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8. kapton

9. drop coating

10. sputtering

11. mass flow controller (MFC)
12. working temperture

13. catalytic activity

14. Schottky barrier
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15. nanowires

16. nanorods

17. nanofibers

18. hierarchical

19. nanosheets

20. nanotubes

21.sol

22. Poly vinyl alcohol (PVA)
23. interstitial

24. x-ray diffraction (XRD)
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ABSTRACT

Nowadays, the industrialization of societies and the improvement of the quality of life are associated with issues such as
air pollution and environmental pollution. Hence, gas sensors are widely used to detect toxic and hazardous gases and
vapors in various applications. Among the different gas sensors, resistive gas sensors based on semiconducting metal
oxides, its work is based on changes in sensor resistance in the presence of the target gas, are among the most popular
types of gas sensors. These sensors have high sensing response, short response and recovery time, high physical and
chemical stability and low price. In this review article, resistive gas sensors based on semiconducting metal oxides are
discussed. Various aspects of fabrication, gas sensing mechanism, strategies of improving sensing properties, and
methods of reducing energy consumption in these sensors are explained. This article is organized and written in such a
way as to provide the basic concepts for those interested in entering this field.

Keywords: Gas sensor; Gas sensing mechanism; Metal oxide; Semiconductor; Toxic gas.

1. Introduction

Air pollution has led to respiratory problems and
various diseases for humans. For example, in
2007, in China, about 350,000 to 400,000 people
died prematurely due to problems related to air
pollution. In fact, mortality caused by air pollution
is the fourth risk factor of mortality among
humans after high blood pressure, smoking, and
improper diet [1].

2. History of Resistive Gas Sensors

One of the first methods to detect gases was the
use of oxygen flame lamp in mines. The lack of
oxygen caused the flame to dim or even
extinguish. Also, canaries can notice the presence
of carbon monoxide gas about 20 minutes before
humans. Therefore, they had used in coal mines
for detection toxic gases. In 1953, Brattin and
Bardeen observed that the electrical properties of
germanium changed under the influence of the
surrounding atmosphere. In 1962, Siyama et al.
reported the first resistive gas sensor. Later,
Taguchi commercialized the first gas sensor using
tin oxide. Since then, various types of
semiconductor metal oxides were extensively
studied to improve the gas sensing properties [2-5].

*Corresponding author; mirzaci@sutech.ac.ir

Nowadays, resistive gas sensors based on
semiconducting metal oxides are highly popular
due to their high gas response, short response
/recovery time, high physical and chemical
stability, low price, simple operation, and
portability.

3. Design of Resistive Gas Sensors

The sensor materials are deposited on the
insulating substrate by different methods such as
drop coating. Sensor electrodes are generally
made from Au or Pt and are deposited on
substrate by various methods such as sputtering.
Heating of gas sensor can be done by applying a
voltage to a high-resistance nichrome heater [6],
as schematically drawn in Figure 1.

4. Gas Sensor Parameters
Gas sensors have different parameters explained
in this section [7].

4.1. Response

Depending on the reducing or oxidizing nature of
the target gas, as well as the type of
semiconductor of the sensor, there are different
ways to express the sensor response. General ratio
of the resistance in the air (R,) to resistance in the
presence target gas (Ry) is used for reducing
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Fig. 1. Schematic of preparation of resistive gas
sensor on flat substrate.

gas and oxidizing gas for an n-type gas sensor,
respectively. For p-type ones the reverse is true.

4.2. Response Time and Recovery Time

The response time is the time required for the
sensor to reach 90% of its resistance in the
presence of the target gas. Also, the recovery time
is the time required for the sensor to reach 90% of
its initial resistance after the gas exits the gas
chamber.

4.3. Selectivity

Selectivity is defined as a large response to a
specific gas and a weak response or lack of
response to other gases. If the sensor has the same
response to all gases, it cannot be used as it cannot
detect a particular gas.

4.4. Stability

Sensors should have good stability to provide
accurate responses after passing the time.
Fortunately, resistive gas sensors based on metal
oxides often have acceptable long-term stability
and their lifespan is more than 2 to 3 years or even
longer

4.5. Working Temperature

Usually, gas sensors should be heated to high
temperatures to provide the best gas response, and
this is one of the weak points of these sensors. In
general, the lower the optimal working
temperature of the sensor, the more appropriate
energy consumption.

5. General Gas Sensing Mechanism

Considering an n-type sensor, first, when the
sensor is exposed to air, oxygen is absorbed on it,
electrons would be captured followed by
separation of the electrons from the sensor
surface. Due to the absorption of electrons from
the sensor surface, an electron depletion layer is

formed on the surface of the sensor. In this layer,
due to the lack of electrons, the resistance is
higher than that of the bulk parts of the sensor. In
presence of a reducing gas, it reacts with the
absorbed oxygen and generates electrons. The
released electrons come back to the sensor surface
and cause the concentration of electrons to be
increased in the electron depletion layer followed
by a noticeable change in resistance. Also, when
the sensor is exposed to an oxidizing gas, due to
its high tendency to absorb electrons, it can be
absorbed on the sensor surface which causes
electron absorption from the sensor surface,
leading to increase of the sensor resistance in the
presence of an oxidizing gas [§].

6. Different Strategies to Enhance Gas
Sensing Performance

6.1 Increase of the Surface Area

If other conditions are the same, increase of the
sensor surface area can provide more adsorption
sites for gas molecule and eventually this can be
lead to generation of a larger signal. In his
regards, different morphologies such as
nanowires, nanofibers, nanotubes, and nanorods
have been proposed to enhance gas sensing
properties [8].

6.2. Noble Metal Decoration

In general, two mechanisms have been proposed
to improve the sensing properties in the presence
of noble metals. The first mechanism is caused by
the catalytic activity of the noble metals. For
example, oxygen gas can be absorbed on a noble
metal with a low adsorption energy barrier, and
then decomposes into oxygen atoms on the
surface of the metal. Subsequently oxygen ions
move to the neighboring sensing material during a
process called “spillover”. This process causes
more oxygen to be absorbed on the surface of the
sensor material and accordingly more reactions
with adsorbed target gas molecules occur. The
second mechanism is due to the fact that noble
metals usually have a larger work function than
metal oxides and make heterojunctions with metal
oxides in air. In the presence of the target gas the
height of heterojunctions changes, contributing to
the sensing signal.

6.3. Formation of Heterojunctions
Formation of a heterojunctions by composite
making is one of the most common methods to
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improve gas sensing properties. By establishing
electrical contact at the interface between two
metal oxides, the Fermi levels on both sides of the
interface should be equal. This leads to the
bending of the energy levels and the formation of
potential barriers at the interfaces. When the
sensor is exposed to a target gas, the height of
electrical resistance changes, contributing to the
sensing signal.

7. Strategies to Reduce Power Consumption
7.1. Self-Heating Operation

In this strategy, an external voltage is applied to
the sensor electrodes, so the heat is generated
inside of the gas sensor, leading to the
temperature rise. Generally, the applied voltage is
less than 5 V, so the power consumption of the
gas sensor is really low [8].

7.2. UV Light Illumination

When the UV light with an energy larger than the
band gap of the sensing material is illuminated on
the sensor, electrons gain enough energy to be
exited to conduction band, leading to providing of
more free electrons on conduction band which can
be adsorbed by oxygen species. In this way, more
oxygen ions can be adsorbed on the surface of the
sensing layer at room temperature.

8. Conclusions and Outlooks

Noble metal-decoration can improve the sensor
properties. A suitable way to improve the sensing
property is the formation of heterojunctions. One
of the most effective methods to overcome poor
selectivity of gas sensors is using a membrane as
top layer with nanoscale pores such as metal-
organic frameworks so that only certain gases can
pass through the pores and reach the surface of the
gas sensor. However, it should be noted that
creating a uniform coating of membrane with
controlled pore sizes is often very challenging.
One of the most important methods to reduce the
sensor temperature is to operate the sensor in self-
heating mode, so they can be integrated in smart
electronic devices such as smartphones. Another
challenge of gas sensors is the development of
flexible and high performance gas sensors. To
develop flexible sensors, the substrate should be
highly flexible, the sensor should work at room
temperature, and the gas sensor should retain its

performance under bending, tilting, twisting, and
stretching conditions.
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