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1. Fundamental Concepts and Working Principles of Advanced Transducers-based Gas 

Sensors

As discussed in the introduction of the main manuscript, based on the different transduction 

mechanisms, electrically-transduced gas sensors have been categorized into various types such as 

chemiresistive gas sensors, capacitive gas sensors, QCM gas sensors, and OFET gas sensors. In 

this section, we discuss the basic sensing principles of above electrically-transduced gas sensors.

1.1 Fundamental Principles of Chemiresistive based gas sensors

Typically, a chemiresistive based gas sensor is comprised of three components [1, 2] as follows 

(as shown in Fig. 1A);

1. The sensing layer (for recognizing the target gas).

2. Electrodes (for detecting the resistance changes).

3. A heater (for controlling the working temperature of the sensor)

Until now, MOXs based gas sensors are the most widely used sensing materials for 

chemiresistive gas sensors. The change of sensor resistance with respect to different gases 

(reducing or oxidizing) and sensing materials (n-type or p-type MOS) is the most widely 

accepted mechanism for a MOS-based chemiresistive sensor. When an n-MOS gas sensor is 

tested towards a reducing gas (e.g., H2S, CO, NH3, and H2), the resistance of the sensor 

decreases, whereas it is the opposite for oxidizing gases (e.g., SO2, CO2, NO2, and O3). Similarly, 

it is the opposite sensing mechanism is proposed for a p-type MOS gas sensor [3-6], as shown in 

Fig. 1B.
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Fig. 1 (A) Graphical representation of a typical chemiresistive type gas sensor comprises of 

electrodes, sensing layer, and a backside heater, (B) schematic representation of sensing 

mechanism of n-and p-type MOS gas sensors. Reprinted from the ref [7] with the permission of 

copyright 2021, Elsevier, and (C) Schematic model of change in the resistance of n-MOS 

throughout the detection of reducing gas (H2) (a); Model of the surface charge layer (b); model 

of grain boundary barrier height in target gas and air environment (c). Reproduced from the ref 

[8] with the permission from Elsevier, copyright 2021.

The sensitivity of a gas sensor is significantly affected by the interaction between the sensing 

layer, adsorbed oxygen, and target gas [9]. There are two main adsorption processes, i.e., 
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physisorption and chemisorption, involved at the sensor surface. In the physisorption process, the 

gas molecules are adsorbed at relatively lower operating temperatures; while in the 

chemisorption process, the charge transfer due to the bond formation between the adsorbed gas 

molecules and sensor surface atoms are involved [10]. Typically, when an n-type MOS sensor is 

air ambience, the O2 molecules in the air are adsorbed on the sensing layer, thereby causing the 

conduction band (CB) electrons to be removed from the surface of MOX up to a certain depth. 

This leads to an increase in the negatively charged O2 ions ( , , ) at the MOXs surface. 𝑂 ‒
2 𝑂 ‒  𝑂2 ‒

The formation of these oxygen ionic species is highly dependent on operating temperatures [11].

For instance, at lower temperatures (25 to 150 °C), O2 molecules form oxygen ion molecules, as 

defined in by the following equation:

(1)𝑂2(𝑔) + 𝑒 ‒ ↔𝑂 ‒
2 (𝑎𝑑𝑠)

At higher temperatures, the O2
- molecules are dissociated with either single or double oxygen ion 

atoms by taking an electron further from the CB of the sensor, according to the following 

equations:

(2)
1
2

𝑂2 + 𝑒 ‒ ↔𝑂 ‒ (𝑎𝑑𝑠) (150 ‒ 300 ℃)

(3)
1
2

𝑂2 + 2𝑒 ‒ ↔𝑂2 ‒  (𝑎𝑑𝑠)( > 300 ℃)

Due to a negatively charged oxygen ion layer at the sensor's surface, an electron depletion layer 

or a space charge layer (air) is created due to a low density of the electrons. This leads to an 

increase in the sensor's resistance in the presence of air and a subsequent decrease of the sensor's 

resistance in the presence of a reducing gas such as H2 gas. The surface charge region with low 

electron concentration nearby the surface is called as the electron depletion layer (EDL). The 

depth of the EDL is referred to as Debye length (Ld) (Fig.1C (ii)), which is described as the 
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distance between the surface of the metal oxide sensor to which the electrons are removed [12]. 

The presence of such depletion layer on the surface leads to band bending, as shown in Fig. 3C 

(ii).

The Ld of a gas sensor is mostly reliant on the working temperature and concentration of charge 

carriers [13], which can be expressed as follows:

(4)
𝐿𝑑 =

𝜀𝐾𝑏𝑇

𝑞2 × 𝑁𝑑

Here, 𝜺, 𝐾b, T, q (1.6 ×10-19 C), and Nd are the dielectric constant of the material, the Boltzmann 

constant, the operating temperature, electron charge, and concentration of charge carriers, 

respectively [14]. The conductivity of sensor materials is affected by the thickness of EDL.

On the other hand, beacuse the polycrystalline sensing materials are connected with numerous 

grain boundaries, the flow of electrons from one grain to another is prevented, resulting in the 

appearance of potential barrier (V) on the surface as shown in Fig. 3C (iii). As a result the sensor 

resistance increases. The height of potential barrier depends on the number of oxygen molecules 

adsorbed [15]. The dynamic interactions amongst the target gas (e.g., H2) and the adsorbed 

oxygen species causes a change in carrier concentrations by releasing back the trapped electrons 

to the sensors, signal output, as a manifestation of the change of sensor resistance and decrease 

of potential barrier height [15, 16], according to the following equaions.

(5)𝑋 + 𝑂𝑛 ‒
𝑎𝑑𝑠→𝑋' + 𝑛𝑒 ‒

where X, X', and n are the target gas, product gas, and the number of electrons released, 

respectively.



6

1.1.1 Basic Sensing Parameters 

A gas sensor has basically 4 types of important parameters known as “4 S”, which include 

sensitivity, selectivity, stability, and speed (response/recovery time). In addition, other 

parameters such as the limit of detection (LOD), repeatability, reproducibility. These parameters 

will be described here in more details [14]. 

(I) Response: The response of a gas sensor is defined as the ratio of change of electrically 

transduced sensor’s signal in target gas and purging gas or carrier gas. For instance, the response 

of an n-type chemiresistive gas sensor toward a reducing gas in the air can be expressed by Eq. 

(6).

(6)𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (𝑅𝑆) = 𝑅𝑎𝑖𝑟 𝑅𝑔𝑎𝑠 ‒ 1

Response also can be defined in the percentage (%), which can be expressed as follows [17];

(7)
𝑅𝑆 = [𝑅𝑎 ‒ 𝑅𝑔

𝑅𝑎
] × 100

Where Rair, and Rgas are the resistance change of in presence of air, and target gas conditions.

(II) Sensitivity (S): The term sensitivity is expressed as the change in resistance (∆R) with the 

change in concentration of a target gas (∆C).  However, the response and sensitivity are not 

completely distinguished and, in many works, they seem identical in meaning. The sensitivity (S) 

can also be defined as the slope of the resistance or conductance change (dσ) of the gas sensors 

versus the change of concentration (dC) of gas molecules (equation 8) as follows;

(8)𝑆 = 𝑑𝜎 𝑑𝐶
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(III) Response and Recovery Time: The response time (τres) can be defined as the time required 

for a gas sensor’s signal to at least 90% change in the presence of analyte gas, whereas the 

recovery-time (τrec) is defined as the 90% recovery of sensors’ signal following the withdrawal of 

a target gas [15]. 

(IV) Selectivity: Selectivity is an essential parameter of chemiresistive sensors. The selectivity 

of a gas-sensing device is the ability to determine a specific gas among other interfering gases 

[16]. 

(IV) Limit of Detection (LOD): The LOD is defined as the ability to detect the lowest possible 

concentration of an analyte using a sensor at a particular operating temperature [18] at which the 

response is 3-fold higher than the standard deviation ( noise) of the baseline resistance (Ra) [19].

(9)𝐿𝑂𝐷 = 3 × 𝑟𝑚𝑠𝑛𝑜𝑖𝑠𝑒 𝑆

(V) Long-term stability: It is an important factor of a chemiresistive sensor too, and is defined 

as the capability of a gas sensor to provide repeatable results over a specified period [20].

1.2 Working principle of capacitive gas sensors

A capacitive gas sensor or simply called as chemicapacitor is a sensor device composed of two 

electrodes separated by an insulating layer or a dielectric layer such as air, MOFs, MOSs and 

mica, etc. that detects the changes in capacitance caused by dielectric interactions between 

gaseous analytes and insulating layers under an alternating current (AC) voltage. The basic 

sensing principle of capacitive-based sensors is the variation of capacitance of the sensing 

materials due to the change in dielectric permittivity (ɛr) upon adsorption of target gas/vapors 

molecules [21-23]. The capacitance (C, farads (F)) is generally expressed as follows [24]
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(10)𝐶 = 𝜀0𝜀𝑟𝐴/𝑑

where C is the capacitance, ε0 and εr are the permittivity and relative permittivity, respectively, A 

is the electrode area, and d is the thickness of the dielectric layer [25, 26]. The response (Rs) of a 

capacitive gas sensor is calculated as follows;

-1 (11)
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (𝑅𝑆) = Δ𝐶 𝐶𝑎𝑖𝑟 =

∆𝐼
𝐼𝑎𝑖𝑟

=
𝐶𝑔𝑎𝑠 ‒ 𝐶𝑎𝑖𝑟

𝐶𝑎𝑖𝑟
= 𝐶𝑎𝑖𝑟/𝐶𝑎𝑖𝑟

Owing to their simple design, high compatibility with modern nanofabrication technology and 

ability to sense gas molecules at RT, capacitive-based gas sensors have been endowed as an 

excellent platform in sensing technology. The electrical transducer for capacitive-based gas 

sensors is generally found in two configurations: interdigitated electrode (IDE) and parallel-plate 

(PP), based on different sensing materials (as shown in Fig. 2a-b). An IDE structure has been 

used to sense the change in sensing film permittivity upon gas adsorption thereby leading to 

capacitive change. MOFs have been deployed as dielectric sensing layers for capacitive gas 

sensors, which play a significant role in the detection  of various analytes [27].

Fig. 2 (a-b) Schematic diagram of capacitive transducer with PP configuration and IDEs 

configuration, Reproduced from the ref [26] with the permission from Elsevier. Copyright 2021
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1.3 Fundamental Principles of Quartz Crystal Microbalance gas sensors

Quartz crystal microbalance (QCM) based gas sensor is also classified in the coming under the 

mass sensitive sensors category. There are two types of mass sensitive sensors such as resonant 

microcantilever sensors and QCM sensors [28-30]. Owing to their conceptual simplicity, low 

power consumption, simple gravimetric-based sensing mechanism, and portability, QCM based 

gas sensors are gaining increased attention for the advancement of piezoelectric devices [31]. 

QCM is based on gravimetric principle and is utilized for the analysis of change of mass with 

shift of device resonance frequency [31]. A QCM sensor is comprised of a quartz disk connected 

metal electrodes on both sides (Fig. 3A). When a voltage is supplied to the QCM, it starts 

oscillating at a particular frequency. According to the principle, when the sensing material is 

coated on QCM substrate, the mass of sensing materials changes after adsorbing target gases. 

This change in mass (m) is recorded in the computer (as shown in Fig 3C) and transformed to 

the change of frequency (f). The relation between change of frequency (f) of the oscillating 

quartz crystal and the change in mass (m) on quartz crystal surface is described through the 

Sauerbrey equation X as follows [32];

(12)
∆𝐹 =‒ 2.26 × 10 ‒ 6𝑓2

0 ×
∆𝑚
𝐴

where F is frequency change of sensing materials, f0 is the fundamental resonance frequency 

(Hz), m is the loading of mass in g, and A is the surface area of QCM electrode (cm2), 

respectively. When gas molecules are adsorbed on the surface of QCM transducer, a decrease of 
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frequency is generated, whereas after the desorption of gas molecules, the sensor’s frequency 

then returns back to the its baseline [33]. 

Fig. 3 Schematic diagram of (A-B) QCM electrode. Showing the interaction between sensing 

layer and the target molecules. Reproduced from the ref [32], Copyright @2021, Wiley-sons, and 
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(C) schematic diagram of working principle and experimental setup of QCM. Reprinted from the 

Ref [34], copyright@202, Elsevier.

1.4 Fundamental concepts of Organic Field-Effect Transistor gas sensors 

OFET based gas sensors can exhibit fingerprint response for the detection of a variety of gas 

molecules at low concentrations. They consist of three layers: the first layer, a dielectric layer, 

and source-drain and gate electrodes. They are mainly designed using a bottom-gate approach (as 

shown in Fig. 4A) due to its direct interaction with OSC/ analyte. However, based on their 

device structures OFET sensors can be divided into four categories such as bottom gate/bottom 

contact (BGBC), bottom gate/top contact (BGTC), top gate and top contact (TGTC), and top 

gate/bottom contact (TGBC) according to their deposition order of OSC, dielectric, and metals 

[35, 36]as shown in Fig. 4 (B(i-iv)).
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Fig. 4 (A) Schematic diagram of a typical three terminal based OFET based device structure, 

where VSD is the drain voltage, VG is the gate bias voltage and ISD is the current flow, and (B) 

Schematic diagrams of four kinds of OFET device structures such as (i) BGBC; (b) BGTC; (c) 

TGTC; and (d) TGBC. Fig. 28(B) Reprinted from the ref [37]. Copyright 2021@ the creative 

commons Attribution License, MDPI.

Among these OFET sensors, BGBC and BGTC are used mostly, while TGTC and TGBC are 

popularly used in MOSFET based sensor. The transduction mechanism of OFET devices in the 

presence of target gases is attributed to the change in the current at the dielectric /organic 

semiconductor layer interface (ISD). The analyte binding with the organic semiconductor layer 
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would convert to an easily recorded electrical signal using the OFET transducer-based platform. 

The charge carrier transportation in conducting channel can either be increased or decreased 

depending on the gas–OSCs interaction, especially when it is taken care of by the π-conjugated 

system of OSC. The modulation of gate voltage (VSD) controls the flow of current between the 

source and drain electrodes. At given VSD and VG, the response of OFET gas sensor (n-type) 

towards reducing gases is expressed as follows;

(13)
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =  

∆𝐼𝑆𝐷

𝐼𝑆𝐷(𝑎𝑖𝑟)
=  

𝐼𝑆𝐷 (𝑔𝑎𝑠) ‒ 𝐼𝑆𝐷 (𝑎𝑖𝑟)

𝐼𝑆𝐷(𝑎𝑖𝑟)
=  

𝐼𝑆𝐷 (𝑔𝑎𝑠)

𝐼𝑆𝐷 (𝑎𝑖𝑟)
‒ 1

In addition, the current flow can be affected by different factors such as morphology and/or 

energy levels of OSC and test gas molecules [38]. One of the main advantages of OFETs is that 

multiple parameters (FET, Ion/Ioff, and VT) can be used to evaluate their sensing performance. 
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