


Chapter 1

Gas Sensor and Sensitivity
Manar Lo Dayekh and Saleem Azara Hussain

Abstract

Gas sensors help to detect toxic and flammable gases in the atmosphere, and the 
use of these devices can reduce or prevent severe consequences for people and the 
environment. Metal oxides are one of the best materials used in the preparation of gas 
sensors, and they have proven in general that they have resistance to high tempera-
tures Also, they are characterized by optical transparency at visible wavelengths, and 
they have a wide band gap. Whereas the interactive properties of metal oxides are the 
applications key chemical sensor. One of the characteristics of sensitivity is sensitivity, 
which is defined as the rate of change in the resistance of the thin film in the presence 
and absence of gas. Sensitivity is affected by several factors, including the relative 
humidity, the temperature of the sensors, the response time of the sensitivity, the 
time of exposure of the membranes to the gas, the background of the gas composition, 
and the thickness of the film.The chapter includes an explanation of the sensor parts 
and measurement sensitivity.

Keywords: gas sensing, sensitivity, gas sensitive materials, factors on gas, (Tio2/rGo) 
nanocomposite, NH3 gas sensor

1. Introduction

According to the scientific and technological developments, researchers has
witnessed big dealing in the study of the applications of sensor including gas sensors
and for its fundamental applications in the various fields of life like industrial indus-
tries, power generation, food, and beverages, medical, and therapeutic as well as
agricultural industries. As a result of current industries possesses that increasingly
involve the use and manufacture of highly hazardous materials especially toxic gases
and flammable create a potential hazard to industrial facilities and their employees
even the people who live near them. Moreover, all events that take place in the world
represent as reminder for this problem [1].

2. Classification of gas-sensitive materials

According to the base of gas sensing, gas-sensitive materials are divided into
two kinds based on electrochemical components and other principles, as shown in
Figure 1 [2].

There are three materials utilized as sensing components: metal oxide
semiconductor, conductive polymer composites, and carbon nanomaterial [2].
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Metal oxides are among the best materials used in the preparation of gas sensors as
shown in Figure 2 and it proves generally that it resists high temperature. It is optically
transparent at visible wavelengths and has a wide band gap [1, 3]. Both thin film and bulk
semiconducting metal oxide materials have been widely used for the detection of a wide
range of chemicals such as H2, CO, NO2, H2S, ethanol, acetone, and human breath [4].

The reactive properties of metal oxide are the key to chemical sensing applications
and when exposed to oxidizing gases including (O2) and gas (NO2) where the com-
mon denominator in the reactions of these gases is that they tend to form oxygen ions
(O�) or (O2

�) that electrically active in order for the oxygen ion to be stabilized, it
needs to diffuse into the vacant levels formed as a result of crystal defects within the
composition of the substance in the following equations [3].

Figure 1.
Classification of gas-sensitive materials [2].

Figure 2.
Metal oxides are used in sensors [1].
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O2 þ e� ! O�
2 (1)

O�
2 þ e� ! 2O� (2)

Electrochemical cells contain individual electrodes. They are sites of chemical
reactions that involve electron transfer with charged species (ions) that are trans-
ferred by electric current as it is showing in Figure 3 where the anode is the electrode
where the oxidation reaction takes place (the loss of electrons to the electrical circuit)
while the cathode takes the results of the reduction reaction (gaining electrons from
electric circuit) where electrical circuits permit the balance of the charge by electron
transfer. It also provides the necessary electrical voltage and where the increase and
decrease in resistance begin when exposed to one of the gases; therefore, the chemical
sensors depend on the change in the resistance. The semiconductors are from the type
(n-type) give a change in the resistance from the highest value to the lowest value if
there is gas while (p-type) the change in resistance is in opposite way (from the lowest
value to the highest value) in addition to the impurities here play a vital role in
improving the interactive properties of the sensor modifying the reaction pathway
sensitization and selectivity and increasing the detection limits of gas. Adding some
kind of impurities is a catalyst and activator for these properties in addition to particle
size and surface porosity are all activating factors to improve the sensitivity of gas and
it is one of the necessary principles that must be noticed at the beginning of choosing
materials for the chemical sensors [4].

Recent studies showed that it could improve the properties of sensors including
selectivity and others by using a mixture of oxides of nanomaterials. The properties of
the sensor are influenced greatly by granular size and structure porosity of materials.
The particle boundary can be increased by decreasing the particle size and that lead to
increase in the sensitivity and reduce the operating temperature which saves energy as
well as recent researchers have turned to materials with nano-crystalline structure
since it increases the improvement of sensors properties like eclectic and response
time and this is achieved by providing a massive increase in the surface area [5].
Figure 4 shows the gas component system.

3. Sensing properties

1.Sensitivity: Sensitivity can be defined as the percentage change in the resistance
of the thin film in the existence of gas and lack thereof. Sensitivity is affected by
factors including relative humidity, temperature of the sensors, the response
time of the sensitivity, the time of exposure of the films to the gas composition,

Figure 3.
Components of an electrochemical cell [4].
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and the thickness of the film are symbolized by the symbol for (S) and can be
shown in the following relation [1, 7, 8].

S ¼ ΔRj j
Ro

� 100% ¼ Rgas � Rair

Rair
� 100% (3)

Where:

S: Sensitivity.

(RgasÞ: Electrical resistance.
(RairÞ: Resistance in dry air.

(RoÞ: Resistance when entering the analytical gas

2.Selectivity: Selectivity can be defined as the ability of the sensor on identifying a
specific gas inside a mixture of gases where the metal oxides have more
sensitivity to the types of chemical gases in the air; therefore, studies underway
to increase the selectivity of oxide semiconductor sensors.

3.Response time and recovery time: It is intended as the time the sensor takes for
response in the case of changing the gas from zero to a specific value and reaches
a stable value of about 90% from the final value. It is also defined as the time of
recovery. It is time for the sensor signal to return to its initial value after
removing the gas flow and reaching 10% [9].

4.Stability: Is the ability of the sensor to stabilize for a specific time
while maintaining the selectivity, sensitivity, response time, and recovery
time [10].

5.Detection limit:It is the minimum concentration of analysis that can be detected
by the sensor.

Figure 4.
Gas sensing system [6].
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6.  Dynamic  range:It  is  the  range  of  concentration  of  examines  between  the
  maximum  limit  and  the  detection  limit.

7.  Resolution:It  is  the  lowest  focus  that  the  sensor  can  detect.

8.  Linearity:Is  the  relative  deviation  of  the  experimental  graph  on  the  ideal  straight
  line  in  the  ideal  parameters.

9.  Hysteresis:It  is  the  large  difference  in  the  value  of  the  output  when  the  value
  converges  with  the  decrease  and  increase  in  the  degree  of  focus  [11].

4. The  effective  factors  on  gas  sensor  properties

The  following  are  the  effective  factors  on  gas  sensor  properties.

1.  Porosity:  The  porous  structure  increases  the  reaction  area,  which  increases  the
  speed  of  response  and  improves  the  sensitivity  and  it  helps  to  activate  the
  molecules  of  gas  on  the  surface  of  the  semiconductor  as  the  pores  in  the
  membranes  act  as  channels  to  transport  gas  molecules  which  causes  an  increase
  in  the  response  and  retrieval  speed  [12].  The  researcher  Nayel  et  al.  studied
  manufactured  from  a  mixture  of  silver  oxide  and  indium  of  the  porous  silicon
  slides,  the  results  of  the  sensitivity  tests  showed  that  the  sensor  gave  a  high
  sensitivity  at  all  temperatures  to  the  base,  where  the  sensitivity  values  ranged
  from  single  indium  oxide,  due  to  the  effect  of  porous  silicon  [13].

2.  Grain  Size:  The  basic  process  that  is  related  to  the  surface  is  adsorption  and  one
  of  the  effective  factors  in  the  adsorption  on  the  sensor’s  surface  is  the  grain  size
  for  the  material  and  surface  area.  When  grain  size  decreases,  that  will  increase
  from  the  surface  area  leading  to  improve  gas  sensor  properties.  This  is  where
  sensors  show  high  sensitivity  towards  gases.  So  if  the  grain  size  for  the  sensor
  membrane  has  a  nano  scale  size,  as  the  ratio  of  the  surface  to  volume  increases.
  Thus  most  of  the  studies  tend  to  manufacture  sensors  of  semiconductors
  membrane  (nano).  The  decrease  in  grain  size  leads  to  increase  in  grain
  boundaries  to  increase  the  adsorption  surface  area  to  increase  interaction
  resulting  in  increasing  response  speed  and  sensitivity  value  [14].  The  effect  of
  particle  size  on  the  sensitivity  of  chemically  resistant  nano-gas  sensors  was
  studied  by  the  researcher  Rothschild  et  al.  by  means  of  the  effective  carrier
  concentration  as  a  function  of  the  surface-state  density  of  the  SnO2  sensor
material,  with  different  particle  sizes  ranging  from  5,  80  nm  [15].

3.  Dopant  and  Mixture:  It  can  be  defined  as  adding  impurities  from  a  certain
  material  to  the  pure  semiconductors.  These  impurities  act  on  controlling  of
  optical,  electrical,  and  constructive  properties  of  the  semiconductors.  When
  adding  impurities  from  certain  materials  to  semiconductors,  it  works  on  the
  appearance  of  one  type  of  charge  carrier,  which  is  called  the  majority  charge
  carrier,  and  the  diminishing  of  the  other  type,  which  is  called  the  minority  charge
  carrier.  This  led  to  the  increase  in  electricity  supply.  The  increase  of  impurities
  ratio  works  on  decrease  in  grain  size  and  this  leads  to  the  increase  of  surface  area
  and  grain  boundaries  and  this  helps  to  increase  the  interaction  whereas  gas
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displaces the oxygen atoms which is related to the grain. This lowers the voltage
barrier and thus lowers the resistance and conductivity increases. Since dopant
increases the number of one type of carrier so the electrical conductivity depends
on the number of atoms of the added material that is, focuses on free electrons
generated from it [16]. The researcher Navaneethan M, et al., was able to study
the improvement of sensitivity to ammonia gas sensor, as the sensitivity
measurements for ammonia gas showed the highest response rate when Ag
impregnation of ammonia gas [17].

4.Junction Effect (P-N): When mixing two or more oxides to make a gas sensor,
differential-difference will be created between them, due to the different affinity
and work function p-n or p–p, or n-n was the type of electronic conductivity for
those oxides. Thus, the number of charge carriers increases across the junction
which leads to increase or decrease the electrical resistance for the sensor which
is due to the contact of oxide p-n [16].

5.Effect of Substrate: The base directly affects the sensitivity properties of the
prepared films usually using different types of substrate on which films are
deposited such as silicon, quartz, glass, and aluminum. The porous silicon to
work on improving sensor properties. Thus, the use of silicon substrate to
precipitate films on it gives special different properties to oxides of semi-
conductivity materials due to its influences on surface electric charges. Then, its
effects on gas interaction with the sensor makes it required in the industry of gas
sensors. The silicon etching process is one of the used techniques in the
improvement of sensor properties due to the increase of surface area where it
determines the regulation of pore size. The glass substrate is known for its optical
properties as it has an absorption approach to zero and high transmittance within
the visible area so it is used as a substrate to study the optical properties,
constructive, and the sensitivity to the prepared film. Also, the proposed silicon
acts to improve the sensor [18]. The researcher Rahman et al. studied the
sensitivity of the engrafted nano silver oxide prepared by the solution method.
The substance was deposited on glass carbon electrodes to give sensitivity with a
quick response to methanol in the liquid phase and it gave good and stable
allergic results.

6.Active surface area and types of nanostructures: In many gas sensors, the
conductivity response is decided by the efficiency of catalytic reactions with
detected gas participation, taking place at the surface of the gas-sensing material.
As a result, control of the catalytic activity of gas sensor material is one of the
most generally used means to improve the performances of gas sensors. But, in
practice, the widely used gas-sensing metal oxide materials such as TiO2, ZnO,
Ga2O3, SnO2, Cu2O, and Fe2O3 are the least active with the catalytic point of
view. The pure SnO2 thin film without any catalyst shows a very poor sensitivity
(�3) confirming this statement [12]. Tian et al. presented a study of the gas
sensing properties of Tio2 nanostructured materials and the effect of different
forms of titanium dioxide on their sensitivity to gas. It was obtained that TiO2

nanostructured materials with different dimensions show unique sensing
properties for the detection of gases, in addition to that the ultra-small
nanostructured materials with large and specific surface areas achieve rapid
response for the detection of various gases [19].
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Figure 5.
(a) Aluminum mask planner for sensor gas. (b) the sample after the deposition of aluminum electrodes for gas
sensor.
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5. Experimental  gas  sensor

5.1  Masks  preparation  and  electrodes  deposition

  Preparation  of  the  masks  used  for  depositing  the  electrodes  in  the  gas  sensor,
where  these  masks  are  made  of  steel  material  in  the  form  of  a  single  clip.  The  space 
between  every  two  fingers  of  the  clamp  is  (400μmÞ  and  the  width  of  the  fingers  of
the  clamp  is  (400μmÞ.  Each  piece  includes  five  fingers  its  length  is  (3.3mm)  and

there  is  an  active  distance  after  the  preparation  of  the  masks,  it  is  installed  on  the 
front  part  of  the  floors  on  which  the  material  films  are  deposited  to  deposit  the 
electrodes  on  top  of  it  by  thermal  evaporation  under  vacuum  conditions  using  a  purity 
aluminum  wire  (99.9%)  where  the  sedimentation  takes  place  under  pressure  is  shown
in  Figure  5.

5.2  Gas  sensor  preparation  electrochemistry

The  sensor  can  be  prepared  through  the  following  steps:

a. Prepare  the  suitable  floors  (glass,  Silicon)

b. Material  deposition  substances.

c. Deposition  of  the  appropriate  electrodes  to  make  the  sensor  by  thermal 
evaporation  method  in  a  vacuum.

d. Take  the  necessary  measurements  to  determine  the  sensitivity  of  the  material  by 
using  gas  (NO2,  NH4,  …  …  ..etc.).
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5.3 Description of the sensor system

The gas sensing chamber is a (cylinder or chamber) made of stainless steel, the
cylinder is (30 cm) in diameter and (35 cm) high. The chamber contains several
openings, including the gas pumping hole, the unloading hole, and the window open-
ing to monitor what is going on inside the chamber, and a hole lead through is used for
electrical connection between the parts inside the vacuum chamber and the measuring
devices outside the vacuum chamber.

The sensing system contains a needle valve that controls the entry and exit of gas
and is connected to a tube to a flask containing a source of gas, which supplies the gas
to be tested in the chamber.

One of the important parts of the system is a laptop computer that is used to record
the difference from sensors when exposed to a percentage of gas whose sensitivity is
to be measured by the prepared membranes.

One of the parts of the sensing system is the hot plate, which is a base on which
samples are placed inside the sensing chamber, the purpose of which is to raise the
temperature of the membrane, as shown in Figure 6, and in order to control the
operating temperature, the sensors are connected to a digital meter (thermometer).

The resistance of the membrane in the air is measured first, then the samples are
entered into a vacuum chamber, and the resistance is measured as a function of time.
The gas is pumped in and the change in the resistance of the membrane with time is
read for every second with constant temperature, and readings are taken for both the
pure and tainted cobalt films.

The gas sensing characteristics of (Tio2/ rGo) nanocomposite to NH3 sensor appli-
cation has been studied by Ref. 17, and we have reached that Ammonia sensing acts
for (Tio2/ rGo) layered film tackled . Sensing behavior of the (Tio2/ rGo)
nanocomposites tested under the 100 ppm of environment. The (Tio2/ rGo)
nanocomposite explained a high reaction to NH3 gas (48%) at room temperature.

It is clear in Figures 7 and 8 that sensitivity (S) of NH3gas sensors based on
(TiO2/rGO) nanocomposite prepared by using pulsed laser ablation in Double distilled
and deionized water (DDDW) at wavelength (532) nm to 100 ppm NH3gas in room-
temperature. So that to obtain a measurement of sensitivity of the sample produced in
this work, electrical resistance of nanocomposites was measured in the air and the
presence of gas in room temperature. The resistive of gas sensors is called the relative
change in resistance or conductivity for the nanocomposite. A known quantity of

Figure 6.
The system used to measure sensitive membranes of gases [20].
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intended gas is introduced after the ohmic strength of the sensor matter gets stability.
The recovery features (as the target gas is withdrawn) are also controlled as a function
of time. Sensitivity (S) can be calculated from Eq.(3). The sensitivity of TiO2/rGO-1
and TiO2/r GO-2 nanocomposites are (48) (25), respectively. The sensitivity of the
(TiO2/rGO-1) nanocomposite for ammonia gas is higher than that of (TiO2/rGO-2)
nanocomposite because the sensitivity is based on grain size and grain boundary. If
the distance between the grains is small, rising the interaction between oxygen
absorbed and gases is rising, also the grain boundary will increase interaction and
increase sensitivity, response, and recovery time is due to the first definition under
exposure to NH3 at room temperature. It is necessary that both responses time and
remedy time relied on gas focus and the temperature at which the sensor perform in
this work. The operating temperature is constant (RT) and gas concentration is also
constant and is estimated at 100 ppm, When exposed nanocomposites (TiO2/rGO) to
NH3 gas, the resistance of the nanocomposite decreases and thus make the sensor
performance at room temperature, where Ammonia is an electron supplier and might
assist electrons to the (TiO2rGO) sensing matters at the sensation actions.

Figure 7.
Repetitive response curves of (TiO2/rGO-1) nanocomposite exposed to 100 ppm NH3[21].

Figure 8.
Repetitive response curves of (TiO2/rGO-2) nano composite exposed to 100 ppm NH3 [21].
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Semiconductor gas sensors are generally employed at the pressure in the atmosphere.
Therefore, atmospheric oxygen on the surface adsorbs electrons from the conduction
band of n-type (TiO2rGO) nanocomposite film, forming O2-and an electron-depleted
layer at the surface of the film. NH3 gas was adsorbed, and electrons freed into the
conduction band due to Equation below [4], decreasing resistance.

4NH3 gð Þ þ 3O�
2 adsð Þ ! 2N2 þ 6H2Oþ 6e� (4)

6. Conclusion

This chapter shows the importance of the study of gas sensors and their funda-
mental applications that are used in different aspects of life in addition to their
importance in the dictation of toxic gases. The use of these devices can reduce the
risks. To that, it is turn out the importance of classifying the materials that are used in
gas sensitivity and components of gas sensors as it is explained the steps of sensitivity
measurement with a description of the system used to sense the gases.
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Chapter 2

Optical Gas Sensors
Vivekanand Mishra, Rashmi and Sukriti

Abstract

Miniature and highly efficient optical-based gas sensors have gained enormous 
consideration over the last few years. Materials based on the group-IV elements, 
namely silicon, germanium and their compounds, are deemed to be the potential can-
didates for the optical gas sensors. Optical gas sensors based on these materials offer 
appreciable sensitivity and high-density integration. Basically, these sensors paved 
the path for the flexible applications areas, namely internet of things (IoT), point-
of-care testing, information and communication technology, etc. because of their 
potential candidature for being integrated with the several other photonic or elec-
tronic devices for on-chip signal processing and communication. Herein, we review 
optical gas sensors and discuss their basic principles, applications, recent advance-
ment in the devices, etc. Gas concentrations can be easily detected and measured 
utilizing the characteristic optical absorption of gas species. This detection is crucial 
both for interpretation and observing of a wider range of phenomena extended from 
industrial practices to overall environmental change. Based on the findings, this 
review extends over a comprehensive overview of plethora of individual gas detection 
techniques, namely non-dispersive infrared, spectro-photometry, tunable diode laser 
spectroscopy and photo acoustic spectroscopy. This article focalizes over the discus-
sion of the basic principle of the techniques introduced, their latest advancements and 
performance constraints, etc. 

Keywords: sensors, optical gas sensors, spectrometers, infrared spectrometers,  
ultra-violet/visible spectrometers, fiber optic instruments, laser spectroscopy, optical 
and dielectric properties of gases

1. Introduction

The detection of gases is webbed across a plethora of application fields. Primary 
application extended over sector of petrochemical, where sensors were incorporated 
to safeguard (namely by detecting the leakage of highly toxic or flammable gases). 
The monitoring of feed stocks, as well as the key species parameters utilized in prod-
ucts as well as processes, keeps on revising depending upon the requirements with 
passage of time and day-to-day advancement in the field of science and technology [1, 
2]. Several fields of science, namely atmospheric science, encourage the application of 
extremely sensitive gas detectors in order to detect, measure and develop the under-
standing of properties and trajectories of numerous gases, namely the greenhouse 
gases [3]. In the field of medical, investigation is made over several gases (namely 
nitric oxide (NO), ethane, ammonia (NH3), etc.) having potential candidature for 

13



Metal-Oxide Gas Sensors

2

Materials Advantage Disadvantage Target Gases and 
Application Fields

Metal Oxide 
Semiconductor

Lower Cost Relatively lower sensitivity 
and selectivity

Industrial applications 
and civil use

Shorter response time Sensitive to environmental 
factors

Wider range of target 
gases

Higher energy consumption

Longer Lifetime

Polymer Highly sensitive Long-time instability Indoor air monitoring

Shorter response time Storage place of 
synthetic products as 
paints, wax or fuels

Lower fabrication cost Irreversibility Industries namely, 
chemical industriesEasy and portable 

structure
Poor selectivity

Lower consumption of 
energy

Carbon 
Nanotubes

Ultra-sensitive Complications in fabrication 
and repeatability

Partial discharge 
detection

Great absorptive capacity High cost

Large surface-area-to-
volume ratio

Faster response time

Less weight

Moisture 
Absorbing 
material

Lower cost Vulnerable to friction Humidity monitoring

Less weight Potential irreversibility in 
high humidityHigher selectivity 

towards water vapor

Optical 
Methods

High selectivity and 
stability, sensitivity

Difficulty in miniaturization Remotely air quality 
monitoring

Longer lifetime Higher Cost Gas leakage detection 
systems with excellent 
accuracy and safety

Insensitive to 
environment change

High-end market 
applications

Calorimetric 
Methods

Stability at the ambient 
temperature

Danger of catalyst poisoning 
and explosion

Highly combustible 
gases under industrial 
environment

Low cost Intrinsic deficiencies in 
selectivity

Petrochemical plants

Adequate sensitivity for 
industrial detection

Mine tunnels

Kitchens

Gas 
Chromatograph

Outstanding separation 
performance

Higher cost Laboratory analysis

High sensitivity and 
selectivity

Difficulty in miniaturization 
for portable applications
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biomarker gases application in fields of different for diagnostics, namely respira-
tory, etc. Chromatographs, analytical laboratory equipment has traditionally being 
utilized on larger scale for quantitative gas detection, but the equipment lacks the 
real-time data sampling [4]. Other than this sensor, semiconductor gas sensors or 
electrochemical devices were utilized. Other devices, namely Pellistorbeing, a poten-
tial sensor device (for the detection of the flammable gases closer to the lower range 
of the explosive limit but zero parts per million) for combustion on catalyst beads [5], 
semiconductor gas sensors can be very sensitive down to ppm [6], but they lack and 
suffer from the drift and erratic response to other gases as well as changing humidity 
levels. Other than this, electrochemical gas sensor being highly sensitive (ppm or 
ppb levels) and relatively specific to an individual gases suffers limited lifetimes and 
cross-response issues [7]. In comparative to this (Table 1), carefully designed opti-
cal absorption-based gas sensors are enriched with highly sensitivity, responsivity 
(approximately, 1 s), negligible drift, high-level gas specificity and seize to any cross 
response to other gases . They are blessed with highly controlled processes since the 
measurement corresponding to the detection can be made in real time and in situ 
devoid of any disturbance to sample under investigation [8].

Optical gas sensors act as a bridge among the sensors available at cheaper rates 
(with substandard performance) and costlier laboratory equipments. Optical gas 
sensors involve the transduction method which through direct measurement of 
molecules physical properties (e.g. the absorption of molecule at a particular wave-
length) causes reduction in the drift. Since the intensity of the incident beam can be 
determined, the measurements are self-referenced and are compelled to be inherently 
reliable. Gas detection applications are webbed over the broader range of gas con-
centrations (proportion present in the air (or the other matrix) by the total volume). 
At standard temperature and pressure, gases mostly behave as an ideal gas and are 
approximately equal to molar concentration present in the given matrix. The study 
of widely used gas sensing methods based on the optical absorption measurements at 
particular wavelengths is the main focus of this article. Being non-dispersive gas sens-
ing methods utilizing spectro-photometry, non-dispersive infrared, tunable diode 
laser spectroscopy and photo-acoustic spectroscopy [9–11].

Optical gas sensing proved to be the uncomplicated method and accomplish 
superior sensitivity, stability and selectivity over all other non-optical methods 
with much longer lifetime. Optical-based gas sensing has relatively shorter response 
time, enabling the detection on-line in real time. The performance of these sensors 
is immune to the any environment changes or catalyst poisoning triggered by the 
presence of specific gasses, etc. Optical gas sensing is spectroscopic investigation, but 
their applications on gas sensors are hampered because of miniaturization as well as 
comparatively high cost. That is the reason why only limited commercially available 
gas sensors based on the optical principle are available. Present review focusses over 
the general overview of optical-based gas sensors.

Materials Advantage Disadvantage Target Gases and 
Application Fields

Acoustic 
Methods

Longer Life-time Lower sensitivity Components of 
the wireless sensor 
NetworksAvoiding the secondary 

pollution
Sensitive to the 
environmental change

Table 1. 
Summary of the advantages, disadvantages and the myriad of applications for the listed methods of gas sensing.
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2. Classification of gas sensors

Factors affecting gas sensing mechanism:
Several factors should be taken into account when assessing the effectiveness of 

gas sensing techniques (Figure 1 depicts the classification of gas sensor):

1.	Sensitivity is a measure of the lowest volume concentration of a specific gas at 
which it can be detected.

2.	Selectivity refers to the characteristic that analyses the capacity of a gas sensor to 
isolate a particular gas from a mixture of gases.

3.	Response time is the amount of time taken by a gas sensor when the concentra-
tion of a gas reached to a certain value with respect to the time that it compels the 
sensor to generates an alarming signal.

4.	Stability is the characteristic that tells whether the given sensing material can 
reconcile to its initial state once the detection is over. This includes retaining the 
response time, recovery time, sensitivity and selectivity.

5.	Repeatability is the property of the sensor to exhibit certain response value when 
exposed to a certain value of gas concentration.

6.	Fabrication cost, adsorptive capacity and energy consumption.

The operating stability of gas sensors that are intended for the market must also be 
guaranteed; or they must display a highly stable as well as repeatable signal over time. 

Figure 1. 
Chart representing the classification of gas sensors.
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But, the instability of the gas sensor is caused by a number of reasons such as design 
mistakes, structural modifications (such as changes in grain size or grain network), 
phase transitions (which typically refers to separation of the additives doped with 
sensing materials), poisoning brought on by the chemical processes as well as change 
in the environment.

The use of optical techniques for gas sensing is typically simple and can produce 
results with more sensitivity, stability as well as selectivity in respect to other non-opti-
cal techniques while having a significantly longer lifetime. Their quick response time 
makes on-line real-time detection possible. The changes in the atmosphere or poison-
ing of the catalyst brought on by particular gases, etc. will not affect performance. The 
majority of optical techniques utilized for sensing gas are based on spectroscopy.

2.1 Basic principles

There has been an extensive discussion about the principles of molecular absorp-
tion spectroscopy [12, 13]. Optical gas sensing techniques have been commercial-
ized and while the majority are absorption-based, several other methods also play 
a significant role. Myriad of chemical substances show high absorption mainly in 
the region dominated over ultraviolet–visible range, near-infrared (NIR) as well as 
mid-infrared range of electromagnetic spectrum. Each substance has its unique set of 
absorption lines or bands that serve as the foundation for its detection and quantifica-
tion. The parameters of the absorption spectra show variation in the various spectral 
bands displayed in Table 2.

Optical gas sensors work on the principle of the Beer and Lambert law and relation 
for the same is [14].

	 ( ) ( ) αλ λ −= cl
oI I e 	 (1)

were, ( )λ oI and I  are the detected as well as emitted optical intensity at a particu-
lar wavelength ( λ) , (respectively)

( )[ ]α λ =/L g  Absorption coefficient of the gas.

[ ] =/c g L  Concentration of gas.

l [ ] =m  beam-gas interaction path length.

Figure 2 depicts a sensor comprised of different parts, namely

i.	Emitter (in order to generate the beam ( )( )λoI

ii.	Optical Path (path length of gas cell (l) for guiding the beam interaction with gas.)

iii.	Optical filter (for the selection of the characteristic wavelength range of the 
gas being target)

iv.	Detector (for detecting the absorbed beam ( )( )λI

The spectroscopic investigation relied mainly on the spectrometry absorption as 
well as emission. Absorption analysis is completely based on the Beer and Lambert 

17



Metal-Oxide Gas Sensors

6

law and is basically concentration-dependent absorption of the photons at a par-
ticular wavelength of the gas. Other than this plethora of improvised techniques of 
absorption spectrometry, namely Differential Optical Absorption Spectroscopy, 
Raman Light Detection, Tunable Diode Laser Absorption Spectroscopy, Differential 
Absorption LIDAR and Intra-Cavity Absorption Spectrometry (ICAS), etc. [15–17]. 
Spectrometry based on emission is observed when the atoms sitting in the excited lev-
els on their transition to the ground state emits photons. Emission-based techniques 
are namely Laser-Induced Breakdown Spectroscopy, Fourier Transform Infrared 
Analysis (FT-IR) can be utilized for both the spectroscopy, namely absorption and 
emission. Furthermore, the photo-acoustic and correlation spectroscopy techniques 
also come in the category of spectroscopic analysis. These spectroscopic techniques 
are generally employed to gas detectors. This can contribute to the designing of 
the more complicated system at a higher cost level and can incorporate exceptional 
sensitivity, selectivity and reliability as compared to the other available gas sen-
sors. Extensively utilized optical-based sensors utilize infrared source. The infrared 
source-based gas sensors work on the principle of absorption spectrometry. That 
implies that each and every gas is having a specific absorption property to infrared 
radiation of varying wavelength and results in unique fingerprint of infrared absorp-
tion. This implies that each and every gas has some unique property of absorption to 
infrared radiation range with varying wavelengths and thus shows a rare fingerprint 
of infrared absorption. Gas sensors based on infrared source consist of mainly three 
major parts, namely (depicted in Figure 2),

i.	Infrared Source

ii.	Gas chamber

iii.	Infrared Detector

At the primary state, the infrared source emits broad-band of radiation wavelength 
containing the wavelength range corresponding to the absorption of target gas. After 
that the gas sample present in the gas cell absorbs the incoming radiation beam of their 
specific wavelength. Later on the optical filters are utilized to screen out the entire 
wavelength of the radiation except the radiation wavelength absorbed by the target 
gas. Thus, the gas of interest can be easily detected as well as measured just by employ-
ing infrared detector. The entire setup is named as Non-Dispersive Infrared gas sensor.

Non-dispersive sensing technique is utilized, wherein the beam (unfiltered) is 
utilized for the interaction with the gas. This sensing technique encourages the 
selective detection of beam ( )λ , just by filtering the beam detected by characteristic 
absorption spectra of the molecular species. Non-dispersive infrared (NDIR) sensors 
conventionally configured with infrared emitters and infrared detectors [18]. Sensors 

Spectral Range Reason for the absorption

Ultraviolet (200–400 nm) Electronic transitions

Near Infrared (700 nm to 2.5 μm) Molecular vibrations and rotation, first harmonic

Mid Infrared (2.5–14 μm) Molecular vibrations and rotation, fundamental

Table 2. 
Origin of absorption spectra in the various regions of the electromagnetic spectrum.
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work on the same principle of Beer–Lambert’s Law, if utilized for different spectral 
regions or configured for acoustic detectors.

A different gas cell consisting of the reference gas other than the single detector 
mode can be incorporated to uplift the overall accuracy of the infrared sensing method 
just by truncating the ambient environmental factors without inducing much more 
complexity. Figure 2 depicts the layout of two detectors. Just to keep the radiation 
parameters of infrared source identical, gas cell utilizes the reflected infrared beams 
from the single source just utilizing the mirror property. The assortment of the range 
of wavelength of the infrared beam utilized as source impacts a lot on the concluding 
detection result. Spectral region of the mid-infrared gains more attention as it encour-
ages stronger molecular absorption as compared to spectral region of near-infrared. The 
conventional mid-infrared laser sources suffer major drawbacks, namely wavelength 
tunability, lower power of output, complexity, requirement of coolants. Plethora of 
lasers have been developed and investigated in order to overrule the above mentioned 
disadvantages, e.g. Quantum-Cascade Lasers blessed with tunability, highly narrow 
line-width as well as lower average power for the operation at the room temperature.

Myriad of topologies have been employed for the fabrication of optical gas sensors. 
The commonly utilized sensors are based on gas cells formed between face-to-face 
configured emitters and optical detectors. Several approaches followed for the 
miniaturization of the gas cell include utilization of enhancement layers namely, 
Utilization of photonic crystals [19], optical cavities [20], multi-pass cells [21], gas 
enrichment layers [22–24], in order to enhance beam-gas interaction, the planar 
configurations of the emitters as well as detectors, utilization of waveguides for the 
interaction of evanescent field. Optical detectors, namely photodiode, thermopile or 
pyroelectric, acoustic detector are mainly implemented in order to detect the beam 
being absorbed ( ( )λI ) [25–28]. The mechanism of lock-in detection is employed to 

Figure 2. 
Beer and Lambert law–based optical gas sensor; (A) off state (no any signal being detected, (B) on state 
maximum detected signal, (C) decreased detection with gas concentration.
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extract the sensor response signal ( ( )λI ) and further known frequency is utilized to 
modulate the emitter. The reference detector is frequently utilized in order to com-
pensate for the variation in emitted beam. Further, additional sensors can be utilized 
in order to compensate for the several parameters of environment, namely tempera-
ture, pressure, etc.

Types of Optical Gas Sensors

•	 Optical sensors’ operation mainly includes controlling, then detection of the 
beam propagating through the target area where the photons which got detected 
generate the electrical signals. Frequently utilized optical sensors are, namely 
fiber-optic gas sensors and photonic-crystal gas sensors; these sensors are based 
on the principle of the detection of the beam propagation through utilization of 
devices. Fiber-optic-based sensor measures the modification in optical property 
(namely, wavelength) and detects the analytes introduced on the sensing poly-
meric layer by employing optical fiber. These sensors are enriched with excellent 
sensitivity, stability with respect to the environmental factor as well as longer 
lifetime. Implementation of optical fiber in the structure causes complications in 
the miniaturization. Structure of the photonic crystal sensor utilizes the periodic 
arrangements of dielectric materials with numerous refractive indexes.

•	 In order to detect the carbon monoxide, mid-infrared photonic crystals are com-
monly utilized. By the utilization of the advanced micro-machining technology, 
we can precisely control or tune the dimension as well as the shape of the pattern 
of the sensing device. But the implementation of this advance technique can lead 
to the enhancement in the overall fabrication price of the device. Optical gas 
sensors enriched with the detection level ranging over then ppm range have been 
successfully developed.

•	 Spectroscopy-based methods have traditionally included infrared absorption 
spectroscopy, gas chromatography (GC) and Raman scattering spectroscopy 
as the standard gas detection methods. Despite their sturdiness, the aforemen-
tioned spectroscopic sensing approaches typically need expensive and large 
apparatus, making them difficult to access and unsuitable for applications that 
call for in situ monitoring and on-site analysis. Therefore, alternate gas sensing 
methods are being developed concurrently for lower cost and greater portability.

•	 Electrical gas sensors such as chemiresistors, electrochemical sensors, Schottky 
diodes, field-effect transistors, chemiresistive sensors and impedance sensors are 
among these types of gas sensors.

•	 Optical gas sensors such as fiber-optic gas sensors and photonic crystal gas sensors 
are also available. Despite having been developed and commercialized gas sen-
sors for a long time, traditional materials of gas sensing such as oxides of metals, 
conducting polymers and carbon nano tubes (CNTs) still face issues including low 
selectivity, high operating temperatures and poor repeatability. As a result, ongo-
ing efforts are needed to explore and develop new gas sensing materials.

•	 Among the most used type of optical gas sensors are fiber gas sensors, as shown 
in the figure.
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  A waveguide with a fiber core and surrounding cladding makes up its primary 
part. The core allows a small amount of light to transmit in form of evanescent waves 
perpendicular to the axis of fiber with exponentially diminished intensity in the 
cladding. On the other hand, majority of the light travels along with the fiber core via 
total internal reflection because core has a greater refractive index than the cladding.
The alteration in the refractive index of the cladding is caused by the adsorption of 
the molecules of gas on its surface, which in turn affects the wavelength and intensity 
of the output light signals. Due to the limited selectivity of the gas adsorption-
induced variation in the overall refractive index of the material, the cladding is 
typically modified with molecules or nano-materials that have a particular affinity
for the target gas.

3. Applications

  A side-polished fiber (SPF) coated with cholesteric liquid crystal film (CLCF)
has been employed for Volatile Organic compound (VOC) sensing, where a rise in
the concentration of VOC on CLCF causes a rise in the pitch of the resulting light.
As a result, the resonant dips exhibit a blue shift that can be linked to the exposure
to VOCs. For acetone, tetrahydrofuran and methanol gas, the sensitivities of CLCF-
SPF have been observed to be 3.46, 7.08 and 0.52 nm-L/mmol, respectively. It can
be observed that the overall sensitivity of the CLCF-SPF rises with the VOCs’ molar 
mass.

• ZnO nanoparticle-coated fiber-optic sensors have demonstrated the relation 
between concentration and selectivity for ammonia, acetone and ethanol. Due
to the increment in the catalytic reactivity of the acetone at elevated concentra-
tions, ZnO nano-particles exhibit exceptional sensitivity towards the gas ammo-
nia and acetone at lower and higher concentrations of up to 150 ppm and above
150 ppm, respectively.

• A CO gas sensor that operates at room temperature and uses ZnO detecting film 
has been created. Sensor uses the mechanism of surface Plasmon resonance 
mechanism, which has been demonstrated as a possible contender for the com-
mercial applications of the detection of CO. According to reports, this sensor has 
a wider range of CO concentration, webbed over the range of 0.5–100 ppm at the 
room temperature and a faster response time of roughly 1 s. It also has a higher 
sensitivity of about 0.091 ppm and has been demonstrated that these sensors
are highly selective for CO, with barely any interference from any other gases,
namely CO2, NOx, NH3, LPG and H2.

  Figure 3  depicts photonic crystal gas sensor, as another type of optical gas sensor 
that is similar to one described above. The photonic crystals are mainly synthetic opti-
cal materials having periodic variations in value of the refractive index. According to 
photonic band gap theory, beams having the wavelength in range of photonic crystal 
band gap can be bound in and transmitted down the air channel having little energy 
loss in the case where the cladding of fiber has a higher refractive index compared to 
the photonic crystal core with air channels. Additionally, air passages act as the cells 
for the insertion of the molecules of the target gas, which alters core’s refractive index 
of photonic crystal and hence, alters the output illumination.
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Three patterns of varying sizes on a single substrate have been used to identify 
different VOCs using Si-based photonic crystals. By using electrochemical anodization 
to create mesopores of various sizes, the designs are etched onto the Si wafer. On a Si 
substrate, 8 nm of diameter mesopores were created in multilayers with 178, 229 and 
300 nm of the vertical spacing, allowing the refection of 430, 580 and 740 nm photons. 
Introduction of the analytes over this photonic crystal with several layer patterns raises 
the effective refractive index and changes the permitted wavelength of the reflected 
beam. When sensing capabilities of the devices were examined using methanol, etha-
nol, etc. in the nitrogen carrier gas presence, LOD in the ppm range was observed. Using 
this technique, analytes by calculating the shift in wavelength in time of each VOC.

Researchers have looked into self-assembling silica nanospheres to create photonic 
crystals for ethanol, water and carbon disulfide (CS2) detection. On silica colloid drying 
over substrate and then annealing it at the temperature of 600°C for the sintering, the 
silica photonic crystal can be created. To improve the interaction with analytes, HKUST-1 
can be coated on the nano-structured silica. Each silica nano-sphere has a diameter of 
around 300 nm and is arranged in a face-centred cubic configuration. For a gas-sensing 
test, when analytes are present, NIR light can be shone in the direction of the silica 
nanostructure. The predicted detection limit for water, ethanol and CS2 is 2.6, 0.3 ppm 
and CS2 is 0.5 ppm, according to tests on the sensing ability of these substances.

4. Conclusion

To conclude, optical gas sensing remains an important field that complements 
other gas detection technologies. The opportunities afforded by new technology, 
together with the challenges that remain, will make this an exciting and rapidly 
developing field for many years to come. Commercially available gas sensors are 

Figure 3. 
Schematic illustration of (A) photonic crystal gas sensor and (B) fiber-optic gas sensor.
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rarely based on the optical principles, present article focuses over the broad overview 
of techniques involved in gas analysis and illustration of the detailed introduction
of the optical-based gas sensors. Optical sensors including fiber-optic and photonic 
crystal gas sensors operate based on the detection of the light propagation through the 
device. Fiber-optic sensors detect analytes by measuring optical property changes of 
light such as wavelength, which is introduced on the polymeric sensing layer through 
optical fiber. These sensors have many advantages in high sensitivity, stability to 
environmental factors and long lifetime. However, needs of optical fiber in the struc-
ture make it difficult to be miniaturized. Photonic crystal sensors employ periodic 
arrangements of dielectric materials with various refractive indexes. Mid-infrared 
PhCs are a common example of these devices to detect common gases such as CO.
These sensors can be developed using advanced micro-machining technology and,
therefore, the dimension and shape of the device pattern can be precisely controlled,
which on the other hand increases the fabrication cost.
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Abstract

Real-time gas sensors, which use chemiresistive metal oxide (MO) semiconductors, 
have become more important in both research and industry. Fiber optic metal oxide 
(MO) semiconductor sensors have so increased the utility and demand for optical 
sensors in a variety of military, industrial, and social applications. Fiber optic sensors’ 
inherent benefits of lightweight, compact size, and low attenuation were actively lev-
eraged to overcome their primary disadvantage of expensive cost. With the growing 
need for quicker, more precise, and simpler gas sensing, metal oxide semiconductor 
gas sensors are focusing on new and novel materials at room temperature. The realiza-
tion that materials with coexisting magnetic and ferroelectric orders offer up effective 
ways to alter magnetism using electric fields has drawn scientists from diverse areas 
together to research multiferroics for gas sensing applications in recent years. The 
chapter shall encompass a brief summary of the underlying physics related to fiber 
optic gas sensors and parameters involved in gas sensing, the significance of the fas-
cinating class of metal oxide materials, and an outline of spin frustrated multiferroics 
for possible applications and its potential possibilities for progress in the future.

Keywords: fiber optic sensors, Multiferroics, spin frustrated, Bi2Fe4O9, YMnO3, 
Ni3V2O8

1. Introduction

The air we breathe contains a variety of chemical compounds, some of which 
are beneficial and others that are harmful. Toxic and hazardous gas emissions have 
become a source of worry in recent years [1]. As a result, there has been an increase in 
demand for gas detection and monitoring. Generally, a gas sensor should be designed 
to accomplish two critical functions: receptor and transducer. The capacity to detect 
certain gas species (via interactions such as adsorption, chemical, or electrochemical 
reaction) is the function of a receptor, while the ability to convert gas identification 
into a sensing signal is the function of a transducer.
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Gas sensor research is designed to reinforce two most important functions: the 
receptor function, which is generally connected to selectivity, and the transducer 
function, which is directly related to the sensitivity of a gas sensor [2]. To fulfill the 
two purposes, different sensing techniques are applied, resulting in distinct sensor 
approaches such as catalytic gas sensors [3], electrochemical gas sensors [4], optical 
gas sensors [5], thermal conductivity gas sensors [6], and acoustic gas sensors [7, 8]. 
Over the last few decades, Optical gas sensors have been projected as a good choice 
considering their benefits compared to other available sensing technologies, as they 
are immune to electromagnetic interferences [9], do not require any electric power 
to work, and the possibility of multiplexation, ability to perform in remote areas and 
under harsh environmental conditions [10].

Commercial applications exist for gas detection using optical fibers. Owing to 
its advantages and good productivity over non-fiber sensors, such as metal oxide 
semiconductor (MOS) and spectroscopic approaches, optical fiber gas sensors are 
still being extensively examined. Between 2017 and 2023, the global optical sensing 
market is expected to grow at a CAGR of 15.47 percent, from USD 1.13 billion in 
2016 to USD 3.47 billion by 2023 [11]. The physical qualities of optical sensors that 

Types of 
Chemical 
sensors

Manufacturers 
commercially 

available

Range of detection / 
Concentration 

(ppm)

Response 
time (s)

Compounds

Electrochemical 
Sensor

Environmental 
sensors Co, Winsen, 

City tech

0–30 ppm 60 s ethanol. formaldehyde

Metal Oxide 
Semiconductor 
Sensors

Aeroqual, Unietc 
SRL, Applied Sensor 

AMS,

10–5000 ppm 10–60 s alcohols, aldehydes, 
amines, aromatic 

hydro-carbons (petrol 
vapors, LPG, etc.)

Non-dispersive 
Infrared Sensors 
(NDIR)

Wuhan Cubic, 
Alphasense

0–100% < 45 s IR absorbing VOC 
(methane)

Thermal Sensor 
(Pellistor)

Figaro, Microcel, 
Sixth sense

0–100% 10–40 s Most combustile 
vapors (methane, iso-

butane, propane)

Photoionization 
Sensor
(PID)

Mocon Baseline 
series, Alphasense 

Gray wolf

10–20,000 < 3 s VOC’s with proper 
ionization potential 

(isobutylene, aromatic 
hydrocarbons)

Fiber Optic 
sensor

Oxsensis Ltd. (UK), 
RJC Enterprises 
LLC (US), Silixa 

Ltd. (UK), OPTEK 
Technology Inc. 

(US), Opsens Inc. 
(Canada), Intelligent 
Fiber Optic Systems 
Corporation (US) 

and Fotech Solutions 
Limited (UK).

0–500 ppm < 30 s Flammable VOCs such 
as ammonia, ethanol, 

acetone, methanol, 
benzene, IPA etc.

Table 1. 
Varous types of chemical sensors for measuring volatile organic compounds that are commercially available.
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make them suited for sensing in difficult settings, as well as continuous technological 
advancements in optical sensors, are major drivers of market growth.  Table 1  dis-
plays a comparison of the commercially available chemical sensors employed for the 
detection of Volatile organic compounds (VOCs). The manufacturer’s primary goal is 
to develop a sensor with the descent range of detection and the lowest response time 
possible. The choice of the sensor basically depends upon the type of gas that has to be 
detected, concentration range, if the sensor is intended to be stationary or portable,
detect the presence of other gases that could possibly damage the measuring device.
A few commercially available sensors are Electrochemical (Amperometric) Sensors
[12], Metal oxide semiconducting sensors [13–15], Nondispersive Infrared Sensors
(NDIR) [16, 17], Photoionization Sensor (PID) [18–20], Thermal Sensor (Pellistor)
[21, 22], Fiber optic sensors [23–28].

1.1 Fiber optics sensors (FOS)

  After the advent of lasers in 1960, researchers became interested in studying the 
possibilities of optical fiber communication systems for sensing, data communica-
tions, and a variety of other applications [29]. As a result, fiber optic communication 
systems have become the preferred mode of data transfer for gigabits and beyond.
This sort of fiber optic communication is used to send data, voice, telemetry, and 
video over long distances or within local area networks (LANs) [30, 31]. By convert-
ing electronic signals into light, this technique employs a light wave to convey data
via a fiber. A few outstanding characteristics of this technology being light in weight,
possess low attenuation, smaller diameter, long distance signal transmission, trans-
mission security, etc. [32]. The recent improvements in fiber optic technology have 
had a significant impact on telecommunication technology. Designers combined the 
productive outcomes of optoelectronic devices with fiber-optic-telecommunication 
devices to produce fiber optic sensors in the last revolution. Many of the parts used in 
these devices were originally designed for fiber-optic sensor applications. Fiber optic 
sensors have surpassed traditional sensors in terms of capability [33]. The develop-
ment of optical sensors has recently been described and discussed in a number of 
excellent review studies from various angles. Mahata et al. provided an overview of 
the use of rare-earth-based MOFs as luminous sensors to identify nitro explosives,
cations, anions, small molecules, pH, and temperature [34]. On-chip biological 
sensors based on optofluidic photonic crystal cavities were reviewed in-depth by Zhao 
and his colleagues, and the sensing theories and uses for these sensors were covered
in detail [35]. Yoon’s group has made significant contributions to fluorescence-based 
optical sensors and offered a perceptive viewpoint on the advancement of fluorescent 
chemosensors [36–38].

1.1.1 Optical fibers—An overview

  Optical fibers are light-transmitting waveguides with two primary components:
a core made of glass and a cladding composed of a material with a lower refractive
index than the core as shown in  Figure 1a. The optical fiber is protected against physi-
cal damage and scattering losses produced by micro bending by an extra elastic layer 
as a buffer composed of plastic surrounding the cladding section. The jacket layer
is the final layer, and it can be used to identify the fiber type. Because of its purity,
quartz glass is used to make the majority of fibers [39]. Total internal reflection occurs 
at the interface between the core and the cladding in optical fibers as long as the angle
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of incident light inside the core is greater than the critical angle. In this way, incident 
light is reflected back into the core and propagated through the fiber (Figure 1b). If 
the light strikes the interface at a greater angle than the critical angle, it will not pass 
through the opposite medium. The angle of incidence, as well as the core and clad-
ding refractive indices, are all factors to consider. The amount of light reflected at the 
interface is determined by the angle of incidence as well as the refractive indices of 
the core and cladding [40].

Generally the number of modes and the refractive index are used to divide optical 
fiber into two categories.

1.1.1.1 Single mode fiber (based on number of modes)

Only one kind of light ray can pass through a single-mode fiber. This fiber has 
a tiny core diameter (5 μm) and a large cladding diameter (70um), with a minimal 
refractive index difference between the core and the cladding. There is no signal 
deterioration when travelling through the fiber because there is no dispersion. Using a 
laser diode, light is sent through it [41] (shown in Figure 2a).

1.1.1.2 Multi-mode fiber (based on number of modes)

The light ray flowing through multimode fiber can take on a variety of modes. 
The cladding has a diameter of (40 μm) and the core has a diameter of (70 μm). The 
difference in relative refractive index is also bigger than in single mode fiber. Due to 

Figure 2. 
(a) Single mode optical fiber; and (b) multi mode optical fiber.

Figure 1. 
(a) Basic components of optical fiber; and (b) principle of operation in fiber optics.
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Figure 3. 
(a) Step index optical fiber; and (b) graded index optical fiber.

multimode dispersion, signal quality suffers. Due to signal dispersion and attenua-
tion, it is not ideal for long-distance transmission [42] (shown in  Figure 2b).

1.1.1.3 Step index fiber (based on refractive index)

  The refractive index of step-index fibers is discontinuous at the interface between 
the cladding and the core, and the core is constant. Light rays pass through it as 
meridional rays that cross the fiber axis at the core-cladding interface on every reflec-
tion as shown in  Figure 3a.

1.1.1.4 Graded index fiber (based on refractive index)

  The core of this fiber has a non-uniform refractive index that declines gradually 
from the centre to the core-cladding interface. The refractive index of the cladding
is uniform. Light rays in the form of skew rays or helical rays propagate through it as
shown in  Figure 3b. At no point does it cross the fiber axis. The refractive index of the 
core in a gradient index fiber is higher in the centre and gradually drops as the inter-
face approaches [43, 44].

1.1.2 Design  of  a basic fiber optic gas sensing system

  A gas sensor is a device that measures target gas molecules present in a given 
environment. When gas molecules encounter the sensor’s solid receptors, a potential 
difference occurs, that is converted into an electrical signal. The sensor’s gas sensitiv-
ity and the selectivity are dependent upon the reaction of the sensing materials with 
the gases [45]. The sensing materials basically used for all types of gas sensors include 
polymers, organic monolayers, ceramics, semiconductors, porous nanomaterial and 
nanostructured materials (nanorods, nanotubes, nanodots). Optical fiber sensors 
have been projected as a good choice, to considering their benefits compared to other 
available sensing technologies, as they are immune to electromagnetic interferences
[46], do not require any electric power to work, possibility of multiplexation, abil-
ity to perform in remote areas and harsh environmental conditions [27]. A block
diagram of a common fiber optic gas sensor is shown in  Figure 4. A light source,
a signal input optical fiber, a signal output optical fiber, and a detector make up a
fiber-optic gas sensing system (optionally the system may include other components 
such as an optical modulator and a demodulator). The essential idea is that the light 
from the source is transferred to the sensor element via the incident optical fiber.
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The measured parameters are obtained by modulating the optical properties of light, 
such as intensity, wavelength, frequency, phase, and polarisation state, in the sensor 
element and sending them to the optical detector through the outgoing fiber. Intrinsic 
and extrinsic optical fiber sensors are two types of sensors. The intrinsic optical fiber 
sensor relies on the optical fiber’s own sensitivity to environmental variables. In an 
intrinsic sensor, specific regions in the fiber cable perform sensing function, thereby 
detector is not exposed to the light source. However, in extrinsic sensors, the fiber 
optic cable is used as a data transmission line, wherein the optical cable carries light 
from an optical source externally to the sensing region. Most of the fiber optic sensors 
used in VOC gas detection are intrinsic sensors.

1.1.3 Classification of fiber optic gas sensing (FOS) system

The fiber optic sensing region is primarily divided into four kinds of approaches 
namely the Fabry-Perot Interferometer (FPI), Michelson Interferometer (MI), 
Mach-Zehnder Interferometer (MZI), Sagnac Interferometer (SI), based on inter-
ferometric techniques [47, 48] as shown in Figure 5. These approaches are known for 

Figure 5. 
Fiber optic sensors based on interferometric techniques.

Figure 4. 
Block diagram of extrinsic and intrinsic fiber optic gas sensor.
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Figure 6. 
An overview of various kinds of fiber optic gas sensors.

their diverse geometries, operating principles, and their sensitivity. The Michelson,
Mach-Zehnder, and Sagnac interferometers use a two-beam interference principle,
whereas the Fabry-Perot interferometer uses a multi-beam interference principle.
An interferometer’s basic operation is to split an incident light beam into two por-
tions, the reference beam and the sensing beam, the latter of which is changed by a 
variable of interest that we want to measure. The two beams are then recombined to 
form an interference pattern that allows information about the desired variable to be 
recovered. Other fiber-optic geometries based on the SPR principle, gratings, and the 
evanescent wave absorption (EWA) principle exist. An overview of various kinds of
Fiber optic gas sensors is displayed in  Figure 6.

1.1.3.1 Fabry-Perot interferometer (FPI)

  Because of its simplicity, sensitivity, and cost-effectiveness, this is the most com-
monly used interferometric geometry for chemical sensing. The FPI is made up of 
two parallel reflecting mirrors that are spaced apart. It’s known as an etalon. A single 
light beam enters the FP cavity and is multiplicatively internally reflected. The super-
position of both reflected and transmitted beams at the two parallel surfaces causes 
interference. The FP cavity can be created inside or at the end of an optical fiber in 
the case of FOS. Extrinsic FPI and intrinsic FPI are the two types of FPI that exist.
An extrinsic FPI uses the reflections from the cavity surfaces to create a cavity at the 
end of the optical cable. As a result, an extrinsic FPI is defined as a cavity material 
that is not made up entirely of fiber. The cavity and reflections arise within the fiber 
itself in the case of an intrinsic FPI [49]. The FPI is easy to build and responds well to 
external inputs.
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1.1.3.2 The Michelson interferometer (MI)

The Michelson interferometer (MI) is one of the most frequent and straight-
forward interferometers. The beams are separated and recombined using a single 
beam splitter (coupler). The reference beam is reflected by a fixed mirror in a 
traditional Michelson interferometer, while the sensing beam is reflected by a 
moving mirror [50].

1.1.3.3 The Mach-Zehnder interferometer (MZI)

The light beam is split into two pieces that go through the reference and detecting 
arms, respectively, before being recombined in this arrangement. The optical channels 
are only crossed once, unlike in the Michelson interferometer. Two photodetectors are 
installed in each of the interferometer’s outputs. The phase shift caused by variations 
in the sensing arm caused by temperature, strain, or refractive index changes, among 
other things, can be quantified using the intensities detected by both detectors. This 
interferometer can be implemented in integrated optics, which protects the device, 
reduces its size, and allows it to be used for other purposes like biosensing [51, 52].

1.1.3.4 The Sagnac interferometer (SI)

The input beam is split into two equal-intensity counter-propagating beams that 
move along a ring route. The Sagnac effect occurs when the Sagnac interferometer is 
spun, causing a relative phase change between the beams. The interference spectrum 
is determined by the setup’s angular frequency. Currents, acoustic waves, strain, and 
temperature can all be monitored using this interferometer [53].

1.1.3.5 Surface plasmon resonance (SPR)

Because of its light guidance inside fiber based on the TIR effect, simple and flex-
ible design, compactness, and remote sensing ability, optical fiber has proven to be a 
very useful instrument in the SPR sensing system. When light travels through the core 
of the fiber, some of it will pass through the cladding region. The plasmonic metal 
surface interacts with the evanescently leaked light, which stimulates the surface’s 
free electrons. Surface plasmon is created when the evanescent field and free electron 

Figure 7. 
Fiber optic gas sensing set-up using evanescent wave absorption based on experiment [55].
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Figure 8. 
Spin frustration in 2D (a) triangular; and (b) tetrahedron magnetic structure.

surface frequencies are in resonance. This generated wave propagates along the metal-
dielectric interface and exhibits both charge motion in the metal (surface plasmon)
and electromagnetic wave in the air or dielectric (polariton) [54].

1.1.3.6 Evanescent wave absorption type (EWA)

  The leakage/loss of electromagnetic energy at the interface of the core and the 
cladding medium during a total internal reflection (TIR) event determines the evanes-
cent wave absorption based sensing phenomenon. If the diameters of a fiber are big in 
comparison to the wavelength of light, this method may be applied. When a propagat-
ing beam’s incident angle (θi) is greater than the critical angle (θc), TIR causes the ray
to reflect back from the core-cladding contact. A small fraction of the guided wave’s 
energy enters the cladding medium at each TIR event, generating an electromagnetic 
field known as a “evanescent wave.” The evanescent wave is greatly affected by varia-
tions in refractive index at the core-cladding contact, which provides a foundation for
sensors based on evanescent wave absorption as shown in  Figure 7  [55, 56].

2. Materials used in gas sensing

2.1  Spin frustrated Multiferroics: A novel frustrated ordering studied in gas
  sensors

  Spin frustration in ME multiferroics have received enormous attention ever since 
the concept was introduced in 1977 by Gerard Toulouse. It is an important feature in 
the field of magnetism and multiferroics, as it stems from the relative arrangement
of spins. Interestingly, it is not the strength of ME coupling or the high polarization 
that makes these materials unique; in fact, such systems have weak coupling and
low magnitude of polarization compared to other multiferroics [57–60]. Still, the 
reason for its long sought control of electric properties by magnetic fields, lies in the 
magnetic origin of their ferroelectricity, which is induced by the presence of complex 
spin structures, characteristic of frustrated magnets [61]. Basically, in most of the 
magnetic solids, the magnetic moments form a long range ordered ferromagnetic (↑↑
moments) or antiferromagnetic (↑↓  moments) structure when cooled below a certain 
temperature. However, in “frustrated” magnetic solids, there is no long range order-
ing at low temperature phase. Instead, they develop high degenerate states with short
range spin correlations. Typical examples of geometrically frustrated structures are 2D 
triangular or tetrahedron non collinear magnetic structures, where the lattice consists 
of triangular or tetrahedral arrangements of anti-ferromagnetically (AFM) coupled
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spins as shown in Figure 8. The spin on the third site can be in any one direction, either 
up (or) down, but then the interaction between this site and the other two sites will be 
different. As a consequence, the third site will move closer to one site and away from 
the other, which will break the symmetry and induce ferroelectricity. This kind of 
lattice geometry creates large degeneracy of ground states within which the system can 
fluctuate with almost no energy expenditure, even below few milli Kelvin tempera-
tures. A one dimensional anti-ferromagnetic material has ground state in alternating 
series of spins: up, down, up, down, etc. But, in 2D equilateral triangular AFM lattice, 
multiple ground states can occur, with three spins, one on each vertex. If each spin can 
take on only two values (up or down), there are 23 = 8 possible states of the system, 
six of which are ground states. Two situations, which does not favor ground states are 
when all three spins are up or are all down. However, in other six states, there will be 
two favorable interactions and one unfavorable one. This illustrates spin frustration: 
the inability of the magnetic system to find a single ground state [58, 60].

2.1.1 �Factors to consider for sensor interrogation of spin frustrated multiferroic 
materials

The main factors that are critical in gas detection, particularly when employing 
multiferroic materials as sensing materials are

1.	Porosity, Surface area and Crystallinity of the material

2.	Sensitivity and Selectivity of the material

3.	Dynamic Response and Stability of the material

4.	Doping or Substitution effect in the material

5.	Temperature and Humidity of the surrounding environment

2.2 Few spin frustrated Multiferroics

This section discusses a few spin frustrated multiferroics that have been studied as 
gas sensors.

2.2.1 Bi2Fe4O9

The Spin frustrated Mullite type Bi2Fe4O9 (BFO), yielded as an undesired secondary 
phase from the production of BiFeO3 [61], is being extensively evaluated due to its range 
of industrial applications in the form of catalyst for oxidation of ammonia, sensors for 
magnetic field detection, and even as memory storage devices [62–66]. However, the 
most common issue experienced in this single-phase multiferroic system is the occurrence 
of weak magnetic/electric fields at room temperature. The Fe6 atoms that are synchro-
nized in an octahedral fashion, interact ferromagnetically with one another while the 
Fe4 atoms synchronized tetrahedrally towards the inner axis of the unit cell interact in 
antiferromagnetic order thus ensuring a spin frustrated configuration with weak mag-
netic order beyond 264 K and weak ferroelectric ordering below 250 K [67]. As docu-
mented in reports, partially doping any transition metal ion or rare-earth (RE) ion into 
either of the sites of BFO can enhance the gas sensing parameters such as its conductivity, 
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catalytic activity required for oxygen adsorption, electron mobility, chemical stability, 
and enhanced sensitivity [68–71]. Given the usage of a magnetic dopant, it is important to 
understand the nature of magnetism in this sample Bi2Fe4O9 samples exhibited signifi-
cant changes in magnetic and electrical characteristics, which are necessary for improved 
photocatalytic and gas sensing applications [68, 70]. Bi2Fe4O9 crystal structure consists of 
two Fe sites, one consisting of the Fe in the tetrahedral coordination (Fe1) and other Fe in 
octahedral coordination (Fe2) as shown in Figure 9. Bi2Fe4O9 is widely used for the detec-
tion of VOC test gases at laboratory scale owing to their good selectivity, good long-term 
stability, low synthesis cost and most importantly its ability to sense at room temperature. 
Recently Subha et al. [55] reported rare earth Nd doped Bi2Fe4O9 (BNFO3) as a gas sens-
ing material using Fiber optic evanescent wave absorption set up to detect VOC’s such as 
ammonia, ethanol, methanol and acetone at room temperature as shown in Figure 7. The 
improved sensing ability in the Nd-doped Bi2Fe4O9 sample was seen towards ammonia 
vapours as shown in Figure 10 with an extremely short response and recovery time of 
40 sec and 48 sec, respectively, thereby making them an efficient fiber optic ammonia 
gas sensor. The same group also investigated room temperature gas sensing ability in Gd 
doped Bi2Fe4O9 sample, and observed enhanced sensing capability towards ethanol gas 
at 500 ppm. The clad modified fiber optic gas sensing studies suggested that Gd doping 
improved ethanol gas sensing ability from 0 to 500 ppm at room temperature compared 
to host Bi2Fe4O9 with high sensitivity, quick reaction and recovery period of around 38 s 
and 67 s, respectively. All of these findings highlight the Bi2Fe4O9 with enhanced gas 
sensing capability suitable for industrial applications [26].

Figure 9. 
Crystal structure of Bi2Fe4O9 and the bond angles and bond lengths of the material [71].
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2.2.2 YMnO3

The usage of YMnO3 perovskite materials in gas sensing properties has recently 
garnered attention. Such system shows high reactive and stable behaviour over mul-
tiple oxidation/reduction states in the experimental cycles. Yttrium and rare-earth 
manganites in RMnO3 oxide stabilises in two structural phases. The hexagonal phase 
(space group P63cm, Z = 6) forms with R = Ho, Er, Tm, Yb, Lu, or Y, which have a 
small ionic radius whereas the orthorhombic phase (space group Pnma, Z = 4) forms 
with R = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, or Dy, which possess a larger ionic radius. 
The orthorhombic phase exhibits ferromagnetic ordering, whereas the hexagonal 
phase shows both ferromagnetic and ferroelectric ordering [72–74]. Hexagonal 
YMnO3 oxide, with an orthorhombic crystal structure (Figure 11) is an excellent 
material for non-volatile memory and metal-ferroelectric-semiconductor (MFS) 
devices, because of their coupled magnetic and ferroelectric behaviour [76–79]. Such 
electromagnetic multiferroics, which exhibit simultaneous ferroelectricity and mag-
netism, can be exploited in both electrical and magnetic applications. To date, many 
reports have focused on YMnO3 based materials because of their unique dielectric, 
ferroelectric, and magnetic properties [75, 80–83].

Recently, gas sensing properties of YMnO3 was tested on LPG, H2, CO and H2S gases 
and among the gases it showed maximum sensitivity to H2S gas when compared to 
other gases. The gas sensor fabrication is shown in Figure 12a wherein spin frustrated 

Figure 10. 
(a) Sensitivity of BNFO3 towards various VOC gas vapors; (b) response analysis of BNNFO3 sample; and (c) gas 
sensing mechanism in BNFO3 sample [55].
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YMnO3 of 50 μm thickness is coated inside a cylindrical tube of 8 mm length and 2 mm 
diameter. Nichrome wire was fixed inside the tube to heat the chamber and to carry out 
the temperature dependent sensitivity measurement. Chromel alumel thermocouple 
was used for monitoring the temperature of the tube [78]. Voltage drop in with the 
application of 10 V was used for sensing the gas. The sensing property of YMnO3 was 
measured in the presence gases such as CO, H2, H2S and LPG at a concentration of 
500 ppm. Figure 12b shows the dynamic sensing properties as a function of operating 
temperature for the YMnO3 different gases. The response of the sensor increases with 
temperature up to 100°C, and then it decreases with temperature. The YMnO3 sensor 
element shows a 96% response for an operating temperature of 100°C for H2S gas. 
Other reducing gases such as CO, H2, and LPG show comparatively low responses [78].

2.2.3 Ni3V2O8

Ni3V2O8 is an important system of spin frustrated magnet at low temperatures 
it undergoes a series of competing magnetic ordering. Ni3V2O8 has orthorhombic 
crystal structure with space group Cmca, which is characterized by triangular lat-
tices and short range antiferromagnetic interactions [84]. In Ni3V2O8, the magnetic 

Figure 11. 
The orthorhombic crystal structure of YMnO3, showing the magnetic element Mn [75].

Figure 12. 
(a) Schematic diagram of YMnO3 sensor element; and (b) sensor response towards 500 ppm of reducing gases as a 
function of operating temperature [78].
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Figure 14. 
(a) Schematic view of exhaust gases after treatment system; and (b) response transients curve for NH3 in the 
range of 50–500 ppm at 650°C [87].

Figure 13. 
(a) Shows the crystal structure of Ni3V2O8; and (b) Kagoma stair case showing only the Ni atoms.
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Figure 15. 
Future prospects of fiber optic sensors towards various technological aspects.

lattice is made up of magnetic ion Ni2+  (S = 1, d8), based on an anisotropic Kagomé 
lattice. Non-magnetic VO4  tetrahedra layer separates the magnetic layers. Due to this
separation the geometric frustration is reduced and this allows long-range magnetic 
ordering in the material. Ni2+  has two kind of positions that is “spine” and “cross tie”
correspondingly. The deviation from the ideal Kagomé geometry introduces many
new interactions that relieve the frustration of underlying Kagomé antiferromagnet
interacting. The structure of Ni3V2O8  is shown in  Figure 13.
  Recently, Ni3V2O8  is used as important materials for gas sensing application [85–87].
Ni3V2O8  showed the high sensitivity to Ammonia gas. To control the amount NH3  that
is sent to the air, a powerful closed loop control system based on the NH3  is required
and the schematic of the automobile based sensors are given in  Figure 14a. The sensor 
showed the optimal behaviour at 650°C beyond this temperature the behaviour decreases
(Figure 14b). The sensor 90% response and recovery times of the sensor to 500 ppm
NH3  were approximately 2 and 10 s, respectively [87].

3. Applications and challenging aspects of fiber optic sensors

Fiber optic sensors (FOS) have been employed in a variety of harsh environmental 
applications where other sensor types typically fail, due to its unique characteristics such 
as electromagnetic immunity, intrinsic safety, chemical and heat resistance, and excep-
tionally small size. Some innovative FOS solutions have been used in high-temperature,
high-pressure, and possibly explosive environments, such as oil and gas wells [88],
pipelines [89], and in turbines testing and engine testing [90–92]. It is well recognized 
that fiber optic sensors play a vital role in many applications. Fiber optic sensors are 
expected to be utilised to improve the efficacy and cost-effectiveness of many electronic 
goods, given the vast variety of benefits that fiber optic sensing offers in multiple 
industries. The usage of fiber optic sensors in environmental monitoring is quadrupling,
which is critical for guaranteeing adequate food and water supplies, identifying potential 
airborne contaminants, and safeguarding structures from corrosion. Water safety, agri-
culture, transportation, smart structure protection, and biomedical monitoring are all 
projected to see an increase in environmental monitoring. Further, the future prospects
of fiber optic sensors towards various technological aspects are represented in  Figure 15,
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wherein this technology would be employed in smart city initiatives, created specifically 
for tough and challenging atmosphere. Despite its interesting solutions in environmental 
monitoring, Clinical environment is still facing challenges in some ways, particularly if 
FOS is poorly constructed. In a surgical room with a critically ill patient, for example, 
the instrumentation must be as simple as possible so that the medical personnel may 
focus on the emergency rather than how the sensor should be attached or the system 
configured. With a “plug and play” philosophy, it should be as simple as it is with other 
existing electrical devices. Most practitioners do not yet have the background associated 
with FOS technologies, and they should not only gain complete confidence in this new 
technology that is slowly gaining traction in their environment, but also be completely 
at ease with the potential addition of new steps to their daily medical procedures. In 
practise, it signifies that an efficacious incorporation of FOS technology is highly reliant 
on a thorough understanding of medical applications and related clinical measures so as 
to benefit more from the optical sensing technology.

Despite the multiple challenges and impediments to sensor deployment in smart 
technology, R&D breakthroughs would result in the widespread availability of 
low-cost and precise sensors for monitoring water, soil nutrition, temperature, and 
humidity. Fiber optic sensor technology will continue to grow slowly and steadily over 
the next few years. Researchers in the field of photonics will continue to be fascinated 
by fiber optic sensors. They’re looking forward to developing new technologies and 
seeing what these sensors can do for the sensing and instrumentation industries. We 
recognise that this study may not be exhaustive in all categories, but it is an attempt to 
provide readers with an overview and the most straightforward way when developing 
and researching Fiber optic gas sensors.
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Abstract

We synthesized the semiconductor oxide MnSb2O6 through a wet chemical process 
assisted by low-power microwave radiation. A gas-sensitive sensor was elaborated 
from the MnSb2O6 powders obtained by calcination at 600°C. The sensor was electri-
cally characterized in static CO and C3H8 atmospheres by measuring direct current 
signals at 100, 200, and 300°C. The toxic gases’ concentrations were 1, 5, 50, 100, 
200, 300, 400, and 500 ppm of C3H8; and 1, 5, 50, 100, 200, and 300 ppm of CO. 
From the MnSb2O6’s electrical resistance results, a sensor’s operational point and a 
low-cost analog circuit were proposed, obtaining two new prototypes: one for 
detecting C3H8 and a second one for detecting CO. We selected the response at 200°C 
and 5 ppm for both cases. Notably, this concentration (5 ppm) is selectable with a 
calibration resistance, generating an alarm signal of ≈ 11:3 V at a supply voltage of 
120 V AC. The toxic gas detectors showed excellent functionality. The resistive sensor 
showed high sensitivity and good electrical response, while the analog circuit 
presented a rapid response. Due to the operating temperature employed (200°C), 
these devices could find practical applications, for example, exothermic generators 
and heaters.

Keywords: semiconductor oxide MnSb2O6, sensor was electrically characterized, 
good electrical response, resistive sensor, CO and C3H8 atmospheres, toxic gas 
detectors, analog circuit

1. Introduction

The detection of polluting gases is of great importance worldwide because an
alarming increase in respiratory, ocular, skin, and lung diseases has been detected
[1, 2]. There is no adequate control on the emission of toxic gases into the atmosphere
by many large industries and transportation systems [2]. Therefore, a huge effort in
research and synthesis of new materials capable of detecting different levels of toxic
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gases has been undertaken. The current aim is the development of new inexpensive,
reliable, sensitive, efficient, and thermally stable detectors in toxic atmospheres (like
in CO, CO2, C3H8, NO2, etc.) [1–4]. The most widely studied semiconductors for their
application as gas detectors are the p and n-type binary oxides (like SnO2, ZnO, NiO,
CuO, In2O3, WO3, Fe2O3, etc.) [4–6], as well as the ternary perovskite-type oxides
(like YCoO3 and LaFeO3) [7, 8], and the oxides with spinel-type structure (like
CoFe2O4 and ZnFe2O4) [9, 10]. However, recent reports informed that other
transition-metal ternary semiconductors with a trirutile-type crystalline structure
(AB2O6, where A and B possess divalent and pentavalent bonds, respectively) are
alternative materials for toxic-gas sensors [11, 12]. Among these materials are the
CoSb2O6 [11], the NiSb2O6 [12], the MgSb2O6 [13], and the ZnSb2O6 [14]. These
oxides have been studied in CO2, CO, C3H8, LPG, H2S, and NO2 atmospheres [11–17].

The MnSb2O6 oxide (manganese antimonite, where in this case the Mn ion sub-
stitutes the A) can show a hexagonal crystalline structure with the spatial group P321
[18] or a trigonal chiral-type crystalline structure [19]. The MnSb2O6 possesses good
catalytic activity in toxic atmospheres (such as CO) at temperatures above 100°C
[20, 21]. In Ref. [20], it was reported that the MnSb2O6 showed a maximum sensitiv-
ity magnitude (S) of �8.98 at 300 ppm of CO and 300°C. At 500 ppm of C3H8

(propane), the response was �0.439 at the same temperature. In Ref. [21], the
MnSb2O6 was synthesized by the colloidal method and it showed increased sensitivity
as a function of the increase in the operating temperature and the gases’ concentra-
tions. The response in 500 ppm of propane had a maximum of �165.66 at 300°C. In
300 ppm of CO, the maximum response was �14.929, also at 300°C. The good
MnSb2O6’s electrical response was attributed to the nanometric particle’s microstruc-
ture (porosity, morphology, and size) obtained during the synthesis process.

We studied the MnSb2O6 regarding its application as a gas detector and found little
information on the application of the oxide in devices for detecting C3H8 and CO,
which form atmospheres with a high risk of explosion (propane) or intoxication (CO).
In this work, we designed two novel gas detectors: one of them detects C3H8 concen-
trations and the second one detects CO concentrations. Both are analog detectors and
were designed based on the oxide’s electrical response. They are capable to detect
concentrations of 5 ppm, which can be modified through a calibrating resistance. They
generate an alarm signal at � 11:3 V, use a supply voltage of 120 V in alternate current
(AC), and an operating voltage of Vcc ¼ 12 V. They possess rapid response, and are
easy to build, install, and repair. Both are ideal for industrial applications where
combustion is involved.

2. Materials and methods

2.1 Synthesis of powders MnSb2O6

MnSb2O6 powders were synthesized by the wet chemistry method assisted by
microwave radiation reported in the literature [21]. In particular, for this work, a
synthesis of the oxide (MnSb2O6) at room temperature, in presence of
ethylenediamine was developed. For the synthesis of the MnSb2O6 5 mmol of Mn
(NO3)2•4H2O (Sigma-Aldrich), 10 mmol of SbCl3 (Sigma-Aldrich), 8 mmol of
ethylenediamine (Sigma-Aldrich), and ethyl alcohol (Golden Bell) were used. These
were dissolved separately in 5 ml of ethyl alcohol, except for ethylenediamine, which
was added to 10 ml of the same solvent. The three solutions obtained were transparent
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and stirred for a period of 30 min. Subsequently, the solutions with ethylenediamine
were added dropwise to the solution with manganese nitrate without stopping stir-
ring. Then, antimony chloride was also added dropwise to the mixture formed,
obtaining a white solution with very fine particles dispersed throughout the solution
(colloidal dispersion). The resulting solution was left stirring under stirring for 24 h at
room temperature (at 370 rpm). The evaporation of the solvent from this solution was
carried out by applying microwave radiation, using a General Electric model
JES769WK domestic device operating at a power of 130 W. The microwave

Figure 1.
Electronic diagrams: a) propane detector; b) carbon monoxide detector.
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applications  made  to  the  solution  were  made  in  steps  of  60  s  until  reaching  a  time  of 
160  min.  The  precursor  material  obtained  from  evaporation  (a  white  paste)  was 
heated  at  200°C  (drying  process)  for  8  h  and  later  it  was  calcinated  at  600°C  with 
increments  of  100°C/h  for  5  h  in  static  air.  The  thermal  treatment  applied  to  the 
composite  was  carried  out  with  a  muffle  (Novatech)  with  programmable  control.

2.2  Characterization  equipment

  To  know  the  purity  and  crystallinity  of  the  MnSb2O6,X-ray  diffraction  was  used  in 
the  powder.  For  this  study,  a  Panalytical  Empyrean  equipment  with  CuKα  radiation 
and  a  wavelength  λ  of  1.540598  Å  by  a  continuous  2θ  scanning  from  10  to  70°,  with
0.026°-steps  at  a  rate  of  1  second  per  step.  The  microstructure  of  the  powders  of  the 
compound  at  the  micrometric  scale  was  analyzed  with  field  emission  scanning  elec-
tron  microscopy  (FE-SEM)  that  uses  a  system  Tescan  MIRA  3  LMU  with  an  accelera-
tion  voltage  of  10  kV  in  a  high  vacuum.  To  determine  the  morphology  and  particle 
size  at  the  nanometric  scale,  a  transmission  electron  microscope  was  used  (TEM),
model  JEM-2100  with  an  acceleration  voltage  of  200  kV,  in  image  mode.  It  is  impor-
tant  to  mention  that  to  study  the  individual  nanoparticles  by  TEM,  the  powders  of  the 
compound  (0.01  g)  were  placed  inside  a  vial  that  was  previously  provided  with  1  ml  of 
ethyl  alcohol.  The  vial  with  the  powders  was  dispersed  with  an  ultrasonic  generator 
for  5  min.  Later  a  drop  with  the  material  was  extracted  and  deposited  on  a  300-mesh 
copper  grid  that  had  a  Formvar/carbon  membrane.

2.3  Materials

  In  Figure  1a,  an  electronic  diagram  is  depicted  of  the  propane  gas  detector.  In 
Figure  1b,  the  carbon  monoxide  detector  is  shown.  As  can  be  noted,  the  devices
consist  of  a  Wheatstone  bridge  for  adapting  the  electric  signal  of  the  gas  sensor,  a 
circuit  based  on  three  operating  amplifiers  for  performing  a  comparison  between  the 
Wheatstone  bridge  exit  signals  and  an  instrumental  circuit  for  amplifying  the  signal 
generated  by  the  Wheatstone  bridge  when  the  sensor  detects  the  presence  of  the  toxic
gas.  The  complete  list  of  materials  is  shown  in  Table  1.

  As  can  be  seen  in  Table  1,  both  detectors  employ  nearly  the  same  materials.  The 
only  difference  is  the  Wheatstone  bridge  resistances  because  the  gas  sensor  produces 
different  resistive  responses  for  each  gas.

2.4  Process

  In  Figure  2,  we  show  schematically  the  construction  of  the  gas  detectors.  It  
consisted  of  three  stages:  1)  fabrication  and  characterization  of  the  gas  sensor,  2)
analog  electronic  circuit  for  the  adaptation,  and  3)  voltage  source  for  the  electronic 
circuit  and  the  sensor.
  In  stage  1,  the  resistive  sensor  consisted  of  pellets  made  with  the  oxide.  It  was 
exposed  to  different  gas  concentrations  and  three  operating  temperatures:  100,  200,
and  300°C.  The  resistivity  was  measured  with  a  digital  multimeter.  In  stage  2,  we 
performed  a  signal  adaptation  of  the  gas  sensor  using  a  Wheatstone  bridge,  an  instru-
mental  circuit,  and  a  comparator  circuit.  The  exit  signal  was  an  alarm  signal  produced 
when  the  system  detected  the  presence  of  a  gas.  In  stage  3,  the  supply  source  had  an 
exit  voltage  of  Vcc  =  �12  Volts  for  the  sensor,  the  Wheatstone  bridge,  the  instrumental
circuit,  and  the  comparator  circuit.
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2.5 Stage 1: Sensor construction and electrical characterization

We elaborated pellets from MnSb2O6 powders calcinated at 600°C. For that, we
weighed 0.3 g of MnSb2O6 powder and deposited them in a circuit breaker box.
The breaker box was placed in a hydraulic press (Simplex Ital Equip-25-ton-brand
equipment) and applied 10 tons of pressure for 1 min. The dimensions of
the pellets were 12 mm in diameter and 0.5 mm in thickness. We placed two
colloidal-silver paint (Alfa Aesar ˃ 99%) ohmic contacts on the pellets’ surface to
maintain a good connection between the electrodes and the pellets’ surface. The
pellets were placed inside a high vacuum chamber with a capacity of 10�3 Torr.
The test gases were injected individually and then removed from the chamber with
a vacuum pump. The gas concentration and the partial pressure were constantly
monitored and controlled with a Leybold detector (model TM20). The changes in
the electrical resistance were recorded with a digital multimeter (Keithley 2001)
as a function of operating temperature (100–300°C) and gas concentration
(CO: 1�300 ppm, C3H8: 1�500 ppm). Pellets’ resistivity was calculated with
equation [20]:

ρ ¼ RA
t

(1)

where R is the pellets’ electrical resistance in the tested gas, A is the pellets’ area
(12 mm in diameter), and t is the thickness (0.5 mm).

2.6 Stage 2: Gas sensor’s signal adaptation

Electronic circuits, comprising a Wheatstone bridge, an instrumental circuit, and a
comparator circuit, were designed (Figure 1) to generate an alarm signal when the
resistive sensor detected a gas. These circuits were supplied by a Vcc ¼ �12V voltage
source, which is described in Section 2.6.1. Whereas, in Section 2.6.2., we describe the
functioning of the gas detector.

Figure 2.
Schematic diagram for the fabrication of the toxic gas detectors.
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VA � VB ¼ R1

R1 þ Rs
Vcc � R2

R2 þ Rc
Vcc ¼ (2)0

Figure 3.
Resistive sensor’s connection to the Wheatstone bridge and diagram of the voltage source.
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2.6.1  Voltage  source

  We  were  interested  in  developing  toxic  gas  detectors  based  on  the  antimoniate 
manganese  oxide  and  analog  electronic  circuits  from  an  economic  perspective  (they 
should  not  be  very  expensive).  Thus,  we  developed  a  voltage  source  for  feeding  our
prototypes.  Its  electronic  diagram  is  shown  in  Figure  3.  The  functioning  of  each  stage 
is  as  follows:
  Voltage  reduction  is  done  with  the  120  to  32  V  reducer  transformer.  When  the 
transformer  is  connected  to  the  120  V  alternate  current  signal,  the  primary  coil 
generates  a  magnetic  field  that  reaches  the  secondary  coil.  According  to  the  number  of 
wire  rotations  in  the  secondary  coil,  the  transformer  generates  an  output  of  32  V.
  Alternate  current  signal  rectification  is  done  by  a  KBL610  diode  bridge,  which 
consists  of  four  rectifier  diodes.  This  circuit  converts  the  alternate  current  signal  into  a 
direct  current  signal.  However,  the  diode  bridge’s  signal  contains  very  loud  noise 
components,  thus  requiring  a  third  filtering  stage.

  Filtering  of  the  signal  is  done  through  capacitors  C1,  C2,  C3,  and  C4,  which  should 
possess  a  sufficiently  large  capacitance  value  to  eliminate  to  a  certain  degree  the
voltage  of  the  curling  produced  by  the  alternate  current  rectification.

  Voltage  regulation  by  the  regulators  LM7812  and  LM7912.  LM7812  is  a  12  V 
positive  voltage  regulator  and  LM7912  is  a  �  12  V  negative  voltage  regulator.  Both
regulators  require  0.1  μF  capacitors  (C5  and  C6,  respectively).

  The  voltage  source  supplies  the  device  using  a  linear  behavior.  Its  construction  is 
easy  and  very  cheap.

2.6.2  Operating  principle

  The  operation  consists  of  two  stages:  Calibration  and  detection.  During  the  cali-
bration,  the  device  does  not  detect  the  presence  of  gas  and  the  alarm  signal  is  set  to
zero,  VAlarm  ¼  0.  To  achieve  this,  we  followed  these  steps:  a)  the  resistive  sensor  was 

placed  in  an  atmosphere  free  of  the  test  gas,  and  its  terminals  were  connected  to  a  
Wheatstone  bridge’s  arm;  b)  the  variable  resistance  Rc  changed  its  value  until  the
Wheatstone  bridge’s  exit  voltage  was  equal  to  zero:
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where R1 and R2 are the precision resistances, Rs is the sensor’s resistance at initial
conditions, Rc is the variable resistance, and Vcc is the supply voltage; c) VA and VB
are simultaneously the Wheatstone bridge exit voltages, and the entry and exit
voltages for the follower circuits (see Figure 1); d) the adder-subtracter yields the
difference between VA and VB, and amplifies the entry signal based on the ratio Rf

R3
:

VOUT ¼ Rf

R3
VA � VBð Þ ¼ 0: (3)

If VA � VB ¼ 0 (see Eq. 2), the voltage VOUT is also equal to zero; and e) the exit
signal of the comparator circuit is the device’s alarm signal and is determined by

VAlarm ¼ VSat ¼ AolVOUT ¼ 100000 0ð Þ ¼ 0 (4)

where Aol ≈ 100000 is the gain of the operating amplifier’s open loop. In this case,
the detector does not generate the alarm signal VAlarm ≈0ð Þ because the sensor does
not detect the gas. In the detection phase, the device detects the gas. The alarm signal
is equal to the operating amplifier’s saturation voltage. In this stage, we followed these
steps: a) the resistive sensor was placed in an atmosphere for monitoring the possible
presence of the test gas; b) the sensor’s terminals were connected to a Wheatstone
bridge’s arm (see Figure 1); c) when the device detected the gas, the Wheatstone
bridge was not balanced, satisfying following condition:

VA >VB ¼ R1

R1 þ Rs � ΔRs
Vcc >

R2

R2 þ Rc
Vcc, (5)

where ΔRs is the sensor’s resistance variation due to the presence of the gas, the
adder–subtractor circuit’s exit voltage is then greater than zero:

VOUT ¼ Rf

R3
VA � VBð Þ>0; (6)

and d) if VOUT >0, the comparator circuit’s amplifier is saturated and the device’s
exit voltage is the alarm signal VAlarm ¼ VSat, that is, the device has detected the
presence of toxic gas in the atmosphere.

3. Experimental results

3.1 XRD analysis

Once the experimental process to obtain the powders of the MnSb2O6 through a
wet chemistry method, in Figure 4a diffractogram of MnSb2O6 powders calcinated at
600°C is shown. In this X-ray diffraction pattern, it is identified that the largest peaks
belong to the crystalline phase of MnSb2O6. These high-intensity reflections were
compared taking as reference the file PDF # 84–1237 of the database. According to this
file, the oxide MnSb2O6 presents a crystalline hexagonal structure with spatial group
P321 [18, 22] and cell parameters a = 8.8054 Å and c = 4.7229 Å [19, 20]. According to
these values and the major diffraction peaks shown in Figure 4, this phase corre-
sponds to materials known in the literature as type antimonates ASb2O6 [23, 24]
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where A is a divalent ion as Co, Zn, Mi, and Mn (Mn, in our case) [20, 24]. In
addition, it is observed that the width and height of the peaks presented by the
diffractogram of MnSb2O6 indicate good purity [20], and the relatively low noise
shows a high crystallinity [25, 26]. However, even after having achieved a good
crystallinity of the oxide at 600°C, small portions of the inorganic material SbO2

(PDF#11–0694) and Sb2O4 (PDF#78–2067) were identified, which agree with what
was reported in the reference [20, 21], in which the same (MnSb2O6) was prepared.

In the literature, the preparation of the oxide MnSb2O6 has been reported using the
solid state reaction method at a temperature of 900°C and 1100°C [27]. While in Ref.
[20], they mention that they synthesized MnSb2O6 at a temperature of 800°C apply-
ing a colloidal method. These temperatures reported by these authors are high com-
pared to those obtained in this work, which was able to obtain the crystalline phase of
MnSb2O6 at 600°C by using an alternative method of synthesis.

3.2 SEM analysis

In Figure 5, scanning electron microscopy (SEM) images of the surface of the
calcined MnSb2O6 oxide at 600°C are shown. To analyze the microstructure of the
oxide in detail, it was necessary to use the following three magnifications: (a) 3.05kx,
(b) 5.72kx, and (c) 9.72kx, respectively. Regarding the low magnification of 3.05kx
(Figure 5a), we observe a large number of individual microrods, constituted by the
agglomeration of very fine and irregular particles. These microrods appear to grow
dispersedly oriented in different directions until they form micro bases of different
sizes. The length of the microrods was calculated in the range of 1 to 6 μm, with an
average of �2.8527 μm and a standard deviation of �0.8770 μm (Figure 6a).

In agreement with the literature, the growth of these microcolumns is associated
with the increase in temperature and the effects that ethylenediamine produces on the
morphology of the compound [20, 28, 29]. In addition, in this same image, plates
composed of irregular and very fine particles can also be seen. At a magnification
greater than 5.72kx (Figure 5b), we corroborate that the microrods obtained at a
temperature of 600°C are composed of the agglomeration of irregular and very small
particles. The average diameter of the microrods analyzed was estimated to range

Figure 4.
Diffractogram of the MnSb2O6 oxide (at 600°C) prepared by a microwave radiation-assisted wet chemistry
process.
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Figure 5.
SEM photomicrographs of the MnSb2O6 powders analyzed at magnifications of (a) 3.05kx, (b) 5.72kx, and
(c) 9.72kx.

Figure 6.
Histograms of the distribution of microrod-like morphologies of MnSb2O6 calcined at 600°C, (a) microrod length
distribution and (b) microrod diameter distribution.
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from  0.1  to  1.2  μm,  with  a  mean  of  �0.3425  μm  and  a  standard  deviation  of
�0.1689  μm  (Figure  6b).  The  granular  surface  shown  by  the  microcolumns  in
Figure  5b  is  due  to  the  removal  of  organic  material  that  was  present  during  the  oxide
synthesis  process.

  Observing  another  zone  of  the  surface  of  the  material,  Figure  5c  shows  an  image 
analyzed  at  a  magnification  of  9.72kx.  According  to  the  study  carried  out  in  this
area  of  the  material,  particles  with  different  morphologies  to  those  described  in
Figure  5a  and  b  were  found.  In  this  case,  a  particle  that  grows  with  an  octahedral 
geometry  (with  a  size  of  1.74  μm)  was  identified.  In  the  same  image,  the  growth  of 
microrods  and  very  fine  particles  can  be  observed  that,  when  agglomerated  by  the
effect  of  the  calcination  temperature,  form  micro  bases  where  microcolumns  and 
other  particles  without  apparent  shape  grow.  The  morphologies  described  in  Figure  5c 
are  formed  due  to  the  fact  that  these  microstructures  are  nucleated,  taking  as  raw
material  the  finest  particles  that  are  found  surrounding  the  microrods  [29,  30].

  In  the  literature,  results  like  those  shown  in  Figure  5a-c  have  been  reported.  For 
example,  Michel  et  al.  synthesize  the  CoSb2O6  oxide  using  the  colloidal  route  and
using  low  concentrations  of  ethylenediamine  (0.5  mL)  [31].  According  to  the  results 
reported  by  this  author,  he  obtains  the  formation  of  microcolumns  and  other  irregular 
particles  due  to  the  use  of  ethylenediamine  during  the  synthesis  of  the  compound  [31].
In  Ref.  [20],  they  prepare  the  oxide  MgSb2O6  applying  the  colloidal  method  in  the
presence  of  ethylenediamine  (4  mL).  In  this  report,  they  mention  that  with  the  use  of 
ethylenediamine  in  the  preparation  of  trirutile-type  oxides,  microrods  composed  of 
irregular  nanoparticles  are  obtained  and  that  they  agglomerate  due  to  the  effect  of 
temperature  until  elongated  morphologies  (microrods)  are  obtained  [13].  The  authors 
cited  above  apply  these  microstructures  for  their  study  as  potential  gas  sensors
[20,  21].  In  our  case,  it  was  possible  to  synthesize  the  MnSb2O6  by  a  simple,  econom-
ical,  and  easy-to-control  wet  chemical  process  in  the  presence  of  ethylenediamine,
obtaining  microrods,  and  other  irregular  particles  for  their  study  as  potential  sensors
of  C3H8  and  CO  atmospheres.  Figure  6  shows  the  measured  particle  size.

3.3  TEM  analysis

  In  order  to  have  a  clearer  idea  of  the  individual  morphology  and  to  make  a  more 
precise  estimation  of  the  particle  size  of  the  material,  four  TEM  images  (one  of  them 
in  high  resolution;  HRTEM)  acquired  from  the  surface  of  the  MnSb2O6  oxide  are
shown  in  Figure  7.  calcined  at  600°C.  The  dark  areas  observed  in  these  photomicro-
graphs  are  due  to  the  poor  transmission  of  electrons  to  pass  through  the  thickness  of 
the  particles.  Looking  at  Figure  7a,  we  can  see  the  formation  of  a  large  agglomeration 
of  dispersed  particles  on  the  surface  of  the  material.  The  scattering  of  the  particles  that 
are  observed  in  this  image  is  due  to  the  fact  that,  in  the  process  of  preparation  for  its 
study  by  TEM,  the  MnSb2O6  powders  were  dispersed  with  the  purpose  of  analyzing
the  individual  particles  and  giving  the  appearance  shown  in  Figure  7a.  The  average 
size  of  these  particles  was  calculated  as  an  average  of  150  nm,  with  a  range  of  100  to 
220  nm.  For  Figure  7b,  elongated  morphologies  were  found  and  identified  as 
microrods.  In  this  case,  the  studies  carried  out  by  scanning  electron  microscopy
(SEM)  are  confirmed,  where  the  growth  of  microrods  was  recorded  (see,  Figure  5).
The  length  of  the  microrod  in  Figure  7b  was  estimated  as  438  nm  in  length  and
140  nm  in  diameter.  In  Figure  7c,  an  individual  particle  is  presented,  with  this  image,
we  also  corroborate  that  the  MnSb2O6  powders  are  made  up  of  irregular  nanoparticles
(see  also  Figure  7a).
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The size of the analyzed nanoparticle was estimated to be approximately 55 nm in
size. Referring to Figure 7d, a high-resolution TEM (HRTEM) image of the surface of
an individual nanoparticle is shown. Of this particle, an enlargement (zoom) of the
surface was made in order to identify the crystalline planes formed by the effect of the
calcination temperature (600°C). According to this analysis, the presence of the
crystalline planes of the compound is observed, indicating its crystalline nature. The
distance between the (d) planes was calculated to be 4.01 Å, which corresponds to the
(101) plane of the hexagonal structure. The diffraction angle for the found plane is
2θ = 22.12°. These results can be verified in the diffractogram of Figure 4.

3.4 Electrical response

The electrical resistivity variations of MnSb2O6 pellets in CO and C3H8 atmo-
spheres, at the operating temperatures of 100, 200, and 300°C, and concentrations of
1, 5, 50, 100, 200, and 300 ppm of CO and 1, 5, 50, 100, 200, 300, 400, and 500 ppm

Figure 7.
TEM images of MnSb2O6 powders calcined at 600°C showing (a) particle dispersion, (b) microrod growth,
(c) individual morphology of a nanoparticle, and (c) a nanoparticle where observes the crystalline planes of the
compound observed in high resolution (HRTEM).
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of C3H8, are depicted in Figure 8 as resistivity (ρ) vs. test gas concentration and
operating temperature. As can be observed in Figure 8a and b, at 100°C, no changes
in electrical resistivity were detected, regardless of the increase in gas concentration.
That is because, at this temperature, the thermal energy is not enough to drive a
reaction of CO or C3H8 with the pellets’ surface [13], causing poor mobility of the
charge carriers (in this case, electrons) on the surface [20]. Additionally, that tem-
perature causes the oxygen adsorption and desorption processes not to take place [26].
According to the literature, when a semiconductor is employed as a gas sensor in
atmospheres similar to those studied in this work, at temperatures below 150°C, the
available oxygen species are of type O�

2 [8, 11, 13, 20], which are low reactive at such
temperatures. Therefore, the oxygen desorption process does not take place, regard-
less of the increase in CO and C3H8 concentrations [13, 20, 21]. On the other hand, by
raising the operating temperature to 200 and 300°C, the electrical resistivity dimin-
ishes with the increasing concentration and operating temperature. The decrease in
both atmospheres was more evident at 300°C (see Figure 8b and d). That is attributed
to the fact that, as the temperature increases from 100 to 300°C, the dynamic activity
of the charge carriers rises [11, 12, 14], contributing to the increase of the material’s
conductivity and the adsorption and desorption processes [4, 14, 21, 32] at 200 and
300°C. The excellent pellets’ response at those temperatures is due to the strong

Figure 8.
Electrical response of MnSb2O6 pellets as a function of (a, b) CO and C3H8 concentrations, and (c, d) operating
temperature.
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chemical reaction of the oxygen species present on the pellets’ surface and to the
increased concentration of the gases [12, 26]. We observed that when the temperature
increased from 100 to 200°C, the electrical resistivity variations were more abrupt, as
can be observed in Figure 8c and d. An inflection point, due to the high diffusion of
the gases that reacted with the oxygen can be seen [20, 21, 32]. Also, we corroborated
that the best pellets’ response at 300°C was due, in great measure, to the increase of
the thermal energy, which provoked better oxygen species’ (O�and O2� -ionic forms)
absorption on the surface [8, 13, 21, 26], thus causing higher velocity of the charge
carriers and leading to an increase in the material’s conductivity (or decreased resis-
tivity) [12, 31]. In agreement with the literature, the different oxygen species (such as
O�

2 ,O
�,or O2�Þ that react at temperatures above 150°C [8, 26, 33] are the most prob-

able responsible for causing a rise of the electrical response as a function of the
increase in gas concentration and operating temperature (see Figure 8a-d). The
values of the electrical resistivity at 300°C were 90.40, 87.46, 70.51, 53.78, 32.31and
5.67 Ωm for CO and 42.71, 42.03, 38.42, 33.44, 27.57, 17.24, 5.16 and 0.25 Ωm for C3H8.
This trend, depicted in Figure 8a-d, is normally shown in semiconductor oxides
employed as toxic-gas sensors.

3.5 Gas-detection devices

The Wheatstone bridge previously discussed was calculated when the sensor’s
resistance had a value of Rs ¼ 570 Ω (in C3H8) and Rs ¼ 582 Ω (in CO). These
resistance values were calculated using the Eq. 1: ρ ¼ RA

t ! R ¼ ρt
A and the experimen-

tal measurements were shown in Figure 8a and c. Now, according to Figures 1, 3, and
8, it is possible to establish three operating parameters for our devices: an operating
temperature of 200°C, an operating gas concentration of 5 ppm, and the initial sen-
sor’s resistance Rs, mentioned above. On the other hand, another three operating
parameters can be established for the electronic circuits: a supply voltage of 120 V AC,
an operating voltage Vcc ¼ �12V,and an exit signal (or alarm signal) VAlarm ≈ 11:3 V.
Figure 9 shows our devices: Figure 9a depicts the C3H8 detector device, and
Figure 9b shows the CO detector device.

Already manufactured the gas sensor and the electronic device according to the
description of the previous sections, to apply the gas detection device (C3H8, CO), the

Figure 9.
Low-cost toxic gas detectors: a) for C3H8, b) for CO.
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Figure 10.
Operating principle of our gas detectors: (a) propane detector and (b) carbon monoxide detector.
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sensor  must  be  installed  in  the  atmosphere  to  be  monitored  whose  temperature  must 
be  200°C,  while  its  terminals  must  be  connected  to  a  pair  of  terminals  of  the  electronic 
card  developed  for  the  detection  of  toxic  gas  (C3H8  or  CO).  The  electronic  card  is
manufactured  using  a  copper  PCB  with  the  size  of  10  cm  by  10  cm,  its  design  was 
made  with  the  program  Proteus®,  it  operates  at  room  temperature  and  its  supply 
voltage  is  through  a  plug  (see  Figure  5b),  which  is  connected  to  a  110  V  alternating 
current  voltage  source.  Finally,  using  a  multimeter,  the  alarm  signal  voltage  VAlarm

produced  by  the  electronic  card  is  measured:  If  the  alarm  voltage  is  ≈  11:3V,  the
device  is  detecting  the  presence  of  gas  in  the  monitored  atmosphere.  But  if
VAlarm  ≈  0V  then  the  device  is  not  detecting  the  presence  of  gas.

  Figure  10a  and  b  depict  the  operating  principle  of  the  C3H8  and  CO  detectors.  It  is  
as  follows:  If  the  concentration  of  the  test  gas  is  equal  or  greater  than  5  ppm,  the
sensor’s  resistance  diminishes,  thus  unbalancing  the  Wheatstone  bridge,  and  causing 
the  devices’  exit  voltage  to  be  equal  to  that  of  the  alarm  signal  VAlarm  ≈  11:3V  (alarm 
state:  “On”).  However,  if  the  gas  concentration  is  below  5  ppm,  Eqs.  (5)  and  (6)  are
not  satisfied.  Consequently,  the  alarm  signal  is  not  active  (alarm  state:  “Off”),  that  is,
the  devices  have  an  exit  voltage  of  approximately  zero  V.  It  is  worth  mentioning  that,
for  our  devices,  the  operating  threshold  value  is  selectable  with  the  variable  resistance
Rc.  For  the  C3H8  detector,  if  Rc  >  570  Ω  (see  Figure  1a  and  9a),  the  device  will  detect 
concentrations  lower  than  5  ppm.  On  the  other  hand,  for  the  CO  detector,  if  Rc  >  582  Ω
(see  Figure  1b  and  9b),  the  device  will  detect  concentrations  lower  than  5  ppm.  If
Rc  <  570  Ω  or  Rc  <  582  Ω,  respectively,  the  devices  will  be  able  to  detect  concentrations
higher  than  5  ppm.
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4. Discussion

According to our results, our C3H8 and CO-detector devices possess good features,
which include low cost, high sensitivity, rapid response, good behavior, ability to
select the operating concentration through a variable resistance, an operating temper-
ature of 200°C, dimensions of 10 cm x 10 cm, a supply voltage of 120 V AC, an exit
voltage of VAlarm ≈ 11:3V, ease of construction, ease of repair, and ease of use.

We previously proposed a CO2 gas detector based on an analog circuit and on the
dynamic response to the impedance of the oxide CoSb2O6 [22]. Such a device detected a
gas concentration of 100 ppm with an operating temperature of 250°C. On the other
hand, we also studied theoretically the dynamic electrical response of the oxide ZnAl2O4

and proposed a propane-gas detector [23]. That device detected gas concentrations of
1000 ppmwith an operating temperature of 250°C. For both detectors, the design of the
analog electronic circuits possessed high complexity since the analysis of the signal was
conducted on complex planes and based on the sensors’ dynamic response. In this work,
the MnSb2O6 oxide was applied also in the detection of C3H8 and CO. However, its
characterization and signal adaptation were done using DC currents, thus simplifying
its analysis and implementation. Therefore, in comparison, our new proposal facilitates
the construction of the device, lowering the operating temperature (from 250 to 200°
C), the test-gas concentration threshold (from 100 ppm to 5 ppm for C3H8 and from
1000 ppm to 5 ppm for CO), and the device dimensions (from 15 cm x 15 cm to 10 cm x
10 cm). The overall components were also optimized.

Devices for the detection of C3H8 and CO find practical applications as explosion
and intoxication-prevention measures, respectively. Our future work will be aimed at
designing and developing gas detectors based on digital technology and quasi-
distributed systems for the detection.

5. Conclusions

The reproducibility of the MnSb2O6 oxide was excellent. It was electrically char-
acterized through static direct-current (DC) tests, obtaining its resistance-gas con-
centration behavior. Based on these results, the electronic prototypes for two toxic-
gas-detection devices were designed: one of them for C3H8-detection, and the other
one for CO-detection. Both prototypes have an operating temperature of 200°C and
an operating concentration of 5 ppm. They can produce an alarm signal of approxi-
mately 11.3 V. Their supply and operating voltages are 120 V AC and � 12 V, respec-
tively. They possess fast response, ease of construction, ease of operation, very low
cost, and ease of repair. The detectors can find rapid application in processes involving
combustion like, for example, boilers, smelting furnaces, and exothermic generators.
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Chapter 5

Numerical Analysis of the Steady
State in SAW Sensor Structures
with Selected Polymers for
Detection of DMMP and CO
Tomasz Hejczyk, Jarosław Wrotniak and Wiesław Jakubik

Abstract

The chapter presents the results of the numerical investigation of the SAW gas 
detector structures with selected polymer layers in steady-state conditions. The effect 
of SAW velocity changes vs. the surface electrical conductivity of the detector struc-
tures is predicted on the base of acoustoelectric elemental theory. The electrical 
surface conductivity of the rough polymer sensing layer placed above the piezoelectric 
waveguide depends on the profile of the diffused gas molecule concentration inside 
the whole detector structure. Numerical results in the steady state conditions for the 
gas molecules DMMP and polymer layer of (RR)-P3HT have been shown as well as for 
carbon oxide molecules with thin polyaniline and polypyrrole layer. The main aim of 
the investigations was to study a thin film’s interaction with targeted gases in the SAW 
detector configuration based on diffusion equations for polymers. Numerical results 
for profile concentration in steady state conditions for gas molecules concentration, 
film thickness, roughness, and interaction temperature have been shown. The results 
of numerical analyzes allow for selecting better detector design conditions, including 
the morphology of the detector layer, its thickness, operating temperature, and layer 
type. The numerical results, based on the code written in Python, were shown.

Keywords: SAW (surface acoustic wave) gas detector, SAW, DMMP (dimethyl 
methylphosphonate) detection, polymer, (Regio-regular)-P3HT, (RR)-P3HT, 
polyaniline (PANI), polipirol (PPy), Nafion, numerical acoustoelectric analysis
(NAA), Ingebrigtsen’s formula, CO (carbon monoxide), python

1. Introduction

Polymers are a very interesting material for testing the concentration of particu-
larly dangerous gases, CO (the silent killer), and are also used in research on toxic
warfare agents. The following publication presents two approaches that have evolved
during research, both in terms of the laboratory method—optimization of the
measurement system in terms of control, and thanks to technological progress and the
use of atomic force microscopy (AFM). This lastly allows for the emergence of the
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polymer structure and confirmation of the dependence of the shape of the detector
surfaces, its morphology, and its influence on the SAW detector response. Histori-
cally, different thin film materials and the piezoelectric substrates (LiNbO3—lithium
niobate Y cut-Z propagation) were utilized with the detector layers ranging from
semiconducting to polymers—on which we focused in our research work—PANI
(polyaniline), PPY (polypyrrole) with NAFION—to detect carbon oxide (CO), and
RR-P3HT (regio-regular poly-3-hexylothiophen)—to detect DMMP (dimethylo-
methylo-phosphonate) [1]—a simulant of the poison of chemical warfare agent
(CWA), like sarin. The development and optimization of the NNA direction (nor-
malized numerical acoustoelectric analysis) over the analytical detector with an
acoustic surface wave (SAW), which now, thanks to technological development, has
been empirically confirmed.

Over the decade, the research team made efforts to select the appropriate detector
layer, its thickness, porosity, and morphology for individual gases that are important
for human safety, e.g. in CO detectors [2]. This publication was created from these
research works. Particular importance, also from the point of view of safety, are
polymer layers, those photoconductive, which are used to detect CWA (Chemical
Warfare Agents), the use of which in systems can significantly prevent a tragedy. For
the purposes of the experiment, an original analytical model of the gas detector was
created. Initially, this model was based on Knudsen diffusion mechanisms and was
inspired by the works of: Matsumaga N., Sakai G., Shimanoe K., Yamazoe N [3, 4].
The main aim of the investigation was to study thin film interaction with target gases
in the SAW detector based on a simple reaction-diffusion eq. [5–11]. Diffusion equa-
tions provide theoretical bases for the analysis of physical phenomena like heat trans-
port or mass transport in porous, roughness substrates [5].

In the initial version of the development of the analytical model, the porosity of the
layer was taken into consideration. This model was a good illustration of the operation
of semiconductor gas detectors. However, in the case of polymer layers and due to
different physicochemical properties [12] of polymer layers and other differential
equations, this model had to evolve toward a model that took into account the
roughness of the layer.

Generally, these detectors have a very high sensitivity, much higher than the
commercially available resistance gas detector. Detectors based on surface acoustic
waves are widely used in many industries, especially in biochemical applications,
allowing for monitoring of DNA mutation [13] and commercial applications, such as
monitoring the quality of food, as well as monitoring the physical and chemical
properties of solids, such as adsorption/desorption of the substance, humidity.

The chapter summarizes the acoustoelectric theory, i.e. Ingebrigtsen’s formula,
dynamics gas diffusion concentration profiles in steady-state, and predicts the influ-
ence of a thin polymer detector layer with new polymer gas diffusion model on the
SAW wave velocity in a piezoelectric acoustic waveguide [14].

Delay lines, with acoustic surface wave (SAW), enable the detection of very small
concentrations of chemical compounds in gas mixtures [15]. The miniaturization of
these transducers resulted in a significant increase in the frequency of SAW detector.
However, miniaturization of the detector requires the construction of more
complicated or technically advanced electronic devices (Figure 1), while the test and
measurement system for gas detection [6, 17–20] has been designed and developed
independently.

The detection materials used here, such as DMMP, are not only valuable due to the
fact that they can be used as sarin simulants for the calibration of organophosphorus
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detectors, but also due to the obvious fact that DMMP can be used in the production
of chemical weapons (sarin and soman) and is applicable to the construction of very
sensitive detectors of this unnoticeable lethal weapon—chemical weapon, which in
war conditions (in violation of international rules of war) has a special military and
strategic importance.

Chemical warfare agents (CWA), especially nerve agents (e.g. sarin and soman)
are highly lethal compounds. Sarin is one of the best-known chemical weapons of
mass destruction. This odorless and colorless compound causes neuromuscular paral-
ysis and death by suffocation within 1–10 min. Disabling and lethal exposures to sarin
occur above 15 ppb and 64 ppb, respectively for 10 min of exposure [21].

In gas detectors based on SAW, the mechanism of detecting the concentration of
the gas or vapors of a chemical compound depends on the interaction of its molecules
with a properly selected detector layer sensitive to its presence [22]. The processes of
interaction between gas molecules with the layer are kinetic phenomena, mainly
sorption (in volume) and adsorption (on the surface), resulting from the entrapment
of the molecule in the layer or on its surface. Sorption of gas or vapor molecules
through the detector layer causes a change in its mass and electrical conductivity
(change in conductivity affects the change of SAW propagation velocity) which in the
measurement system leads to a change in the generator’s operating frequency [23].
The channel with the detector layer generates as a result oscillations with a different
frequency (usually lower) and is shifted in phase relative to the signal generated in the
reference path (Figure 2a). The work focused on the electrical effect is a new contri-
bution to the SAW gas detector technology [7].

The results of the research on the application of RR-P3HT (poly 3-hexylthiophene
regioregular type) produced by means of air spraying on a quartz module with SAW
205 MHz to detect traces of DMMP (Dimethyl methylphosphonate) molecules were
presented [1, 15]. DMMP is a non-toxic substance with a similar chemical structure to
sarin (Combat Poisoning Agent) and it allows for safe experiments.

Due to the photoconductive properties of the P3HT polymer [24], the layer was
additionally activated by LED light (Figure 2b). The sensitivity of the layer in the
system with SAW [25] to the presence of DMMP in this manner was increased
(different wavelengths of LED illumination). Oscillations (in reference and measure-
ment line) were excited. Generator 205 MHz with switched channels was used.

Figure 1.
Measurement appliance—patent no PAT.230526—system for detecting chemical compounds in gaseous
atmospheres, with a detector using surface acoustic waves (SAW) and digital switches SW1 and SW2 ([16], μP—
microprocessor, OVG-4—the owlstone calibration gas generator, G—generator design and implementation by
authors: J. Wrotniak and M. Magnuski).
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The essence of the conducted research is the search for new materials and ways to
activate them in order to detect trace concentrations of DMMP in the air without the
need of applying high temperatures (above 100°C) [1].

2. Technology of applying the detector layer PANI and (RR)—P3HT and
sensing mechanism

The bilayer structure of Nafion-Polyanliline was examined by the acousto-electric
method (Figure 2a). An electrometer Keithley was used in the study due to the high
resistance of the structure. The main purpose of the Nafion application was the
possibility of controlled protonation of the second layer based on polyaniline to
increase its electrical conductivity. Nafion (thickness of approx. 300 nm) and
polyaniline (for the thickness of the layers: 100, and 180 nm) were used as sensing
structures [2]. A thin layer of Nafion was deposited on the surface of the LiNbO3

waveguide by the spin-coating method at speed of 7500 rpm. Thin layers of Nafion
were annealed at 40°C for 2 hours and then for 15 minutes at 120°C to harden them.
Polyaniline (PANI) layers of thicknesses of 100 nm and 180 nm were made in a
vacuum evaporation process. The whole process was carried out in the residua atmo-
sphere of argon (Ar), in connection with the oxidation of the polymer during the time
of its application, which affected the sensing properties of the layers. To achieve the
desired quality of the atmosphere in the vacuum chamber, the set-up was rinsed three
times with argon. Then, in order to evaporate the water vapor trapped in the PANI,
the structure was annealed at 200°C for 10 minutes. The polyaniline application
process was made at a temperature of 350–400°C. To obtain the desired thickness, the
sublimation process lasted about 45 minutes.

The detector layer (Figure 3) of the (RR)—P3HT type polymer with a thickness of
�350 nm, in the empty space of one of the delay lines of the quartz module with SAW
was created. The thickness using the atomic force microscope (AFM) profile analysis
was estimated. A field fragment polymer plate to use a suitably designed mask was
exposed. Through the open window spraying method (nozzle thickness—0.4 mm) a
pre-prepared polymer solution (RR)—P3HT was applied. Compressed synthetic air at
a pressure of 1 atm. Was used. Solution by dissolving about 1 mg (RR)—P3HT in 1 ml
chloroform was prepared. The distance of the nozzle from the substrate during the
process was: about 40 mm, settling time was about 3 s (see Figure 4) [1, 8].

Figure 2.
Measuring appliance: (a) the idea of the historical measuring system [2, 14], and (b) the newest measurement
system with LED lighting with switched channels [1, 8, 16].
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The sensing mechanism in PANI or PPY (Polipyrrole) and P3HT detectors layers is
very interesting. The interaction of CO molecules with PANI is primarily of electrical
nature. CO is an oxidizing gas—CO molecules attach electrons from the PANI struc-
ture. Polyaniline is a p-type semiconductor. The binding of PANI electrons to CO
molecules results in an increase in the electrical resistance of the structure (the
difference between the concentration of holes and electrons increases). This is
manifested by a decrease in the frequency of the measuring resonator and, as a result,
a decrease in Δf relative to the situation without CO particles in the atmosphere. In
the measurements, the sensing structure was tested for the presence of very low
concentrations of CO (5, 10, 15, and 20 ppm) in the synthetic air.

Figure 3.
Layer topography/morphology (RR) P3HT quartz substrate—Fragment of polymer layer (RR)-P3HT on quartz
crystal from SAW—View under magnification (a), AFM images of the P3HT-RR sensing layer measured on a
laminate: The polymer surface—resistive detectors research (b) AFM images of the P3HT-RR sensing layer on
metallization: The polymer surface—Resistive detectors research (c) [1].

Figure 4.
View of a fragment of the applied polymer layer (RR)-P3HT on the quartz crystal of the AFP module. View of the
boundary of the formation of a porous layer from the crystal edge visible from above 100x magnification [1].
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The P3HT contains delocalized π bonds, which permit the easy flow of electrons
within the delocalized π system. The relative response of P3HT to analyte species
depends on their Lewis acidity or basicity: stronger acids or bases have a larger effect
on polymer resistance, with acids decreasing resistance and bases increasing resis-
tance. For DMMP, there is a phosphorous-oxygen double bond. The electronegativity
of the oxygen atom is stronger than that of the phosphorus atom, resulting in the
increase of the electron density of the oxygen, so DMMP shows alkalescence. The
p-type semiconducting behavior of P3HT promotes holes in the valence band of P3HT
which play a key role in sensing properties. The DMMP is a strong electron donor
which depletes holes from the valence band of P3HT, resulting in an increase of
resistance after being adsorbed on the P3HT surface. The number of charge carriers in
the P3HT film is increased by the light excitation, resulting in enhanced sensing
properties, like sensitivity, the limit of detection, and response time. In addition, for
the highly developed surface of the sensing layer deposited on the porous substrate,
we obtain more active adsorption sites, and the scheme of the sensing mechanism
described above is presented in [15].

3. Experimental investigations

In the research, a measuring stand with resonators on acoustic surface waves SAW
with a positive feedback loop was used in historical measurements (Figure 2a). The
system consists of two identical delay lines—DLs (or resonators). One of the delay
lines (or resonator) is isolated from the influence of the external atmosphere. The
second line (resonator) is exposed to an external gas environment. Changes in the
chemical composition of the atmosphere change the resonance frequency of the active
line (resonator). At the output of the set-up (DLs or resonators), their high-frequency
signals are electronically mixed. The frequency of the delay line without the structure
of the detectors was 43.60 MHz, while the sensing structure was lower from several
dozen to even one hundred kHz (as a result of its mass loading by the sensing
structure). The normal mode frequency configuration (NMFC) occurs when the
measuring frequency (f) is lower than the reference ones (f0). In the investigations as
mentioned above, the bilayer sensing structures of Nafion+Polyaniline were examined
by means of the acoustoelectric method in the NMFC case and the difference
frequency Δf is determined as f–f0 (see Figures 5 and 6).

Figure 5.
Response (Δf) of the bilayer detector structure PANI (100 nm) + Nafion, to CO gas (5, 10, 15 ppm) in air,
T = 34°C.
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The results of the studies prepared for the numerical acoustoelectric analysis
(NNA) studies for the PANI layer below were shown.

The collective responses (Δfmax-Δf)/Δfmax) SAW detector on CO gas at
thicknesses 100 nm and 180 nm (PANI), for the concentration from 5 to 15 ppm in

Figure 6.
Response (Δf) of the bilayer detector structure PANI (180 nm) + Nafion, and CO gas (5, 10, 15, 20 ppm),T =�42°
C (a), response (Δf) of the detector layer PANI (180 nm) + Nafion, CO gas (5, 10, 15, 20 ppm),T =�35°C (b) [2].
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synthetic air at a temperature of 34° C (100 nm) and 35° C (180 nm) in Figure 7 were
showed (Figure 8) [2].

The work presents comparative measurements for a polymer layer based on
Polypyrrole. The results of the experiment below were shown (Figure 9).

Comparison of the detection properties of Polyaniline + Nafion layers (film thick-
ness of 100 nm and 180 nm) and Polipirol layer (thickness 80 nm) of the concentra-
tion of 25 ppm, 37.5 ppm, 50 ppm in Figure 10 were shown. It is clear that the
Polypyrrole layers will be suitable for the measurement of higher concentrations.

The main aim of researching selected detector structures with a surface acoustic
wave was an empirical verification of the response with numerical analysis. We must
emphasize that performing empirical research was possible within limits because of

Figure 7.
Relative changes of the response of a detector normed to maximum differential frequency for each layer PANI
+Nafion: 100, 180 nm, CO gas (5, 10, 15 ppm), in synthetic air—measuring system Figure 2a.

Figure 8.
Relative changes of the response of a detector normed to maximum differential frequency for PANI+Nafion
180 nm, CO gas (5, 10, 15, 20 ppm), at temperature: 35°C and 42°C—measuring system Figure 2a.
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the wide range of work and the complex technological processes connected with the
practical feasibility of the detector structure [1, 16].

A practical system for testing the acoustic-electrical properties of polymer layers
based on (Regio-Regular)-P3HT in Figure 11 was shown.

Empirical results for illuminating LEDs (200 mA) with different wavelengthsof
the layer (RR)-P3HT are shown in Figure 12. The research system from Figure 2bwas
used. The measuring system uses diodes—1 W SMD 350 mA ProLight Opto.

Figure 9.
Acoustical response (Δf) and resistance response (R) of the detector layer PPy (Polypyrrole 80 nm), CO gas (25,
37.5, 50 ppm),T = 36°C—measuring system Figure 2a.

Figure 10.
A comparison of the detection properties of PANI + NAFION with empirical results of Polypyrrole layer (80 nm)
at temperature = 35°C—measuring system Figure 2a.

Figure 11.
The practical implementation of the invention of the patent no. PL 230526 B1—A measuring chamber for testing
using SAW detectors—measuring system Figure 2b.
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Results of measurements DMMP in interaction with polymer layer RR-P3HT
illuminated with a diode light of 200 mA in the form of a histography are shown in
Figure 13.

In order to optimize numerically and compare the experiment with the theory, the
results of the experiment depending on the concentration were normalized as follows
in Figure 14.

Three measurement series were made. The diodes were driven with 100, 200,
300 mA current. The layer was additionally activated by a small incandescent lamp
with white light (with a maximum of about 750 nm) and different illuminance
(see Figure 13). Exposure time was about 10min for each 100, 200, and 300mA current.

Figure 12.
Experiment—Detector layer (RR)-P3HT, thickness 500 nm, gas DMMP (1.5; 2; 3 ppm, illumination by diode
200 mA (selected wavelengths) relative change of velocity vs. time (concentration)—measuring system Figure 2b.

Figure 13.
Experiment—Layer (RR)-P3HT, thickness 500nm, gasDMMP(1.5; 2; 3ppm, illumination by diode 200mA(selected
wavelengths)—Histography—relative change of velocity vs. time (concentration)—measuring system Figure 2b.

Figure 14.
Experiment—Layer (RR)-P3HT, thickness 500 nm, gasDMMP (1.5; 2; 3 ppm, illumination by diode 200mA (yellow
light) normalized results relative change of velocity vs. time (concentration)—measuring system Figure 2b.
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where: n—number of sublayers and FS ¼ ε0 þ εTp , i = 1, 2, 3, …n (the sublayers
index), Δv/v0 and Δk/k0 relative changes of velocity and wave vector of SAW,

Figure 15.
Schematic diagram of the SAW detector model [2].
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In  order  to  optimize  numerically  and  compare  the  experiment  with  the  theory,  the  results 
of  the  experiment  were  normalized  as  follows  in  Figure  14—depending  on  the  concen-
tration.  Results  with  a  DMMP  concentration  of  2  ppm  in  the  air  were  shown.

4. Numerical  analysis  (NNA)  of  the  acoustoelectric  interaction  in  the 
sensing  layer  in  the  steady  state  conditions

  The  acoustic-electric  effect  depends  on  the  electrical  charge  profile  distribution  in 
the  sensing  layer  on  the  absorbed  gas  particles’  distance  from  the  surface  acoustic 
waveguide.
  To  determine  the  response  of  the  detectors  common  impedance  was  designated.
Impedance  includes  information  about  the  profile  of  the  concentration  of  gas  mole-
cules  in  the  layer  and  has  been  implemented  into  the  Ingebrigtsen  formula  [23].  This 
enables  describe  relative  change  velocity  surface  acoustic  waves  in  steady  state  and 
transient  mode.  Analytical  expressions  clearly  define  the  model  of  the  SAW  detectors.
Based  on  this  model  numerical  analysis  detector’s  response  was  made.  The  results  of 
numerical  analyzes  are  shown  in  the  next  section.
  The  analytical  model  of  a  SAW  gas  detector  having  the  described  form  was  used  in 
order  to  analyze  it  numerically.  In  order  to  analyze  such  a  detector  layer  in  the  SAW 
gas  detector  we  assumed  that  the  film  is  a  uniform  stack  of  infinitesimally  thin  sheets
with  a  variable  concentration  of  gas  molecules  (Figure  15)  and  that  it  influences  the 
electrical  conductance  [10].
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respectively, σ0—electrical conductivity of sensing layer in air, K2—coefficient of
electromechanical coupling,

σ yi
� � ¼ σ0 1þ a � CA yi

� �� �
(2)

where: a—sensitivity coefficient of the sensing layer [1/ppm].
In the expression (1) the functions f(yi, σ(yi)) and g(yi, σ(yi)) are the results of the

transformation of the individual sublayer on the surface of a detector waveguide
(Figure 15) and it has the form:

f yi, σ yi
� �� � ¼ 1� tgh kyi

� �� �2
1þ tgh kyi

� �� �2 þ tgh kyi
� � � σ yið Þ

ε0v0

� 	2 (3)

and

f yi, σ yi
� �� � ¼ 1� tgh kyi

� �� �2
1þ tgh kyi

� �� �2 þ tgh kyi
� � � σ yið Þ

ε0v0

� 	2 (4)

The conductivity of the detector layer depends on the temperature:

σT2 ¼ σT1 exp
Eg

2kB
� T2 � T1

T1T2


 �
(5)

where T1 = 300 K, σT1 = σ0 are the conductance of the layer, respectively, at
temperature the T1 and T2, kB—the Boltzmann constant, vo—SAW velocity, k—acous-
tic wave number (k = 2π/λ), Eg—the width of the energy gap of detector layer
material. The expressions (1, 3, 4) make it possible to determine the use of the
iteration method response of the surface acoustic wave in the steady-state (t ! ∞).

For the selected parameters (thickness, concentration, temperature, sensitivity a,
and conductivity) of bilayer sensor structure (Nafion+Polyanyline), the numerical
analysis were made and the influence of carbon monoxide gas concentration on
detection response was determined.

Figure 16 presents the numerical analysis detector response depending on the
thickness detector layer. From the analysis, it follows that the optimum thickness is
approx. 90 nm. The software was written in Python. In the range of thicker layers

Figure 16.
Changes of velocity (relative) vs. thickness from 2 nm to 180 nm, Nafion+Polyanyline. Assumed in the analysis:
Sensitivity coefficient a = �4.25 ppm�1, σs = 2 � 10 �12 S, M = 28 g/Mol (CO), concentration: 5, 10, 15 ppm.
Numerical results.
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Figure 17.
Changes of velocity (relative) vs. concentration from 2 to 25 ppm in synthetic air, Nafion+polyaniline at temperatures
35°C and 42°C. assumed in the analysis: H = 180 nm (thickness), sensitivity coefficient a =�106 ppm�1 (T = 35°C),
a = �107 ppm�1 (T = 42°C), σs = 2 � 10 �12 S, M = 28 g/Mol (CO). Numerical results.

Figure 18.
The polymer layer (RR)-P3HT surface 3D-AFM view (a) graphic illustration of the average profile radius (b).
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above  180  nm  interaction  decreases,  which  confirms  obtained  empirical  results.  From 
the  characteristic,  it  follows  that  for  the  small  concentration  (below  5  ppm)  measure-
ments  of  carbon  monoxide  using  an  SAW  detector  for  the  layer  above  180  nm  and
thicker  will  be  useless  (measurement  temperature  of  35°C,  see  Figures  5,  6a).  This 
fact  very  explicitly  confirms  the  experiment  mentioned  above  for  thickness  layer  of 
180  nm  and  at  the  temperature  of  35°C.
  The  numerical  analysis  of  the  influence  of  the  CO  concentration  on  the  response  of 
the  detector  in  a  layer  thickness  of  180  nm  for  a  temperature  of  35°  C  and  42°  C
(Figure  6b)  was  made  (Figure  17).

  A  separate  place  is  devoted  to  researching  the  temperature  properties  of  the  layer.
It  is  important  here  to  note  that  the  selection  of  the  operating  temperature  of  the 
detector  depends  not  only  on  the  type  of  detector  layer  but  also  on  the  porosity  and
roughness  (Figure  18a  and  b).  Temperature  change  also  allows  to  determine  the 
operating  point  of  the  detector  and  also  has  an  impact  on  the  speed  of  response  and 
recovery  of  the  detector  layer.  Changing  the  operating  point  of  the  detector  by 
increasing  the  temperature  from  35°C  to  42°  C,  should  increase  the  detection  proper-
ties  of  the  detector  in  accordance  with  the  experiment  (Figure  6a  and  b).  The  effect 
of  temperature  on  the  response  of  the  gas  detector  is  also  confirmed  by  the  analysis  of 
the  properties  of  the  temperature  detector  (Figure  8).  The  numerical  analysis  of  the 
influence  of  the  temperature  on  the  response  of  the  detector  in  a  layer  thickness  of
180  nm  for  a  temperature  of  35°C  (308  K)  and  42°C  (315  K)  was  made  (Figure  19).
Numerical  analysis  shows  that  based  on  the  numerical  model  of  a  gas  detector  with  a  
layer  of  Nafion  +  Polyaniline  gas  impact  in  the  case  of  measuring  the  temperature 
increase  of  35–42°C  will  result  in  a  marked  increase  in  the  detector  response.

  The  results  of  numerical  analysis  (Figure  19)  coincide  approximately  with  the 
results  of  the  experiment  (see  Figures  5–8).
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The sensitivity of sensing structures to external gas atmospheres depends on the
temperature of the structure. The problem of the structure temperature is also impor-
tant in the aspect of “detoxifying” its electrical properties after measurements. Our
previous research [2] shows that detoxification is much more effective at elevated
temperatures. On the other hand, however, the elevated temperature affects the
mechanical degradation of the structure and causes irreversible changes in its physi-
cochemical properties. This problem is particularly important when the sensing layers
are made of organic semiconductors. Polyaniline and Nafion are organic semiconduc-
tors. In order not to destroy the examined structures, the measurements were made at
relatively low temperatures: 35°C (308 K) and 42°C (315 K).

Analyzes for the sarin simulator—DMMP gas was also performed. The roughness
of the polymer [25] detector layer for the average height of the layer profile from
60 nm to 960 nm (max. average height of the layer profile) theoretically and numer-
ically was performed. The thickness using the atomic force microscope (AFM) profile
analysis was estimated too. The acoustoelectric interaction of the surface wave with
charge carriers distributed in the detector layer according to the profile resulting from
the diffusion of gas molecules from the surrounding atmosphere was analyzed
numerically in the Python programming environment, using the expression (1)–(5)
[10]. The results of the numerical analysis can be the basis for the optimization of the
layer parameters in terms of the maximum sensitivity of the detector. Figures 20, 21,
and 22–24 show exemplary results of the numerical analysis.

The best results in the range of 60–960 nm thicknesses have been achieved. In
Figure 20 analysis for a polymer (RR)-P3HT was performed. For the assumed DMMP
gas ambient parameters (temperature, concentration 3 ppm) and layer parameters

Figure 19.
Changes of velocity (relative) vs. temperature from 300 K to 344 K, Nafion+polyaniline, assumed in the analysis:
A = �1 ppm�1, σs = 2 � 10 �12 S, M = 28 g/Mol (CO), concentration 5 ppm, thickness 80, 100, 180 nm.
Numerical results.

Figure 20.
Changes of velocity (relative) vs. thickness, from 80 nm to 960 nm, layer (RR)-P3HT, gas DMMP: σs = 5 �
10�4 S, M = 124.08 g/Mol, K2/2 (quartz) =0.09%, C = 3 ppm.
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(sensitivity, conductivity, diffusion parameters, substrate—quartz), the graph shows
the value of about 3 � 10�6 for a layer with a thickness of 500 nm. The changes
resulting from the numerical model are at a relative level of changes of the order of
10�6. The results shown in Figure 20 show that there is an optimal thickness of the
detector layer for which the acoustoelectric impact (change in the velocity of the
acoustic wave) is the greatest. Qualitatively, the existence of an optimal layer
thickness was confirmed empirically in Ref. [7, 8].

Figure 22.
Temperature range: 293–322 K (20–49°C)—Curve (theoretical numerical calculations): σs = 5 � 10�4 S,
M = 124.08 g/Mol, K2/2 (quartz) =0.09%, C = 2 ppm.

Figure 21.
Changes of velocity (relative) vs. roughness, temp. 305 K (32°C), (RR)-P3HT, a = 1 ppm�1, σs = 5 � 10�4 S,
DK = 106nm2s�1, Eg = 2.7 eV, M = 124.08 g/Mol, DMMP concentration: 2 ppm, thickness 500 nm (H), K2/2
(quartz) =0.09%, measurement AFM Ra = 76 nm.

Figure 23.
Curve (theoretical numerical calculations) for parameters: σs = 5 � 10�4 S, M = 124.08 g/Mol, K2/2 (quartz)
=0.09%, C = 2 ppm.
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The thickness of the layer affects the response of the detector layer, also in this
case. In our case, we identified the height of the layer with the average radius of the
detector layer profile. This is a particularly favorable circumstance because in the
perturbation theory, the concept of surface conductivity is used. The following graph
was obtained by equating the average radius of the Ra layer with the thickness of the
layer σs = σ∙Ra. This fact gave our considerations a further direction enabling the
development of a mathematical model to take into consideration roughness. In this
case, most of the volume of the layer is close to the surface of the piezoelectric layer of
the quartz base. The diffusion of larger molecules is not difficult, however, in layers of
greater thicknesses above about 650 nm, the interaction is not as strong as in smaller
ones, eg. 100 nm. The electrical conductivity of the deeper parts of the layer changes,
and their contribution to the detector response is significant. In the case of detectors
based on polymer layers, the shape of the surface and its roughness are significant.
The above characteristics of the detector response depending on the average radius of
the layer’s profile were shown (Figure 18). The average radius of the Ra layer profile
by the height of the H-layer for the better presentation was normed (Ra/H—

Figure 21). In the case of the average profile radius Ra of 0, the layer “disappears”,
boundary conditions correspond to the lack of interaction of the analyte with the
detector layer. In the case when the average radius of the Ra—layer profile reaches the
height of the maximum H. This is a theoretical case when we have an ideal detector
layer in the image of a “rectangular”—and the surface that is not rough—a theoretical
case. Therefore, the roughness has decisive for the response of the DMMP gas detector
based on the optic layer using (RR)-P3HT and this aspect will be developed in further
studies. In the case of DMMP, the optimal layer thickness is approx. 500 nm. These
analyzes were carried out for other analytes, such as: H2, CO2, NO2, NH3. Numerical
NNA analysis also showed the existence of an optimal thickness at which the interac-
tion is greatest. The optimal thickness for LiNbO3 (piezoelectric) layer and interaction
with gases H2, CO2, NO2, NH3 was approx. 100 nm [9]. As a rule, the diffusion of
larger molecules is difficult, additional in layers of higher thicknesses, the entire
volume of the layer is not saturated. However, in the case of polymers, it is the other
way round. The electrical conductivity of the deeper parts of the layer also changes, so
their contribution to the detector response is significant. This state describes the
solution of the general diffusion equation for polymers [26].

The results of the experiment to the theory were compared. Figure 22 shows
theoretical numerical analysis in the temperature range of about 293–322 K. Below a

Figure 24.
Changes (relative) of velocity vs. concentration, temp. 305 K (32°C), (RR)-P3HT, a = �1.75 ppm�1, σs = 5 �
10�4 S, DK = 106nm2s�1, Eg = 2 eV, M = 124.08 g/Mol, gas DMMP, thickness 500 nm, K2/2 (quartz) = 0.09%.
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comparison  of  numerical  calculations  based  on  the  assumed  layer  model  with  empir-
ical  measurements  was  made.  Good  consistency  of  row  magnitude  was  achieved.  The 
results  of  the  experiment  coincide  with  the  theory  and  are  convergent.  The  calcula-
tions  for  a  DMMP  concentration  of  2  ppm  were  made.

  In  Figure  24  the  theoretical  dependence  of  the  detector  response  depending  on  the 
concentration  in  the  range  from  1  to  3  ppm  was  shown.  The  results  of  empirical 
research  concern  the  concentration  of  1.5–3  ppm  and  at  32°C  were  made.  All  tests  on  a 
piezoelectric  substrate  made  of  quartz  were  done.

5.  Summary

  In  research  layers  (PANI)  for  different  thicknesses:  100,  180  nm,  Nafion  approx.
300  nm  were  prepared.  The  main  target  was  to  research  the  interaction  of  carbon 
monoxide  and  a  layer  of  PANI  change  were  measured.  Influence  the  temperature  on 
the  bilayer  structure  of  Nafion+Polyaniline  at  T  =  35°  C  and  T  =  42°  C  were  examined.
Visible  effects  were  observed  at  low  CO  concentrations—5  ppm.  During  the  experi-
ment,  representative  samples  of  the  PANI  with  a  Nafion  layer  thicknesses  of  100  and 
180  nm  were  investigated.  Very  interesting  properties  were  examined  at  layer  180  nm  
depending  on  the  interaction  temperature.  Very  clearly  and  a  sharp  rise  detection  of 
carbon  monoxide  properties  as  a  result  of  the  growth  of  the  temperature  of  about  7°C
(temperature  change  from  35°C  to  42°C)  was  observed.  Exactly  ambient  temperatures 
were  measured.  Empirical  results  with  layer  basis  on  PANI  +  Nafion  (100,  180  nm)
compared  with  Polypyrrole  detector  layer  (thickness  �  80  nm).  It  is  useful  to  measure 

a  higher  level  of  the  concentration  of  CO  above  25  ppm.  Extensive  numerical  analyses 
on  CO  of  the  SAW  response  parameter  like:  thickness,  concentration,  and  tempera-
ture  at  low  concentrations  (5  ppm)  were  conducted.  Numerical  researches  were 
performed  in  a  steady  state.  As  shown  above,  PANI  and  PPy  nano-layers  have  a  lot  of 
valuable  physical  properties  useful  for  applications  in  various  fields  of  science.  These 
materials  are  used  in  medical  and  biological  applications,  eg.  for  the  detection  of  both 
chemicals,  e.g.  the  selected  metal  cations,  lactic  acid  as  well  as  biological  samples—
tumor  cells.  Polyaniline  nano-layers  can  develop  a  detector  that  can  detect  lactic  acid 
in  the  range  of  physiological  concentrations  informing  about  the  different  types  of 
diseases.  Empirical  studies  can  observe  specific  changes  in  the  electrical  conductivity 
of  micro  and  PANI  nanolayers  in  contact  with  tumor  cells  and  healthy  [13].
  Detector  studies  of  photoconductive  (RR)-P3HT  were  performed  as  a  potential 
material  for  detecting  trace  amounts  of  DMMP  compound  vapors  (2  ppm)  in  air  using 
the  SAW  method.  Polymer  (RR)-P3HT  possesses  significant  sensitivity  to  trace 
amounts  of  DMMP,  only  when  additional  white  light  was  used.  Increasing  the  light 
flux  also  causes  the  sample  temperature  to  rise  and  to  obtain  larger  frequency  varia-
tions  (130–300  Hz)  for  the  same  concentration  of  2  ppm  DMMP  in  the  air.  Estimated 
response  and  regeneration  times  for  this  DMMP  concentration  are  respectively  10–
20  sec.  and  7  min  [1].  Extensive  NNA  of  the  SAW  detector  response  depending  on 
parameters:  concentration,  roughness,  temperature,  and  thickness  were  conducted.
Numerical  research  was  performed  in  a  steady  state.  NNA  was  performed  using 
proprietary  software  written  in  Python.  The  layer  thickness  decides  the  maximum 
range  of  the  detected  gas  concentration  [10].

  Also,  the  choice  of  the  temperature  of  the  polymer  detector  is  important—the 
optimal  work  temperature  depends  on  the  type  of  the  detector  layer  and  its  roughness.
The  change  in  temperature  allows  to  determine  the  point  of  detector  work,  and  has
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also an impact on the speed of its response and the recovery time of the sensing
properties of the detector layer [9]. Empirical results of a SAW detector with (RR)-
P3HT were achieved for three thicknesses (�100,�350,�550 nm) of the layers. The
main target was to verify empirically the analytical model of the SAW gas detector
affected by: 2, 3 ppm DMMP in the air. Empirical results confirmed the usefulness of
the elaborated analytical model for the investigation of the SAW detector in the design
stage. In particular, the influence of the concentration and thickness (existing optimal
thickness) was confirmed. The essential parameter of the polymer detector is the
roughness of the sensing layer—under investigation.

The results of numerical acoustoelectric analysis of the SAW detector investiga-
tions confirmed theoretical were showed. Different sources of light (different of
wavelengths light LED, see Figure 13) were selected and different wavelengths (his-
togram) were checked.

The study has shown that the parameters of the detector layer for the SAW
detector should be individually adjusted, according to the type of the detected gas and
the applied sensing layer. The exposure time of polymer layers was also empirically
selected for about 10 min for each current value of 100, 200, 300 mA and the detector
layer was illuminated with LED light of different wavelengths and different light
energy. From the tests, the best results for yellow light: 76.6–87.4 [lm] and wave-
length = 560 nm were obtained. The author’s main goal was to numerically analyze
phenomena based on empirical investigation and to create a predictive model that
would show the tendency of changes before they appear. Extensive numerical ana-
lyses of the SAW detector response depending on parameters like: concentration,
roughness, temperature, and thickness were conducted. Numerical investigation were
performed in the steady state conditions in Python.
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