by UV light source resulting in less power consumption
and room temperature operation of the developed sensor % 921 In addition, UV light also

decrease the measurement time and used for cleaning the gas sensing surface after exposing with
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targeted gases 8. The 1/f noise factor in resistive gas sensors is quite strong and dominates the
background noise up to 10 kHz. Figure 8(a) and (b) depicts when potential barriers vary between
the grain’s boundaries, it leads to the generation of low-frequency noise. The gas sensor's
temperature and surrounding atmosphere can be specifically affected by the barrier's variations
because it relies on the adsorption and desorption mechanisms. The 1/f noise is shown to rise
with decreasing grain size in experimental data. Furthermore, when gas-sensor nanomaterial
grain size reduces, the sensitivity of sensor get enhanced and noise fluctuations becomes even

more sensitive than that of variations in DC resistance 3.

Smulko et al. have discussed the application of photo activation for improving the gas sensing
ability of the sensors at lower value of operating temperature®¥l. The recorded data are shown in
the Figures 8(c) and (d) when Au is decorated on the WO3 sensing layer. The change in DC
resistance (Rs) of sensor is compared after the increment in heating voltage upon UV irradiation
(365 nm) by the help of T5F UV diode [*1. This diode was placed approximately 5 mm away
from the sensing layer and its DC current (Id) was controllable up to a maximum of 20 mA. This
recorded curve shape depends on the surrounding atmosphere as this was examined for synthetic
air (Figure 8(c)) and ethanol (Figure 8(d)). It was observed that the recorded data is quite similar
for both the cases whether it was UV light or temperature modulation 4. But one thing is very
noticeable that power consumption is lesser in UV light than the power required for temperature
modulation (even at lower value of Id, change in DC resistance of sensor may be seen in Figure
8(d)). Hence, by using the UV light, sensor can work at lower temperature, which is very

appealing characteristic [*4],
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Figure 8. (a) and (b) depicts when potential barriers vary in between the grain’s boundaries, it
leads in the generation of low-frequency noise. Relative change in Rs for gas sensing layer WO3
when heating voltage change from 1.5 V to 1.8 V, corresponding to the change in temperature
between 100°C and 120°C: (c) Ro denotes the resistance in the synthetic air at the 1.5 V heating
voltage, (d) data were taken in ethanol (200 ppm) and Ro denotes the resistance in the 200 ppm

of ethanol at 1.5 V heating voltage [°4,
4.6 Nanostructures with exposed facets

Nanostructured exposed crystal facets exhibit large difference in their gas sensing abilities
because of their distinct surface properties. The crystal facets with more defect sites possess a
higher value of surface energy, therefore they have more active physicochemical features [°6-9€1,

Exposed crystal facets of MOS materials have been used very often in the photocatalysis and
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recently MOS materials have also showed enormous potential in the realm of gas sensing [#% 101,
Overall, the improvement in gas adsorption ascribed to greater density value of dangling bonds
and coordination of unsaturated oxygen. For example, upon observing every crystal planes
atomic structure diagram of ZnO and calculating the densities of dangling bond of every plane,
it revealed that the crystal plane (0001) has higher density 1. Dangling bonds due to the Zn?*
have unsaturated O, coordination on the surface and when the gas sensing reaction starts then
target gases and O anions are adsorbed at these locations. Kaneti et al. [ used density function
theory to examine the ZnO sensing response upon exposure to ethanol. They observed that the
exposed crystal plane (0001) interacted with the surface oxygen, the H-O bonds are then
shortened and recuces the adsorption energy. Hence, in the case of (0001) crystal plane, an
excellent gas sensitivity could be obtained 1,

When target gas and sensing materials surface comes in contact, then there is a higher charge
transfer and stronger electron interaction between the target gas and the high energy crystal facet
resulting in quicker and greater gas response, as shown in Figures 9(a) and (b)1*%?1. To investigate
the selectivity of particular gases (such as acetone, ethanol, Hz, H2S, NHz, NOy), the responses
of several nanocrystals to distinct gases each having concentration level of 100 ppm at 320 °C
were examined as shown in Figure 9(c). It was discovered that NS-010 displays a noticeably
stronger acetone response when contrasted to other gases, demonstrating superior acetone
sensing selectivity, whereas NS-101 (NS denoted TiO; nanocrystals with anatase have been
fabricated with different facets) displays a substantially lower acetone selectivity. The outcomes
showed that the crystal facet tuning can be used to achieve selective recognition for the acetone.
At concentration level of 100 ppm acetone response was measured on the TiO2 nanosheet as
sensing materials, and this experiment were conducted continuously for 15 days in order to
examine stability as shown in Figure 9(d). the obtained results showed a great consistency of the
TiO2 nanostructures, as evident from the fact that both NS-010 and NS-101 sustain about 95%

of the initial reaction even afterwards being tested for 15 days.
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Figure 9. Schematic diagram of charge transfer between a target gas molecule and facets (a) TiO, (010)
and (b) TiO, (001). (c). the responses of several nanocrystals to distinct gases each having
concentration level of 100 ppm at 320 °C were examined. (d). At concentration level of 100 ppm
acetone response was measured on the TiO2 nanosheetas sensing materials, and this

experiment were conducted continuously for 15 days in order to examine stability %%,

5. Conclusion and perspectives

The MOS has been the focal point for developing efficient gas sensors due to their inherent
characteristics. This review paper provides the in-depth knowledge of different type of gas
sensing mechanism and different type of methods responsible for improvement of gas sensing.
We have also discussed about different kinds of MOS nanostructures such as nanorods,

nanobelts, nanofibers, nanosheets, and their composites. The recent progress in sensing
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mechanism for detecting different kinds of hazardous and flammable gases including NO2, NHsa,
H>S, H, and volatile organic compounds have also been summarized.

The study of MOS based gas sensor still faces many opportunities and challenges. There are still
some questions which can’t be explained by using the existing gas sensing mechanism.
Therefore, it is necessary to do more research in this topic for the better understanding of the
topic. In this area more experiments are required using the modern technique such as situ analysis
to know about the effect of different type of gas sensing mechanism on the performance of gas
sensors. By studying the unexplored physics, we can select the appropriate and accurate gas

sensing mechanism in future.

The chemisorbed oxygen species on the MOS surface slow down the desorption process and
requires some external energy to improve the speed of the sensor. Thermal and photo energy
appears to be the most widely used external sources to expedite the desorption mechanism.
However, these techniques increase the power consumption and restrict the portability of the
sensor. Research on the topic of MOS based gas sensor is increasing day by day, but attention
paid to this topic is still not sufficient, therefore most paper have failed to give accurate
information regarding the role of heterojunction in the gas sensing, gas sensing mechanism and

the best material for sensing particular gases.
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