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Abstract 
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Seoul National University 

 

The development of gas sensor technologies with high sensing performance with 

low power consumption is one of the most urgent tasks to bring precise gas detection 

to real life in the Internet of Everything (IoE) era. As the last remaining that has not 

been mimicked by any electronic devices with overwhelming performance over 

human sensing receptors among human five senses (touch, sight, hearing, smell, and 

taste), various efforts on developing electronic nose with gas sensors have been 

extensively on-going. Although various gas sensor principles have been suggested 

to mimick and electronically realize human smell senses, the chemoresistive type 
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gas sensors are the most appropriate candidate sensor principle due to their simple 

operating mechanism, easy fabrication, and small size which are the primary 

requirements for IoE applications, not to mention their promising gas sensing 

properties. Still, lacking gas selectivity and relatively high power consumption need 

to be overcome and various strategies have been suggested for solving the limitations, 

such as i) forming nanostructures, ii) catalysts decoration, iii) forming 

heterojunctions, iv) utilizing alternative materials (metal oxides, 2-dimensional (2D) 

materials, conductive polymers, or organic-inorganic hybrid perovskites), or v) 

utilizing alternative activation sources other than external heaters. 

This thesis contains various strategies for improving gas selectivity and power 

consumption of chemoresistive gas sensors based on nanostructured semiconducting 

materials including metal oxides and transition metal dichalcogenides (TMDs). The 

nanostructures of semiconducting materials provide a significantly enlarged 

utilization of surface area in a limited active electrode area. 

In Chapter 3, as one of the various strategies to improve gas selectivity of 

chemoresistive gas sensors, 1-dimensional (1D) nanostructured p-type metal oxides 

having heterojunctions with either n-type metal oxides (pīn heterojunctions of NiO 

and Ŭ-Fe2O3) or p-type metal oxides (pīp heterojunctions of Co3O4 and NiO) are 

presented. The multivalent electronic properties of p-type metal oxides are expected 

to exhibit unexpected gas selectivity to various volatile organic compounds. As a 

result, each heterojunction experimentally exhibited a promising gas selectivity to 

toluene (C7H8) and benzene (C6H6) with the extremely high value, respectively. 

These improvements can be attributed to i) highly porous nanostructures, ii) intrinsic 
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catalytic effects of the selected metal oxides, iii) depletion layers at the interfaces in 

each heterojunction, and iv) interesting changes in preferred crystallographic 

orientation after forming heterojunctions. 

In Chapter 4, as one of the various strategies to improve the high power 

consumption of chemoresistive gas sensors, alternative materials of 2D materials to 

metal oxides, which do not require high operating temperatures have been adopted. 

Rather than relying just on the high surface energy of 2D materials for low-

temperature operation, 1D nanostructured templates have been adopted for taking 

full advantage of 2D materials in a limited area. As the first strategy, TMDs including 

WS2 and SnS2 were synthesized on the 1D SiO2 nanorods template. As the second 

strategy, already fabricated SnO2 nanorods were treated with the sulfurization 

process using a chemical vapor deposition (CVD) system. The first study resulted in 

extremely sensitive and selective detection of nitrogen dioxide (NO2) at room 

temperature, which can be attributed to more exposed edge-sites of TMDs when 

grown on SiO2 nanorods template and highly porous nanostructures. The second 

study resulted in extremely sensitive and selective detection of NO2 under the 

extremely humid condition at room temperature, which can be attributed to reduced 

highly dominant H2O binding area on SnO2 nanorods while securing competitive 

binding sites between H2O and NO2 on the sulfurized SnO2 nanorods for promising 

NO2 detection even at highly humid conditions. 

In Chapter 5, as one of the various strategies to improve the high power 

consumption of chemoresistive gas sensors, alternative activation sources of light-

emitting diode (LED) to external heaters have been adopted. Although there have 
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been various reports on the light-activated gas sensors, no studies have been reported 

on the systematic design of 3-dimensional (3D) nanostructures that can take full 

advantage of light irradiation on the semiconducting gas sensing materials to the best 

of the authorôs knowledge. In this study, 3D TiO2 nanostructures were fabricated 

using the Talbot effect of incident light through phase mask and pre-fabricated 

photopolymer thin film, and successive atomic layer deposition (ALD) of TiO2. The 

structural effect and optical effect of 3D TiO2 nanostructures on the gas sensing 

properties have been studied with finite-difference time-domain (FDTD) simulation. 

As a result, extremely sensitive and selective detection of NO2 at room temperature 

under ultra-violet (UV) LED irradiation was achieved which can be attributed to 

systematically designed 3D TiO2 nanostructures for effective E-field enhancement 

under light illumination. Furthermore, visible light-activated gas sensing properties 

have been demonstrated thanks to the highly defective nature of the ALD system. 
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1.1. Scope and objective of the thesis 

For the last decades, a dramatic development in sensor technologies has brought 

unrealistic enhancement in modern quality of life. Especially, with the emergence of 

the Internet of Everything (IoE) era, all the sensors have been required to have a 

small size and low power consumption, not to mention an excellent sensing 

performance. Therefore, modern people are now surrounded by tons of various 

sensors and get provided a bunch of helpful information and corresponding functions. 

The input variables for the developed sensors include various environmental signals 

from numerous sources in varied conditions. The way the sensors detect those signals 

can be summarized into mimicking five human senses: touch, sight, hearing, smell, 

and taste. Among those five senses, touch, sight, and hearing have already been 

mimicked by cutting edge technologies and settled down as indispensable functions 

in modern life such as touch screen, image sensors, and voice recognition 

technologies, respectively.  

While those three senses have been mimicked well with way-exceeding 

performance over receptors in the human body, human taste and smell senses have 

not yet been exceeded performance-wise by current sensor technologies. Although 

there have been enormous efforts on the development of the above two, they still 

lack requirements for the real application into human life compared to already real 

life-adopted three senses. For example, the taste sensors have actually been 

developed by several industrial companies with good sensor performance, but their 

size is far from a portable size and rather close to lab equipment. The smell sensors 

or the gas sensors are the farthest technology among those mimicking human five 
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senses from real application due to their complexity in achieving gas selectivity and 

IoE requirements at the same time. To overcome their limitation, there have been 

extensive studies on various gas sensor principles including cantilever-based gas 

sensors, acoustic wave gas sensors, capacitive gas sensors, thermometric gas sensors, 

optical gas sensors, field-effect transistor gas sensors, colorimetric gas sensors, solid-

state electrochemical gas sensors, or electrical-based gas sensors (Figure 1.1).[1-10] 

Although many kinds of gas sensor principles and their structures have been 

suggested, the electrical-based gas sensors are the most appropriate principle 

considering future applications into IoE devices. The electrical-based gas sensors are 

also called as chemoresistive gas sensors since their principle is based on changes in 

electrical resistance upon chemical adsorption and desorption of target gas molecules. 

The chemoresistive gas sensors have simple structures with easy fabrication method 

and low cost. They are also small-sized and compatible with existing electrical 

circuits, which are all the requirements for the IoE applications. Compared to the 

structure-wise advantages of chemoresistive gas sensors, there still need further 

efforts on low selectivity and high power consumption. Although there are several 

other gas sensors principles having strength in selectivity and power consumption, 

each of them has other critical disadvantages for IoE applications such as high cost 

in either fabrication or operation, or low stability. Possible strategies include i) 

forming nanostructures, ii) catalysts decoration[11], iii) forming heterojunctions[12], iv) 

utilizing alternative materials[13], or v) utilizing alternative activation sources[14] 

(Figure 1.2). 



 

4 

In this thesis, various nanostructures of semiconducting materials including metal 

oxides and 2-dimensional materials will be fabricated for the improvement of overall 

gas sensing performances. In addition, each limitation of chemoresistive gas sensors 

(low gas selectivity and high power consumption) will be overcome in two different 

strategies: i) forming heterojunctions (Chapter 3) and ii) utilizing alternative 

materials (Chapter 4) and activation sources (Chapter 5). The effective 

nanostructures realized in each case provided a maximized surface area in a limited 

active area on the electrode substrate for the application of the above strategies. 

Although improvement of gas selectivity and power consumption was still not 

achieved at the same time in the studies presented in this thesis, future studies on 

combining above strategies are certainly plausible and will contribute to the 

development of gas sensors that overwhelm human receptors for the completion of 

mimicking human five senses. 
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Figure 1.1. Various gas sensor principles and structures.[1-10] 
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Figure 1.2. Various strategies toward better chemoresistive gas sensing performances.[11-14] 








































































































































































































































































































































































































































































