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ABSTRACT 

Fully-integrated systems and self-powered gas sensors for sustainable 

environment monitoring 

Mani Teja Vijjapu 

 

Mobile devices for the personalized detection of health and environmental hazards 

are becoming the basis for futuristic sensing technologies. In recent decades, air and 

environmental pollution levels have risen globally. Therefore, environmental protection 

must be strengthened by developing sensors that detect pollutants. The monitoring of these 

pollutants with high spatial coverage requires inexpensive electronic gas sensors and self-

sustainable sensing systems that can be deployed everywhere. This dissertation reports on 

technological developments to provide solutions for inexpensive, compact, power-

efficient, and easily deployable toxic gas sensors and integrated systems using 

semiconducting metal-oxide thin-film transistors (TFTs). 

The first part of the dissertation introduces the fabrication and characterization of 

an amorphous indium gallium zinc oxide (IGZO) TFT as a toxic gas sensor. In contrast to 

existing metal-oxide gas sensors, which are active either with light activation or at high 

temperature, the developed IGZO TFT sensors are operable at room temperature and 

require only visible light activation to revive them after exposure to NO2. IGZO TFT 

sensors exhibited remarkable selectivity and sensitivity to low concentrations of nitrogen 

dioxide (NO2). 

The second part of the dissertation introduces the design and realization of the 

IGZO-based fully integrated gas detectors. Unlike existing gas-sensing systems, which 

have discrete hardware for signal conditioning, read-out, and data acquisition, the 
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developed integrated detectors constitute these modules integrated using IGZO TFT 

technology. The integrated detectors detect ambient NO2 gas and generate a digital output 

that is proportional to the ambient gas concentrations. Two types of integrated gas detectors 

were developed that differ in their mode of operation and circuitry design. These detectors 

are scalable and pave the way for portable systems to realize various gas-sensing 

applications, including smart cities and sustainable ecosystems. 

The success of personalized monitoring devices relies on the following factors: 

minimum power consumption, selectivity, and stability under extreme conditions that 

determine overall performance. One of the best solutions to minimize power consumption 

in these devices is to have a complementary energy-harvesting feature. Hence, the 

dissertation concludes with the design of self-powered sensors, which are IGZO sensors 

with self-powering capabilities. Self-powered sensors are p-n heterojunction sensors, 

developed using IGZO and hybrid-perovskites.  
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a p-n heterojunction at the interface, the photo-generated carrier generation due to the 

light illumination, and carrier separation due to heterojunction. f) Band alignment of 
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Figure 4.7 Process flow to fabricate HPC/HPSC/IGZO device; each step is self-

explanatory, as depicted in the schematic. ........................................................................ 76 
Figure 4.8 a) Top-view SEM image of the HPC/HPSC/IGZO device. b) Magnified view 
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Figure 4.12 a) Schematic illustration of the testing and working mechanism of 
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1. Introduction 

1.1. Background and motivation 

Air pollution has been a global threat due to rapid growth in industries and vehicular 

emissions. The combustion of fossil fuels 5 results in the production of gaseous pollutants, 

such as NO2, SO2, CO, and volatile organic compounds. These pollutants contribute highly 

to variations in the chemical composition of the air, which has an impact on the human 

health 6. A recent study 7, carried out globally over 600 cities, revealed an increasing risk 

of cardiovascular and respiratory-related mortality owing to exposure to toxic gaseous 

pollutants. A commission to bring out public awareness of pollution reported that nearly 9 

million premature deaths are due to pollution, which accounts for 16% of worldwide deaths 

8. Approximately 58% of air pollution deaths are due to particulate matter (PM) pollution, 

such as PM 2.5. Moreover, the impact of pollution might lead to global climate change, 

resulting in a increase in the mortality rate 9. To control this death rate, the commission, in 

partnership with the World Health Organization 8, recommends having a vast network of 

stations to monitor pollutants globally, in addition to precautionary measures. There is a 

huge demand for portable air quality monitoring stations using inexpensive gas sensors 10-

11. The need for an accurate and economical method of sensing toxic gases has triggered 

interest in exploring inexpensive, highly sensitive, selective gas sensors. 

Conventional gas-sensing technologies that are being researched are 

electrochemical 12, semiconducting metal-oxide- (SMO-) based 13-14, optical 15, acoustic 16, 

chromatography 17, and calorimetric 18 technologies. In particular, SMO gas sensors are 

shown to fulfill most of the criteria for gas-sensing applications 19. Many efforts are being 

made to enhance the sensitivity and selectivity of these sensors by exploring metal-oxide 
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nanoparticles 20, nanocomposites 21, nanostructures 22, and metal-organic frameworks 23-25, 

thereby increasing the surface-to-volume ratio and a number of reactive sites to enhance 

gas diffusion. Although many gas and vapor sensors based on nanomaterials have been 

reported, implementing them in a system for real-time applications is challenging because 

of mass production and reproducibility issues. Sensors fabrication flow compatible with 

complementary metal oxide semiconductor (CMOS) process have huge potential in 

realizing efficient gas-sensing systems 26. However, existing SMO gas sensors are power-

hungry, since they are active either at high temperatures (>200 oC) 19 or with light 

activation. Furthermore, high-temperature SMO sensors cannot be used in some critical 

environments, such as if there is a chance of a flammable or explosive gas leak whose 

ignition temperatures are in the range of the operating temperatures of these sensors; for 

example, H2S has an ignition point of 260 oC 27. Hence, there is a quest for room-

temperature operable SMO gas sensors. 

1.2. Semiconducting metal oxides (SMOs) for gas sensors 

The electronic structure of an SMO material determines its gas-sensing capabilities. 

The pre-transition-metal oxides are inert because of their wide bandgap, which makes it 

difficult for the creation of free charge carriers such as MgO. As per literature, transition 

metal oxides (TMOs) with electronic configurations d10 and d0 are highly suitable for gas-

sensing applications 28. SMOs such as TiO2, V2O5, and WO3 have a d0 configuration, while 

binary TMOs such as ZnO and SnO2 have a d10 electronic configuration. These post-TMOs 

have bandgaps around 3 to 4 eV 3. 
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The operation mechanism of typical SMO gas sensors is explained schematically in 

Figure 1.1. The conventional SMO gas sensor constitutes heater and SMO-sensing 

material. SMO gas sensors are typically chemi-resistive type, where the resistance of the 

material changes with the target gas exposure. The change in resistance mainly depends on 

the presence of oxygen ions in either the surface or bulk region of the SMO material. In 

SMO gas sensors, the sensing mechanism depends on the interaction of conduction band 

electrons with the target gaseous molecules and lead to change in the conductivity of the 

active material. The operating temperature profoundly influences the availability of the 

oxygen ionic species that are chemisorbed on the surface of the SMO materials, as 

described in Equations 1.1 to 1.4 29. 

The target gas molecules can effectively overcome the activation barrier in the 

presence of light or thermal energy to interact with the active sensing material. In the case 

 
Figure 1.1 Schematic of a conventional semiconducting metal oxide (SMO) gas sensor comprised of the sensing material 

and heater connected to the electrodes, followed by the sensing mechanism. The charge carriers are generated within the 

sensing material upon heating, and there will be adsorption of oxygen ionic species based on the operating temperature. 

The conductivity of the SMO material changes based on the ambient gas through depletion of electrons in case of 

oxidizing gas. 
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of oxidizing gases, the adsorbed molecules deplete the generated charge carriers, resulting 

in decreasing conductivity, and this change in resistance is proportional to the 

concentration of the gas, as depicted in Figure 1.1. This also results in the formation of a 

depletion layer near the surface and band bending. Similarly, for the reducing gases, the 

conductivity increases, and the absorbed gas molecules lead to the generation of charge 

carriers by reducing the oxygen ionic species 28, 30. The properties of the oxygen ion species 

depend on the operating temperature. 

𝑂2(𝑔𝑎𝑠) →  𝑂2(𝑎𝑑𝑠)                                                                (1.1) 

𝑂2(𝑎𝑑𝑠)  + 𝑒− ↔ 𝑂2
−(𝑎𝑑𝑠);  𝑇 < 100 𝑂𝐶                           (1.2) 

𝑂2(𝑎𝑑𝑠)  + 2𝑒− ↔ 2𝑂−(𝑎𝑑𝑠);  𝑇~(100 − 300)𝑂𝐶         (1.3) 

                      𝑂−(𝑎𝑑𝑠)  + 𝑒−(𝑠𝑢𝑟𝑓𝑎𝑐𝑒) ↔ 𝑂2
−(𝑎𝑑𝑠);  𝑇~300 𝑂                 (1.4) 

Figure 1.2 summarizes the factors that determine the sensing mechanism. In 

polycrystalline oxide film, gas-semiconductor interactions occur at the grain boundaries. 

They are typically localized oxidation and reduction processes of SMO materials: Firstly, 

adsorption of the incoming molecules on the SMO surface and/or surface states reaction 

with pre-adsorbed ambient oxygen. Secondly, delocalized conduction-band electrons 
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transfer to localized surface states, and vice versa. Lastly, catalytic effects or in some cases 

chemical reactions between the surface states and adsorbed molecules 3. 

1.2.1. Merits and challenges of SMO gas sensors 

Gas-sensing materials should possess the following essential properties: adsorption 

capability; electro-physical, chemical and electronic properties; interface state; 

crystallographic structure; thermodynamic stability; catalytic activity; compatibility with 

material system and fabrication process flow; and reliability. The sensitivity, selectivity, 

and other sensing parameters depend on these material properties. A limited number of 

SMOs possess the aggregate of these properties, and most TMOs possess very few of them 

3. 

 
Figure 1.2 The summary of gas-sensing mechanisms determined by the physical and chemical properties of SMO sensing 

materials 3.  
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Table 1.1- Performance comparison of different gas sensors 3. 

Exc.: Excellent;  

 There are numerous studies and reports on solid-state gas-sensing materials, such 

as SMOs, covalent semiconductors, polymers, solid electrolytes, ionic membranes, and 

organic semiconductors. These materials can lead to the development of different types of 

transducers and gas sensors. Korotcenkov et al. made a qualitative comparison of different 

sensing types. In summary (Table 1.1), they found that semiconductor sensors exhibit 

relatively excellent sensitivity, short response times, high durability, inexpensiveness, less 

maintenance, and compatibility with sensing instruments. These features make SMOs a 

better choice for gas-sensing applications. The feasibility of integrating the functionalities 

of a sensing element, a signal conditioning, and read-out electronics into the same substrate 

 

Parameter 

Types of gas sensors 

Semiconductor 
Catalytic 

combustion 
Electrochemical 

Thermal 

conductive 

Infrared 

absorption 

Sensitivity Exc. Good Good Bad Exc. 

Accuracy Good Good Good Good Exc. 

Selectivity Poor Bad Good Bad Exc. 

Response time Exc. Good Poor Good Poor 

Stability Good Good Bad Good Good 

Durability Good Good Poor Good Exc. 

Maintenance Exc. Exc. Good Good Poor 

Cost Exc. Exc. Good Good Poor 

Compatibility with 

sensing systems 

Exc. Good Poor Good Bad 
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simplifies the sensor design. In other words monolithic integration of sensor and read out 

electronics. This is the focus of SMO sensors over biochemical, acoustic, optical, and other 

type of transducers. 

The major drawback of SMO sensors is the high operating temperature requirement 

that demands heater integration with the sensors. Another major challenge to be addressed is 

the cross-sensitivity, as the operating mechanism in SMO–based sensors mainly relies on 

reduction and oxidation reactions. All of these factors determine the sensing performance of 

SMO sensors. However, there are a few advantages and disadvantages in different modes of 

operating temperature, as described in Table 1.2. 

Table 1.2- Advantages and drawbacks of high temperature operable sensors 3. 

Operating temperatures Advantages Drawbacks 

Low - T < 400 ◦C Low power dissipation of sensor, low 

threshold of sensitivity, long lifetime, 

wide choice of sensitive materials, 

excellent compatibility with standard 

process flows 

Strong dependence on relative air 

humidity, long response and recovery 

times, need of regular calibration 

High - T > 500 ◦C Resistant to air humidity, optimal signal 

repeatability, shorter response times 

High power dissipation, poor reliability, 

reduced sensitivity, complex sensor 

construction, poor compatibility with 

standard CMOS process flow 

 

Furthermore bare-SMO sensors resulted in cost burden for real-time sensing systems due 

to their mandatory operational requirements. Hence, to address these issues hybrid sensors 

were proposed, such as SMO surface modification through either additives or dopants that 

resulted in minimized operating temperature conditions or light activation was feasible 31. 



22 
 

 
 

 

The noble metal (Pt, Pd, Au, and Ag) decorations of SMO materials 32, bilayers of inorganic 

materials, and polymers on the nanostructures, composites 33 have been found to be 

prominent in improving sensitivity and selectivity. Degradation and low stability are other 

issues due to the operating temperature in SMO gas sensors. Hence, there is a quest for 

stable and room-temperature operable gas sensors. 

1.2.2. Thin-film transistors (TFTs) for gas sensors 

Thin-film transistors (TFTs) are similar to metal-oxide field effect transistors 

(MOSFETs) in terms of operations, but with major differences in the device layers and the 

structure. In MOSFETs, the substrate and the channel are usually the same: a single 

crystalline semiconductor with fewer defects, resulting in higher performance of the 

device. However, TFTs have additional insulating substrates, such as glass and additionally 

deposited semiconductors, which serve as channels. The processing temperature of 

MOSFETs is much higher (~1,000 oC) than that of TFTs (maximum ~650 oC) 1. In terms 

of operations, both devices rely on conductance modulation through the field effect. In the 

 
Figure 1.3 Transfer characteristics showing different signatures in the electrical behavior of analytes that are cross-

sensitive in organic thin-film transistors (TFTs) 4. 
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case of TFTs, channel conductivity is attained through the formation of the accumulation 

layer. 

TFTs offer multiple parameters to analyze gas-sensing performance that can 

improve the selectivity performance by identifying the false positives of target analytes. 

TFTs can thus be better transducers than chemi-resistive gas sensors. For instance, in an 

organic gas-sensitive TFT, Torsi et al. observed an increase in OFF current along with a 

shift in threshold voltage for humidity (Figure 1.3). However, in the presence of oxygen, 

only a threshold voltage shift could be seen. A variation of two times was found in ON/OFF 

for humidity; this type of analysis provides more information about the analytes 4. 

Moreover, TFTs can be used as conventional transistors to build integrated circuits that can 

have the functionalities of signal conditioning and digital circuitry. The focus of this work 

is on TFT-based gas sensors. 

1.2.3. InGaZnO (IGZO) TFTs for sensing applications 

In general, multi-component SMOs have been found to exhibit considerably better TFT 

performance when compared to binary oxides 1. This is because carrier transport in the 

amorphous oxides (multi-component) is not limited by grain boundaries, which is a major 

limitation for the reduced mobility of charge carriers such as ZnO TFTs. ZnO is regarded 

as the best binary oxide TFT with low OFF currents, and it can attain high ON currents. 

Nevertheless, the subthreshold swing (SS) is not high, due to grain boundaries that inhibit 

the movement of charge carriers, thereby reducing mobility. Other TFTs with binary 

oxides, such as InO3 have shown to have low OFF currents and Ga2O3 have shown to have 

LOW ON currents. In the case of InO3, due to its electronic structure, the fermi level is 
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close to its conduction band, which makes it difficult to turn off TFTs. Regarding Ga2O3, 

it possesses a large bandgap and a large density of empty traps. Hence, Ga2O3 TFTs exhibit 

low ON current. With the optimum composition of In, Ga, and Zn in indium gallium zinc 

oxide (IGZO), the high mobility because of indium oxide, high SS due to zinc oxide, and 

low OFF current due to gallium can be achieved 34. Figure 1.4 illustrates TFTs’ transfer 

characteristics that reflect the dependence of the composition of these binary oxides on 

IGZO. 

Nomura et al. 35 reported IGZO TFTs for the first time. The field-effect mobility of 

IGZO is higher  than the a-Si-based TFTs, which is why IGZO TFTs became a disruptive 

choice for display applications 2. In addition, the process temperatures and fabrication 

methodologies of IGZO are compatible with a-Si-based TFTs. The dual-gate 

characterization of both IGZO and Si-based TFTs revealed that IGZO possesses a 

relatively strong coupling of electric fields (capacitive coupling effect). Figure 1.5a depicts 

the device schematic of fabricated dual-gate TFTs of both IGZO and a-Si semiconductors. 

The transfer characteristics are displayed in Figure 1.5b, and Figure 1.5c clearly indicates 

that the threshold voltage shift is significantly high in the case of IGZO with the variation 

in top-gate voltage. This suggests that the accumulated charge in the top interface 

 
Figure 1.4 Transfer characteristics showing the electrical behavior of binary oxide TFTs and the TFTs with different 

compositions of IGZO 1. 

 

 
TFT 
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significantly affects the carriers generated through the bottom gate. This phenomenon is 

less significant in an a-Si TFT. The capacitive coupling effect essentially makes IGZO an 

excellent choice for sensing applications 2, and there are hence recent reports on the IGZO-

based pH sensor 36, as well as chemical and bio sensors 2. 

 

Furthermore, the charge carrier density is also superior in the IGZO TFTs due to the 

oxygen vacancies. The extra carrier generation due to external energy excitation is also 

observed, as shown in Figure 1.6. The thermal or light excitation induce lattice defects, 

since the excited oxygen atoms leave their original lattice sites. These defects result in the 

generation of free electrons, resulting in a significant threshold voltage in IGZO TFTs. 

However, the thermal and photo carrier generation is not particularly prominent in a-Si 

TFTs 2. This further highlights the sensitivity of the IGZO film to external disturbances, 

which is advantageous for sensing applications. 

 
Figure 1.5 a) Schematic of the dual structure of IGZO and a-Si TFTs. Transfer characteristics with varying top-gate 

voltage; b) IGZO TFT c) a-Si TFT 2. 

 

 
 



26 
 

 
 

 

1.2.4. Thin-film deposition methods 

The deposition method of the semiconducting thin-film is a crucial process in 

fabricating TFTs. Solid thin-films can be deposited in various ways, broadly classified into 

vacuum-processed (VP) and solution-processed (SP) methods. Vacuum-processed 

methods constitute processes that require a controlled atmosphere and that involve 

processing in a vacuum. They include physical and chemical vapor deposition (CVD) 

methods, such as sputtering, which requires energy-intensive processes and sophisticated 

equipment. Hence, the deposited solid, and thin films using VP methods are generally of 

high quality with low defects density, as well as the controlled growth of films 37. These 

methods are well studied and established. 

The solution-based processing of semiconducting devices such as TFTs, solar cells, 

and sensors is a cost-effective solution entailing less involvement of sophisticated nano- or 

microfabrication tools. That being the driving force, inexpensive, solution-based, thin-film 

 
Figure 1.6 Transfer characteristics showing the carrier generation due to the thermal excitations. a) IGZO TFTs; 

b) a-Si TFTs, and due to photo excitations; c) IGZO TFT; and d) a-Si TFTs 2. 
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deposition methods are of enormous interest, namely, inkjet printing 38, spin coating 39-40, 

the Langmuir-Blodgett process 41, dip coating 42, spray pyrolysis 43, and gravure printing 

44. Solution-based processing has advantages, such as large-area deposition, roll-to-roll 

capability, and atmospheric processing 45. Photonic curing was recently introduced in the 

fabrication of TFTs to improve device stability at low temperatures instead of high-

temperature annealing, which provides a wide choice of flexible substrates. Hence, SP 

SMO devices are promising for the low cost as well as mass production of emerging, 

flexible, and wearable electronics. The printing capabilities of semiconducting or 

conducting solutions lead to the mask-less process flow 46. All of these feasible features, 

such as mask-less patterning, non-vacuum processing, photonic processing, and a variety 

of substrates for SP device fabrication, pave the way for a new era of applications 47. The 

general process flow of VP approach and fabrication using printing techniques are 

schematically represented in Figure 1.7a. These printing techniques can drastically reduce 

fabrication costs by around 64%, as illustrated in Figure 1.7b 1. 

TFT performance is determined by the quality of thin-film. In vacuum-based 

deposition methods, film formation takes place atom by atom and gradually. In contrast, in 

SP flow, the film deposition takes place at once in bulk, through many ways of deposition. 

Thus, the mode of deposition restricts control over the thin film nanostructure. The 

 
Figure 1.7 a) Comparison between conventional fabrication flow and printing process steps. b) Relative cost comparison 

of each process involved in the process flow 1. 
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intermolecular forces determines the nanostructure shape, topology and crystallinity of the 

film. If these forces are small (e.g., inorganic materials), then grain size, the crystallinity, 

and crystal alignment of the resulting thin films will be sensitive to the process conditions 

(e.g., solvent type, solvent evaporation rate, imposed forces, etc.). This quality affects the 

electrical performance and especially the mobility of TFTs fabricated through the solution 

process, which is inferior to the VP counterparts 45. 

1.3. Thesis contributions 

This thesis aims to provide solutions for highly sensitive, low power-consuming, 

inexpensive, and reliable metal-oxide gas sensors and integrated toxic gas-sensing systems. 

We found that IGZO TFTs are potential candidates to achieve this objective. The thesis’ 

contributions to achieving this objective are as follows: 

 Design and optimization of the fabrication flow to realize IGZO TFTs that 

exhibit excellent electrical properties and are stable in air 48. 

 Development and characterization of room-temperature operable gas sensors 

that exhibit highly sensitivity and selectivity to NO2 gas 48. 

  Design and realization of a fully integrated serial operation based IGZO-based 

gas detector that senses and quantifies ambient NO2 concentration. The system 

employs only two IGZO TFTs and generates digital output corresponding to 

the concentration of NO2 gas 48. 

 Design and realization of a fully integrated IGZO-based gas detector that 

performs parallel operation to sense and quantify ambient NO2 concentration. 

The system simultaneously employs multiple IGZO TFTs and generates digital 
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output corresponding to the concentration of NO2 gas. Parallel gas detectors 

provide a relatively quicker response serial detectors 49. 

 Design, optimization, and realization of IGZO-based self-powered gas sensors. 

These sensors performs harvesting and sensing simultaneously. The design of 

these sensors is strategically chosen to minimize the cross sensitivity and 

improve the robustness of the sensor. The sensors constitute harvesting part 

and sensing part. The harvesting part of these sensors is the heterojunction of 

IGZO and perovskites. These sensors generate an open-circuit voltage (VOC) 

due to the presence of light absorbing materials. The generated VOC varies 

proportionally to the concentration of NO2 gas. Thus, sensors transduce 

varying NO2 concentrations without any biasing to the sensor 50. 

 
Figure 1.8 Thesis contributions for realizing inexpensive, compact, and power-efficient IGZO-based gas sensors and 

fully integrated gas detection systems. 
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1.4. Thesis outline 

The thesis consists of four chapters, and its contents are as follows: 

Chapter 2 describes the fabrication and characterization of an amorphous IGZO 

TFT as a toxic gas sensor that is operable at room temperature and requires only visible 

light activation to revive the sensor after exposure to NO2. This chapter also discusses the 

comprehensive gas-sensing characterization of IGZO TFT sensors. 

Chapter 3 explains the design and realization of IGZO-based compact and fully 

integrated gas detectors. The developed IGZO microsystems detect ambient NO2 gas and 

generate a digital output that is proportional to the ambient gas concentrations. Two types 

of integrated gas detectors are developed that differ in their mode of operation and circuitry 

design. These systems are scalable, and they pave the way for portable systems to realize 

various gas-sensing applications, including smart cities and sustainable ecosystems. 

Chapter 4 discusses the design and realization of self-powered devices using IGZO 

devices. The main objective of designing such devices is to achieve the following factors: 

minimum power consumption, selectivity, and stability under extreme gas-sensing 

conditions. One of the best solutions to minimize power consumption in these devices is to 

have a complementary energy-harvesting feature. Hence, this chapter discusses the design 

of IGZO sensors with self-powering capabilities using organic and inorganic hybrids.  
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2. IGZO TFT Sensor for NO2 Detection 

2.1. Background 

Among air contaminants, NOx gases emitted through vehicular emissions, which 

lead to the formation of PM-2.5 51, are of major concern. Based on NASA earth 

observations during the lockdown due to the COVID-19 outbreak in major cities, there 

has been a drastic decrease in NO2 levels where human movement has been restricted 

52. NO2 gas is a harmful pollutant; according to the Occupational Safety and Health 

Administration limits, NO2 has a low permissible exposure limit (1 ppm) 53. Human 

over-exposure to NO2 gases can lead to severe pulmonary diseases 54. There is hence 

an urgent need to precisely and accurately monitor the rise in harmful toxic pollutants 

and PM-2.5 55, as well as to control these emissions. One of the solutions to win the 

battle over pollution is to locally identify pollution hotspots by measuring the 

pollutants at various places; in doing so, concerned authorities can implement control 

measures, and people can take precautions 8. This requires ubiquitous selective and 

sensitive toxic gas sensors and sensing systems for accurate monitoring. Gas-sensitive 

TFTs are better transducers than chemi-resistive gas sensors because TFT sensors 

provide multiple parameters for analysis 37. Developing highly sensitive and selective 

gas-sensitive TFTs is thus our main objective. 

2.2. Existing NO2 sensors 

The highlights and drawbacks of the various NO2 gas sensors are briefly 

summarized in this section. Chemi-resistive gas sensors and gas-sensitive TFT sensors 



32 
 

 
 

 

employing metal oxides, two-dimensional (2-D) materials, and organic 

semiconductors are reported to have sensitivity and selectivity toward NO2. However, 

these sensors require either ultra-voilet (UV) light activation or high temperatures for 

sensing and recovery. Without activations, these sensors have been found to exhibit 

less sensitivity. Some of the recent reports are discussed next. 

Metal-oxide chemi-resistive sensors: 

Olga et al. recently demonstrated a light active electrochemical sensors for low-

concentration NO2 detection using ZnO nanoparticles. A film of ZnO nanoparticles is 

coupled with a microlight plate to achieve a NO2 chemi-resistive sensor operating at 

room temperature with 25 ppb as the limit of detection (LOD). Micro-led used for 

activation consumes lesser power, however to activate the ZnO sensing layer, the LED 

must be turned on all the time 20. 

2-D materials based sensors: 

Hong et al. demonstrated a resistive hybrid NO2 gas sensor, using the CVD of MoS2 

on graphene, which exhibited a LOD of 0.2 ppm and a good selectivity. However, at 

room temperature, it showed very low sensitivity to NO2 
56. Similarly, He et al. 

demonstrated flexible transistor array using 2-D materials. The transistor was 

fabricated with MoS2 thin-film as the channel and active sensing film, and employed 

reduced graphene oxide (rGO) film for the source and drain electrodes 57. In this work, 

authors observed enhanced sensitivity with nanoparticle decoration, but this sensitivity 

was relatively small when compared to other metal-oxide sensors. 
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Organic gas-sensitive TFTs: 

Huang et al. reported a NO2 gas sensor using CuPc TFTs with a polymeric gate 

dielectric. The NO2 sensitivity was found to be controlled through the dielectric 

surface UVO treatment; there was ≈400× improvement in sensitivity toward NO2 

compared to the sensitivity for those without UVO treatment 58. This also leads to 

power consumption for continuous light activation for sensing. Moreover, the 

durability of the organic semiconductor semiconductors is low. The materials tend to 

degrade with time, and this is the most common problem with organic semiconductors. 

IGZO-based TFT gas sensors: 

Knobelspies et al. fabricated IGZO-based flexible sensors for NO2 sensing, and it 

required continuous UV activation 59 for sensing and revival. Kim et al. reported 

IGZO-based TFT gas sensors, which are highly sensitive to NO2 at room temperature 

60. These sensors were not revivable at room temperature; additional heating was 

required to revive them after exposure. Hence, there is room for gas sensors that are 

stable, are room-temperature operable, and display better sensing performance. 

2.3. The proposed sensors 

In the present work, we propose a gas sensor using IGZO as the active layer for 

sensing NO2 at room temperature without continuous light activation. These devices 

can be recovered after exposure through light illumination, which is a more power-

efficient solution than existing SMO gas sensors, since it does not require a high 

temperature or continuous light activation for sensing. 
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State-of-the-art gas-sensing systems are expensive, power-hungry, and bulky, thus 

impeding their large-scale deployment for air quality monitoring stations. We also 

propose developing an integrated system with an IGZO gas-sensitive TFT and using 

it as an n-type transistor by making it insensitive to gases. This microsystem yields a 

digital output corresponding to the NO2 concentration without any additional hardware 

for readout or amplifying circuit and analog-to-digital converter (ADC). 

2.4. TFT fabrication and material characterization 

We fabricated a bottom-gate, top-contact IGZO TFT-based gas sensor in which 

IGZO served the dual role of a channel layer and a sensing layer to detect NO2. We opted 

for this configuration to have more gas–IGZO interaction and to reflect the effect of 

ambiance in the device behavior. In this section, the fabrication flow and material 

characterization are discussed. 

2.4.1. Device fabrication 

IGZO TFT fabrication process: 

The schematic of the process flow is outlined in Figure 2.1. We purchased n-type 

doped silicon wafers with (100) orientation from silicon materials (Si-MAT) to serve as 

the bottom-gate electrode. Si wafers were thoroughly cleaned to remove the organic and 

metal impurities by dipping them in a Piranha solution for 5 min, followed by a native 

oxide etch using a buffered oxide etch solution. Thereafter, 150 nm of SiO2, deposited 

through the thermal oxidation in the thermal furnace at the King Abdullah University of 

Science and Technology (KAUST) Nanofab, served as a gate oxide for the IGZO TFTs. 
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IGZO thin-film (~10 nm) was deposited by Radio frequency (RF) sputtering using the 

IGZO target (In2O3-Ga2O3-ZnO 1:1:2 mol%) supplied by Testbourne Ltd., UK. The 

sputtering was performed at 60-W RF power in the presence of argon/oxygen (20 SCCM/3 

SCCM) plasma at a 5-mtorr deposition pressure. To improve the TFT device’s stability, 

rapid thermal processing (RTP) was done at 5000C for 4 min in the oxygen ambiance. 

Interdigitated top electrodes (Ti or Au) were deposited using the lift-off process, followed 

by the photolithography process to pattern interdigitated electrodes that yielded width 

(W)=583,640 m and L=0 m. The metal deposition was performed through the DC 

magnetron sputtering at 400 W in the presence of Ar plasma to yield a 10-nm and a 100-

nm thickness of Ti and Au, respectively. 

Passivation of IGZO TFT:  

To make the IGZO TFT insensitive to ambiance for use an n-type transistor 

element, we passivated the TFT. The CVD deposition of parylene-c (PC) is the best choice 

 
Figure 2.1 Fabrication flow of IGZO TFT. 
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for conformal coatings 61, insulation, and pinhole-free surfaces 62. In this case, the sample 

does not undergo higher temperatures, and there is no physical damage to the thin-film. 

Moreover, it allows us to extend to flexible substrates. Passivation of TFTs was done using 

the CVD of PC (~1.2-m thick) in a three-chamber system. In the first chamber, the 

precursor (2.5 g) was heated at 175 °C under vacuum to generate dimeric vapors. The 

dimeric vapors were then cleaved to monomer gas in the second chamber at an elevated 

temperature of 650 °C. Finally, in the third chamber, the monomer gas was deposited and 

self-assembled to form PC on top of the Si/SiO2/IGZO substrate at a 10E-6 mBar vacuum 

level. 

 
Figure 2.2 a) Schematic of the fabricated IGZO TFT (cross section), with IGZO as the channel and active 

sensing layer and with the Ti and Au as the source and drain electrodes of the transistor. b) Atomic force 

microscopy (AFM) image of the IGZO with a mean roughness of 0.23 nm. c) High-resolution Rutherford 

backscattering spectra of the IGZO indicating the signatures of the elements in the device stack; the 

composition derived from the depth profile is presented in the inset. d) Absorbance spectra of IGZO 

showing good absorbance in the UV and blue wavelength regime. 
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2.4.2.  Material characterization 

The schematic of the device is provided in Figure 2.2a. The IGZO thin-film is 

smooth, with a mean roughness of 0.23 nm, as depicted in the atomic force microscopy 

(AFM) image (Figure 2.2b). The individual composition of the device stack was analyzed 

using high-resolution Rutherford backscattering spectroscopy (RBS), as depicted in Figure 

2.2c. As illustrated in Figure 2.2d, the device showed good absorbance in the UV and blue 

wavelength regime. The UV-visible absorbance of the IGZO thin-film was measured using 

a Thermo Scientific Evolution 600 UV-Visible Spectrophotometer. The absorbance was 

calculated from the reflectance data measured at a scanning speed of 120 nm/min in the 

range of 190 nm to 900 nm. AFM imaging was performed using the Bruker Dimension 

Icon AFM system. For AFM topography imaging, the scan rate, integral gain, amplitude 

set point, and drive frequency were optimized at 0.996 Hz, 2.686, 5.000, 803.8 pm, and 

61.29249 kHz, respectively. RBS analyses were conducted using an instrument 

manufactured by Kobe Steel, Ltd. The average composition and depth profile were 

obtained by operating the  -source at 400 keV, with He+ ions ( particles) with a beam 

size of approximately 1 mm. 

The layers of the device stack were distinct, which can be observed in the scanning 

transmission electron microscope (STEM) image (Figure 2.3a). Element mapping was 

performed using energy-dispersive X-ray (EDX) spectroscopy, which indicated elements 

of IGZO within the top ~10 nm, and its interface was distinguishable from SiO2, as shown 

in Figure 2.3b. The atomic profile of the individual elements (In, Ga, Zn, O, and Si) of the 

device in the top interface was mapped. The average composition profile was measured 

using high-resolution RBS (Figure 2.3c). The depth profile indicates that after 10.8 nm, 
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there is an abrupt change in the concentration of In, Ga, Zn, and O for the accurate fitting 

of the spectra, which was the physical thickness of the IGZO thin-film in the device stack. 

The indium concentration was relatively higher than other elements in IGZO. This was 

also evident from the EDX analysis performed on the device stack shown in Figure 2.3d. 

2.4.3. Electrical characterization of IGZO TFT 

IGZO TFTs were characterized using a semiconductor parameter analyzer. The 

devices showed an ON/OFF ratio of ~107, high linear mobility (7.58 cm2V-1s-1), low SS 

(0.49 Vdec-1), and stable n-type electrical characteristics for use as TFT-based sensors. The 

 
Figure 2.3 a) Scanning transmission electron microscope (STEM) image showing distinct layers of the device 

stack (IGZO~10 nm/SiO2~180 nm/n-Si). Energy-dispersive X-ray (EDX) spectroscopy analysis for element 

mapping. b) Overview of cross section used for mapping, merged image of individual elements showing 

distinguishable atomic profile, and individual atomic profile of indium, gallium, zinc, and oxygen in the device 

stack. c) Depth profile of IGZO measured using Rutherford backscattering spectroscopy analysis. d) Line profile 

of IGZO layer indicating the highest In concentration at the surface (line profile taken near the red line shown in 

b). 
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transfer and output characteristics of fabricated devices are presented in Figure 2.4a and 

Figure 2.4b, respectively. The reported IGZO TFTs possess instabilities because of the 

traps within the channel layer, resulting in a shift in the threshold voltage (Vth) 63. 

However, these instabilities could be minimized through fabrication process strategies 64-

65. We optimized the TFT devices to have minimal instabilities through the RTP process; 

Figure 2.4c and Figure 2.4d. illustrate their stability. The device to device variability of 26 

devices was also low, the mean Vth of devices is measured to be 3.1 V. 

 

 
Figure 2.4 a) Transfer, and b) output characteristics of the IGZO TFT at various bias voltages; c) Stable transfer , 

and d) output characteristics at constant bias at the room temperature. 

 
 

a) b)

c) d)
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Parameter extraction of IGZO TFT: 

Device parameters were derived from the current equation as described in 66. The linear 

current equation (IDlin) and saturation current (IDsat) for a TFT can be expressed as follows 

(Equations 2.1 and 2.2): 

IDLin =
µlin∗W∗Cox

𝐿
*((VGS-Vth)*VDS-(VDS

2/2))                             (2.1) 

IDSat =
µsat∗W∗Cox

2∗𝐿
*(VGS-Vth)

2                                                                                (2.2) 

where Cox is the gate oxide capacitance, W and L are width are width and length of 

channels, respectively. lin is the field-effect linear mobility, and sat is the field-effect 

saturation mobility. 

The SS was calculated from the linear IDS- VGS curve using Equation 2.3: 

SS = 
𝑑𝑉𝐺𝑆

Log10 ∗ ID
|max (V/dec)                                                            (2.3) 

It can be seen that the current decreased with the increase in the exposed gas concentration. 

Hence, the SS increased with the concentration of the exposed gas. 

Transconductance (gm) is related to the conductance of the channel due to the accumulation 

of charges, and it was calculated from the linear regime of the device (Equation 2.4): 

gm = 
𝑑𝐼𝐷

dVGS 
|VDS< VGS-Vth (

-1)                                                          (2.4) 

With an increase in the concentration of NO2, the transconductance was reduced due to the 

depletion of charge carriers. 

Linear mobility can be calculated using the gm value, since 

gm = 
𝑑𝐼𝐷

dVGS 
|VDS<VGS-Vth(

-1) = 
µlin∗W∗Cox

𝐿
*VDS; 

=>Lin = 
gm∗L

𝑊∗𝑉𝐷𝑆∗Cox
                                                                                                                                (2.5) 
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In the presence of an electric field, mobility determines the transportation of charge carriers 

within the channel. Scattering of the charge carriers within the channel or near the dielectric 

interface affects its mobility. With an increase in the NO2 gas concentration, mobility 

reduces due to the decrease in transconductance of channel, which might also be due to the 

charge carriers scattering after exposure to NO2 gas. 

2.5. The gas response of IGZO TFT devices 

Multiple IGZO TFTs were further tested for their gas response with various toxic 

gases in the tailor-made gas setup shown in Figure 2.5. All gas-sensing experiments 

discussed in this thesis were conducted using this gas setup. The concentrations of the gases 

concentrations were controlled by diluting them with N2 as the carrier gas using mass flow 

controllers. 

 
Figure 2.5 Schematic representation of test setup measuring IGZO TFT sensor with light-emitting diodes (LED) 

mounted 2 cm above the active area. 
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2.5.1. NO2 sensing and revival 

We found that the semiconducting properties of IGZO thin-film are susceptible to 

NO2 adsorption at room temperature, as presented in Figure 2.6. We monitored the transfer 

and output characteristics of IGZO TFTs for every minute after exposing the devices to 

various concentrations (100 ppb to 5 ppm) of NO2 at room temperature. Transfer 

characteristics and output characteristics were measured by keeping VDS = 1 V and VGS = 

15 V, respectively. We observed that with an increase in NO2 concentration, there was a 

positive shift in the Vth and a decrease in the drain current (ID) of TFTs; this is consistent 

with the reported IGZO TFT-based sensors 60, 67, as shown in Figure 2.6a and Figure 2.6b. 

The substantial change in the Vth and ID of IGZO TFTs was proportional to the 

concentration of NO2. We passivated the IGZO TFTs using a CVD of PC. Interestingly, 

we observed no effect of NO2 on the device characteristics after its exposure to passivated 

IGZO TFTs, as depicted in Figure 2.6d. This made the TFTs insensitive to the ambiance, 

and they can thus be used as conventional n-type TFTs. Non-passivated IGZO TFT sensor 

parameters, such as linear field-effect mobility, SS, and transconductance in the presence 

of NO2, were extracted 66 from transfer characteristics. We observed that with the increase 

in NO2 concentration, SS (which describes the steepness of the ID transition from the OFF 

state to the ON state) also increased, as can be seen in Figure 2.6e. Transconductance and 

linear field-effect mobility (which determines the conductivity and electronic transport of 

carriers in the channel) were proportionally reduced with a rising NO2 concentration (as in 

Figure 2.6f). The variation in these parameters indicates that there was adequate depletion 

of charge carriers from the IGZO channel surface due to the interaction with the NO2 gas, 

as described in Equation 2.6. NO2 is a strong oxidizing agent, where surface carriers of the 
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IGZO channel are involved in the reduction of the NO2 gas molecules 68-69. From the 

transfer and output characteristics of the IGZO TFTs, the response (%) in terms of Vth and 

ID was measured using Equations 2.7 and 2.8, and as shown in Figure 2.6c. The Vth was 

extracted from the linear extrapolation of the √IDS-VGS curve. 

NO2 (gas) +  e− (IGZO surface) NO2
− (ads)                                     (2.6) 

Vth 

Vth  
% =

(Vth after exposure −  Vth before exposure )

 Vth before exposure 
∗ 100                        (2.7) 

 
ID 

ID  
% =

(I𝐷 after exposure  −  I𝐷 before exposure )

I𝐷 before exposure 
∗ 100                           (2.8) 

In gas or chemical sensors, the recovery of the device is crucial. Since the channel 

of the TFTs was oxidized after NO2 exposure, these devices could not be recovered, even 

 
Figure 2.6 a) Transfer and b) output characteristics of IGZO TFT sensors after 3-min exposure to concentrations 

of NO2 ranging from100-ppb to 5-ppm. c) The variation in the Vth and the ID of IGZO TFT for various 

concentrations of NO2. d) Transfer characteristics show the non-reactive behavior of the IGZO TFT towards NO2 

after passivation with parylene-C (PC). Variation in other parameters of non-passivated IGZO TFT device in 

response to the NO2 concentrations. e) Subthreshold swing (SS), f) transconductance, and linear field-effect 

mobility. 
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after a prolonged N2 purge (Figure 2.6a), owing to the strong bonding of gas molecules 

with the active area. Similarly, Kim et al. observed the adsorption of NO2 with an IGZO 

active layer and could not recover the device after exposure at room temperature 60, 67. 

Furthermore, the semiconducting channel properties could be revived only after the 

application of some external energy. Hence, we explored the revival of TFT sensors using 

light activation, as IGZO is reported to have excellent photoelectric characteristics 70. We 

evaluated the IGZO TFT sensors’ revival performance after exposure to 5 ppm of NO2 

by illuminating them with various commercial light-emitting diodes (LEDs), such as UV 

LED (400 nm), blue LED (~450 nm), white LED, and red LED (~635 nm) of the same 

intensity (~1 mW/cm2), mounted ~2 cm above the active area (Figure 2.5). We found 

that gas-exposed devices were completely regenerated only under the illumination of UV, 

blue, and white LEDs, but not under red LEDs. The absorbance of the devices in the UV 

and blue wavelength regimes is also evident from the absorbance spectra (Figure 2.2d), 

and it was close to zero in the red regime. Revived devices responded to NO2 gas as 

pristine devices; the corresponding response and revival times are depicted in Figure 2.7. 
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We also noticed that the recovery time with UV LED (3 min) was much shorter 

than with blue (5 min) and white LED (10 min) in the presence of the N2 purge. However, 

UV LEDs are harmful to human health and more expensive than blue LEDs 71; hence, 

the rest of the experiments were conducted with the blue LED alone. 

A study on the individual role of In, Ga, and Zn in IGZO TFTs revealed that the 

composition of these elements is critical in determining the electrical properties of the 

TFTs due to the electronic band structures in the IGZO composite 34. The In 

concentration determines the conductivity of the channel, while the Ga concentration 

determines the OFF current that can be tuned to control the ON/OFF ratio, and the Zn 

concentration determines the SS of the TFT 72. The concentration of In in IGZO is crucial 

for the sensitivity of NO2 at room temperature. A previous study 69 found that the In 

concentration in the composite of IGZO determined the NO2 adsorption at low 

temperatures. The higher the In concentration, the higher the sensitivity to NO2 in the 

chemi-resistive-based sensor at <150 oC. We conducted a high-resolution RBS analysis 

 
Figure 2.7 Revival of NO2-exposed IGZO TFT transfer characteristics under illumination of various commercial 

LEDs of different wavelengths with same intensity. a) Revival by UV LED (400 nm) in 3 min. b) Revival by blue 

LED in 5 min (~450 nm). c) Revival by white LED in 10 min. d) Not revived by red LED (>635 nm) even after 

15 min. 
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of the IGZO thin-film for the precise determination of the depth profile of the active 

IGZO, as shown in Figure 2.3c. This analysis revealed that the higher concentrations of 

In in the thin-film led to an increase in carrier density, which made IGZO TFT sensors 

sensitive to NO2. Moreover, it was also evident from the EDX analysis that the In atomic 

concentration was relatively higher at the surface of the IGZO layer, as can be seen in 

Figure 2.3d. Hence, we posit that a higher In concentration at the surface of IGZO also 

favors the adsorption of NO2. 

2.5.2. In-situ device characterization 

X-ray photoelectron spectroscopy (XPS) was performed on IGZO thin-film to 

understand the effects of NO2 adsorption; the results are depicted in Figure 2.8. Three 

conditions of VP IGZO thin-film were used for the XPS studies: a) as-deposited IGZO 

sputtered film, b) RTP annealed IGZO thin-film (active layer used to fabricate NO2 

sensor), and c) NO2 exposed on RTP annealed IGZO thin-film. Figure 2.8a compares the 

de-convoluted O1s peaks of these conditions, which correspond to the oxygen in the 

lattice (M-O), oxygen deficiencies (M-OVac), and weakly bonded hydroxyl groups (M-

OH) centered at the binding energy of 530.3±0.1 eV, 531.3±0.1 eV, and 532.3±0.1 eV, 

respectively. The previous studies 73-74 have shown that these components reflect the 

electrical behavior of IGZO TFTs in terms of the shift in Vth, ON/OFF current, and field-

effect mobility. The M-O peak corresponds to the conducting pathways in the channel 

and improved mobility of the charge carriers, whereas the M-OVac peak and M-OH 

correspond to the carrier concentration, defects, and trap sites in the film. Figure 2.8c 

compares the areas under O1s peaks of these conditions. The improvement in M-O% and 
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the reduction in M-OVac and M-OH% after RTP annealing, as compared to the non-

annealed device, signifies a decrease in the number of trap sites and improved carrier 

density. This reflects a better performance in terms of stability and ON current, which is 

in line with the literature 74-75. To study the effect of NO2 adsorption, we performed an 

XPS analysis on an RTP annealed device after prolonged exposure to NO2 gas. The O1s 

peak after gas exposure indicates a decrease in M-O% and a slight increase in both M-

OVac% and M-OH%. Moreover, variations in O1s peaks indicate an increase in trap sites 

and scattering centers within a few nm of the IGZO thin-film, affecting the charge carriers 

and their mobility. Observed electrical behavior after NO2 exposure, such as the reduced 

ON current, decreasing mobility, and positive shift in Vth, corroborate the increase in 

surface defects. Furthermore, the X-ray exposure effect was studied on pristine and NO2-

exposed IGZO TFTs. This study revealed that X-rays did not have an effect on the 

unexposed device. The observations obtained through XPS analysis on NO2-exposed 

samples hence hold well. 

 
Figure 2.8 a) Deconvoluted XPS of O 1S peak. Kelvin probe force microscopic (KPFM) images of the IGZO thin-film 

showing b) the surface potential of the pristine IGZO thin-film (unexposed sensing layer), c) after the immediate 

exposure of NO2 gas on IGZO thin-film showing the variation in surface potential due to the adsorption and ionized NO2 

molecules. d) Composition (area under the peak) of deconvoluted O-1s peaks comparing different conditions, such as 

(as-Dep) IGZO, rapid thermal processing (RTP) annealed IGZO, and gas exposed on RTP annealed IGZO thin-films. e) 

Energy-level schematic depicting the difference in the work function observed using KPFM (pristine and NO2-exposed 

IGZO devices). 
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In line with previous study 76, we performed a Kelvin probe force microscopy 

(KPFM) analysis to understand the IGZO surface interaction with NO2 gas. The KPFM 

images of IGZO thin-film before and immediately after exposure to NO2 show the 

measured contact potential difference (CPD); see Figure 2.8b and Figure 2.8c, 

respectively. CPD is defined as CPD = (
tip 


Sample)/e, where  is the work function. 

KPFM scanning was performed over an area of 500 nm X 500 nm. Figure 2.8c illustrates 

that the CPD value increased with NO2 exposure, showing a maximum value at the top 

and a gradually decrease as scanning progressed to the bottom of the surface due to the 

desorption of NO2 molecules. An average CPD value after exposure was considered to 

calculate work function, as shown in Figure 2.8e. A shift in the work function toward the 

vacuum level (E = 0 eV) indicates the sign of a negative charge states on the surface due 

to ionized NO2 molecules (NO2
-). 

From the KPFM analysis, we conclude that NO2 was absorbed on the surface of 

IGZO, as depicted in the schematic of the sensing mechanism (Figure 2.9a). The XPS 

analysis and electrical characteristics indicate that adsorbed NO2 molecules depleted the 

charge carriers from the channel, as shown in Figure 2.9b. In polycrystalline materials or 

materials with a higher effective area, gas molecules diffuse through the grain boundaries 

where higher temperatures are required for active sensing and revival 77. IGZO thin-film 

is smooth, with a mean roughness of 0.23 nm, and it is an amorphous semiconductor 

without grain boundaries. Therefore, there is a minimum probability of gas molecule 

diffusions. Restricting gas molecules on the IGZO surface requires minimal energy to 

desorb them, and achieving revival with LEDs is thus feasible. Observations of revival 

after NO2 exposure with LEDs suggest that photo-carrier generation plays a key role in 
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regenerating the device by desorbing the ionized molecules (NO2
-). The holes generated 

in IGZO upon illumination neutralize the NO2
- molecules and desorb them from the 

surface, as described in Equation 2.9. The presence of N2 during the revival aids in 

sweeping away the desorbed molecules, making the recovery time short. This desorption 

mechanism is depicted in Figure 2.9c, and it is consistent with the reported desorbing of 

O2- molecules on n-type metal oxides 78-79 and light-activated metal-oxide gas sensors 80. 

Figure 2.9 explains the complete sensing and revival mechanism.  

NO2
−(ads) + h+(Photo generated –  h) NO2(gas)                           (2.9) 

 
Figure 2.9 Schematic depiction of sensing and revival mechanisms at a glance. a) Adsorption of NO2 molecules 

on the active layer. b) Depletion of surface charge carriers of IGZO. c) Revival mechanism of the device under 

LED illumination. 
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2.5.3. Performance of a TFT Sensor 

The response of IGZO TFT as a sensor was further evaluated in the common 

source (CS) configuration, as shown in Figure 2.10a. The TFT was operated with VDD 

=10 V and VGS =15 V. In this configuration, the effect on the change in ID was more 

significant after exposure to NO2 and measured in terms of voltage across the resistor 

(VR = VDD-ID*RD; VR = -ID*RD). In this mode, the transient response of the TFT was 

acquired for various concentrations of NO2 (from 100 ppb to 5 ppm), as indicated in 

Figure 2.10b. TFT devices were exposed to NO2 for 3 min. Then, after reaching the 

saturated response, they were revived by being illuminated with blue light (represented 

as the blue shaded region). The recovery time by illumination was proportional to the 

exposure concentration of NO2 gas: the higher the concentration of exposure, the higher 

the extent of electron-hole pair generation required to recover the depleted channel, and 

vice versa. A reproducibility study (Figure 2.10c) was conducted for 5 ppm of NO2 in 

the CS configuration. The biasing was optimized such that the sensor yielded linearity 

and better sensitivity in the whole concentration region, irrespective of the device 

operation region. The repeatability in response showed that the device was completely 

recovered by the blue LED, and the response was reproducible at room temperature. The 

response of devices revived with a high temperature has been shown to decrease after a 

few cycles in IGZO TFT sensors 60 due to partial recovery. In contrast, in our case, the 

device response was stable for multiple cycles with the LED-enabled revival strategy. 

We also tested the same device after 40 days by keeping it in the air; as can be observed 

from Figure 2.10c (inset), the response was the same as that of an unexposed device, 

indicating the stability of the device in the air. The responsivity for the 0.1-ppm and 5-
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ppm concentration exposure of NO2 for 3 min was 37% and 1,330%, respectively (Figure 

2.10d). 

 The fabricated IGZO sensors’ sensitivity is better than that of previously reported 

TFT-based NO2 sensors, as shown in the summary table (Table 2.1). Reported SMO 

devices require a high temperature (>1,000 °C) or complete UV activation for sensing 

and revival, whereas our device needs visible light activation only during the revival. We 

also evaluated the IGZO TFTs’ response to various harmful oxidizing and reducing 

gases. The response to 1 ppm of NO2 was higher than to 100 ppm of other gases, such as 

SO2, NH3, H2, CH4, CO, and CO2. The magnitude of the responsivity in Vth and ID from 

transfer and output characteristics shows high selectivity of IGZO TFTs toward NO2, as 

shown in Figure 2.10e and Figure 2.10f. NO2 is a strong oxidizing gas; its high electron 

affinity 81 leads it to possess strong electrophilic properties 82. The fabricated IGZO 

channel is an n-type semiconductor with high electron carrier density in the channel, as 

 
Figure 2.10 Schematic depiction of sensing and revival mechanisms at a glance. a) Adsorption of NO2 molecules 

on the active layer. b) Depletion of surface charge carriers of IGZO. c) Revival mechanism of the device under 

LED illumination. 
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observed from its electrical behavior. In addition, the higher indium concentration in 

IGZO favors NO2 adsorption 69. All these factors constructively favor the IGZO TFT 

selective to NO2 when compared to other oxidizing and reducing gases. 

Table 2.1- Comparison of the TFT-based and organic-field effect transistor (OFET) gas 

sensors’ performance. 

TFT-based NO2 gas sensors  

Active material LOD 

(ppm) 

Sensing condition Recovery condition Responsivity (5 ppm) 

ID
 /ID0 (%)) 

Refs 

IGZO (TFT )  0.5 RT and 100 oC 100 oC -95.7 60 

IGZO (TFT)  2 RT(UV ) RT(UV) -17.35 59 

MOS2
 (Pt decorated)  0.5 RT RT ~18 57 

PCDTBT (OFET)  1 RT RT ~50 83 

CuPc (OFET)  0.5 RT 

RT (UV) 

RT 

RT 

~10 

500 

58 

IGZO (TFT) 0.1 RT RT (Vis ) -99.8  This work 

 

2.6. Summary 

In this chapter, design, fabrication, and characterization of IGZO TFTs were discussed. 

The fabricated IGZO TFT exhibited excellent electrical characteristics. The dimensions, 

geometry and the design of the TFT were chosen to serve a dual purpose. The primary 

purpose of developing IGZO TFT was to employ it as a TFT gas sensor with a high active 

area, and the secondary purpose was to use it as a conventional transistor. The IGZO thin-

film was used as both an active layer for sensing and a channel layer for the fabricated 

IGZO TFT sensor. This is the first report of a metal-oxide TFT-based gas sensor for room 

temperature sensing and the regeneration of the device with light activation. The 
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comprehensive characterization of IGZO as a device and a gas sensor was also discussed 

in this chapter. The fabricated devices exhibited excellent gas-sensing characteristics. We 

studied the mechanism of the sensor operation through in-situ physical characterization 

(e.g., KPFM and XPS), and we observed that the surface of the active IGZO layer is 

oxidized at room temperature because of the adsorption of NO2, thereby significantly 

increasing the resistance of the channel and resulting in a shift in the threshold voltage and 

ID. The TFT sensor was characterized in various transistor configurations to explore its 

sensor behavior. The IGZO sensor displays excellent sensitivities of 12 nA/ppb and 15 

mV/ppb for ID and Vth, respectively. The power consumption will ultimately be 

significantly low in contrast to existing gas sensors. Since IGZO can also be used as a 

conventional transistor, fully integrated gas detectors are designed in Chapter 3. 
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3. Fully Integrated IGZO-Based Digital Gas Detectors 

3.1. Background 

Air quality monitoring is of utmost importance across the world. For a sustainable 

and healthy life, indoor air quality monitoring is also essential 84. This air quality detection 

demands inexpensive and compact toxic gas monitoring systems 85 to make gas-sensing 

systems omnipresent. The gas-sensing systems must be deployed in multiple places to 

obtain air quality data with a high spatial resolution to monitor environmental changes 

accurately 86. Sensors to be used in these applications should be compact and power-

efficient, since most of them run on batteries. Therefore, low power consumption, 

compactness, and durability are requisites of gas sensors for long-lasting sensing nodes 84. 

As per the discussion in the previous chapter, it can be concluded that IGZO TFTs are 

potential sensors for power-efficient and feasible-to-develop integrated gas-sensing 

systems. Developing IGZO-based compact gas-sensing systems is thus our subsequent 

objective. 

3.2. Gas-sensing systems 

Conventional gas-sensing systems using SMO sensors require a heating module, 

ADCs, and readout circuits controlled by microcontrollers 87. These systems are often 

bulky as well as power-hungry due to inherent requirements, such as additional heaters for 

the activation and signal-conditioning circuits. The typical block diagram of SMO-based 

gas-sensing systems is depicted in Figure 3.1a. To end the quest for low-power and 

compact gas-sensing systems that allow ubiquitous deployment in applications such as the 

Internet of Things (IoT), we demonstrate integrated IGZO-based NO2 gas detectors, which 
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generate a digital output proportional to the ambient NO2 concentration. Thus, we also call 

integrated detectors as gas-sensitive digital indicators (GSDIs). GSDIs incorporates 

functionalities of readout circuits and ADCs, thus simplifying the complex system and 

making it compact, as shown in Figure 3.1b. This system constitutes a non-passivated TFT 

employed as a room-temperature operable NO2 gas sensor and passivated TFTs as n-type 

transistors.  

3.3. IGZO gas-sensitive digital indicators (GSDIs) 

GSDIs are compact gas-sensing systems incorporating signal-conditioning circuits 

and ADCs. The IGZO TFT (TS) as the sensor that is sensitive to NO2 and the passivated 

TFT being insensitive to NO2, as discussed in Chapter 2, provided a unique opportunity to 

build gas-sensing systems that yield the digital output corresponding to the ambient NO2 

concentration. The demonstration of GSDI emphasizes the significance of the sensor 

transduction mechanism as a transistor when compared to the chemi-resistive or chemi-

capacitive transducers. We demonstrate two types of GSDIs that differ in their mode of 

 
Figure 3.1 a) Block diagram of conventional gas-sensing systems depicting systems’ essential modules. 

b) Block diagram of the proposed system by eliminating major drawbacks in the conventional systems. 
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operation and circuit configurations. They are serial (S-GSDI) and parallel (P-GSDI) 

GSDIs, and both have pros and cons. The former is compact and requires only two TFTs, 

whereas the latter requires multiple TFTs for parallel output and faster response at the cost 

of the area. Devised sensing systems could be directly integrated with IoT sensory nodes. 

3.4. Serial-type GSDI 

We devised a S-GSDI to detect the presence of NO2 and quantify its concentration 

digitally; the 3D schematic depicting integrated an IGZO TFT sensor and passivated TFT 

is provided in Figure 3.2a. In this design, the IGZO TFT sensor in the diode-connected 

transistor configuration is cascoded with the passivated TFT, as shown in Figure 3.2b. 

The inverter is connected to these two TFTs. The inverter monitors the currents in the 

two branches of TFTs and triggers the output high or low according to the difference in 

the currents of the two branches (Equation 3.1). The TFT sensor is biased with a constant 

VDD, and the gate of the passivated TFT (n-type) is connected to the variable voltage 

source. The IGZO TFT sensor at a constant bias controls the current in the branch based 

on the ambient conditions. The gate-source voltage (VGS) of the passivated TFT can be 

controlled to maintain different levels of current in the branch, thereby tuning the voltage 

at the input of the inverter (Vinv) node. In other words, the baseline of the current of this 

system and Vinv were controlled by the VGS voltage of the T1. The sensor TS induces the 

change in the system’s current proportional to the ambient concentration of NO2. This 

change in current reflects in the voltage Vinv, which was fed to the inverter. A systematic 

and sequential operation of this system yields a digital output at the output node of the 

inverter (VO). The inverter output (VBit) makes the transition to logic “high” when Vinv 

decreases beyond the voltage level of input logic “low” of the inverter (1.8 V). The 



57 
 

 
 

 

change in NO2 concentration induces a change in Vth and ID in the TFT sensor, and the 

Vinv changes correspondingly when the system is exposed to NO2. Likewise, multiple 

VGS amplitudes are tuned to make Vinv reach beyond the threshold (input logic low) of 

the inverter, which triggers the output (logic high) for various NO2 concentrations. 

The S-GSDI can be operated in two modes: a) to detect the presence of NO2 at a 

calibrated concentration that yields output “1” in the presence of NO2, and vice versa, 

and b) to detect and digitally quantified NO2 concentration. In the first mode, by applying 

 
Figure 3.2 a) 3-D schematic of microsystem showing the IGZO TFT as the sensor in diode configuration cascoded with IGZO 

passivated TFT (passivated with the PC). b) Circuit schematic of 5-bit digital gas-sensitive thin film electronic-based 

microsystem; voltage at the gate (VGS) is to be varied sequentially to obtain digital output corresponding to gas concentration 

(VDD = 7 V). c) The output of the 5-bit microsystem indicating the digital thermometer code corresponding to a NO2 concentration 

higher than 0.5 ppm, 1 ppm, 2.5 ppm, 4 ppm, and 5 ppm. d) Applied VGS, voltage at input of inverter node (Vinv), corresponding 

digital output (VBit) in the transient analysis of integrated microsystem when exposed to various concentrations of NO2; colors 

indicate the duration of sequential operations (green shaded areas indicate the exposure of the gas, pink shaded areas indicate the 

sequential VGS voltage (high to low) applied to read the concentration, and blue shaded areas indicate the revival of the TFT 

sensor). 
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constant VGS voltage, the system can be tuned to detect the particular concentration of 

NO2 (calibrated concentration). In the second mode, the system must be operated 

sequentially to obtain the digital output. Five VGS levels are tuned to quantify five 

different concentrations that yield a 5-bit digital thermometer code. Out of these VGS 

voltages, the passivated TFT is biased at a higher VGS voltage. When there is NO2 

exposure, the inverter triggers a transition after a specific concentration. To quantify the 

concentration of gas, VGS voltages (tuned voltages) are subsequently applied in steps 

from high to low, and the corresponding digital output can be read. 

A transient analysis was conducted by exposing the system to NO2 concentrations 

ranging from 0.5 ppm to 5 ppm. Figure 3.2d shows the Vinv and the corresponding digital 

output (VBit) in the transient analysis of the integrated microsystem. When the S-GDSI 

was not exposed to NO2, the digital output of the system was “0” at every tuned VGS 

voltage, since the Vinv did not cross beyond the inverter logic low threshold (1.8 V). In 

contrast, when the system was exposed to more than 0.5 ppm, the inverter output was 

high (“1”) within a minute after exposure, and sequential VGS pulses were applied to read 

the corresponding concentration. The digital output of the system quantifying the NO2 

concentration is depicted in Figure 3.2c. The TFT sensor was revived using light 

illumination until the system reset (output “0”) after reading the concentration of the gas. 

The applied VGS pulse width to read the concentration of ambient gas can also be in the 

order of a few seconds, but for demonstration purposes, we used a 1-min width for each 

level. In this configuration, we needed only one TFT sensor and one passivated TFT. The 

resolution of the output can be extended by adjusting the n-levels of VGS to yield n-bit 

digital output. Since the number of bits is fully programmable by adjusting the VGS 
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voltage levels, it has the potential to detect a wide range of concentrations and provide a 

digital output. This type of system can be easily integrated into various gas-sensing 

platforms. We thus demonstrate a digital thin-film electronic-based microsystem without 

any need for readout circuits and additional ADCs, which paves the way for power-

efficient and inexpensive gas-sensing systems. 

S-GSDI requires a sequential operation, which is relatively time-consuming in 

terms of quantification – the higher the number of operation cycles (n-cycles), the higher 

the digital resolution (n-bit); that is, five cycles yield a 5-bit output digital resolution. In 

contrast, a parallel GSDI (P-GSDI) configuration can provide the digital output 

simultaneously from different branches of the circuit, and a faster response can thus be 

achieved. 

3.5. Parallel-type GSDI 

A parallel-type GSDI (P-GSDI) circuit configuration resembles the design of a 

conventional flash-ADC. We devised a current mirror circuit with the IGZO TFT sensor 

in a diode-connected transistor configuration and a passivated IGZO TFT sensor in the 

master branch. The master branch controls the current in the subsequent branch 

(secondary), where passivated IGZO TFTs were connected, as shown in Figure 3.3a. PC 

of 1.2-m thickness was deposited on IGZO such that the passivated TFT surface was 

rendered insensitive to the ambience, and there was no shift in Vth and ID in the presence 

of NO2. Furthermore, it is evident from Figure 3.3b that the transfer characteristics of the 

IGZO TFT with and without passivation were the same (a negligible shift in the threshold 

voltage). The insensitivity of the passivated IGZO TFT toward NO2 is also illustrated in 

Figure 3.3b. The IGZO TFT with transducing behavior as a NO2 sensor and the passivated 



60 
 

 
 

 

TFT as an n-type TFT enabled us to devise an integrated smart sensor system that 

eliminates the necessity of readout circuits and ADCs. It provided flexibility to design a 

system that yields digital output corresponding to the concentration of the NO2. 

ISensor is the current in the master branch; with an increase in NO2 concentration, the ISensor 

reduces, and the Vth increases. I1 is the constant current in the secondary branch by keeping 

the VDD1 constant. An inverter is connected to the secondary branch such that it monitors 

the changes in current in the branch. Figure 3.3c depicts the variation of ISensor in the 

presence of NO2 and voltage at the inverter input. It is evident that with an increase in the 

concentration of NO2, ISensor was decreasing; the voltage at the inverter input was thus 

increasing. The transition at the inverter output occurred based on the current ΔI1 (I1-ISensor), 

as described in Equation. 3.1. The current I1 is dependent on the VDD1, and we tuned VDD1 

to have constant current (I1) such that it triggers the transition in the first inverter (high to 

low) for a response proportional to 2.5 ppm of NO2. The output of the second inverter is 

high only if the NO2 concentration is greater than 2.5 ppm. 

𝐵𝑖 = {
1,            𝐼𝑖 > 𝐼𝑆𝑒𝑛𝑠𝑜𝑟

0,            𝐼𝑖 < 𝐼𝑆𝑒𝑛𝑠𝑜𝑟
            (3.1) 

 
Figure 3.3  a) Devised circuit schematic of 1-bit P-GSDI. b) Transfer characteristics of the IGZO TFT with and 

without passivation by PC (cross sectional SEM image of the PC coated on IGZO TFT in the inset). c) Response 

of the 1-bit microsystem in the presence of NO2 showing the variation of current due to the presence of NO2; 

voltage at the input of the inverter; digitized output at the inverter. 
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Furthermore, we extended the previously discussed 1-bit P-GSDI circuit to the 3-bit 

P-GSDI. The integrated system quantifies NO2 concentration and provides a 3-bit 

thermometer code. The circuit schematic of the integrated microsystem is depicted in 

Figure 3.4. As described for the 1-bit system, the first branch is the master branch with the 

IGZO TFT sensor that controls the current in the remaining the three branches. Voltages 

VDD1, VDD2, and VDD3 (VDD3 > VDD2 > VDD1) were calibrated to adjust constant current 

levels (I3 > I2 > I1) in respective branches such that transition at the inverter output occurs 

for 1-, 2.5-, and 4-ppm concentrations, respectively, as described in Equation 3.1. The 

 
Figure 3.4 a) Circuit schematic of a 3-bit parallel-type gas-sensitive digital indicator (P-GSDI). b) Schematic 

representation of the P-GSDI. 
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transient analysis was carried out with the integrated system in the gas chamber, and we 

evaluated the system response from 0.5 ppm to 5 ppm of NO2 for 3 min. The sensor was 

revived with the blue LED, as discussed in Chapter-2. 

Figure 3.5a depicts the voltages at the inverter’s input nodes varying with NO2 

concentration, along with the corresponding digital output at three inverters (B1 to B3). The 

3-bit digital output of the microsystem proportional to the NO2 concentration is shown in 

Figure 3.5b. Quantification was achieved without any need for external sensor readouts 

and ADC circuits in thermometer code format. The maximum current drawn was in the 

order of micro-amps, which makes this system low power-consuming. The usage of TFT-

based sensors also eliminates the additional amplifiers in the circuitry. Organic 88 TFT-

based gas detectors have recently been demonstrated to detect and quantify NO2 gas that 

work with similar principle of S-GSDI, where the digital output is sequentially obtained. 

In contrast, the microsystem described in this work is much faster, does not require any 

 
Figure 3.5 a) Voltages at input of implemented system’s first inverter nodes (V01, V02, V03) and corresponding digital 

output at the second inverter of all branches (B1, B2, B3) in the transient analysis of a devised integrated microsystem. 

b) Output of 3-bit microsystem indicating the thermometer code response. 
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sequential operation, and provides the digital output simultaneously. This novel circuit 

design and implementation highlights the potential of a sensor with a transducing 

mechanism as a transistor. Such a design enables designers to plug and play the 

microsystem in gas-sensing systems with ease. The resolution of this detector can be 

further increased by adding the number of branches. 

However, there are disadvantages associated with P-GSDI, such as a large chip-area, 

high power consumption, and hard-matching between all the TFTs. For the n-bit resolution, 

the P-GSDI essentially requires an area n-times larger than S-GSDI (18 + n*18) mm2. In 

S-GSDI, the static power consumption is ~3.5 W (VDD = 10 V) for n-bit resolution, 

whereas the power consumption is n-times higher in the case of P-GSDI, as there are n-

additional branches, excluding the power consumed by inverters. There is hence a tradeoff 

between area, power, and speed to choose the sensing system between S-GSDI and P-GSDI 

based on the target application. Such standalone GSDIs represent a novel way to design 

compact sensing systems and highlight the importance of transducing mechanisms as 

TFTs. 

3.6. Summary 

In this chapter, we demonstrated compact and fully integrated IGZO-based gas 

detectors. We successfully realized serial-type and parallel-type gas detectors, which are 

TFT-based comprehensive systems incorporating readout and ADC modules with an IGZO 

TFT as a fundamental element. These detectors employ IGZO TFT sensors as sensing 

elements and passivated IGZO TFTs as conventional transistors. Serial and parallel-type 

detectors have their unique advantages. The devised microsystems are standalone sensing 

units and the first of their kind. They are inexpensive, compact, and easily deployable at a 
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large scale for air quality monitoring stations. Though individual TFTs can achieve a LOD 

of 100 ppb, as a proof of concept, the demonstrated integrated system quantifies the NO2 

concentration in the range of 500 ppb to 5 ppm. Moreover, the designs are scalable and can 

be easily extended to an n-bit resolution. This power consumption of systems is in the order 

of a few microwatts, unlike existing gas-sensing systems. Furthermore, these systems are 

operable at room temperature and can hence be utilized in critical places where working 

temperatures are crucial, such as oil refineries. Such systems are in high demand for IoT 

sensing units for accurate environmental monitoring. To further minimize power 

consumption in gas-sensing systems, self-powered gas sensors using IGZO are explored in 

Chapter 4. 
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4. Self-Powered NO2 Gas Sensors 

4.1. Background 

The varying human lifestyles and environmental quality demand personalized 

monitoring of environmental conditions. The advances in technology can fulfill those 

demands. Industry 4.0 shows the roadmap for advanced electronic systems networked 

through the IoT to lead a smart and healthy lifestyle without any human involvement 38, 89. 

Such technologies require sensors that are self-sustainable and power-efficient with the 

capability of self-powering 90-92, self-calibration 93, and self-monitoring 94. The upcoming 

gas-sensing technologies attempt to overcome the existing technology shortcomings of 

selectivity and high power consumption 95. As discussed in previous chapters, IGZO-based 

sensors can operate at room temperature with excellent sensitivity and selectivity for NO2 

gas. Typically, in gas-sensing systems, sensors consume power to be active for sensing at 

high temperatures, and power is also required for signal readout circuits. In contrast, room-

temperature operable sensing technologies, such as IGZO-based gas sensors, can operate 

at relatively low power. Moreover, to make the sensors self-sustainable, energy-harvesting 

and sensing functionalities should be complementary within a sensor. Such sensors are 

termed self-powered sensors since they do not require an external power supply for their 

operation and sensing. 

4.2. Existing self-powered sensors 

The self-powered sensors have been reported with various principles of energy 

harvesting and sensing functionalities together within the sensor. For example, triboelectric 

nanogenerators (TENGs) based sensors reported monitoring a vehicle exhaust’s toxic gases 
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while harvesting mechanical energy 96. Another example is piezoelectric nanogenerator- 

(PENG-) based sensors, which are operationally based on the piezoelectric electric effect 

of SMO nanowires (NWs) 97. Similarly, chemo-mechanical sensors have been designed to 

sense mechanical motion and harvest light energy 90. An RF energy is another form of 

energy that can be harvested and integrated with the sensory circuit to devise the sensor 

node self-sustainable 98. However, the principles discussed have certain operational 

limitations; TENG and PENG sensors require a mechanical motion or mechanical 

deformation to be present to harvest mechanical energy while sensing. Additionally, an RF 

source should be there in the sensor ambiance to harvest RF energy. Whereas self-powered 

sensors that can harvest solar energy can be deployable anywhere, irrespective of the 

requirements mentioned, it is a best choice for the outdoor applications. Self-powered 

sensors with light-harvesting functionality therefore have substantial potential for real-time 

applications. 

Self-powered gas sensors that harvest solar energy have attracted attention from the 

sensors research community because of their vast scope as futuristic sensing technology. 

Researchers have reported solar-based self-powered sensors using organic material 

functionalized p-Si/n-ZnO diodes 99, p-n heterostructures using 2-D materials 100, inorganic 

perovskites 91, 101, and colorimetric films embedded on organic solar cells 92. Organo-

inorganic metal-halide hybrid perovskites exhibit remarkable optoelectronic properties, 

such as excellent long carrier lifetime, high carrier mobility, light absorption, low trap 

density, and giant optical anisotropy 102-105. Hence, perovskite-based solar cells have 

exhibited higher quantum efficiencies and higher photocurrents106-109. Hybrid perovskites 

are sensitive to the ambient environment, primarily oxygen and humidity, which is the 
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main reason for the degradation of devices performance 110-111. Furthermore, in the case of 

environmental monitoring sensors, the reactivity of hybrid perovskites is a positive factor 

to use them as an active sensing material. Considering this as an advantage, chemical 

sensors sensitive to O2, NH3, and NO2 gases using hybrid-perovskites as active material 

have been reported 112-115. Conversely, the reported sensors have shown poor selectivity 

owing to the cross-sensitivity of perovskites to these analytes. 

4.3. IGZO for self-powered gas sensors 

We demonstrated highly selective and self-powered NO2 sensors through the 

process integration of IGZO and hybrid perovskites using a novel yet facile fabrication 

process. We fabricated p-n heterojunction sensors on the IGZO sensor platform so far 

discussed in previous chapters. This was possible because hybrid perovskites methyl-

ammonium lead bromide (CH3NH3PbBr3) is p-type, and IGZO is n-type semiconductors. 

In the presence of light, these p-n heterojunction devices generate VOC because of the 

photovoltaic effect. Additionally, in the presence of NO2 gas, the generated VOC vary 

proportionally to the concentration of NO2 gas. 

4.3.1. p-n heterojunction sensors – perovskite spin coated on IGZO 

(PSC/IGZO) sensors 

To devise the solar energy harvesting-based self-powered SMO gas sensor, we chose 

the synergy of the IGZO and hybrid perovskite (CH3NH3PbBr3) thin-films to fabricate a p-

n heterojunction sensor. The choice of the materials was such that perovskites were 

employed because of their remarkable light-gathering capability. The IGZO was a potential 

NO2 gas sensor that could operate at room temperature (22–24 oC) with excellent 

performance48. As discussed in Chapter 2, the IGZO devices with interdigitated electrodes 



68 
 

 
 

 

(IDEs) were fabricated. Subsequently, the devices were treated with oxygen plasma to 

enhance their wettability such that adhesion to perovskites was improved after spin coating. 

The perovskites spin-coated (PSC) on IGZO IDEs to devise a PSC/IGZO heterojunction 

sensor (Figure 4.1a). The CPD on the surface of PSC/IGZO device layers was measured 

using the KPFM to estimate the work function of the spin-coated perovskite layer and 

IGZO (Figure 4.1b and Figure 4.1c). The optical energy bandgap and ionization energy 

were obtained using UV-Vis and photoelectron spectroscopic techniques, respectively, as 

shown in Figure 4.2. The probable energy band diagrams and band alignments of the 

respective device layers in the stack are illustrated in Figure 4.1d–Figure 4.1f. Figure 4.1d 

also indicates that the Fermi level of CH3NH3PbBr3 is close to the homo level, indicating 

that it is a p-type semiconductor. At the same time, the fermi level of IGZO is close to the 

conduction band indicating that it is an n-type semiconductor. Hence, in the absence of 

light, the interface between perovskite and IGZO forms a p-n heterojunction with a certain 

built-in potential. 
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Figure 4.1 a) Schematic depicting the device layers of the fabricated heterojunction sensor (floating view of 

device layers). KPFM images of b) CH3NH3PbBr3/IGZO and c) IGZO showing the contact potential difference 

(CPD). d) Band-level diagram of the individual active device layers indicates that the CH3NH3PbBr3 perovskite 

is a p-type semiconductor, and IGZO is an n-type. e) Probable band alignment of the device forming a p-n 

heterojunction at the interface, the photo-generated carrier generation due to the light illumination, and carrier 

separation due to heterojunction. f) Band alignment of perovskite and IGZO with the metal electrodes. g) 

Schematic illustration of the fabricated device under the light in the test setup. h) Current-voltage characteristics 

of devices under dark and blue light. i) Generated open-circuit voltage (VOC) under the blue LED (450 nm) 

illumination (650 mW/cm2), indicating the stability of the fabricated sensor in the nitrogen ambiance. 
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Figure 4.2 a) Tauc plot obtained from the absorbance spectra of CH3NH3PbBr3/SiO2 device to derive the 

optical band gap (~2.23 eV). b) Photo electron spectrum of CH3NH3PbBr3/SiO2 device showing the 

ionization energy ~5.7 eV. c) Tauc plot obtained from the absorbance spectra of the IGZO/SiO2 device to 

derive the optical band gap (~3.5 eV). d) Depiction of the work function of device layers derived from the 

surface CPD measured using KPFM. 
 

The devices were electrically characterized in the dark and in the blue-LED light 

(450 nm, 650 mW/cm2), as illustrated in Figure 4.1g, the current-voltage (I-V) 

characteristics are shown in Figure 4.1h. Due to the device structure and properties of 

materials, there would be a generation of charge carriers at the perovskite crystals and 

IGZO interface in the presence of light 116. Consequently, the built-in potential generated 

at the interface aids in diffusing holes to the perovskite and the electrons to the IGZO 

because of the band alignment, as illustrated in Figure 4.1e. The difference in the work 

function of the electrodes and electron affinities at the interface of IGZO and perovskite 

with electrodes results in a small Schottky barrier, as depicted in Figure 4.1f. The built-in 

VOC due to the heterojunction restricts the recombination of photo-generated charge 
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carriers to some extent 117. Figure 4.1h shows ~103 differences in the current between dark 

conditions and in the presence of light due to photo-generated carriers. As shown in Figure 

4.1I, the VOC of devices (~64.5±0.1 mV) was observed to be stable for a long time under 

constant light illumination in the presence of nitrogen. 

 
Figure 4.3 a) Scanning electron microscopic image (top view) shows the coverage of CH3NH3PbBr3 

perovskites on the IGZO thin-film near the electrodes(Au/Ti); inset shows the microscopic image of the 

fabricated device (top view). b) Transient response showing the variation in VOC proportional to NO2 

concentration; the concentration of the gas is ramped up from 0.5 ppm to 5 ppm after every 5 min. c) 

Repeatable transient response to the 0.5 ppm of NO2 gas; arrows indicate the time of NO2 gas injection. d) 

Transient response of PSC/IGZO sensor to various humidity levels. e) Stability of VOC in the presence of air 

and its response to NO2 gas in the synthetic air ambiance. f) Comparison of the device’s responses to humidity 

and NO2 gas, indicating the cross-sensitivity of the sensor. 

Figure 4.3a and a microscopic image of the device in the in-set indicate the 

coverage of perovskite crystals’ near the electrode interface and over the IGZO surface 

after the spin coating. The fabricated PSC/IGZO sensors were characterized in the presence 

of different toxic gases and under light illumination, and they have shown relatively higher 

sensitivity to NO2 gas (Figure 4.4f). The devices were tested in NO2 gas ambiance, where 

gas concentration is from 0.5 ppm to 5 ppm, and for every experiment, gas was injected 

for 5 minutes into the chamber. As shown in transient measurement (Figure 4.3b), the VOC  
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was modulated with the varying NO2 concentration. Interestingly, devices exhibited a 

repeatable response, and they were reproducible, which is essential for use as a sensor 

(Figure 4.3c). To understand the role of materials and mechanism in the VOC change, the 

change in capacitance and the resistance (C-R) of devices were measured in the presence 

of NO2 gas (Figure 4.4). The devices with individual layers of PSC and IGZO were 

deposited on SiO2 separately to study the individual device layer's influence on the sensory 

response. Interestingly, in PSC/SiO2 devices, the trend of increase in capacitance and the 

decrease in resistance was observed, with an increasing concentration of NO2 gas only 

when light is ON. A similar trend was also observed in the case of PSC/IGZO devices. In 

the case of IGZO/SiO2 devices, it was discussed that the conductivity was increasing with 

the increasing NO2 concentration, as discussed in previous chapters. The study of C-R 

characteristics clearly shows that the resistance of PSC/IGZO devices was increased due 

to the perovskites p-type behavior 118. This also indicates that the reactivity of perovskites 

dominated these devices. Moreover, macroscopically, the change in carrier concentration 

induced by the NO2 gas is reflected in the change in VOC of PSC/IGZO devices (Figure 

4.3b and Figure 4.3c). Figure 4.3b also showed an increase as well as a decreasing trend of 

VOC in the presence of NO2 gas, which suggests that both perovskites and IGZO are 

sensitive to NO2. IGZO/SiO2 devices have shown a change in capacitance even in dark 

conditions, unlike PSC/SiO2 devices. The decrease in charge carrier density in IGZO is due 

to the depletion of charge carriers in IGZO thin-film that resulted in a decrease in 

capacitance of IGZO devices (Figure 4.4c) in contrast with the PSC/SiO2 devices. 

Additionally, we characterized PSC/IGZO devices in the presence of humidity (Figure 

4.3d) and in synthetic air (Figure 4.3e). Devices have shown response to humidity because 
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of hybrid halide perovskites sensitivity to humidity 119. As shown in Figure 4.3f, 

PSC/IGZO devices have shown responsivity to both NO2 gas and humidity, which is 

undesirable for gas sensors. The response of sensors to NO2 was still comparable, even if 

the tested NO2 concentration (a few ppm) was smaller than the water concentration (ppm 

in the thousands). However, the reactivity of the perovskite-based devices in the humidity 

and oxygen is a significant hurdle in employing perovskites for sensing applications. To 

our knowledge, getting better at perovskite-based sensors through overcoming the cross-

sensitivity issue has never been addressed before.  

 

 

 

Figure 4.4 Capacitive response of a) PSC/SiO2 (light and dark), b) PSC/IGZO (in light), c) IGZO (in dark) 

devices. The resistive response of d) PSC/SiO2 e) PSC/IGZO devices. f) Selectivity study of PSC/IGZO 

devices. 
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4.3.2. Overcoming the cross-sensitivity of hybrid perovskites 

To overcome the cross-sensitivity issue, there is a need to eliminate the dominant 

perovskites from the sensing functionality and restrict them only to the harvesting 

functionality. The design strategy of making IGZO dominant in sensing functionality could 

also enhance the selectivity of devices to NO2. To control the adsorption dynamics on the 

device and address the cross-sensitivity issue, we investigated the passivation through the 

PC as an additional device layer. As discussed in Chapter 3, PC is compatible with the 

process flow of IGZO, and conformal coatings were performed to make the sensor surface 

inactive. It has been observed that PC-passivated IGZO-based sensors are not reactive to 

NO2 
48-49. 

Similarly, PSC/IGZO devices were passivated with a PC coating of 5-m thick to 

fabricate PC/PSC/IGZO devices. The floating view of device layers is shown in Figure 

4.5a. The x-ray diffraction (XRD) pattern revealed that perovskites’ crystallinity was not 

disturbed before and after PC passivation (Figure 4.5b). The PC layer after deposition was 

found to be crystalline-amorphous, as depicted in the XRD diffractogram of PC (Figure 

4.5c). The peak maxima at 2 ~14.6o attributes to the monoclinic unit cell (020), and the 

following broad peak corresponds to the amorphous part of crystalline-amorphous PC 120.  

The transmittance spectra of deposited PC thin-film showed ~ 100% transmittance, 

indicating film is transparent in the visible region, as seen in Figure 4.5d. Therefore, the 

absorbance of the PC/PSC/IGZO device was not disturbed due to PC deposition and almost 

the same absorbance as PSC/IGZO devices in the visible region, as shown in absorbance 

spectra (Figure 4.5e). The photoluminescence spectra (Figure 4.5f) also indicate that the 

optical properties of the perovskite crystals were also undisturbed due to PC passivation. 
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Figure 4.5 a) Schematic of the PC-coated heterojunction sensor. b) X-ray diffraction (XRD) diffractogram 

showing the spectra of hybrid perovskite without and with PC passivation. c) XRD diffractogram of PC 

showing the crystallinity of the deposited thin-film. d) Transmittance of PC thin-film. e) Absorbance spectra 

of IGZO, before and after PC-passivated perovskite-coated IGZO thin-films. f) Photoluminescence spectra 

before and after PC-passivated perovskite-coated IGZO thin films. 

The optical microscopic and cross-sectional SEM images of the PC/PSC/IGZO 

device are depicted in Figure 4.6a and Figure 4.6b, respectively. We tested the performance 

of the PC/PSC/IGZO devices in the ambiance of NO2 gas and humidity. The passivated 

devices have not exhibited VOC change upon introducing NO2 gas in the test chamber 

(Figure 4.6c). However, they exhibited a response to the humidity (Figure 4.6d). On the 

positive side, the sensitivity to humidity was significantly minimized compared with the 

non-passivated PSC/IGZO devices (Figure 4.6e). We also tested the capacitance (Figure 

4.6f) and resistance (Figure 4.6g) of PC-coated SiO2 IDE devices, and we found that PC 

slightly adsorbed water at higher levels of humidity. We hence observed reduced 

responsivity to humidity and NO2 gas in PC/PSC/IGZO devices. In other words, these 

passivated devices can be used as reference sensors in sensing systems for calibrating or 
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correcting the change in VOC due to humidity and light in the case of PSC/IGZO devices 

to detect NO2 gas. 

 
Figure 4.6 a) Microscopic image and b) cross-sectional SEM image of the PC/PSC/IGZO devices. Response 

of PC/PSC/IGZO devices in the presence of c) NO2 gas and d) humidity. e) Comparison of VOC response 

between non-passivated PSC/IGZO devices and passivated PC/PSC/IGZO devices. f) Capacitance and g) 

resistance response of PC/SiO2 IDEs in the presence of humidity. 

4.4. Light-harvesting and selective NO2 detection – HPC/HPSC/IGZO 

sensors 

 
Figure 4.7 Process flow to fabricate HPC/HPSC/IGZO device; each step is self-explanatory, as depicted in 

the schematic. 
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We strategically developed a novel fabrication process to improve the sensors’ 

selectivity toward the NO2 gas by separating the sensing and light-harvesting parts. The 

detailed fabrication process flow is outlined in Figure 4.7 and described in the experimental 

section. In this novel device configuration, half of the sensor is PC/PSC/IGZO, called the 

harvesting part, and the other half is undisturbed IGZO, which is the sensing part of the 

sensor. The whole sensor is named HPC/HPSC/IGZO since it comprises half PC-

passivated perovskites and half spin-coated perovskites over the IGZO IDEs. Figure 4.8 

depicts a top-view SEM image and a magnified view of devices, with the device schematic 

of the HPC/HPSC/IGZO sensor illustrated in Figure 4.8c. 

 
Figure 4.8 a) Top-view SEM image of the HPC/HPSC/IGZO device. b) Magnified view of the harvesting 

part showing the patterns of electrodes and undulations due to the presence of perovskite crystals. c) 

Schematic of the HPC/HPSC/IGZO device. d) Cross-sectional view of the interface of the harvesting part 

and the sensing part. 

The devised HPC/HPSC/IGZO devices were tested in the presence of toxic gases 

similar to the PSC/IGZO devices. As per the design expectation, devices have shown a 

high responsivity toward NO2 gas. An increasing NO2 concentration (0.25 ppm to 5 ppm) 

resulted in the increase in VOC of devices, as shown in Figure 4.9a. The experimental LOD 
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of this novel configuration was found to be 250 ppb. The main aim to adopt this 

configuration has been achieved, where the cross-sensitivity of devices to humidity was 

drastically minimized through perovskites passivation. Figure 4.9b shows the enhanced 

responsivity of devices toward NO2 gas compared to the high humidity levels. The 

response of PSC/IGZO and HPC/HPSC/IGZO devices in the presence of various toxic 

gases and humidity are compared in Figure 4.9c. It is evident that devices with novel 

configurations were remarkably sensitive and selective to the NO2 gas. The selectivity was 

obtained by restricting perovskite to perform harvesting only and through making IGZO 

dominant in sensing functionality. The IGZO dominance in senses can be further confirmed 

from the C-R response of the HPC/HPSC/IGZO devices, as shown in Figure 4.10, since 

the resistance of IGZO devices is known to increase with an increase in NO2 gas 48. 

 
Figure 4.9 a) Transient response showing the variation in VOC proportional to NO2 concentration; the 

concentration of the gas is ramped up from 0.25 ppm to 5 ppm of NO2 gas; arrows indicate the moment of 

gas injection. b) Response comparison of devices in the presence of NO2 gas and humidity indicates that the 

cross-sensitivity issue is eliminated in the HPC/HPSC/IGZO device configuration. c) Response comparison 

of devices (PSC/IGZO and HPC/HPSC/IGZO) in the presence of various toxic gases. d) Repeatable transient 

response to 0.5 ppm of NO2 gas; arrows indicate the time of NO2 gas injection. e) Transient response of 
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HPC/HPSC/IGZO sensor to various humidity levels and NO2 gas in the presence of humidity. f) Transient 

response of HPC/HPSC/IGZO sensors to NO2 gas in the synthetic air ambiance. 

The devised configuration resulted in enhancing both sensitivity and selectivity of 

the gas (Figure 4.9c.) due to the sensing properties of IGZO. The error bar in these results 

is the standard deviation in the responsivity of at least three devices; a small deviation in 

the responsivity of devices indicates that devices are reproducible. The devices also 

exhibited repeatable sensing properties, which were tested in the presence of 0.5 ppm of 

NO2 gas (Figure 4.9d). The devices were also simultaneously tested in a mixture of NO2 

and humidity. Interestingly, devices displayed a higher response to NO2 even in the 

presence of humidity (Figure 4.9e). To further evaluate the robustness of devices, we tested 

devices in the presence of synthetic air (O2: 20%–22%, N2:78%–80%). The devices 

exhibited an excellent response (Figure 4.9f) in the air, without much variation in 

sensitivity compared to the ambiance of N2 gas. The air stability of the devices after 

fabrication is quite essential for real-time applications, which also indicates the durability 

of the sensors. These devices, after testing, were stored in Petri-dishes and in ambient air 

(23 oC, 40% RH). 

 
Figure 4.10  Capacitive response of HPC/HPSC/IGZO. b) Resistive response of HPC/HPSC/IGZO devices. 

Arrows indicate the moment of gas injection. 
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Figure 4.11 Repeatable transient response of HPC/HPSC/IGZO device to 1 ppm of NO2 gas after 100 days 

of storage after testing the device. Arrows indicate the time of NO2 gas injection. 

After 100 days, the devices still exhibited a response to NO2 (1 ppm) similar to the 

as-fabricated devices (Figure 4.11), signifying that HPC/HPSC/IGZO devices are durable 

and stable in air. The experimental results provide insights into the working mechanism of 

HPC/HPSC/IGZO sensors. The testing and the brief operating mechanism are illustrated 

in Figure 4.12, with the sensing mechanism depicted through a series of schematics, as 

shown in Figure 4.12b–e. There was no VOC generation (VOC = 0) in the absence of light, 

and this lack of voltage generation was also observed through the C-R characteristics 

(Figure 4.4). In contrast, due to the built-in potential at the heterojunction of PSC/IGZO, 

the VOC was observed in the presence of light. As per the p-n junction theory, the built-in 

potential (Vbi) can be estimated through Equation 4.1, T is the absolute temperature; where 

k is the Boltzmann constant; q represents the electron charge; ND
IGZO

, NA
PSC denote the 

excess carrier density generated in IGZO (donor) and perovskite thin-film (acceptor), 

respectively; and Ni is the intrinsic carrier density. Vbi is known to be dependent on the 

initial and photo-generated carrier densities (excess carrier density) 117. 
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Vbi =
kT

q
ln(

ND
IGZO∗NA

PSC

Ni
IGZO∗Ni

PSC)  (4.1) 

The C-R characteristics of HPC/HPSC/IGZO (Figure 4.10) revealed that the IGZO 

in the sensing part plays a crucial role in varying VOC. This is because the resistance of the 

device decreases with an increase in NO2 concentration, which is similar to the trend 

observed for NO2 gas-sensing by n-type semiconductors such as IGZO 49, 121. Moreover, 

the perovskites were passivated through PC, and their use was restricted only to harvesting 

light. The IGZO in the sensing part was exposed to NO2 gas, and NO2 molecules were thus 

adsorbed on the surface of the sensing part. The depleted charge carriers from the sensing 

part of IGZO can be treated as a decrease in the intrinsic carrier density of IGZO. Hence, 

from Equation 4.1, we can posit that a reduction in the charge carrier density of IGZO is 

the root cause of the increase in VOC with an increase in NO2 concentration (Figure 4.9a) 

since there is a positive correlation between Vbi and VOC. Thanks to IGZO’s role in the 

sensing part, HPC/HPSC/IGZO devices’ selectivity was enhanced. Based on all of the 

aforementioned experiments, we can conclude that HPC/HPSC/IGZO devices are robust, 

highly sensitive, highly selective, repeatable, reproducible, and most importantly, self-

powered sensors to detect NO2 gas in the air and even in the presence of humidity. In 

addition, the performance of devices is superior compared to state-of-the-art self-powered 

NO2 sensors (Table 4.1). In conventional gas-sensing systems, the sensors’ output is 

usually converted into proportional voltage signals using signal-conditioning circuits. In 

these self-powered sensors, each sensor’s output is a voltage signal without any additional 

readout circuits. 
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Table 4.1- Comparison of state-of-the-art self-powered NO2 gas sensors. 

Device type Active materials Sensitivity 

(per ppm) 

Selectivity LOD 

(ppm) 

Operating 

condition 

Ref. 

TEa) AIMSb) 4% Good - RT c) 122 
TENG d) SMO NPs e) - Poor 1 RT 123 

TE & PV f) ZnO nanowires 30% - 10 UVg), RT 124 

TE & PV ZnO nanowires - Good 16.8 UV, RT 125 
PV  CNTh)-SiNWi) 4.5% - 10 Vis, RT 126 

PV p-SiNWs + n-ITOj) 75% - 0.1 RT 127 

PV CsPbBr2I
k) 2% Poor 10 RT 101 

PV 2D g-C3N4
 l)/GaNm) nanorods - 

HSn) 

7.8% Poor 0.5 UV, RT 128 

PV WSe2
o)/WS2

p)
 - HS 17.8% Poor 10 Vis, RT 100 

PV TMPDq) + OPVr) cell 1.39% Avgs) 0.27 Vis, RT 92 

PV FMCPIBt) 2% Avg 0.2 Vis, RT 129 

PV CH3NH3PbBr3 + InGaZnO - 

HS 

127.2% Good 0.25 Vis, RT This 

work 

Abbreviations: a)(triboelectric); b)(alveolus-inspired membrane sensor); c)(Room temperature); d)(Triboelectric nanogenerator); 

e)(Semiconducting metal-oxide nanoparticles); f)(Photovoltaic); g)(Ultraviolet light); h)(Carbon nanotube); i)(Silicon nanowires); j)(Indium 
tin oxide); k)(cesium lead bromoiodide); l)(graphitic carbon nitrides); m)(Gallium nitride); n)(Heterostructure); o)(Tungsten diselenide); 
p)(Tungsten disulfide); q)(N,N,N′,N′-tetramethyl-p-phenylenediamine); r)(organic photovoltaic); s)(Average (explored for a limited 

number of gases)); t)(FA0.80MA0.15Cs0.05PbI2.55Br0.45); 

 

 
Figure 4.12 a) Schematic illustration of the testing and working mechanism of HPC/HPSC/IGZO sensors in 

the simulated test chamber. Series of schematics depicting the hypothesized working mechanism of sensors: 

b) cross-section of HPC/HPSC/IGZO without light illumination; c) electron-hole generation in the harvesting 

part of the sensor under light, resulting in the VOC generation; d) variation of VOC proportion to the 

concentration of NO2, due to the depletion of charge carriers in the sensing part; and e) recovery of the device 

in the presence of light. 
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4.5. Summary 

The design, realization and characterization of a self-powered p–n 

heterojunction sensor using a synergetic combination of hybrid halide perovskites 

(CH3NH3PbBr3) and IGZO thin-films with excellent NO2 sensing properties were 

discussed in this chapter. The IGZO IDEs using a CMOS-compatible approach were 

fabricated and deposited a novel bilayer of perovskite to devise a p–n heterojunction 

sensor. The developed sensor makes use of the advantages of perovskite’s 

photosensitive properties and IGZO’s sensing properties. Furthermore, the strategic 

development of the sensor configuration to address cross-sensitivity issues due to 

the perovskites were discussed. First, the VOC generation in the PSC/IGZO sensor 

was discussed, and investigated the dominant role of perovskites in the sensing 

functionality. Second, the PC thin film as an additional layer to curb the sensor’s 

cross-sensitivity was explored. PC is both transparent in the visible spectrum and 

compatible with the employed material system. Subsequently, HPC/HPSC/IGZO 

heterojunction sensors were fabricated, and these sensors exhibited remarkable 

sensitivity (127.2% per ppm), selectivity, and repeatability without compromising 

their self-powering capability. The experimental LOD of the sensor is 250 ppb. The 

devices were tested in a simulated real-time environment, such as in the presence of 

synthetic air and humidity. The sensors’ performance in harsh environments is also 

remarkable, which highlights the robustness of our devices. Self-powered gas 

sensors find their applications in developing futuristic self-sustainable sensing 

systems.  
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5. Conclusion and Future Work 

5.1. Conclusion 

One of the measures to control pollution is the extensive monitoring of pollutants, 

which requires ubiquitous toxic gas sensors and sensing systems. Existing SMO gas 

sensors are highly power-hungry due to their high operational temperatures. This thesis 

addressed the solutions for developing highly sensitive, selective, and robust gas sensors 

and sensing systems with minimum power consumption. The objective was achieved 

through the devising room-temperature operable TFT-based toxic gas sensors, and fully 

integrated sensing systems to sense and quantify NO2 gas with minimal power 

consumption. In addition, novel self-powered sensors were realized to simultaneously 

harvest the light and detect NO2 gas to eliminate the need for power to operate toxic gas 

sensors. 

First, using a CMOS-compatible approach, we indigenously fabricated an IGZO 

TFT with excellent electrical characteristics. The device design was chosen for a dual 

purpose, it can be used as a toxic gas sensor with a high active area, and it can be used as 

a conventional transistor. As per the design expectation, the room-temperature operable 

NO2 gas sensor demonstrates excellent sensitivity, selectivity, and robustness. Unlike 

existing SMO-based gas sensors, in our design visible light activation is required only to 

revive the sensor after exposure to NO2. We discussed the mechanism of operation with 

comprehensive gas-sensing characterization of IGZO TFT sensors. 

Second, we devised IGZO-based compact and fully integrated gas detectors to 

simultaneously sense and quantify gas concentrations. The developed IGZO microsystems 

detect ambient NO2 gas and generate a digital output that is proportional to ambient gas 
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concentrations without any additional signal-conditioning circuits and ADCs. We created 

two types of GSDIs that differ in their mode of operation and circuitry design. These 

systems are compact and scalable up to n-bit resolution, and they pave the way for portable 

systems to realize various gas-sensing applications for smart cities and sustainable 

ecosystems. 

Furthermore, using IGZO devices, we created self-powered devices that do not 

consume power for their operation. The main objective of designing such devices is to 

achieve the following: the harvesting of ambient light for their operation, selectivity, and 

stability under extreme gas-sensing conditions. To achieve this objective, we developed a 

heterojunction NO2 sensor using organo-metal-halide perovskite (CH3NH3PbBr3) as an 

active material to harvest light and IGZO as a thin-film to sense NO2 gas selectively. 

Combining the excellent photoelectric properties of perovskites and the remarkable gas-

sensing properties of IGZO at room temperature, the devised sensors generate VOC and 

modulate according to the ambient NO2 concentration. The major challenge in devising 

self-powered gas sensors is to attain harvesting capability and selectivity simultaneously, 

owing to perovskites reactivity in the presence of oxygen and humidity. We adopted a 

novel approach to fabricate a heterojunction sensor using PC as an additional layer to curb 

the cross-sensitivity and enhance the selectivity of the sensor. The sensor exhibits 

remarkable sensitivity (127% per ppm), repeatability, and a non-degradable response at 

room temperature, under extreme humidity conditions (up to 80% RH), and in synthetic 

air. Moreover, the devices are still sensitive and stable in the air 100 days after fabrication 

and testing. 
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5.2. Future work 

5.2.1. Realization of gas-sensing system prototype  

This thesis paves the way for the development of NO2 sensors and sensing systems. 

The next step is to commercialize IGZO-based sensing systems with the inclusion of 

calibration and drift correction features. System reliability must also be enhanced through 

hardware interfacing without compromising the power consumption. Although the 

developed sensors are both selective to humidity and robust, IGZO-based reference sensors 

should be utilized to detect changes in humidity for accurate monitoring. The additional 

humidity-sensitive bilayer should be explored for sensitive detection of humidity changes. 

Furthermore, self-powered sensor-based systems require a reference sensor for ambient 

light corrections. In this thesis, parylene-coated PSC/IGZO sensors were created for use as 

reference sensors for ambient changes. However, modules and methodologies for self-

calibration must be developed. These building blocks should be integrated for a self-

sustainable system. 

Our group has demonstrated a self-powered weather station (SPWS) designed to 

form a dense network of meteorological observations at KAUST within an urban setting 

using state-of-the-art technology.130 SPWS can harvest energy and decode information 

using solar cells and is controlled by a programmable system-on-chip. A series of 

experimental demonstrations have shown the versatility of the proposed design to operate 

autonomously. Atmospheric conditions at each station will be measured, transmitted to a 

central facility, and made available to users at a very high update frequency in the order of 

minutes. These features will provide a solid foundation for long-term monitoring, research, 
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and applications focused on urban-atmosphere interactions that could benefit a wide range 

of end-users. 

The SPWS is equipped with multiple sensors to measure temperature, relative 

humidity, pressure, dust, and wind speed. The system also contains a set of commercial gas 

sensors to monitor various gas concentrations in the atmosphere, such as carbon dioxide 

(CO2), carbon monoxide (CO), ammonia (NH3), hydrogen (H2), and methane (CH4). 

Visible and infrared (IR) light sensors are equally installed. With the aim to test our self-

powered NO2 gas sensors, we are planning to deploy them on these weather stations. This 

kind of deployment allows us to test these sensors under ambient conditions and monitor 

its response with the changes in light conditions and temperatures. The self-powered 

sensors are compatible to integrate with system-on-chip, which is present on SPWS. The 

SPWS temperature and light sensors can be used as a reference for the ambient condition 

changes. 

5.2.2. Development of IGZO electronic nose 

The development of an electronic nose requires gas-sensing array using an IGZO 

TFT as a sensing platform will be another potential milestone for gas-sensing applications. 

IGZO can be used as the channel layer of a TFT and to employ additional active layers that 

make devices sensitive to other interferon toxic gases, such as CO, SO2, NH3, and H2S. As 

discussed in Chapter 1, IGZO possesses a relatively strong capacitive coupling effect. This 

effect makes it sensitive to an additional charge on the channel surface when it is employed 

as a channel layer. 

 



88 
 

 
 

 

To realize all-oxide sensing array, we propose fabricating p-n heterojunction 

sensors with the IGZO sensing platform. The p-type SMOs, such as SnOx and NiO, have 

compatible band alignments with IGZO to fabricate a p-n heterojunction device. The p-n 

heterojunction-based gas sensor 131 also provides an opportunity to sense other toxic 

pollutants and might offer the chance to avoid using LED for revival, which is essential, as 

discussed in the case of IGZO sensors. Moreover, compatible process flow to fabricate the 

p-n heterojunctions with IGZO TFTs can lead to the development of an all-oxide gas-

sensing array. The challenges in achieving this oxide-gas-sensing array are the 

optimization of stable NiO and SnOx through controlling the oxygen flow rates and the 

annealing temperature. The optimized process should not affect the underlying IGZO thin-

film. This all-oxide gas-sensing array with integrated digital indicators paves the way for 

the fabrication of a complete gas-sensing system to measure toxic pollutants. 

5.2.3. IGZO sensing system for breath analysis 

Breath analysis is a non-invasive technique to detect pathological biomarkers. Volatile 

organic compounds (VOCs) will be released either due to pathological disorders or even 

due to certain metabolic activities within the human organism. The quantification and 

identification of such biomarkers is a driving force for future medical diagnostics and 

personalized health monitoring devices. Breath analysis can be carried out in various breath 

tests; for instance, childhood asthma can be diagnosed through the detection of nitric oxide 

in exhaled air 132, and lung cancer can be diagnosed through the detection of VOCs from 

the breath 133. Hence, IGZO sensing systems, through the exploration of bilayers to detect 

VOCs of interest, can be used to build a novel hand-held breath analysis monitor.  
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