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Chapter 1. Introduction 

 

1-1. Introduction 

 

Semiconductor gas sensors have been widely used to detect toxic gas [1, 2], 

flammable gas [3, 4] and environmental-harmful gas [5, 6]. Now a days, they have 

attracted increasing attention from many areas of every life: fire alarms [7], air quality 

modules [8], gas leak detectors [9], breath diagnosis [10-12], food analyzers [13] and so 

on. Feasibility and versatility of these applications is, in the first instance, a relevant 

combination of the feature characteristics for metal oxide gas sensors: low cost, easy to 

scale down and low power consumption [14, 15]. Despite such a rosy outlook, this type 

of gas sensors is famous for its sometimes unacceptably poor response and selectivity 

even in the presence of the most abundant atmospheric compounds.  

The development for semiconductor gas sensors has received considerable attention 

in terms of sensitivity enhancement to satisfy the demands of low concentration gas 

detection. From a basic point of view, three key factors, receptor function, transducer 

function and utility factor, have been recognized to control and enhance the sensitivity 

of the semiconductor gas sensors [16, 17]. The receptor and transducer function are 

closely related. Receptor function is involved with the ability of the oxide surface to 

interact with the target gas. It is well known that the gas sensors are promoted in 

sensitivity as the constituent oxides are made smaller in size. Transducer function is 

known for a grain size effect and concerns that the electron transport through the 

particle contact can thus be achieved by migration or tunneling of the surface electrons. 

When the grains of smaller size and/or lower donor density are applied, the sensitivity is 

enhanced. In this light, depletion layer is key player for gas sensing mechanism because 

its effect changes by grain size and state of donor density [18, 19]. If the state of space 

charge region is changed from regional to volume depletion, the sensitivity to target gas 
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will be enhanced according to behaviors of electric resistance. 

Now a day, the detection and analysis of the chemical compound in expired breath 

has become big issue for health diagnosis. VOCs, NOx, CH3COCH3, NH3 and H2 are 

representative of typical detectable gases by semiconductor gas sensors [10, 20, 21].dIt 

is well known that water vapor significantly affects the sensor response. This is a major 

problem because gas sensors are usually exposed to ambient air containing a few 

volume percent of water vapor from the expired breath. The presence of water vapor in 

sample gases makes the electrical resistance to decrease, by blocking the adsorption of 

oxygen. This is the poisoning effect of water vapor. The adsorbed OH molecules hinder 

the oxygen adsorption as well as the reaction of oxygen with target gas molecules, thus 

significantly decreasing the sensor response [18, 22, 23]. 

To suppress the interference of water vapor, improving the gas sensor response of 

SnO2 itself is one of the effective ways. Doping foreign elements in the crystal lattice or 

loading noble metals on the surface has been attempted by many researchers to improve 

the sensor response [24, 25]. The doping can increase the sensor response as a result of 

a change in the donor density. We previously reported that doping Fe3+ in SnO2 

nanoparticles improved the gas sensor response to hydrogen by lowering the donor 

density and inducing more electron depletion state in the whole volume of the particles 

[26]. But it makes the particle size smaller because the introduction of foreign elements 

in the lattice prevents grain growth. It is difficult to analyze the independent effect of 

foreign elements in terms of the surface reactions. The loading can also enhance the gas 

sensing properties by the promotion of chemical interaction of adsorbed oxygen with 

target gas molecules on the surface. We previously obtained higher gas sensor responses 

by homogeneously depositing nanosized Pd on the SnO2 surface with wet chemical and 

photochemical methods [27]. The drawback of this method is that deposited noble 

metals tend to aggregate into large clusters when they are prepared and after long time 

use [27-29]. In order to overcome these drawbacks of the two promotion method, we 

made an effort to develop a new route for the surface modification. 
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Recently, FT-IR analysis is widely used to consider about surface chemistry, chemical 

reaction and catalytic activity in gas sensing behavior. Despite these benefits, it is 

difficult to apply actual gas sensing condition because gas sensing can be carried out at 

high working temperature and non-vacuum state [30]. To perform FT-IR analysis in 

actual gas sensing condition, new environmental chamber has been designed with small 

volume and glass window. Gas sensing measurements are carried out with target gases 

at high working temperature and simultaneous Diffuse Reflectance Infrared Fourier 

Transformed Spectroscopy (DRIFTS) analysis has been applied to confirm the gas 

sensing mechanism [31, 32]. It can be help us understand chemical reactions and their 

mechanism on oxide surface for semiconductor gas sensor. 

 

1-2. Theoretical background for semiconductor gas sensors 

 

1-2-1. Gas sensing mechanism 

Semiconductor gas sensors are mainly manufactured using oxide materials. Oxide 

materials can be separated into n-type such as SnO2 [33], ZnO [34], WO3 [35], In2O3 

[36], V2O5 [37], TiO2 [38], MnO2 [39], MoO3 [40], Fe2O3 [41], CdO [42], CeO2 [43], 

Ga2O3 [44], and p-type such as NiO [45], Co3O4 [46], CuO [47], Cr2O3 [48], TeO2 [49], 

Bi2O3 [50], Mn3O4 [51] according to the major carriers. Gas sensing is significantly 

different depending on carrier density behavior by the type of semiconductor material. 

Oxide semiconductor gas sensors work through the change of electrical resistance 

(sensor response signal) relied on the oxidation between adsorbed oxygen and target gas 

molecules on oxide surface. The oxygen adsorption and desorption are the key process 

in gas sensing mechanism. Understanding of oxygen adsorption behavior is the basic 

essential to design high performance gas sensors. Oxygen molecules are adsorbed on 

the oxide surface caused by defects and decomposed into oxygen atoms by thermal 
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energy in operating temperature. These oxygen atoms become negative charged oxygen 

ions caused by attracting surface electrons.  

In case of n-type semiconductors, electron depletion layer is formed on the oxide 

surface through the attracting surface electrons by adsorbed oxygen, resulting that the 

electric resistance is increased. When the oxide surface is exposed to reducing gases 

such as H2, CO, C2H5OH, NH3, H2S and CH4, the adsorbed oxygen reacts with these 

gases to release trapped electrons back to the oxide, causing the electrical resistance to 

decrease. For reaction with oxidizing gases such as O2, CO2, Cl2 and NO2, these gases 

directly adsorb on the oxide surface to form negatively charged ions. The electric 

resistance is conversely increased by the expansion of electron depletion layer through 

additional attracting internal electrons. This change in electrical resistance is used as a 

sensor response to know the presence and concentrations of target gases in air [52-54].  

On the other hand, in case of p-type semiconductor gas sensors, they have an 

opposite behavior. Adsorbed oxygen causes decreased electric resistance by the 

generation of major carrier through the attracting internal electrons. During the p-type 

semiconductor is exposed to reducing gas, the oxidation is carried out between adsorbed 

surface oxygen and gases to release trapped electrons, resulting that the electric 

resistance is increased because of recombination between holes and released electrons. 

When the p-type semiconductor reacts with oxidizing gas, gas molecules also adsorb on 

oxide surface and attract surface electrons to form negative charged ions. The electric 

resistance is decreased and it is attributed to increased acceptor density by trapped 

electrons. After target gas has been removed, the electric resistance recovers to level in 

air. According to the presence of target gas in air atmosphere, the gas detection carries 

out through the increase or decrease of electric resistance by adsorption reaction 

competes with surface oxygen and gas molecules [55, 56]. 

In this study, SnO2 material has been investigated as a main theme for enhancement 

of gas sensing performance. Therefore description of theoretical approaches will be 

concentrated upon the materials and gas sensors for n-type semiconductor. 
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1-2-2. Design factors for enhancement of gas response 

Evaluation of oxide semiconductor gas sensors can be performed using various 

factors. First of all, the gas response (= sensitivity) practically allows to express the 

degree of gas-sensitive. It is represented a ratio of output such as electric resistance, 

conductivity, voltage and current in before and after the reaction between surface 

adsorbed oxygen and target gases. The larger number or degree of gas response is more 

effective for good properties of the semiconductor gas sensor. In addition, selectivity 

factor is related to ability to detect the specific gas in various target gases. It does not 

make sense to react with whole target gases. It would be better if the gas reaction was 

limited by the specific conditions and the specific gases. Reaction time for response and 

recovery is better as fast as possible to reduce detection time. Long-term reliability is 

involved with ability to maintain same gas sensing properties for a long time with 

electrochemical stability in high temperature. Finally, good properties of gas sensors are 

corresponding to high gas response, good selectivity, short reaction time and good long-

term reliability [57-59]. 

From the point of view for enhancement of the gas response, three deign factors are 

considered in terms of physicochemical properties for oxide particles. Figure 1 [16] 

manifest the schematic diagram for concept of these factors. First of all, receptor 

function is corresponding to intra-particle concept and the capability of sensing reaction 

with target gas on oxide surface. This factor determined by parameters for varying the 

surface reaction. Gas response basically varies depending on the amount of oxygen 

adsorption, kind of oxygen species and molecular decomposition on oxide material. In 

addition, metal additives on the surface decisively influence amount and binding energy 

of adsorption for oxygen and water molecules, chemical reaction with target gas by the 

redox and acid/base properties. Metal additive is also related to expansion of depletion 

state as a foreign receptor [60-62]. Through this kind of determinants of electrical 

properties, the concept of the receptor and transducer functions are closely 

interconnected to each side, assuming that the surface oxygen and target gas interaction 

for the former and electron transport through the particle contact can be achieved by 
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migration or tunneling of the surface internal electrons. Transducer function can be 

explained by inter-particle concept and electron transport through the contact. Electron 

transport can be changed with carrier mobility, grain size and donor or acceptor density. 

Metal additives adsorbed on oxide surface causes reduced donor density by the 

attracting internal electrons and acceleration of oxygen decomposition/adsorption 

leading to greatly expanded electron depletion layer [17, 63, 64]. Decreased particle size 

shows the same effect with additives in terms of stronger effect of electron depletion 

layer. When the radius of particle is smaller than thickness of electron depletion layer, 

gas response is rapidly increased by the big change of electric signal with target gases 

[65]. Utility factor concerns particle assembly concept and affects the passing ability of 

the target gases through the sensing layer. Passing ability is directly related to the pore 

size and thickness of sensing layer and diffusion depth of gas [66-68]. For example, 

narrow pore size caused by small particles can be lead to easy contact between small 

gas molecules such as H2 and inner site of particles. On the other hand, big gas 

molecules such as CO, H2S and C2H5OH are relatively difficult to pass through the 

narrow pore size and this situation results in a low gas response. In order to achieve 

high gas sensing performance, these three factors has been required suitable design and 

adjustments according to the gas sensing situation because they are complementary 

relationship each other. 

 

1-2-3. Charge density per volume 

The gas sensing is closely related to the specific surface area because it is determined 

by the reaction between adsorbed oxygen and target gas on the oxide surface. Assuming 

that the total volume is constant, particle size is inversely proportional to specific 

surface area. As the particle size is decreased, specific surface area is exponentially 

increased. Large surface area makes a good environmental to enhance oxygen 

adsorption and chemical reaction with target gas. From this point of view, particle size 

effect can be found in association with the transducer function and utility factor. 



 

Figure 
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Especially depletion state receives a lot of influence from particle size effect in terms of 

transducer function. It is well accepted that decreasing the particle size makes the whole 

volume of oxide particles to be electron-depleted by oxygen adsorption in case of n-type 

oxide semiconductor which is mainly applied to gas sensors. As a result, a large change 

in the electric resistance is achieved by using nanosized particles [69-71]. 

The effect of particle size on electron depletion state can be considered with oxygen 

concentrations. These relationships are represented by the schematic diagram based on 

experimental results as shown in Figure 2 [19]. When the particles with arbitrary 

diameters (D/4, D/2, D) were exposed to step-by-step decreasing partial pressures of 

oxygen, electron depletion states were judged by decreasing rate of electric resistance to 

oxygen partial pressure. The detailed description will be mentioned below. In case of 

large particle with diameter of D in low oxygen partial pressure of PO2 (I) stage, electron 

depletion layer forms in regional region on oxide surface by the attracting internal 

electrons of adsorbed oxygen. As the oxygen partial pressure increase to PO2 (II) stage, 

the thickness of electron depletion layer grows with high amount of oxygen adsorption. 

This stage show the boundary depletion state in middle of oxygen partial pressure range. 

Beyond the critical point of electron trapping, the particle shows imperfect volume 

depletion state with small amount of electrons in PO2 (III) stage, causing that electric 

resistance is significantly increased. Similar to the increase in thickness of electron 

depletion layer with high oxygen partial pressure, particle size is critically related to 

electron depletion state. Smaller particle size is advantageous for the volume depletion 

state with low oxygen depletion state. Despite low oxygen partial pressure of PO2 (I) 

stage, the small particle with diameter of D/4 is fully depleted of most of internal 

electrons. When this particle exposed to stepwise increasing oxygen partial pressure to 

PO2 (III) stage, amount of internal oxygen is gradually decreased by the trapping of 

adsorbed oxygen. It is naturally expected that decreasing the particle size can be easily 

accomplished volume depletion state even in air atmosphere. Small particle with 

volume depletion state tend to show high gas sensing performance because the electric 

resistance shows a large change via the oxidation with reducing gas [19, 72, 73]. 
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