
ABSTRACT 

PATIL, NISHAD. Photoelectrocatalytic Sensor for Volatile Organic Compounds using 

Indium Gallium Zinc Oxide Thin Film Transistor. (Under the direction of Dr. John F. Muth.) 

 

Thin film gas sensors based on semiconducting metal oxides (SMO) have been 

researched extensively on account of their advantages of high sensitivity, ability to be 

integrated into microarrays and simple measurement and fabrication methods. However the 

gas/SMO interaction is not substantial at room temperature, hence SMO gas sensors typically 

operate at temperatures between 200°C-400°C which increase the power consumption and 

make them unsuitable for flammable gas detection.  

By employing a novel technique of photoelectrocatalysis a phenomenon in which the 

gas/SMO reactions are activated by photoillumination of the semiconductor, room 

temperature gas sensing can be realized and by using TFT based gas sensors, field effect can 

be used to control and optimize the sensor performance. This work was aimed at 

investigating the photoelectrocatalytic properties of amorphous Indium Gallium Zinc Oxide 

(a-IGZO) Thin Film Transistors (TFT) for detection of Volatile Organic Compounds (VOC). 

TFTs with a-IGZO as semiconducting material fabricated by Pulsed Laser Deposition 

at room temperature showed good DC transfer characteristics and output characteristics with 

a threshold voltage of Vth ~2V, Ion/off  ratios >10
7
, subthreshold swing of S ~250 mV/decade.  

This work reports for the first time the photoelectrocatalytic sensing of a VOC on 

IGZO. The a-IGZO TFT gas sensor showed instantaneous sensitivity to acetone, a volatile 

organic compound. The mechanism underlying the photoelectrocatalytic reaction of acetone 

on IGZO is explained. Various factors influencing the sensitivity of the a-IGZO TFT gas 

sensor to acetone, such as humidity, UV illumination, gate bias, material composition, 



contacts and substrate/gate dielectric stack were studied to optimize the performance of the 

sensor.  

In addition to the sensing of acetone, persistent shifts of the threshold voltage were 

observed for devices illuminated with UV light. UV illumination induces a substantial 

decrease in the threshold voltage Vth and an increase in the off current Ioff upon illumination 

and the significant Vth decrease is found to take >24 hr to return to the initial state after 

switching off the UV light. It was seen that the change in the threshold voltage had a 

logarithmic dependence on the time of UV illumination of the TFT.  The logarithmic 

dependence of the threshold voltage change is consistent with charge trapping effects at the 

semiconductor/dielectric interface. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview 

There is an increasing demand for compact and accurate gas sensors in the growing 

markets which include automotive and aerospace industry [1], hazardous gas alarms, process 

(food industry) control [2] and medical diagnosis [3]. Within these domains there are 

currently needs for the following three broad categories of gas monitoring:  

(i) For oxygen, in connection with the monitoring of breathable atmospheres and for 

the control of combustion processes (boilers and internal combustion engines).  

(ii) For flammable gases in air in order to protect against the unwanted occurrence of 

fire or explosion.  

(iii)  For toxic gases in air, where the need is to monitor concentrations around the 

exposure limits.  

For the detection of flammable and toxic gases in house and industry, Solid state gas sensors 

are the most commonly used [4]. The idea of using semiconductors as gas sensors leads back 

to 1953 when Brattain and Bardeen first reported the gas sensitivity of Ge. Seiyama et al. 

reported gas sensing on metal oxides in 1962 using ZnO. Tagauchi commercialized metal 

oxide semiconductor based sensors and started their large scale production in the year 1968 

[5]. Since then, sensors based on many metal oxides such as SnO2, TiO2, ZnO and WO3 have 

been researched and developed [6,7]. Till date three major types of solid state gas sensors 
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have been commercialized in large scale use, namely potentiometric sensors based on solid 

electrolytes, pellistor based on catalytic combustion and resistive sensors based on 

semiconducting metal oxides. 

An ideal gas sensor needs to exhibit high sensitivity and selectivity, stability, rapid 

response and recovery times at reasonable cost. In addition to these, it should also consume 

low power, be compact and portable and should be durable. Among the various types of solid 

state gas sensors, semiconducting metal oxide (SMO) gas sensors have advantages over the 

others because of their high sensitivity, lower cost, long life, miniaturization and ability to be 

integrated into micro arrays along with simplicity of design and operation. However due to 

non-specificity to chemical interaction which leads to the response signal, SMO gas sensors 

suffer from poor selectivity limiting widespread application. These sensors also typically 

have to be operated at high temperatures of 200°C-400°C to ensure rapid kinetics [8]. This 

requires incorporation of a heating element which makes SMO gas sensors unsuitable for 

detection of flammable gases and affects device portability along with high power 

consumption. Several approaches are investigated to realize the operation of these sensors at 

room temperature. These include use of novel semiconducting materials [9], 

photoillumination [10] and field effect [11]. 

One very important application of solid state gas sensors is detection of Volatile 

Organic Compounds (VOC). VOCs are typical gaseous emissions from numerous industries. 

Their release represents the main source of pollution in confined atmospheres and poses 

various hazards to human health and environment [12]. Both short term and long term 

exposure to VOCs can cause different ailments to human health. Therefore a great deal of 
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interest in investigating materials and developing sensors for VOC detection is currently 

increasing [13]. 

In 1983 Manolis reported diagnostic potential of breath analysis in medical 

applications, citing roughly 200 compounds, mostly VOCs, present in the breath of normal 

human patients. He highlighted that breath monitoring can be used to assess overall 

metabolism, dieting efficacy, renal and hepatic health, ovulation, diabetes and/or the 

presence of various genetic disorders.[14] 

Conventionally Photoionization Detectors (PID) are used for the purpose of detection 

of VOCs. Typically PIDs can detect volatile organic compounds and other gases in 

concentrations from sub parts per billion (ppb) to 10000 parts per million (ppm) [15]. 

Though PIDs have been popular in industry for gas detection they are bulky and are 

expensive for personal use. Therefore there is a potential need in the market for a wearable 

environmental sensor that can serve the purpose of breath as well as environment exposure 

monitoring. For such an application, highly selective sensors which are compact and 

portable, which can operate at room temperature and consume little power, would be useful.  

 

1.2 Goal of Dissertation 

A novel method to realize room temperature gas sensing is Photoelectrocatalysis 

(PEC) a phenomenon in which chemical interaction between the gas and the semiconducting 

surface is activated by shining UV light on the semiconductor surface. When UV light with 

the photon energy larger than the band gap energy of the semiconducting material is incident 

on the semiconducting surface, the charge carriers created at the surface of the semiconductor 

http://en.wikipedia.org/wiki/Volatile_organic_compound
http://en.wikipedia.org/wiki/Parts-per_notation
http://en.wikipedia.org/wiki/Parts-per_notation
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lead to chemical interactions between the VOCs adsorbed on the surface which result in a 

response signal. Photoelectrocatalysis has been employed for the degradation and treatment 

of VOCs [12] and pollutants [16] but very few works have reported this technique for 

detection and sensing purpose because of the complex nature of the chemical reactions. 

In this dissertation the photoelectrocatalytic properties of a novel semiconducting 

oxide Indium Gallium Zinc Oxide (IGZO) is investigated for the first time. This material was 

first introduced by Nomura et al. and has attracted the attention of researchers due to its high 

electron mobility in amorphous form [17]. Though most of the research has been focused on 

the use of IGZO as Transparent Thin Film Transistors (TTFT) for display applications, there 

have been reports of them being sensitive to bias stress and ambient environmental 

conditions [18][15]. Kang et al. recently suggested IGZO as a potential sensor material at 

room temperature owing to its strong response to oxygen [19]. 

This dissertation investigates the photoelectrocatalytic properties of amorphous 

Indium Gallium Zinc Oxide (a-IGZO) Thin Film Transistors (TFT) for detection of VOCs. In 

this work a-IGZO TFTs fabricated by Pulsed Laser Deposition (PLD) are tested for PEC 

sensing of VOCs in a controlled environment.   The photoillumination effects on a-IGZO 

TFTs are also studied. A mechanism for the sensitivity of acetone on a-IGZO has been 

suggested. Various factors influencing the performance of the TFT gas sensor such as 

humidity, UV illumination, gate bias, material composition, contacts and substrate/gate 

dielectric stack are also investigated.  
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CHAPTER 2 

BACKGROUND 

 

This chapter discusses the principles underlying the gas sensing of semiconductor gas 

sensors. Adsorption of gases on the oxide surface is discussed in the first section since it is 

fundamentally important for sensors built using metal oxide materials. Emphasis is placed on 

the adsorption of oxygen because most sensors operate in air and oxygen is the dominant 

adsorbed species. The mechanisms where an oxide transforms gas surface interactions into a 

measurable electrical signal for thick and thin films of metal oxide gas sensors are discussed. 

A novel method of room temperature sensing known Photoelectrocatalysis is introduced in 

this chapter. Conventional gas sensors are typically two terminal devices. In this chapter the 

three terminal transistor based sensor is discussed and the metrics to characterize sensor 

performance are outlined. 

 

2.1 Operation of a Semiconductor Gas Sensor  

Semiconductor gas sensors are widely used in the industry because they are cheap 

and easy to fabricate. A semiconductor gas sensor comprises of a semiconducting material 

presenting a high surface to bulk ratio deployed on an insulating substrate between two 

metallic electrodes with a heating element coupled with it. The process of gas sensing by a 

semiconductor device involves two key steps: (i) recognition of a target gas through a gas–

solid interaction also known as adsorption which induces an electronic change of the oxide 
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surface (receptor function) and (ii) transduction of the surface phenomenon into an electrical 

resistance change of the sensor (transducer function) [1]. Reactions involving gas molecules 

can take place at the semiconductor surface to change the density of charge carriers available 

which in turn changes the resistance or conductance of the sensing material. This change in 

the resistance or the conductance can be measured to quantify the concentration of the gas 

present in the surroundings of the sensor.  

 

 

Figure 2-1: Schematic showing difference between surface conductivity and bulk 

conductivity change 

 

The materials most preferred for this application are semiconducting metal oxides 

(SMO) because they present an opportunity for reactions involving molecular chemistry to 

take place on the surface. The understanding of the sensing mechanism of is not 

straightforward because of the complex nature of the reactions and porous polycrystalline 

nature of these SMO materials. Even though gas/solid interaction may be confined to the 

surface layer of atoms, a change in the electric properties of a considerable volume of the 
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SMO can take place. This is due to the change in bulk stoichiometry which cause a change in 

the bulk conductivity of the SMO. In some instances the electrical properties only up to a 

certain depth are altered causing a change only in the surface conductivity of the SMO. This 

is typical of the sensors having high surface to bulk ratio (porous thick film). These behaviors 

are depicted in figure 2-1. 

The effectiveness of semiconductor gas sensors depends on several factors including 

the nature of the reactions taking place at the oxide surface, the temperature, the catalytic 

properties of the surface, the electronic properties of the bulk oxide and the microstructure. In 

the following sections we will discuss the process of adsorption and the mechanisms that 

govern the phenomenon of gas sensing for SMO thick films [1]. 

 

2.2 Adsorption  

Adsorption is the process where a gas molecule gets attached to the surface of a solid. 

The surface coverage due to adsorption of different gases depends on the surface structure, 

and composition of gas molecules. Surface coverage is defined as number of adsorbed 

molecules on a surface divided by the number of molecules in a filled monolayer on that 

surface. The adsorption can take place in different ways. Adsorption can be classified as 

physisorption and chemisorption. 

Physisorption is the type of adsorption in which there is a weak interaction described 

by van der Waals forces between the gas molecule and the surface. In this type of interaction 

the geometrical and the electronic structure of the gas molecule do not change.  
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 Chemisorption is the type of adsorption in which the surface construction is changed 

due to the strong interaction between the adsorbates and the surface during the adsorption 

process, it requires activation energy (e.g.~0.8eV for chemisorption of oxygen on ZnO) [2]. 

Table 2-1: Comparison between physisorption and chemisorption [3]. 

Physisorption Chemisorption 

Intermolecular (Van der Waal)Forces Covalent Bonding 

Low temperature High Temperature 

Low activation Energy (<< 0.5 eV) High Activation energy( > 0.5 eV) 

Low Enthalpy change  

(ΔH < 50kJ/mol) 

Low Enthalpy change  

(50kJ/mol  < ΔH < 800kJ/mol) 

Reversible Reversible at high Temperature 

Adsorbate energy state unaltered Electron density increases at interface 

Multilayer formation possible Monolayer surface coverage 

 

Table 2.1 distinguished physisorption and chemisorption but there is no absolute cut 

off [3]. Intermediate energy adsorption phenomena, such as the formation of hydrogen 

bonds, falls into this gray area. Figure 2.1 depicts the potential curves for physisorption, 

hydrogen bonding and chemisorption. As it can be seen, the chemisorption takes place after 

physisorption, if the corresponding activation energy is applied.  

Ionosorption is a special type of chemisorption in which atoms or molecules are 

ionized through capturing of an electron from the bulk (conduction band) during the 

adsorption process. Therefore ionosorption can be seen as delocalized chemisorption. As a 

consequence of the charge transfers between molecules and surface, the chemical reactivity 

of the molecules, as well as their electronic and geometrical structures, are strongly 
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influenced. Gas sensing applications focus on changes in chemisorbed species as these 

reactions involve measureable changes of the electron density at the surface.  

 

Figure 2-2: Potential diagram for chemisorption, hydrogen bonding and physisorption on the 

surface [4]. 

 

Barsan and Weimar compiled results from a survey of the literature concerning 

oxygen adsorption on SnO2 and correlated the adsorbed oxygen species to temperature [5]. 

Table 2-2 summarizes the temperature ranges associated with each species of oxygen 

adsorption. In the reactions shown in Table 2-2, (g) indicates the gaseous form, (ads) 

indicates the molecule or ions that are adsorbed on a surface and e
-
 is an electron initially in 

the metal oxide. Oxygen interactions with the surface of an oxide are of utmost importance in 

gas sensing. Oxygen is a strong electron acceptor on the surface of a metal oxide. A majority 

of sensors operate in an air ambient; therefore, the concentration of oxygen on the surface is 

directly related to the sensor electrical properties. 
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Table 2-2: Temperature ranges associated with molecular and dissociative oxygen and 

adsorption reactions on SnO2[5]. 

Temperature Range (˚C) Adsorption Reaction (s) 

Room Temp.< T < 175˚C 
2 2( ) ( )O g e O ads

 
2

2 2( ) 2 ( )O g e O ads  

175˚C < T < 500˚C 

 

2 ( ) 2 2 ( )O g e O ads
 

 

T > 500˚C 

2

2 ( ) ( )O ads e O ads
 

2

2 ( ) 4 2 ( )O g e O ads  

 

Desorption is the opposite reaction to adsorption where the chemical bonds are 

broken, the adsorbed atoms are removed from the surface, and electrons are injected back 

into the material. Desorption is achieved by thermal stimulation up to a specific temperature 

or by reactions with other gaseous species. For instance VOCs reacts with the oxygen 

adsorbed on the surface and CO2 and H2O are desorbed [6]. 

                                 2  2  2VOCs    O  CO  H O                                                      (2.1) 

As a result of this reaction, the extra electrons generated are injected back into the 

SMO or sometimes get consumed by the intermediates formed to give byproducts. This 

desorption reaction results in a lower surface coverage of oxygen adsorbates which 

influences the electrical properties of the oxide. The relationship between adsorption 

reactions on the SMO surface and its electrical properties used in gas sensing measurements 

is reviewed in the upcoming section. 
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2.3 Sensing Mechanisms in Metal Oxide Semiconductors 

At elevated temperatures, typically above 900ºC, sensitivity in metal oxide 

semiconductors results from atmosphere induced changes in bulk stoichiometry. This type of 

oxygen sensor involves the high temperature bulk reactions between point defects in the 

oxides and oxygen (O2) in the gas phase. On the other hand, at considerably lower 

temperatures, typically below 400ºC, conductivity changes in semiconducting oxides such as 

SnO2 and ZnO, are confined to adsorption/desorption phenomena which impact primarily the 

surface or the grain boundary conductivity in the case of porous polycrystalline thick 

films.[7] The surface reactions, in n-type semiconductors, involve adsorption of negatively 

charged molecular (O2
-
) or atomic (O

-
) oxygen species. The following subsections discuss 

these phenomena in detail. 

 

2.3.1 Bulk Conductivity Changes in Metal Oxide Semiconductors 

At elevated temperature, a change in the bulk stoichiometry of metal oxide 

semiconductors occurs due the diffusion of oxygen in the bulk of the semiconductor. This 

change in stoichiometry affects the electrical conductivity ζ of the materials. The change in 

conductivity can be represented by the relation 2.1, 

                                               1/

0 2exp( / ) ( ) n

AE kT p O                                             (2.2) 

where k denotes Boltzmann’s constant, T is the temperature in degrees Kelvin, EA is an 

activation energy of bulk conduction and the term p(O2) is the partial pressure of the oxygen 

gas [7]. The activation energy can be broken down into contributions arising from the energy 
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required to form the ionic defects and their subsequent ionization thereby forming charge 

carriers in the conduction or valence band. The sign and value of n in the relation 2.1 depend 

on the nature of the point defects arising when oxygen is removed from the lattice. Some 

SMO such as TiO2, Ga2O3, BaTiO3, and SrTiO3 have been actively investigated as high 

temperature oxygen sensors [7-9]. 

 

2.3.2 Surface Conductivity Changes in Semiconducting Oxides 

Sintered, porous polycrystalline thick films of SnO2 show a substantial conductivity 

change when small concentrations of a combustible gas are present in large excess of 

oxygen. This is attributed to their large surface to volume ratio. The mechanism of bulk 

conductivity change cannot explain this observation, since the oxygen partial pressure would 

not substantially be changed in this circumstance. Therefore it can be assumed that surface 

processes which are not at equilibrium with the bulk, control the conductance. The most 

widely accepted explanation for this is that negatively charged oxygen adsorbates play an 

important role in detecting gases such as H2 and CO. As listed in table 2-2, oxygen showed 

the formation of four kinds of oxygen species on SnO2 surfaces. At 600˚C oxygen is 

ionosorbed as a part of the lattice as well. Out of these four species O
-
 is the most reactive 

and hence most sensors were operated in the temperature range of 200˚C -500˚C 

The adsorption of oxygen ions leads to a region of depletion extending some distance 

into the oxide. This region is often referred to as space charge region. In this review the focus 

is placed on n-type oxide and the space charge region will be referred to as the electron 
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depletion region, or simply depletion region. A similar treatment for p-type oxides is possible 

in which case the space charge region would be called the accumulation region where the 

material is more conductive near the surface. The electron depletion region has a lower 

conductivity than the bulk region of an n-type semiconductor. Conductivity σ is found by the 

relationship written in relation 2.3. 

                                                             c en q                                                                 (2.3)                                            

where nc is the charge carrier (electron) concentration, q is the fundamental charge of an 

electron, and μe is the electron mobility.  

 

Figure 2-3: Grains of semiconductor, to show barriers due to the inter-grain contact 

resistance appears [10] 

 

When particles are assembled into a film, potential barriers to electron conduction 

between particles develop as shown in figure 2-3. Electrons must acquire enough energy to 

overcome this barrier. When a reducing gas is introduced around the particle, it will react 

with the adsorbed oxygen ions on the surface which causes electrons to be injected back into 
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the material. This leads to a reduction in the potential barrier height between adjacent 

particles, which create a measureable change in the conductivity of the material. [10]. 

 
Figure 2-4: Band diagrams of a semiconductor surface before (a) and after (b) adsorption 

induced band bending [11].  

 

In figure 2-4, the electronic structure of the semiconductor and changes of its band 

structure by adsorption processes are described. The periodicity of the structure is broken on 

the surface of solids which creates unsaturated sites called surface states or dangling bonds. 

With the building of these localized surface states, new energy levels are generated, which 

can act as a donor or an acceptor. A surface charge is built up which leads to a space charged 

region. When oxygen is adsorbed on the surface, it detracts electrons from a few layers under 

the surface which causes a broadening of the space charged region in the n-type 

semiconductors near the surface. This region is devoid of free carriers and hence is called 

depletion region. This causes an increase in the resistance of an n-type semiconducting oxide 
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gas sensor in air due to the development of a potential barrier. The space charge layer (W) 

can be defined using Poisson’s equation as follows [10]. 

                                                      

1/2

02S S

D D

Q K V
W

qN qN
                                                (2.4) 

where Qs is the space charge, ND is ionized donor density, q is the electronic charge and K, ε0 

and Vs denote the dielectric constant of the SMO, permittivity of vacuum and surface 

potential barrier height respectively. However, the oxygen adsorption is limited due to the 

band bending. The chemisorption cannot take place anymore, if the Fermi level of the bulk is 

equal to the energy of the highest occupied surface states. The surface coverage of adsorbed 

oxygen is only two percent of the available adsorption sites.[10]  

Exposure to reducing gases such as CO, H2, and NO2 decreases the surface state 

density, because these gases interact with the pre-adsorbed oxygen adions and remove them 

from the surface thus injecting electrons back in the conduction band. Thus the bands will 

bend downwards and the depletion layer will become narrower thus causing a decrease in the 

resistance of an n-type semiconductor due to decrease in surface coverage of adsorbed 

oxygen. On the other hand exposure to oxidizing gases such as NO2 or Cl2 increases the 

surface charge density, because these strong oxidizing agents capture electrons from the 

conduction band thus causing the energy bands to bend upwards and extending the depletion 

layer further in the bulk thus causing an increase in the resistance. 

However Watson et al. showed that for particles assembled into a thin film, even 

when the surface coverage of adsorbed oxygen is only two percent of the available 

adsorption sites, large changes of conductance are observed when a reducing gas is 
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introduced [10]. The mechanism governing the gas sensing in thin film gas sensor is different 

from the ones in thick films and is discussed in the following section. 

 

2.4 Gas Sensing in Thin Film Sensors 

In recent years, there has been a trend away from bulk porous ceramics to thin films 

given the ability to miniaturize devices and integrate them with silicon technology. The thin 

film metal oxide gas sensor usually consists of a sensitive layer, i.e. metal oxide thin film, 

electrodes, heater and substrate. In general, two conduction models are suggested depending 

on the sensing layer morphologies which may be classified as compact and porous. 

The compact layers can be obtained with most thin film deposition techniques such as 

pulsed laser deposition, sputtering etc. As illustrated in figure 2-5, gases only interact with 

metal oxides at geometrical surfaces in case of compact layers, resulting in a surface 

depletion layer through the film either partly (a) or completely (b). The sensor is partly 

depleted or completely depleted depending on the ratio between layer thickness and Debye 

length. Debye length is defined as  

                                                            
2

B
D

c

k T

q n
                                                          (2.5) 

where ε is static dielectric constant, kB is the boltzman’s constant, q is the electronic charge 

and  nc is the carrier concentration. [12] 

If the layer thickness of the film is much greater than the Debye length then the 

sensor is partly depleted, and if the layer thickness is smaller than the Debye length then the 
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sensor is completely depleted. Since conduction is parallel to the surface in this case, this 

type of sensor exhibits limited sensitivity.  

 

 
Figure 2-5: Schematic representation of a compact sensing layer with geometry and energy 

band representations for (a) partly depleted compact layer (b) completely depleted layer. z0 is 

the thickness of the depleted surface layer; zg is the layer thickness and qVs the band bending. 

Illustration based on [5] 

 

For porous layers of thin films, the conduction model is based on whether the porous 

layer consists of small or large grains. In figure 2-6 we can the conduction model of a porous 

sensing layer with geometry and surface energy band for small and large grains. The grains 

are said to be large if their diameter of the grain is greater than the Debye length and is 

termed small if the diameter of the grain is smaller than the Debye length. The conduction in 
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large grains can be hindered by the formation of depletion layers at surface/bulk regions and 

grain boundaries which causes the presence of energy barriers which block the motion of 

charge carriers. In contrast, flat band conditions dominate in case of small grains, allowing 

fast conduction for this case. 

 

 
Figure 2-6: Schematic representation of a porous sensing layer with geometry and energy 

band for (a) large grains (b) small grains. λD Debye length, dg grain size. Illustration based on 

[5] 

 

While metal oxide gas sensors based on the two terminal thin film sensors can be 

quite sensitive, the gas sensing characteristics of these thin film gas sensors remain difficult 

to reproduce, due to complex nature of the interaction between different gases with the 

semiconducting surface.  
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2.5 Room Temperature Gas Sensing: Photoelectrocatalysis 

At room temperature the interaction between the surrounding gas and the surface of 

the metal oxide gas sensor is slow and the response of the sensor is not appreciable. Hence 

the commercial sensors typically operate at high temperatures (> 300˚C) [13]. This limits the 

application of these devices as well as affects the reliability and durability of the sensor. A 

sensor that can work at room temperature does not require a heating element which makes 

the complete integration of the sensor possible by conventional IC techniques to provide low 

cost devices. A new approach to realize room temperature sensing which has gained interest 

is the use of UV light to activate the gas sensing properties of metal oxide semiconductors.  

The phenomenon in which UV irradiation is used to activate the surface reactions is 

known as photoelectrocatalysis (PEC). When a semiconducting material is irradiated UV 

light whose energy is greater than the bandgap of the semiconducting material, free charge 

carriers are created in the semiconducting material. The generation of these excess charge 

carries can influence the rate of adsorption of a gas on the surface of a semiconducting 

material. In the case of polycrystalline material made up of grains of different orientation, 

photoexcitation can affect the electron transport across these grain boundaries by increasing 

the density of free carriers throughout the material, decreasing the intergrain barrier height by 

changing the intergrain state charge and increasing the probability of tunneling through the 

intergrain barriers by decreasing the depletion layer width in the adjacent grains. Thus the 

technique of photoelectrocatalytic gas sensing can show higher sensitivities at room 

temperature. 
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Comini et al. reported that employment of UV light in gas detectors is quite 

promising for detection of nitrogen dioxide, carbon monoxide and methane at room 

temperature on SnO2 films [13]. Photoactivation measurements have been performed also on 

quasi-one dimensional nanostructures. Zhang et al. reported increased sensitivity and shorter 

response times of In2O3 nanowires to NO2 in presence of UV light [14] while Wang et al. 

reported an integrated gas sensor and with GaN/InGaN LED for ozone sensing [15]. 

Photocatalysis has been used for degradation of volatile organic compounds [6, 17] as 

well as treatment of organic pollutants [18]. Reaction mechanisms for photodegradation of 

VOCs have also been reported in literature [19]. But very few studies have been done to 

explore this phenomenon for the detection of specific VOCs because of the complex nature 

of the reactions taking place at surface of the semiconducting material. Skubal et al. reported 

for the first time that several VOCs can be detected on TiO2 films irradiated with UV light 

and suggested a general scheme for the photoelectrocatalysis of organic compounds on 

reactions on TiO2 [16] which is as follows, (2.6)-(2.10) and the process of 

photoelectrocatalysis on the surface of TiO2 is depicted in figure 2-7. 

2

h
TiO h e                                                        Electron-hole pair formation          (2.6)                                

2 ( )adsh H O OH H                                       Oxidation of adsorbed water          (2.7)               

( )2 adsh OH OH OH                    Oxidation of adsorbed hydroxide ions         (2.8)     

( ) ( ) 2ads adsOH R R H O                                                     Organic oxidation          (2.9)                   

( ) ( )( , )ads adsR OH R products                                                         Termination        (2.10) 
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Figure 2-7: Photoelectrocatalysis in TiO2. Illustration based on [16] 

 

2.5.1 Properties of a Good Photocatalyst  

In order to realize a photoelectrocatalytic sensor, the sensing material should be a 

good photocatalyst. A material can be classified as a good photocatalyst if it provides lot of 

adsorption sites for the gas molecule to attach on the surface and has the ability to produce 

large number of holes and electrons which in turn generate hydroxyl radical OH· or O
-
 

centers which initiate the photoelectrocatalytic reaction. This process will be discussed in 

detail in later chapters. The ability of a material to generate photocarriers depends on how 

much UV light is absorbed by the catalyst upon irradiation with UV light. This can be 

determined with Beer-Lambert’s Law.  
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According to Beer-Lambert law, the intensity of an electromagnetic wave inside a 

material falls off exponentially from the surface as 

                                             0( ) zI z I e
                                                             (2.11) 

where I0 is the intensity at the surface and α is the absorption co-efficient. Penetration depth 

(δ) defined as the depth at which the intensity of the radiation inside the material falls to 1/e 

(about 37%) of the original value at the surface. 

                                                  

1

                                                                  (2.12)
 

 

2.6 Two Terminal and Three Terminal Gas Sensor 

Most of the research carried out on gas sensors has been limited to thin film resistors 

or two terminal device structures which consist of a semiconducting layer deposited on a 

substrate with two metal contacts. Very little work has been done to study the effect of 

applied gate potential on gas sensing properties using a three terminal device or a Thin Film 

transistor (TFT). 

 

Figure 2-8: Three terminal device based sensor with bottom gate electrode for applying gate 

bias. 

http://en.wikipedia.org/wiki/Beer-Lambert_law
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For n-type TFT application of negative bias to the gate electrode, depletes the channel 

of electrons near the dielectric and semiconducting layer interface and shuts off the device 

while a positive voltage applied greater than threshold voltage creates a majority carrier 

accumulation near the dielectric and semiconducting layer interface forming of a conduction 

channel. Thus application of gate potential causes separation of charge carriers in the 

semiconducting layer. When the voltage applied to the gate is zero or the gate is left floating 

the device will behave similar to a two terminal device. 

For thick films the carrier density at the surface of the semiconductor layer cannot be 

controlled by the bottom-gate electric field, instead if the thickness of the semiconducting 

layer or the thin film is sufficiently small (~20-50nm), a change in the gate potential can 

change the availability of electrons or holes at the semiconductor metal oxide/gas interface 

for surface adsorption reactions [20]. Zhang et al. have showed that application of gate 

potential changes the position of the electrochemical potential and the availability of 

electrons for surface adsorption and desorption reactions can be modulated and the sensing 

and recovery performance of the sensor can be controlled [20].   

 

2.7 Characterization of Gas Sensors 

 

2.7.1 Sensor Requirements and Gas Sensing Metrics 

In order to be used in practice, a gas sensor should satisfy many requirements 

depending on the purposes and conditions of sensor operation. The key requirements of 
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chemical sensors can be divided into two categories; sensing performance-related (e.g., 

sensitivity, selectivity and response time, detection limit, resolution) and reliability-related 

(e.g., drift, stability and poisoning). In addition, small size (portability), simple operation, 

simple fabrication, low manufacturing cost and low power consumption (i.e., low operation 

temperature) are required for successful commercialization of gas sensors. Here, only some 

of the key characteristics will be defined: response, sensitivity, selectivity, detection limit 

response time. 

 The response or the measurement signal of the sensor may the change in the current 

(I) passing between the two sensor electrodes for a two-terminal structure or the 

current passing through the source and drain electrodes (IDS) for a three-terminal 

structure. The response can also be the resistance (R) or conductance (G) which can 

be calculated by taking into account the voltage applied between the respective 

electrodes. 

 Sensitivity is defined as the change in the response of the sensor in the presence of the 

gas divided by the response of the sensor in the absence of any gas. Sensitivity (S) 

can also be known as normalized response of the sensor. 

                                              

| |gas air

air
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G
                                                         (2.13)                                                
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                                                          (2.14)
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 Selectivity is an expression of whether a sensor responds selectively to a group of gas 

or gases or specifically to a single gas. Though quantitative expressions for selectivity 

exist for different types of sensors one of the expressions commonly used  is 

                     

Sensitivity to gas1 
Selectivity

Sensitivity to gas2                                                       (2.15)

 

where the expression is defined for equal concentrations of both the gases 

 Detection Limit is the lowest concentration value which can be detected by the sensor 

under definite conditions.  

 Response time is normally defined as the time taken to reach 90% of the final value of 

the change in current, resistance or the conductance upon the change in concentration 

of the gas. However response time is are often expressed as 50% or 70% of the time 

taken to reach the final value since the fast initial response of the sensor is followed 

by a long and sluggish response. 

 Recovery time is the time a sensor takes to recover to its initial resistance or 

conductance once the gas of interest is removed from the gas stream or the vacuum 

chamber. It is often defined as the time the sensor takes to reach 70% or 90% of its 

initial response. 

 

 2.7.2 ROC Curve 

A receiver operating characteristic (ROC) graph is a technique for visualizing, 

organizing and selecting classifiers in order to optimize the performance of a sensor. It was 

used in signal detection theory to depict the tradeoff between hit rates and false alarm rates of 
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sensors. In gas sensors the detection scheme can be of two types: fault detection and change 

detection. If the rate of change in the response undergoes a change abnormally over time then 

it is called as Fault Detection and if there is a substantial change in the response of the sensor 

then it is known as Change detection. In this work we will study the change detection of the 

sensor as an exposure to a VOC causes an instant and substantial change in the response of 

the sensor. 

Before we discuss an ROC curve there are some parameters that have to be defined. If 

we call the instance of presence of gas as positive, and the absence as negative, then 

depending on the way the sensor classifies these instances there may be four possible 

outcomes. If the instance is positive and the sensor classifies it as positive then the it is 

counted as true positive; if called as negative then it is counted as false negative. If the 

instance is negative and is classified as negative by the sensor, then it is counted as true 

negative; if classified as positive then it is counted as false positive. True positive rate also 

known as recall or hit rate is defined as  

                                             

True positives
 

Total Positives
tp rate

                                                      (2.16)
 

The false positive rate also known as false alarm rate of the classifier is defined as 

                                           

False positives
 

Total negatives
fp rate

                                                       (2.17)

 

Additionally terms associated with the ROC curve are define as follows 

                                               sensitivity = recall                                                                (2.18) 
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True negatives
specificity = 

False positives +True negatives                                               (2.19)

 

With all these terms defined, a ROC graph is the plot of True positive rate vs. False positive 

rate. It can also be called as the plot of Sensitivity vs. (1-Specificity). This procedure can be 

applied to many different fields. Figure 2-9 shows a typical ROC curve. This ROC curve 

from [21] depicts the responses of three independent readers who observe the diameter of the 

renal artery and detect whether the patient is infected. 

 
Figure 2-9: Receiver operating characteristic curves (ROC) for 3 independent readers 

evaluating the diameter reduction of renal artery stenosis in 30 patients.[21]  

 

As seen in the figure all the three curves peak in the upper right corner of the graph. 

This shows that all the three readers detect the patients correctly. Similarly a sensor will have 

good performance if it peaks in the upper right hand corner and ideal sensor will have 

sensitivity of 1 for all values of 1-specificty. The area under the curve (AUC) is a good 
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metric to evaluate the performance of the sensor. More the AUC, the better is the 

performance. If the AUC is less than 0.5 then the sensor is worthless. 

 

2.8 Summary 

An SMO gas sensor operates on the principle that adsorption of gas takes place on the 

metal oxide surface with an electronic charge transfer causing a change in the electrical 

resistance of the metal oxide surface which can be measured to quantify the concentration of 

the gas present in the surroundings of the sensor. Depending on the temperature of operation 

SMO gas sensors operate on mechanisms governed by bulk conductivity or surface 

conductivity changes.  Since the gas/SMO interactions are not substantial at room 

temperature, SMO gas sensors are incorporated with a heater which increases the power 

consumption and make them unsuitable for flammable gas detection. By employing the 

technique of photoelectrocatalysis, room temperature gas sensing can be realized and by 

using TFT based gas sensors field effect can be used to control and optimize the sensor 

performance.   
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CHAPTER 3 

FABRICATION AND CHARACTERIZATION OF INDIUM GALLIUM 

ZINC OXIDE THIN FILM TRANSISTORS 

 

In this chapter the fabrication and operation of the Thin Film Transistor (TFT) are 

discussed. A novel material amorphous Indium Gallium Zinc Oxide (a-IGZO) and its 

properties are discussed. A brief discussion on Pulsed Laser Deposition (PLD) and the 

fabrication procedure of a-IGZO TFTs are presented in this chapter followed by a discussion 

of the device parameters and their characterization. 

 

3.1 Thin Film Transistors  

Thin film transistor (TFT) is a field effect device in which the current through the 

device is modulated according to a principle similar to that underlying the metal-oxide 

semiconductor field-effect transistor (MOSFET). But unlike the MOSFET where the 

substrate material is typically the semiconductor, the TFT is fabricated by depositing a thin 

film of the semiconductor material on a substrate.   

Often the credit for the invention of the TFT is given to J. E. Lilienfeld [1], however 

the development of the first TFT as it is known today has been credited to P. K. Weimer [2]. 

Weimer‟s initial work, involved CdS as the channel material; since then the TFT has 

undergone extensive evolution with respect to structure, fabrication, integration and materials 

used for the channel as well their deposition techniques. TFTs have been made using CdS, 
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CdSe, hydrogenated amorphous silicon (a-Si:H) and polycrystalline silicon (poly-Si) as the 

channel material. TFTs find their biggest application in the display industry as switching 

transistors for active matrix liquid crystal displays (AMLCD) and the channel material of 

choice is a-Si:H. The typical characteristics of these technologies are mobilities in the range 

of ~0.5–1.0 cm
2
V

-1
s

-1
 for a-Si:H, and with maximum processing temperatures around 300°C 

[3].  

 

 

Figure 3-1: The four basic TFT structures: (a) staggered bottom-gate, (b) co-planar bottom-

gate, (c) staggered top-gate, and (d) co-planar top-gate. [4] 

 

Thin film transistor structures are usually categorized as co-planar or staggered. They 

are also classified as bottom-gate or top-gate devices. Figure 3-1 shows the four possible 

device structures. The basic differences are in the relative position of the gate, source/drain, 

the semiconductor and the insulator. The staggered bottom-gate TFT is widely used in the 

manufacturing of active matrix LCD back panes.[5]   

The staggered bottom gate structure is most suitable for gas sensing applications 

because in this structure the semiconducting layer is exposed to the surroundings and because 
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of a bottom gate. The response can be modulated using the gate and the staggered 

configuration leads to minimal contact resistance. 

 

3.2 Basic Device Operation 

An n-channel enhancement mode TFT operating in accumulation mode is considered 

for this discussion. A similar treatment can be extended to p-channel TFT. The structure and 

the energy band diagram of the n-channel TFT is depicted in figure 3-2. Figure 3-2(b) is an 

ideal case where the semiconductor and gate electrode have the same work function. There 

are two biasing conditions, VGS > 0 and VGS < 0 which can be considered. When a positive 

bias (VGS > 0) is applied to the gate, the voltage is dropped across the insulator and the 

semiconductor causing the bands to bend downwards, as in Figure 3-2(c), and delocalized 

electrons to accumulate, forming the channel near the dielectric/semiconductor interface 

when VGS>Vth where Vth is the threshold voltage of the device which will be explained later 

in the chapter. If a positive voltage is applied to the drain electrode (VDS > 0) electrons are 

injected from the source electrode into the channel and a current flows between the drain and 

the source electrode. This current can be modulated by changing the gate voltage, which 

modulates the conductivity of the channel by increasing the degree of band bending in the 

semiconductor. On the other hand, when a negative bias (VGS < 0) is applied to the gate, 

upward band bending in the semiconductor occurs, leading to depletion of carriers at the 

insulator/semiconductor interface. As the magnitude of the negative gate bias increases the 

depletion region grows further into the semiconductor layer until eventually the entire 
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thickness of the semiconductor can be depleted. In this condition, the channel is not formed 

and even a potential across the source and drain does not induce a current as in Figure 3-2(d). 

As mentioned earlier a positive drain bias (VDS) produces current when VGS > Vth. 

When VDS is positive and less than (VGS-Vth), the operation regime is called the „linear‟ 

regime of device operation where the drain current increases linearly with respect to VDS (for 

a given VGS), i.e. the channel acts like a resistor. The channel charge density is fairly uniform 

from the source to the drain and depends on the accumulation channel sheet charge density, 

which is a function of the bias applied on the gate (VGS). When a high VDS greater than (VGS-

Vth) is applied, the device enters the „saturation‟ regime of operation. In this regime the drain 

current remains constant with further increases in VDS. Table 3.1 illustrates the different 

regimes of the TFT. 

 

Figure 3-2: (a) Staggered bottom-gate TFT structure (b) the idealized energy band diagrams 

of the gate, insulator and n-type semiconductor in equilibrium (VGS = 0) (c) a positive bias 

applied to the gate electrode (VGS>0) (d) a negative bias applied to the gate electrode          

(VGS <0).[4] 

 

 



 

 37 

Table 3-1: Different Operation Regimes of the TFT 

Bias Voltages Operation Regime Equation for Drain Current IDS 

VGS<Vth Subthreshold 0DI  

VGS>Vth ,0≤VDS≤VGS Linear or Triode 

2

( )
2

DS
D ins GS th DS

VW
I C V V V

L
 

VGS>Vth ,VDS≥VGS Saturation 
21

( )
2

D ins GS th

W
I C V V

L
 

 

A distinguishing feature of a TFT compared to a conventional MOSFET is that 

carrier transport in the channel typically occurs in an accumulation layer in a TFT and in an 

inversion layer in a MOSFET. A TFT, just like a MOSFET, can operate as either an 

enhancement-mode or a depletion-mode device. Enhancement mode devices are normally 

off, that is, negligible drain current flows at zero gate bias. Such normally off devices 

dissipate less power when in a standby mode, and also more readily facilitate the 

accomplishment of digital logic and analog circuit functions. This is in contrast to depletion-

mode devices, which are normally on devices electronic applications, for example, active-

load for a logic inverter, but, in general, are not as valuable electronic components for 

designing circuits and systems.[6] 

 

3.3 Transparent Ionic amorphous oxide semiconductors 

Amorphous semiconductors have created a new area of electronics known as „giant 

microelectronics‟ typified by devices such as solar cells and active-matrix (AM) flat-panel 
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displays. Single-crystalline semiconductor technology, typified by crystal silicon electronics, 

is unsuitable for such applications, whereas amorphous or polycrystalline films can be easily 

formed over large areas of greater than 1m
2 

at low temperature (e.g. < 400 °C) on both glass 

and plastic substrates in thin film formats, facilitating these new applications. Due to carrier 

scattering and trapping at defects on grain boundaries in polycrystalline materials (the grain 

boundary problem), hydrogenated amorphous silicon (a-Si:H) has been used more widely 

than polycrystalline silicon (p-Si) for practical large-size applications. However, the critical 

obstacles to be overcome to realize a-Si:H in future applications are low mobility              

(0.5-1 cm
2
V

-1
s

-1
) and instability against electric stress and photo-illumination.[7] 

Another mainstream research is focused on transparent electronics. Its interest in both 

in military and consumer applications is growing rapidly. A material will be transparent in 

the visible region if the optical bandgap is more than 3.1eV [8]. Stoichiometric materials with 

such a high bandgap are generally insulating, e.g. glass. The conventional transparent 

amorphous materials with covalent bonding, e.g. glass and chalcogenide glasses have very 

small carrier mobilities such as 10
-4

 cm
2
V

-1
s

-1 
[9] owing to their covalent nature and hence 

are classified as insulators.  Transparent conducting oxides are materials with a combination 

of a high bandgap of >3.1eV and a high carrier concentration of (10
17

-10
20

cm
-3

)
 
with 

sufficiently large mobility (~1-40 cm
2
V

-1
s

-1
) [4][8].

 
 Indium tin oxide (ITO), Al doped ZnO, 

Sb-doped SnO2, have been intensively commercialized as transparent electrodes for flat panel 

display, organic light emitting diodes and solar cells [10][11]. Ever since Kawazoe et al. 

demonstrated the possibility of making the transparent p-type oxide semiconductor using 
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CuAlO2 [12] in thin film format, both p-type and n-type transparent conducting oxide 

semiconductors are being researched for future transparent electronics. 

In a pursuit to develop transparent conducting oxides having high carrier mobility for 

their use in the display industry, amorphous oxide semiconductors with strong ionic bonding 

were explored to overcome the drawback of low carrier mobility faced by a-Si:H and 

transparent amorphous materials like glass and chalcogenide glass. Nomura et al. reported 

transparent and flexible thin film transistors (TFTs) fabricated at room temperature from 

amorphous InGaZnO4 (a-IGZO) with high electron mobility (~10 cm
2
/V

-1
s

-1
) [13]. The 

electron transport mechanism which results in the high electron mobility in ionic amorphous 

semiconductors (IAOS) is discussed in the following section. 

 

3.4 Electron transport in ionic amorphous oxide semiconductors 

It is believed that the properties of amorphous semiconductors are considerably 

degraded compared to their corresponding crystalline phases, which is actually the case for 

silicon because intrinsic crystalline silicon (c-Si) exhibits an electron mobility of              

1500 cm
2
V

-1
s

-1
, which deteriorates to less than 1 cm

2
V

-1
s

-1
 in a-Si:H. On the other hand, AOS 

with strong ionic bonding exhibit large electron mobilities of greater than 10 cm
2
/V s even in 

amorphous form.[7]  

The electronic structure shown in figure 3-3 explains this behavior. In silicon, the 

conduction band minimum (CBM) and valence band maximum (VBM) are made of anti-

bonding (sp
3
 σ*) and bonding (sp

3
 σ) states of Si sp

3
 hybridized orbitals, and its band gap is 
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formed by the energy splitting of the σ*–σ levels figure 3-3(a). By contrast, oxides have 

strong ionicity and charge transfer occurs from metal to oxygen atoms, and the electronic 

structure is stabilized by the Madelung potential formed by these ions, raising the electronic 

levels in cations and lowering the levels in anions. Consequently, the CBM is primarily 

formed by the unoccupied metal s orbitals and the VBM is formed by fully occupied O 2p 

orbitals, as illustrated in figure 3-3(b). Owing to such an electronic structure, crystalline 

oxides such as ZnO, SnO2 and In2O3 have small electron effective masses of 0.25–0.35*me 

(me is the rest mass of an electron) and reasonably high electron mobilities. [14] 

The CBMs of these transparent conducting oxides mainly comprise of the s orbitals 

of the heavy metal cations which have large spatial extent and spread almost spherically. The 

large spatial size of the s orbitals forms a largely hybridized CBM with broad band 

dispersion, which is the reason for the small electron effective mass. This electronic structure 

explains why AOS can have high electron mobilities even in amorphous structures. 

 

 
Figure 3-3: Comparison of energy bandgap formation between (a) covalent semiconductor 

Si. (b) Ionic semiconductor M
2+

O
2-

.[14] 
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Conventional amorphous semiconductors such as a-Si:H exhibit much deteriorated 

carrier transport properties compared with the corresponding crystalline materials. This is 

because the chemical bonds in the covalent semiconductors are made of sp
3
 or p orbitals with 

strong spatial directivity. Therefore, the strained chemical bonds in amorphous structures 

form rather deep and high-density localized states below the CBM and above the VBM 

causing carrier trapping. By contrast, the CBMs of non-transition metal oxides are made of 

the spherically extended s orbitals of metal cations, and their overlaps with neighboring metal 

s orbitals are not altered appreciably by the disordered amorphous structure; therefore, the 

electronic levels of the CBM are insensitive to local structural randomness, and electron 

transport is not affected significantly. This is depicted in figure 3-4 where figure 3-4(a) and 

(b) show the crystalline and amorphous structure of Si respectively while 3-4(c) and (d) show 

the crystalline and amorphous structure of ionic oxide semiconductors.[7] 

Following the consideration of the electronic structure, Hosono et al. proposed a 

working hypothesis to develop good AOSs; the incorporation of heavy metal cations having 

the configuration (n-1)d
10

ns
0
 (n≥4). Thus, post transition metals such as In

3+
 ions (4d

10
5

0
) are 

effective for forming broad-spreading CBMs in AOSs [15].For TFT applications, mixing two 

or more cations with different ionic charges and different sizes is needed to form stable 

amorphous structures, and the incorporation of a stabilizer cation that has a strong chemical 

bond with oxygen ions is needed to better control the carrier concentration. 
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Figure 3-4: Schematic illustration of orbitals in (a) crystalline Si. (b) amorphous Si                

(c) crystalline ionic oxide semiconductor (d) amorphous ionic oxide semiconductor. after [7] 

 

3.5 Indium Gallium Zinc Oxide – A Novel Amorphous and Transparent Oxide 

Indium gallium zinc oxide (IGZO) is a wide band gap (~3.4eV), n-type 

semiconductor containing three component oxides, In2O3, Ga2O3 and ZnO whose 

stoichiometry can be generally described as In2xGa2-2xZnkOk+3, where 0 < x < 1 and k is an 

integer greater than 0. Bulk samples with different stoichiometry (both x and k) of IGZO 

have been synthesized to study the solubility limits of the components [16,17]. It is seen that 

regardless of k, when x = 0.5, i.e. equal proportions of In and Ga, the structure of the 

compound is preserved. Single crystal indium gallium zinc oxide is composed of alternating 

layers of InO
2-

 and GaZnO
2+

; the In
3+

 ion has octahedral coordination, the Ga
3+

 ion has 

pentagonal coordination, and the Zn
2+

 has tetragonal coordination.  
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For k  3 the conductivity decreases as k increases which is observed in both thin film 

and bulk samples [16]. This trend indicates that the conductivity of indium gallium zinc 

oxide is primarily associated with the In 5s states. However, for k  4, the fraction of Zn 

becomes increasingly large and Zn begins to contribute to conduction [18]. The ionic radii of 

Ga, In, and Zn are 1.27, 1.49, and 1.54 Å, respectively. If orbital overlap interaction is 

considered, and since the ionic radii of In and Zn are similar, the shift in conduction path as 

the fraction of Zn becomes large is evident. Indium contributes to the large spreading of the 

CBM. It is seen that due to the fourfold coordination of ZnO, the small Zn–Zn distance 

increases CBM dispersion and results in high electron mobility [15]. Gallium oxide has a 

strong metal–oxygen bond and hence suppresses the generation of free carriers via the 

formation of oxygen vacancies. Therefore Ga
3+

 by increases the amorphization by the 

introduction of aliovalent different-sized cations and suppresses the generation of free 

carriers, owing to the stronger Ga-O chemical bonds, compared to Zn-O and In-O.[19] 

Nomura et al. also calculated the amorphous IGZO band structure and found that the 

effective mass is small, about 0.2me. This is the reason for the high electron mobility and 

they conclude that charge transport is dominated by efficient band conduction mechanisms, 

unlike a-Si:H where the dominant transport mechanism is variable range hopping (VRH), i.e. 

quantum mechanical hopping via band-tail states. However, the T
-1/4

 temperature dependence 

of the conductivity seen in IGZO for non-degenerate doping is the same relationship as seen 

in VRH. Nomura et al. explained the similarity by employing a percolation mechanism, 

which also has a T
-1/4

 temperature dependence of conductivity [7] 
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3.6 Pulsed laser Deposition 

Pulsed laser deposition (PLD) is a promising technique for the deposition of thin 

films. This method is carried out in a vacuum chamber in which rapid evaporation of a solid 

target due to ablation by means of short and high energy laser pulses takes place, followed by 

condensation of the vaporized material on the substrate, thus producing a thin film of the 

target material. The high energy density (150 mJcm
-2

/pulse) of the system of the laser makes 

it possible to vaporize even the hardest and most heat resistant materials. The extremely high 

heating rate of the target surface due to high energy laser pulses leads to a phase explosion 

and a plasma plume of the target irrespective of the evaporating point of the constituent 

elements or compounds of the target. Also the high deposition rate owing to the forward 

directed nature of the plume ensures minimum contamination. This makes deposition of 

complicated multi-component materials possible and retains their stoichiometry in the 

deposited films. 

The non-uniformity of deposited films due to the narrow angular distribution of the 

ablated species is major disadvantage of the PLD process. The other issue is the splashing or 

deposition of particulates on the film due to surface boiling or exfoliation of the target. The 

size of particulates may be as large as a few microns. These features limit the use of PLD in 

producing a large area uniform thin film [20]. The samples used in the present work were of 

the size ~20mm×20mm and fairly uniform film growth can be achieved by controlling the 

deposition parameters and rastering the target and rotating the substrates.  
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Different oxides have been deposited by this technique, such as ZrO2, Al2O3, MoO3, 

ZnO, SnO2 and TiO2, but only few papers present the gas sensing properties of these 

materials and some papers present the gas sensing properties prepared with PLD deposited 

powders [21]. In this work we have used PLD to deposit IGZO thin films on glass and Si 

substrates in order to study the photoelectrocatalytic (PEC) sensing properties of these films 

to detect Volatile Organic Compounds (VOC). 

A  PLD system consists of primarily three components: 1) high power laser source, 2) 

vacuum chamber containing both the target and the substrate holder and, 3) laser optics 

consisting of a set of lenses, apertures, and mirrors needed to guide the laser beam onto the 

target through a UV laser window. A schematic of a PLD set-up used in the present work is 

shown in Figure 3-5.   

The absorption of photons by oxygen molecules and optical elements in the beam 

path determines a lower practical wavelength limit of approximately 200 nm. Excimer lasers 

are primarily chosen for the PLD radiation. Excimer lasers have short pulse duration of 10-

15ns. The wavelength at which the laser emits depends on the gases used. In the present work 

the KrF excimer laser (248 nm) was used as the laser source.[20] 

The ITO thin films in this study were grown from a commercial target (91 mol% 

In2O3-9 mol% SnO2). For IGZO films the target was made in-house. High purity In2O3, 

Ga2O3, ZnO powders were used. Powders were weighed to give the required composition of 

the IGZO target and mixed in a beaker with ethyl alcohol. The suspension was stirred and 

left to dry in a chemical hood. The dried out powder was then ground using a mortar and 
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pestle and made ready to be pressed. A 1” die was used and lubricated with a small amount 

of oleic acid. About 5 to 6 grams of powder are transferred into the die and pressed. The 

amount of pressure is typically around 5000 psi. Next the pressed pellet is transferred into a 

clean alumina crucible and sintered in a tube furnace. Temperatures for sintering IGZO is 

usually from ~ 1200 ºC to ~ 1400 ºC, for about 3 to 6 hours. [4] 

 

 
Figure 3-5: Schematic of the PLD system.[4] 
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Figure 3-6: (a) Carrier concentration and Hall mobility as a function of oxygen partial 

pressure during film growth. IGZO film with higher indium concentration (solid) and IGZO 

composition used in this work (open). (b) Conductivity of IGZO films as a function of 

oxygen partial pressure during film growth.[4] 

 

Samples and target are loaded into the PLD chamber which is then pumped down to a 

base pressure of ~ 1-2 x 10
-7

 Torr. Before the deposition the target was pre-cleaned with 500 

pulses at 5 Hz and 500 pulses at 10 Hz repetition rate with the sample covered with a shutter. 

The repetition rate and energy level of laser pulses are kept at 10 Hz and 150 ~ 160 mJ in this 

study. During the depositions, the target is rotated and rastered. The substrate holder is also 

rotated during the growth for film uniformity. The number of pulses can be varied to give the 

required film thickness. The conductivity of the IGZO deposited films can be controlled by 

changing the oxygen partial pressure during deposition. Figure 3.6(a) shows the variation in 

carrier concentration and mobility with different oxygen partial pressures during deposition 

while figure 3-6(b) shows the variation in conductivity of the deposited IGZO films. The 

PLD depositions were all carried out at room temperature.  
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3.7 Device Fabrication 

 

 

Figure 3-7: (a) Different layers in the Transparent TFT (b) Different layers in the non-

transparent TFT. after [4] 

 

In this dissertation, two configurations of the staggered bottom-gate thin-film 

transistor structure: a fully transparent and a non-transparent TFT are fabricated. The cross-

sections of both the devices are shown in Figure 3-7(a) and (b). The fully transparent TFT 

(TTFT) is fabricated using Aluminum Titanium Oxide (ATO) supperlattice as the gate 

dielectric. TFTs using ATO as the insulator are constructed on commercially available 

substrates from Planar Systems Inc. that are Corning 7059 glass coated with a 250 nm (8 

Ω/ ) [4] sputtered indium tin oxide (ITO) and a 220 nm atomic layer deposited AlOx and 

TiOx (ATO)  superlattice with AlOx capped on both sides. The ITO and ATO layers 

constitute the gate electrode and gate dielectric, respectively, of a bottom-gate TTFT.  The 
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non-transparent TFT is fabricated on heavily doped (0.01-0.03Ω/ ) p-type silicon substrates 

with thermally grown SiO2 [4]. In this case, silicon acts both as the substrate and the gate 

electrode while the SiO2 acts as the gate dielectric.   

In this work three materials were used as channel layers: IGZO (In2O3:Ga2O3:ZnO = 

5:1:5 mol%), IGZO (In2O3:Ga2O3:ZnO = 1:1:5 mol%) and IGO (In2O3:Ga2O3 = 1:1 mol%) 

for both the transparent as well as the non-transparent TFTs. The samples with IGZO 

(In2O3:Ga2O3:ZnO = 1:1:5 mol%) and IGO (In2O3:Ga2O3 = 1:1 mol%) were annealed for 1hr 

at 200˚C with O2 partial pressure of 25mTorr. The channel layer and ITO source and the 

drain electrodes, are then deposited at room temperature by PLD. Approximately 40nm of 

the channel layer was deposited at O2 partial pressure of 40mTorr and 150nm of ITO was 

deposited with O2 partial pressure of 10mTorr. The channel and the source/drain electrode 

layers were patterned using standard photolithography and liftoff techniques.  

 

 

 

Figure 3-8: Mask Design for the fabrication of TFTs. 
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Figure 3-9: Fabricated a-IGZO TFTs by pulsed laser deposition having width 475µm and 

length (a) 70µm (b) 5µm (d) 10µm (c) 20µm. with common bottom gate 

 

Figure 3-8 shows the mask that was used to fabricate the TFTs. In this mask we can 

see a transistor array having 4 sections which can be independently provided with a gate 

contact. Each section consists of 6 transistor structures and 5 interdigitated contacts 

structures which can act as a three terminal device. The mask has 5 levels for the gate, 

dielectric, IGZO, ITO source/drain contacts and metal contacts for wire bonding respectively. 

The alignment marks can be seen in the corners. TFTs with width W=475µm and length 

L=70µm, 20µm, 10µm, and 5µm were fabricated. Figure 3-9 shows the pictures of these 

devices. 
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3.8 Device Characterization  

This section defines the various figures-of-merit used to characterize TFT 

performance and discusses the methodology involved in extracting them from experimental 

data. These include the threshold voltage, turn on voltage, drain current on/off ratio and sub 

threshold swing. 

Current-voltage (I-V) characterization of the IGZO based TFTs and devices were 

carried out on a custom probe station using 3 micromanipulator probes. The electrical 

potential of the metal platform on which the sample is placed, is floating. I-V characteristics 

are obtained using a Hewlett Packard 4145 A Precision Semiconductor Parameter Analyzer. 

The measurements are performed in the dark. A “Medium” integration time was used for all 

measurements. The two most common measurements used to describe TFT performance are 

the output characteristics (IDS vs. VDS) and the transfer characteristics as shown in figure 3-10 

and figure 3-11 respectively. 

 

                        
Figure 3-10: Output characteristics (IDS vs.VDS) of a-IGZO TFT, W=475µm and L=70µm. 
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3.8.1 DC I-V Measurements: Output Characteristics  

The IDS-VDS or output characteristics are obtained by measuring drain current as a 

function of drain voltage for several different gate voltages which generates a “family of 

curves” as shown in figure 3-10. 

                          

3.8.2 DC I-V measurements: Transfer Characteristics 

Log (IDS)-VGS or transfer characteristics is obtained by measuring drain current as a 

function of gate voltage at a fixed VDS value and presenting in a semi-log plot as shown in 

figure 3-11. This measurement generally provides more quantitative information regarding 

the device under test. The extraction of several TFT parameters is possible as discussed 

below. 

 
Figure 3-11: Transfer characteristics (log [IDS] vs. VGS) and (√IDS vs. VGS) of a-IGZO TFT, 

W=475µm and L=70µm. 
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3.8.3 Threshold Voltage and Turn On Voltage  

Threshold voltage, Vth, is an important TFT parameter, which indicates the onset of 

drain current in the device. It is also a very important parameter in testing the gas sensing 

properties of a TFT which will be discussed in detail in later chapters. In this work Vth was 

experimentally determined by biasing the TFT in saturation, i.e. VDS >VGS-Vth. Using the 

square law model of a TFT, IDS in saturation is given by, 

                                      
21
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D di GS th

W
I C V V

L
                                              (3.1) 

and 
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D GS th

C W
I V V

L
                                              (3.2) 

plotting √IDS vs. VGS as shown in Figure 3-11 and by extrapolating down to the x-axis, the 

threshold voltage can be determined. Though Vth is widely used in literature to describe 

TFTs, it is not a unique device parameter since there are several methods to extract Vth 

including extrapolating IDS vs. VGS curves when the device is biased in the triode region.[6] 

Due to the subjective nature of extrapolation techniques, another parameter, the turn-

on voltage, Von, has been used to evaluate the TFTs. Von is indicated in the transfer 

characteristic in Figure 3-11 and its value is the same as well triode region measurements for 

both saturation and Von is defined as the gate voltage at which there is a sharp increase in the 

channel conduction. Thus the turn-on voltage corresponds to the applied gate bias at which 

an appreciable density of mobile carriers is present in the channel [4]. For the device shown 

in figure 3-11 Vth=2V and Von=0.09V. 
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3.8.4 Subthreshold Swing and Drain Current On/Off Ratio 

The subthreshold voltage swing, S, and the drain current on/off ratio (Ion/Ioff) can be 

calculated from the transfer characteristics measured at a high VDS. These two parameters 

give a measure of how fast the TFT can be switched. S is the inverse of the maximum slope 

in the transfer characteristics, S indicates the increase in gate voltage required to switch the 

transistor from an off-state to an on-state.  

                                                      

1

10(log )DSd I
S

dVg
                                                       (3.3) 

A small value of S is desirable because it corresponds to a fast transition from an off to on 

state. For the device shown in Figure 3-11, S ~ 250 mV/decade.  

Drain current on/off ratio is the ratio between highest measured current (the on-state 

current, Ion) to the lowest measured current (the off-state current, Ioff). Ioff  is also a measure of 

the gate leakage present in the device. For the device shown in Figure 3-11, the drain current 

on/off ratio is > 10
7
. 

 

3.9 Summary 

A TFT is field effect device in which the current through the device is modulated 

according to the same principle similar to that underlying the MOSFET, the difference being 

that the MOSFET operates in inversion mode while the TFT operates in accumulation mode. 

The a-Si TFTs suffer from shortcomings of low mobilities and high processing temperature 

for purpose of optoelectronic applications; as opposed to them amorphous oxide 
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semiconductors have higher mobilities even in their amorphous form owing to their 

electronic structure. IGZO is a novel transparent amorphous ionic semiconductor with short 

range order and mobility ~10 cm
2
V

-1
s

-1
. TFTs with a-IGZO as semiconducting layer can be 

fabricated by PLD at room temperature. These devices show good DC transfer characteristics 

and output characteristics with a threshold voltage of Vth ~2V, Ion/off  ratios >10
7
, subthreshold 

swing of S ~250 mV/decade which make them desirable for next generation optoelectronics.  
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CHAPTER 4 

DEVELOPMENT OF A PHOTOELECTROCATAYTIC GAS SENSOR 

USING INDIUM GALLIUM ZINC OXIDE THIN FILM TRANSISTOR  

 

In this chapter the development of a Thin Film Transistor (TFT) gas sensor using the 

photoelectrocatalytic (PEC) properties of amorphous Indium Gallium Zinc Oxide (a-IGZO) 

is discussed. A significant part of this work was to put together an experimental setup in 

order to carry out the testing of the sensor in a controlled environment. The effects of 

Photoillumination on the device parameters a-IGZO TFT are investigated. A detailed 

mechanism for the PEC sensing of acetone on a-IGZO has also been suggested. This chapter 

concludes with the discussion on the quantification of the response of this TFT gas sensor.  

 

4.1 Experimental setup 

An experimental setup was constructed for the testing of a- IGZO thin film transistors as 

gas sensors. The entire testing setup can be divided into major components  

1) Gas flow control system 

2) Test chamber  

3) Measurement setup 

Figure 4-1 shows a schematic of the three major components of the testing setup. 
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Figure 4-1: Schematic of the interconnection of the three major components of testing setup. 

 

4.1.1 Gas flow control system  

The gas flow control system was setup to control the flow of gas inside the test 

chamber. It consisted of three Mass Flow controllers (MFC) which would allow a maximum 

flow at 500 psi through them. The flow of the gas before and after each of the MFCs was 

controlled by two pneumatically activated valves which operated simultaneously. To activate 

these valves compressed air at 70psi was used. The MFCs were set and operated using a 

digital controller. Out of the three MFCs one was kept open to atmosphere and the other two 

were used for the VOC to be tested and water vapor respectively.  

Approximately 200mL of VOC was filled in a conical flask with a tight rubber cork 

to avoid evaporation of the VOC to the atmosphere. A metal tube was passed through rubber 

cork, it has a diffuser attached to one end and was dipped in the VOC and the other end was 
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open to atmosphere. Thus the VOC was under atmospheric pressure. The conical flask had an 

outlet which was connected to the MFC through the pneumatically activated. 

 

        

Figure 4-2: (a) Schematic of the gas flow control system. (b) Photograph of the gas flow      

control system. 

 

A similar arrangement was made in a cylindrical beaker which was approximately 

half filled with water. It had inlet which was open to atmosphere at one end and an outlet that 

was to the connected to the MFC assigned for the flow of water vapor inside the test 

chamber. The outlets of the pneumatic valves after the MFCs were connected together and 

connected to a Swagelok T-junction, one which was connected to the testing chamber and 

one was connected to a valve which controlled the flow of air inside the chamber. This valve 

was used to purge the chamber with air or nitrogen depending on the experiment. Only one 

of the three MFCs was operated at a time by opening the pair of pneumatic valves associated 

with it, to avoid mixing of the VOC and water vapor. Figure 4(a) and (b) show the schematic 

and the photograph of the gas flow control system. 
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4.1.2 Test Chamber 

The test chamber comprised of a custom-microprobe station housed inside a bell jar 

in order to carry out testing in vacuum or controlled environments. The custom probe station 

consisted of three micromanipulators to make electrical contacts to the drain source and the 

gate contacts of the TFT. It also included a UV LED holder, a heater and Photovac Proplus 

2020 photo ionization detector to indicate concentration of the VOC inside the chamber.  

The UV LED used was a UVTOP280 manufactured by Sensor Electronic Technology 

Inc. The UV LED emitted a constant wavelength of 280 nm. A plot of the optical power vs. 

the current passing through the LED is shown in figure 4-3(b). The LED was placed 4 cm 

above the sample when used for illumination. From figure 4-3(b) it is reasonable to assume 

that the intensity of the UV Light is proportional to the current flowing through the LED as 

long as the distance of the LED is kept constant for all experiments.  

 

 

Figure 4-3: (a) Spectral plot of the UV LED (b) Plot showing the Output Power vs. Current 

through the LED. [1] 
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An optical microscope was used to align the microprobes with the TFT contacts. The 

UV LED was aligned on top of the probed device at a height of 4cm for all experiments for 

consistency. The entire testing setup was mounted on a 1” thick aluminum plate with five 

feed-throughs. These feed-throughs were used to allow the flow of gas from the gas flow 

control system to the testing chamber, to provide connections to the three microprobes, to 

provide electrical connections to the heater and the UV LED, to provide a connection the a 

pressure sensor to record the pressure inside a the test chamber and one was connected to a 

vacuum pump. The vacuum pump used was an oil-based pump and was capable of drawing a 

vacuum of ~30 mTorr inside the test chamber, sufficient for the purpose of the experiments 

carried out in this study. The bell jar was covered with aluminum foil for the purpose of  

eliminating the effect of ambient light while carrying out the experiments. Figure 4-4 and 

figure 4-5 show the schematic and the photograph of the test chamber respectively. 

 

 

Figure 4-4: Schematic of the test chamber for testing of TFT gas sensors. 
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Figure 4-5: Photograph of the test chamber for testing of TFT gas sensors. 

 

4.1.3 Measurement Setup 

In order to study the performance of the device the appropriate testing bench was 

setup. The electrical supply to the UV LED was supplied by an Agilent E3631A with triple 

output DC power supply. One of them was capable of providing 6V and the other two could 

provide 25V and -25V respectively. The current flowing in the circuit could also be 

monitored using this power supply. This was useful in measuring the current passing through 

the UV LED so that the current limits of the UV LED were not exceeded. The voltage to the 

drain electrode was provided by DC power supply capable of providing 18V and the gate 

electrode was supplied DC voltage through BK Precision programmable DC power supply 

generator which was capable of providing 35V. The drain current was measured with a 

Keithley 485 Autoranging Picoammeter. The maximum current that it could measure was 

2mA. The readings of the picoammeter were recorded using a LABVIEW program. The 
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picoammeter was connected to a computer using National Instruments GPIB-USB-HS. The 

DC I-V measurements of the TFT were made using Hewlard Packard 4145A semiconductor 

parametric analyzer. 

 

 
Figure 4-6: Photograph of (a) HP 4145A. (b) Power supplies and picoammeter. 

 

4.2 Effect of Ultraviolet Illumination on a-IGZO 

In previous chapters we have seen that a-IGZO TFTs have high effective mobility µFE 

(10-12cm
2
/V

-1
s

-1
), low subthreshold swing S (~250mV/decade) and well controlled Ion/Ioff 

ratios (~10
7
) as compared to a-Si TFTs. These properties make a-IGZO TFTs desirable in 

next generation optoelectronics. Some of these applications may involve the exposure of 

these devices to ultraviolet light which can be the cause of instability in these devices. 

However very few works have reported UV studies on a-IGZO [2-4]. 

IGZO is a wide bandgap material having EG ~3.4eV (usually greater than crystalline 

ZnO). The exposure to UV Light above the band gap causes the photogeneration of carriers 

which affect the catalytic reactions on the surface of this material. The charge transfer taking 

place owing to these photocatalytic reactions can be measured to detect the presence of 
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volatile organic compounds (VOC) in the environment. Photocatalytic studies on IGZO and 

their use in gas sensing have not been reported till date. In this section the effect of UV 

illumination on the device parameters of the a-IGZO TFT has been studied. 

 

 

Figure 4-7: Optical transmission spectrum of InGaO3(ZnO)5 amorphous films deposited at 

various oxygen partial pressures [5]. 

 

Transparent a-IGZO (In2O3:Ga2O3:ZnO = 1:1:5 mol %) thin film transistor structure 

was used for this study. The fabrication details are discussed in section 3.7. The transistor 

was illuminated with a UV LED of 280nm (4.43eV). The current passing through the UV 

LED was 40mA. Figure 4-7 shows the transmittance spectrum of a-IGZO films deposited at 

different oxygen partial pressures. The a-IGZO layer of TFT used in this study was deposited 

using pulsed laser deposition at an oxygen partial pressure of 40mTorr and is 40nm thick. 

From figure 4-7 the absorption co-efficient for this TFT for 280nm is approximately 10
5
 cm

-1
 

and the penetration depth is 100nm. 
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Figure 4-8: (a) DC Transfer characteristics (b) DC output characteristics of InGaO3(ZnO)5   

TFT . 

 

The Ion/Ioff ratio before illumination is of the order of 10
7
. The threshold voltage Vth 

before UV illumination was 2V and Von was 0.09mV.  The DC output characteristics and the 

transfer characteristics were recorded using an HP 4145A semiconductor parametric analyzer 

and the transistor was probed in the custom probe station. The experiment was carried out in 

a dark environment. For taking the output characteristics the voltage applied to the gate VGS 

was varied from 0V to 12V in steps of 3V, whereas for taking the transfer characteristics the 

voltage applied to the drain VDS was 10V. Figure 4-8(a) and (b) show the DC transfer 

characteristics and the output characteristics of the TFT as explained in section 3.8 

respectively. The square dependence of the drain current on the gate voltage can be seen in 

figure 4-8(b). This current can be given by the relations (4.1) and (4.2) 
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In figure 4.9 we can see the output characteristics of the TFT with and without the 

influence of UV light. Upon UV illumination the drain current increase because of generation 

of excess holes and free electrons. Therefore, ID of a TFT illuminated with UV light whose 

photon energy is greater than the bandgap of the semiconducting material, has two 

components: (i) the current flowing between the source/drain electrodes (IDS) because of the 

applied bias voltages which is described in relations (4.1) and (4.2) and (ii) photoconductive 

component (Iph). 

                                                         D DS phI I I 
                                                  (4.3)

 

Since a-IGZO is an n-type material the photoconductive component will be given by a 

relation that describes the current of an extrinsic n-type photoconductor. This is given by the 

relation   

                                                       

( )n ph p DS

ph

q F WV
I

L

  


                                               (4.4)
 

where µn is electron mobility, η is the quantum efficiency, Fph is the photon flux and τp is the 

carrier lifetime and q is the electronic charge W and L are the width and length of the device 

and VDS is the voltage applied between the source and drain electrodes [6]. This shows that 

for a given photon flux Fph, the photoconductive component will be large if VDS is large. This 

dependence of Iph on VDS is clearly seen in figure 4-9. 
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Figure 4-9: DC output characteristics of a-IGZO TFT (--) without UV illumination (-▲-) 

with UV illumination.   

 

 

 

 
Figure 4-10: (a) DC Transfer characteristics IDS vs. VGS (b) √IDS vs. VGS for a-IGZO TFT 

under UV illumination. 
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Figure 4-10(a) and (b) show the plot of the drain current and the square root of the 

drain current as the function of the voltage applied to the gate respectively under the 

influence of UV illumination. Some interesting observations can be made from the transfer 

characteristic of the a-IGZO TFT under the influence UV illumination. In Figure 4-10(a) we 

can see that Ioff increases rapidly in the first minute of UV illumination followed by a slow 

increase in Ioff as time of illumination increases. The subthreshold swing increases as the time 

of illumination increases. In Figure 4-10(b) we can see that there is a substantial decrease in 

the threshold voltage Vth as time of illumination is increased. It was also observed that when 

the UV light was switched off, the TFT did not return to its initial state for more than 24 

hours. The Vth of the TFT did not return to its initial value even on applying negative gate 

bias and the TFT could not be turned off. 

It is known that oxygen molecules from the atmosphere get adsorbed on the surface 

of a-IGZO [7]. Before illumination oxygen molecules get chemisorbed on the surface and 

take up electrons from the conduction band, thus becoming negatively charged. The removal 

of electrons from the surface due to the chemisorption of oxygen molecules forms a depletion 

layer at the surface.  

2 2( ) ( )O g e O ads 
                                        (4.5)

 

                                            2 ( ) 2 ( )O ads e O ads  
                                      (4.6)

 

The adsorption of negatively charged species on the surface and the formation of a depletion 

region establish an electric field in the semiconductor. The adsorption of negatively charged 

oxygen molecules on the surface of a-IGZO is depicted in figure 4-11(a). 
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Since the energy of the UV light used in this study was 4.43eV is greater than the 

bandgap of the a-IGZO (~3.4eV), on illumination electron-hole pairs are generated due to 

band to band excitation. The energy of the UV light excites the electrons to deep conduction 

band levels thus leaving excess holes in the valence bands [8]. This accounts for the fast 

initial increase in the off current. As time of illumination is increased, the system tries to 

reach equilibrium with the recombination process. 

The photogenerated holes migrate to the surface under the influence of the established 

electric field and neutralize the negatively charged oxygen molecules thus reducing the 

depletion layer. Thus oxygen molecules desorb from the surface and electrons are made 

available for conduction. This process is known as photodesorption and is depicted in figure 

4-11(b). However it has been suggested that this process is slow as compared to the 

generation of electron hole pairs by band to band excitations because band to band excitation 

occurs in the bulk of the semiconductor while adsorption/desorption occurs on the surface 

[9]. Therefore slow rise in the Ioff can be thought to be governed by the charge neutralization 

reaction between negatively charged oxygen ions adsorbed on the a-IGZO surface and the 

photogenerated holes.  However it should noted that photogeneration of free carriers and 

desorption of oxygen molecules from the surface occur simultaneously. Initially the band to 

band excitation dominates and as time increases the increase in the current due to 

photodesorption begins to dominate.  Such behavior has been reported in ZnO thin films [10]. 
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Figure 4-11: (a) Adsorption of negatively charged oxygen molecules on the surface of a-

IGZO. (b) Photodesorption of oxygen from the surface of a-IGZO. 

 

 

The substantial decrease of the threshold voltage can be attributed to two factors 

which are explained as follows:  

(i) Electron traps exist in a-IGZO. The lifetimes of these traps can be varied depending on 

whether they are shallow or deep traps. When UV light is switched on the photogenerated 

electrons get trapped and when UV light is switched off these traps empty giving rise to 

photoconductivity even when the UV light is switched off. This phenomenon is known as 

persistent photoconductivity in semiconductors. Persistent photoconductivity has been 

reported in a-IGZO [2] and studies have been made to model the deep level and shallow level 

traps in a-IGZO [11]. As the time of illumination increases more free electrons get trapped 

and the threshold voltage Vth decreases.  
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(ii) Another mechanism to which the substantial Vth decrease can be attributed is the creation 

of reversible structural changes in a-IGZO due to UV illumination. The bond strength in 

metal oxides comes from the ionicity of these materials. The first step in dissociating a metal 

oxide bond is neutralization of the ions that constitute them. Taking the example of ZnO, the 

neutralization by charge transfer takes place as follows: 

                                             
2 2 0 0( ) 2( ~ ) ( )s sZn O e h Zn O   

                                         (4.7)
 

The electron transfer from O 2p valence band to the Zn 4s conduction band corresponding to 

the neutralization is the step that requires the highest amount of energy in the stepwise 

dissociation of ZnO and also it has been reported that the bandgap energy is equal to the 

activation energy of this process. Hence it can be deduced that photodecomposition of the 

zinc oxide bond is possible by band to band excitation.[12] 

The energy of the UV light (427kJ/mol) used in this study is higher than bond energy 

of Zn-O bonds (258kJ/mol) [12]. Thus UV illumination can introduce structural changes in 

the form of localized photoinduced defects in a-IGZO. These defects may be oxygen 

vacancies (Vo) and interstitials (Oi). The energy of UV photons would help the O atoms 

diffuse into an interstitial site. 

                                             
h Ega IGZO Vo Oi                                             (4.8)

 

The oxygen vacancies may be singly or doubly ionized and provide free electrons. 

                                            
2 2Vo Vo e Vo e                                               (4.9) 
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Thus we have localized positive charge in the form of ionized oxygen vacancies. Singly and 

doubly ionized oxygen interstitials being negatively charged provide free electrons in the 

system or trap photogenerated holes to give interstitial O atoms and O
-
 centers respectively.  

                                                 
2Oi h Oi                                                        (4.10) 

                                                  Oi h Oi                                                        (4.11) 

The possibility of the introduction of these reversible structural changes in the form of 

oxygen vacancies can also be supported by the increase in subthreshold swing S as the time 

of UV illumination increases as seen in figure 4-10(a). The subthreshold swing S for a-IGZO 

TFT is given by the relation 4.12 
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                                     (4.12) 

where Cins is the capacitance of the insulator Dsg is the subgap density of states which 

comprises of the bulk trap density as well the interface trap density [11]. The increase in the 

subthreshold swing may be due to the bulk trap states created due to the reversible structural 

changes because of UV illumination. Thus the localization of positive charge and induction 

of free electrons owing to the reversible structural changes causes a decrease in threshold 

voltage Vth.  

The change in the threshold voltage ΔVth has a logarithmic dependence on the time of 

illumination. This can be seen in the Figure 4-12. The logarithmic decrease in the threshold 

voltage Vth can be quantified as follows 

                                                      0 0log( / )thV A t t                                                        (4.13) 
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where A0 is the decay constant which may depend on the wavelength and intensity of UV 

illumination whereas relaxation constant t0 depends on the initial conditions of the TFT. 

 

 

Figure 4-12: Logarithmic dependence of the change in Vth with time of UV illumination. 

 

On switching off the UV light the off current drops rapidly . This can be attributed to 

the interband recombination of photogenerated free electrons and holes. This is because the 

recombination times have been estimated to ~10
-9

s [13]. The slow recovery of the threshold 

voltage Vth can be ascribed to the emptying of deep level traps which maybe long lived 

resulting in the slow recombination of the free electrons. The slow Vth-shift recovery 

probably results from the reversible structural change which involves the recombination of 

oxygen vacancies, free electrons, and O atoms. The energy of UV photons would help the O 

atoms diffuse into an interstitial site. After switching off the UV light, the interstitial O atoms 

require relatively high energies to diffuse back to the lattice site. This is because the diffusing 

O atoms must overcome the potential barrier due to the surrounding ions. Hence, it takes 

some time for the system to return to the initial pre-illumination state at room temperature. If 
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the ambient temperature were increased, the relaxation time would be much shorter. Figure 

4-13 shows the energy levels and defect levels in a-IGZO with respect to the vacuum level  

               

Figure 4-13: Energy level diagram for a-IGZO device showing the different energy levels 

with respect to the vacuum level. Based on [3] 

 

4.3 Photoelectrocatalytic Sensing of Volatile Organic Compounds 

In this section we investigate the photoelectrocatalytic sensing properties of a-IGZO 

TFT. The volatile organic compound used in this work is acetone. Acetone acts primarily as 

a depressant of the central nervous system. Signs of toxicity following severe intoxication 

may include ataxia, sedation, and coma. Respiratory depression, gastrointestinal disorders 

(vomiting and hematemesis), hyperglycemia and ketonemia, acidosis and hepatic and renal 

damage may also occur [14]. In spite of all these hazards to human beings it has not been the 

extensively studied gases for thin film gas sensors because of the complex nature of the 
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photoelectrocatalytic reactions taking place on the semiconductor surface which make its 

detection difficult. The IGZO TFT shows an instantaneous response when exposed to 

acetone. We have tried to understand the mechanism behind the photoelectrocatalytic sensing 

of acetone on IGZO thin films, as this would form the basis for developing and optimizing 

the a-IGZO TFT as an acetone sensor. 

 

4.3.1 Acetone Sensing 

 Transparent a-IGZO (In2O3:Ga2O3:ZnO = 1:1:5 mol%) thin film transistor structure 

was used for this study. The fabrication details and the dimensions of the device are the same 

as discussed in section 3.7. In this study the transistor was placed inside the test chamber and 

probed with the custom probe station and the voltages were supplied to the gate and drain of 

the TFT. The current was measured with a picoammeter and recorded via a LABVIEW 

program. The chamber was filled with air and the pressure in the chamber was kept at 720 

Torr. The flow rate of acetone was adjusted to 5 sccm and the acetone was let inside the 

chamber for 5s at every interval which corresponded to 100 ppm of acetone. This experiment 

was carried out at room temperature. The TFT was illuminated with UV light (280 nm) with 

40mA passing through the UV LED, for several minutes before acetone was let inside the 

chamber. The same experiment was repeated by increasing the current passing through the 

UV LED to 48mA for several minutes and then reducing it back to 40mA. This was done to 

check for the response of the sensor with increasing and decreasing background drift in the 

drain current of the TFT. In both the experiments, the voltage applied to the gate VGS was 6V 

and that applied to the drain VDS was 12V.  
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Figure 4-14(a) shows the response of the TFT with an initial increasing drift in the 

drain current. Initially the drain current increases because of UV illumination of the TFT 

causing photogeneration in IGZO as discussed in section 4.2. The drain current reduces 

sharply as acetone is introduced in the chamber and then keeps increasing, but at a lower rate. 

The TFT shows a consistent response when 100 ppm of acetone is introduced in the chamber 

each time. The response increases with increasing concentration of acetone in the chamber. 

There is a decrease in the rate at which the drain current increases, after every instance of 

injection of acetone in the chamber. 

 

 

Figure 4-14: Response of the a-IGZO TFT sensor to acetone injection in the chamber with 

(a) increasing background drift (b) decreasing background drift. 

 

Figure 4-14(b) shows the response of the TFT with an initial decreasing drift in drain 

current. The decreasing drift in drain current is due to the prior UV illumination of the TFT at 

a higher intensity as discussed in the previous section. Since the intensity of UV illumination 

was reduced by changing the current passing through the UV LED from 48mA to 40mA, the 
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rate of photogeneration reduced and hence there is an initial decreasing drift in the drain 

current. When acetone is injected in the chamber the drain current decreases sharply and then 

keeps decreasing at a different rate. The response of the TFT to the injection of acetone in the 

chamber is similar and independent of the initial drift in the drain current. 

These results cannot be explained simply by considering the fact that acetone is a 

reducing species and the conductivity of thin film increases in the presence of a reducing 

species and decreases in the presence of an oxidizing species. Though most of the organic 

compounds on photodegradation, give carbon dioxide and water, the contrary results seen 

above are because of the different intermediate products formed owing to the complex 

oxidation-reduction reactions taking place on a-IGZO surface during the photodegradation of 

acetone. It is necessary to understand the mechanism and the reaction pathway of acetone 

degradation in order to explain the photoelectrocatalytic sensitivity of acetone on a-IGZO 

thin films. 

 

4.3.2 Mechanism for PEC Sensing of Acetone 

Oxygen adsorption on the surface of a-IGZO plays an important role in the electrical 

transport properties of a-IGZO. The ionosorption of oxygen on the a-IGZO surface removes 

the electrons from the conduction band and forms a depletion layer at the surface and 

establishes an electric field inside the semiconductor which is directed to the surface because 

of the adsorption of the negatively charged oxygen molecules. 

                                       2 2( ) ( )O g e O ads 
                                               (4.14)
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On illumination a-IGZO films with UV light whose energy is greater than the bandgap of    

a-IGZO absorption of photons causes excitation of electrons into the conduction band thus 

producing electron-hole pairs.  

                                                      
h Eg

a IGZO h e
                                                (4.15) 

UV illumination therefore, produces additional conduction electrons and holes. These holes 

migrate to the surface under the influence of the electric field and discharge the negatively 

charged oxygen species and causes desorption. This reduces the thickness of the depletion 

layer formed due to adsorbed oxygen. The free electrons increase the current passing through 

the a-IGZO film. 

                                                 2 2( ) ( )O ads h O g 
                                                (4.16)

 

Oxygen vacancies exist in the bulk of the semiconductor. Also as discussed in the previous 

section, UV illumination causes reversible photoinduced structural changes in the form of 

oxygen vacancies and interstitial oxygen atoms which may be ionized.  

                                              0

h

oa IGZO V O V O
     

                                     (4.17)                                     

The negatively charged chemisorbed oxygen may diffuse into these vacancies to produce O
- 

centers. The lattice oxygen ions also trap holes at ledge and kink positions to give O
-
 centers 

[14]. It has been reported that metal oxides with more structural defects can ionosorb oxygen 

as O
- 
species [15]. 

                                                    2 ( ) oO ads V O  
                                                       (4.18)                                                   

                                                  
2 ( )LO ads h O   

                 (4.19)
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Water molecules in the atmosphere also adsorb on the surface and dissociate to form reactive 

hydroxyl radicals.[16] 

         2 ( ) ( )hH O ads h OH ads H    
           (4.20)

 

Atwood has suggested that reaction is initiated by surface trapped holes that are O
- 
centers in 

the semiconductor formed due to UV illumination [16]. 

3 3 3 2CH COCH O CH COCH OH    
           (4.21)

 

Acetone also reacts with the hydroxyl radical as 

         3 3 3 2 2CH COCH OH CH COCH H O   
           (4.22)

 

                            3 2 2 3 2CH COCH O CH COCH OO  
                             (4.23)

 

This being unstable will decompose to give acetaldehyde  

                        3 2 3 2CH COCH OO O CH CHO CO OH     
                               (4.24)

 

The photocatalytic degradation of acetaldehyde can take place in the following two pathways 

to give CO2 and H2O.[17] 

                    3 3 2CH CHO CH COO H HCOO H CO       
                  (4.25)

 

                          3 2CH CHO HCHO HCOO H CO    
                          (4.26)

 

These two 4.25 and 4.26 steps can be summarized as  

                                  3 2 2 22 2CH CHO O h CO H O H      
                            (4.27)

 

The H
+
 ions combine with the electrons desorb from the surface as hydrogen gas. 

                                                22 2H e H   
                                                        (4.28)
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The overall photocatalytic reaction of acetone can be summarized in the following steps 

                           3 3 2 3 2 2h CH COCH O CH CHO CO H     
                              (4.29)

 

                              3 2 2 22 2 2h CH CHO O CO H O H     
                                   (4.30)

 

                                           22 2H e H   
                                                             (4.31)

 

Combining the above three steps the photoelectrocatalytic degradation of acetone can be 

summarized in equation 4.32 as: 

                       3 3 2 2 2 23 3CH COCH O CO H O H     
                                          (4.32)

 

Since holes and electrons are both consumed in these reactions, we see a decrease in the 

current when the UV illuminated surface of a-IGZO is exposed to acetone.  

 

4.3.3 Analysis of sensor performance 

 

 

Figure 4-15: Typical response (drawn but not real data) of a photoelectrocatalytic sensor 

based on a a-IGZO TFT divided into four regimes. 
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Figure 4-15 shows a typical response of a photoelectrocatalytic sensor based on a TFT. The 

response can be divided into four regimes. 

I. The first regime is the current (IDS) flowing between the source /drain electrodes in 

the absence of UV illumination or presence of the gas in the surrounding. Depending 

on the bias voltages the applied, the TFT may be operating in the triode or saturation 

region. This current is given by equations as discussed in section 4.2. 

II. The second regime is the current between the source and the drain under the 

influence of UV illumination. This response can be subdivided in two parts i.e. an 

initial rapid increase in IDS as seen in II (a) which is due to the transition of electrons 

from valence band to conduction band followed by a slow increase in IDS  as in II (b) 

due to photodesorption of oxygen molecules from the surface. In the second regime, 

photogeneration of carriers takes place simultaneously with the recombination as 

well as trapping of free carriers and photodesorption. Initially the photogeneration 

process dominates which causes the rapid increase in IDS after which the system tries 

to reach equilibrium between the photogeneration and the recombination and 

trapping processes as well as photodesorption, hence the IDS increases slowly. 

III. The third regime is the instant decrease in IDS because of the introduction of acetone 

inside the test chamber. Both electrons as well as holes are consumed due to the 

photoelectrocatalytic reactions taking place at the surface of the a-IGZO and hence 

the current drops instantaneously. 

IV. After the rapid decrease in the current of the TFT due to exposure to acetone, 

equilibrium is reached between the photoelectrocatalytic process and the 
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photoconductive processes, following which the photoconductive process dominates 

again and the current begins to increase, this is the fourth regime. 

Also in some instances after considerable time of illumination the photogeneration is 

near equilibrium to the recombination and trapping process, if the intensity of UV 

illumination is now reduced then the drain current IDS will have a decreasing drift in regime 

II for e.g. Figure 4-14(b). However it is difficult to model these regimes because of the 

various processes that take place simultaneously with different rates. Hence these regimes 

were identified by observation of the response of the TFT and all the regimes except the third 

regime which is the response to acetone, were curve fitted and then subtracted from the 

response in order to extract the response only due to the introduction of acetone in the 

chamber. An example of this method is discussed as follows. 

 

            

Figure 4-16: Response of a photoelectrocatalytic sensor based on a-IGZO TFT to acetone. 
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Figure 4-16 shows a response of a-IGZO TFT to injection of 800ppm of acetone 

injected inside the chamber.  The response from t=0 to the instant where acetone is injected 

in the chamber indicated by the blue arrow constitutes the first two regimes. The response 

from the instant when acetone was injected in the chamber to the time instant where the 

current reaches a lowest value constitutes the third regime corresponding to the response of 

the sensor to acetone and the increase in the drain current till the instant when acetone was 

injected again constitutes the fourth regime. These regimes except the third regime 

corresponding to acetone response were curve fitted individually and subtracted in order to 

extract the acetone response (drop in drain current due to acetone injection in the chamber).  

           

Figure 4-17: (a) Resistance change of the a-IGZO TFT gas sensor due to acetone exposure 

(b) change in sensitivity of the a-IGZO TFT gas sensor due to acetone exposure. 

 

The voltage applied between the source/drain VDS electrodes is divided by the filtered 

acetone response (current IDS) to get the channel resistance change upon injection of acetone 

in the chamber which is shown in figure 4-17(a).  Sensitivity is also an important metric to 

qualify the performance of sensor. It can be calculated as discussed in section 2.7.1.       

Figure 4-17(b) shows the percentage sensitivity of the TFT sensor to acetone. From these 
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graphs the percentage sensitivity of a-IGZO to 800 ppm of acetone is 0.26% and the response 

time is 24s. 

 

4.4 Summary 

A testing setup was developed for carrying out the testing of photoelectrocatalytic 

sensors based on a-IGZO TFTs in a controlled environment. The effect of ultraviolet 

illumination of the a-IGZO TFTs on the device parameters such as the drain current IDS, 

threshold voltage Vth and subthreshold swing were studied. Along with the generation of 

excess photocarriers UV illumination introduces reversible structural changes in the material 

in the form of oxygen vacancies and this is responsible for the slow Vth recovery of the 

device. It was seen that the change in the threshold voltage had a logarithmic dependence on 

the time of UV illumination of the TFT. The a-IGZO TFT gas sensor showed instantaneous 

sensitivity to acetone. A fairly accurate method for characterizing the response of the sensor 

based on observation and curve fitting can be employed and the response of the TFT gas 

sensor can be quantified. 
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CHAPTER 5 

FACTORS INFLUENCING THE PERFORMANCE OF INDIUM 

GALLIUM ZINC OXIDE THIN FILM TRANSISTOR GAS SENSOR 

 

In the previous chapter the effect of Ultraviolet (UV) illumination on amorphous 

Indium Gallium Zinc Oxide (a-IGZO) Thin Film Transistors (TFT) were explained. A 

mechanism was suggested for photoelectrocatalytic sensing of acetone on a-IGZO and 

methods to characterize the response of the TFT based sensor were discussed. In this chapter 

we investigate the factors than can influence the performance of a-IGZO TFT based gas 

sensor for acetone sensing.  

There are several factors that can affect the performance of the sensor. These factors 

can be divided into three categories: 

1) Ambient conditions such as humidity, pressure and temperature in which the sensor is 

operated. 

2) External parameters applied to the TFT such as the wavelength and intensity of UV 

illumination and the voltage applied to the gate electrode. 

3) Intrinsic device parameters such as composition of the semiconducting layer, contact 

structure, substrate/gate/dielectric gate stack 

In order to optimize the performance of a-IGZO TFTs as environmental sensors, it is 

necessary to study the effects of above mentioned factors on the response of the TFT sensor. 

This effort is focused on developing a wearable environmental sensor where power 
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consumption is minimized and the use of a heater is prevented, hence the study is carried out 

at room temperature and the effects of higher temperature have not been considered. In this 

chapter the effect of humidity, intensity of UV illumination and applied gate potential on the 

sensitivity of the sensor has been explored. The performance of the sensor with different 

composition ratios of IGZO, different contact structures and different substrates and 

dielectrics has also been studied. 

 

5.1 Effect of Humidity 

To examine the effect of humidity on the sensitivity of a-IGZO TFT, the response 

was measured in two different ambient conditions in the chamber. First the transparent a-

IGZO TFT (In2O3:Ga2O3:ZnO=1:1:5 mol%) was placed inside the chamber with atmospheric 

air which had 50% relative humidity. The TFT was illuminated with UV light (280 nm) with 

40mA current passing through the UV LED. The voltage applied between the drain and the 

source electrode was VDS=10V and the voltage applied between the gate and the source 

electrode was VGS=4V. The flow rate of acetone was adjusted to 20 sccm. In order to inject 

acetone inside the chamber the valve controlling the Mass Flow Controller (MFC) was 

opened. For consistency the valve was opened for 10s each time which corresponded to    

800 ppm of acetone injected inside the test chamber however the time between two instances 

of injection of acetone in the chamber was not fixed. The response of the sensor was noted. 

The experiment was then repeated with nitrogen ambient in the chamber. This was done to 

remove any water vapor inside the chamber so that the effect of humidity could be studied. 
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Both the experiments were done at room temperature and the pressure was maintained at 720 

Torr in the chamber.  

 

 

Figure 5-1: Response of the a-IGZO TFT sensor with (a) atmospheric air ambient with 50% 

relative humidity (b) nitrogen ambient with 0% relative humidity. 

 

Figure 5-1(a) and figure 5-1(b) shows the response of the sensor to acetone with 

atmospheric air and Nitrogen ambient in the test chamber respectively. In both cases there is 

a sharp decrease in the drain current with the injection of acetone in the chamber, but the 

response of the sensor in nitrogen ambient (0% relative humidity) is greater than the response 

in atmospheric air (50% relative humidity). Figure 5-2 shows a comparison of the percentage 

sensitivity of the sensor in atmospheric air and nitrogen ambient to 800 ppm of acetone 

injected in the chamber. 

The presence of water vapor in the ambient atmosphere assists in the degradation of 

acetone in presence of UV light as the hydroxide ions (OH
-
) formed during dissociation of 

the water molecule in presence of UV light transfer an electron to the hole and get converted 
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to highly reactive hydroxyl radicals ( OH ) which attack the acetone molecules as discussed 

in section 4.3.2. 

                           2 ( ) ( )hH O ads h OH ads H
                                         (5.1) 

 But the water molecules compete with acetone to get adsorbed on the surface. The 

adsorption of water molecules on the surface of a-IGZO leaves less adsorption sites for 

acetone to be adsorbed on the surface when it is injected in the chamber. Hence the response 

as well as the sensitivity is more when the sensor is operated in conditions which have no 

humidity. 

 

 

Figure 5-2: Comparison of the percentage sensitivity of the a-IGZO TFT sensor with (a) 

atmospheric air ambient with 50% relative humidity (b) nitrogen ambient with 0% relative 

humidity. 



 92 

5.2 Effect of Intensity of UV Light  

To examine the effect of intensity of UV light on the sensitivity of a-IGZO TFT, the 

response was measured to varying intensities shining on the a-IGZO surface. The sample 

(transparent IGZO TFT In2O3:Ga2O3:ZnO = 1:1:5 mol%) was placed inside the chamber with 

atmospheric air at 720 Torr. The flow rate of acetone was adjusted to 20 sccm and the valve 

of the MFC was opened for 10s to inject 800 ppm acetone inside the test chamber. This 

experiment was carried out at room temperature without UV light and the response was 

noted. The TFT was then illuminated with UV light (280nm) and the experiment was 

repeated with varying UV intensity by changing the current passing through the UV LED in 

steps of 20mA 30mA, 40mA. The output power of the UV LED varies linearly with the 

current passing through it [1] and the LED is held at a constant height of 4cm above the 

sample and hence the intensity can be directly related to the current passing through the LED. 

The experiment was repeated each time and the response and the percentage sensitivity were 

noted.  

Figure 5-3(a), (b), (c) and (d) show the response of the a-IGZO TFT gas sensor to 

acetone with varying intensity of UV light while figure 5-4 shows a plot of percentage 

sensitivity of the TFT gas sensor to 800 ppm of acetone respectively against the different 

intensities of UV Light denoted by the respective current passing through the UV LED. The 

sensor does not show any response to acetone in the absence of UV light. This confirms that 

the photodegradation of acetone is initiated by the surface trapped photogenerated holes (O
-
 

centers) formed due to UV illumination. As the intensity of UV light increases the formation 
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of the O
- 
centers in a-IGZO increases and triggers other degradation reactions on the surface. 

This experiment confirms the photoelectrocatalytic sensing properties of a-IGZO. 

 

     

 

   

Figure 5-3: Response of the a-IGZO TFT sensor with (a) 0 mA (b) 20mA (c) 30mA (d) 

40mA current passing through the UV LED. 

  



 94 

 

Figure 5-4: Percentage sensitivity of the a-IGZO TFT sensor to 800 ppm of acetone with 

varying UV intensity. 

 

5.3 Effect of Applied Gate Potential 

When a voltage is applied between the gate and the source electrode of the TFT, band 

bending is induced at the dielectric/semiconducting metal oxide interface. If the voltage 

applied to the gate is positive (VGS>0) then the bands bend downwards and if the voltage 

applied to the gate is negative (VGS<0) then the bands bend upwards. If the thickness of the 

semiconducting layer or the thin film is sufficiently small, change in the gate potential can 

change the availability of electrons or holes at the semiconductor metal oxide (SMO)/gas 

interface for surface adsorption reactions [2]. 

In attempt to examine the effect of applied gate voltage on the sensitivity of the 

sensor, the response of the a-IGZO TFT was measured for positive and negative voltages 

applied to the gate of the TFT. The sample (transparent IGZO TFT In2O3:Ga2O3:ZnO = 1:1:5 

mol%) was placed inside the chamber with atmospheric air at 720 Torr. This experiment was 
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carried out at room temperature. The TFT was illuminated with UV light (280 nm) and with 

40mA of current passing through the UV LED. The voltage applied to the drain was        

VDS= 10V. The voltage applied between the gate and the source contacts was VGS=0V. The 

flow rate of acetone was adjusted to 20 sccm and the acetone was injected inside the chamber 

by opening the MFC valve for 10s to inject 800 ppm of acetone inside the chamber. The 

response of the TFT to the injection of acetone was measured and the experiment was 

repeated each time with different gate voltages VGS= -8V, -4V, 4V, 8V and 12V. 

Figure 5.5 (a), (b), (c) and (d) show the response of the TFT to the injection of 

acetone in the chamber with positive potential applied to the gate, 0V, 4V, 8V and 12V 

respectively while figure 5.5 (e) and (f) show the response of the TFT with negative 

potential, -4V and -8V, applied to the gate. The drain current in air with positive potential at 

the gate is an order of magnitude higher than that with negative potential. In both cases, the 

TFT shows a decrease in drain current when acetone is injected in the chamber. 

Figure 5-6 shows the response of the sensor to the injection of 800 ppm of acetone 

inside the chamber at different gate voltages. In this figure we can see the response of the 

sensor with positive gate voltage is an order of magnitude higher than with negative gate 

voltage. 
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Figure 5-5: Response of the a-IGZO TFT sensor with VGS= (a) 0V (b) 4V (c) 8V (d) 12V    

(e)-4V (f) -8V applied to the gate of the TFT. 
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Figure 5-6: Response of the a-IGZO TFT sensor to 800 ppm as function of voltage applied 

between gate and source electrode 

 

When positive potential VGS>VTH is applied to the gate of the TFT, electrons are 

accumulated at the dielectric/SMO surface causing the bands to bend downwards, this 

increases the drain current. When negative potential is applied at the gate of the TFT, the 

channel is depleted of electrons, causing the bands to bend upwards and hence the drain 

current is less. When the TFT is illuminated with UV light, electron-hole pairs are generated 

in the semiconducting layer. Application of gate bias to the TFT causes the separation of 

these photogenerated carries. As discussed in sections 4.3.2 and 5.2 the photocatalytic 

reaction of acetone at the IGZO surface is initiated by the O
-
 centers formed due to transfer 

of electrons from ionized oxygen interstitials to holes according to relation.  

 

                                           
2 ( )LO ads h O

                                                     (5.2) 
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 Application of positive bias to the gate of the TFT causes accumulation of electrons 

at the semiconductor/dielectric interface and repels the photogenerated holes to the surface 

where they initiate the photocatalysis of acetone whereas when the gate is negatively biased, 

the photogenerated holes are attracted towards the semiconductor/dielectric interface and the 

electrons are repelled to the surface. Since the reaction is initiated by photogenerated holes, 

photocatalysis of acetone takes place more at the surface when positive voltage is applied to 

the gate. Hence the change in drain current with the injection of acetone in the chamber is 

more when the gate is positively biased than when it is negatively biased. 

 

 

Figure 5-7: Percentage sensitivity of the a-IGZO TFT sensor to 800 ppm of acetone with 

varying gate voltage VGS 
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Figure 5.7 shows the sensitivity of the sensor to the injection of 800 ppm of acetone 

in the chamber with different gate voltages applied to the gate of the TFT. A relation between 

sensitivity of the sensor and applied gate potential based on [2] can be derived as follows. 

The electron concentration in the channel can be given by the relation 

                                                       
( )ins GS thC V V

n
qt

                                                         (5.3) 

where Cins is capacitance per unit area of the dielectric layer, q is the electronic charge, t is 

the thickness of the semiconducting layer  and Vth is the threshold voltage of the TFT before 

exposure to gas. Hence 

                                                            ins thC V
n

qt
                                                        (5.4) 

As discussed in section the sensitivity can be defined as 

                                                 
0 0

0 0

| | | |gas gasG G I I
S

G I
                                                (5.5) 

Since the drain current is proportional to the electron concentration in the channel, 

                                                        

0

0 0

| | | |gasn n n
S

n n                                                   

(5.6) 

Thus combining the relation (5.1), (5.2) and (5.4) we get, 

                                                          0

| |
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GS th

V
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V V
                                                     

(5.7) 

Thus it can be derived that S(VGS) ∝ (VGS-VTH0)
-1

 and the sensitivity of the sensor being 

inversely proportional to the applied gate potential, it be can deduced that maximum 

sensitivity can be achieved when gate potential approaches the threshold voltage VTH0. The 
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threshold voltage of the TFT used was measured to be 2V. As seen in the figure 5.7 the 

sensitivity is maximum at VGS=4V. Threshold voltage change due to bias stress has been 

reported for a-IGZO TFTs [3]. When the gate is stressed with positive voltage electrons get 

trapped at the dielectric/semiconductor interface and this cause an increase in the threshold 

voltage. This increase in threshold voltage increases logarithmically with time of applied bias 

stress. It has been discussed in section that the threshold voltage decreases logarithmically 

with the time of ultraviolet illumination. As a result of the changes in threshold voltage prior 

to the exposure to gas due to bias stress and UV illumination it is difficult to anticipate the 

voltage at which maximum sensitivity will occur.  

 

5.4 Effect of Composition of IGZO 

To examine the response of the sensor it is also necessary to study the response of the 

sensor on IGZO TFTs with different mole ratios of the oxides. In this study we used three 

transparent TFT samples with three different compositions of the semiconducting layer        

a-IGZO (In2O3:Ga2O3:ZnO = 5:1:5 mol%), a-IGZO (In2O3:Ga2O3:ZnO = 1:1:5 mol%) and   

a-IGO (In2O3:Ga2O3 = 1:1 mol%) and measured their response. The sample was placed 

inside the chamber with atmospheric air. The flow rate of acetone was adjusted to 20 sccm 

and the acetone was injected inside the chamber for 10s at every instance which 

corresponded to 800 ppm of acetone. The TFT was illuminated with UV light (280 nm) and 

40mA current passing through the UV LED. The experiment was repeated with the other two 

TFT samples and the response was measured. All the experiments were done at room 

temperature and the pressure was maintained at 720 Torr. 
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Figure 5-8: Response of the a-IGZO TFT with contacts having (a) a-IGZO 

(In2O3:Ga2O3:ZnO = 5:1:5 mol%) (b) a-IGO (In2O3:Ga2O3 = 1:1 mol%) 

 

Figures 5-8(a), (b) show the response of transparent TFT structures with 

semiconducting layers IGZO (In2O3:Ga2O3:ZnO = 5:1:5 mol%) and IGO (In2O3:Ga2O3 = 1:1 

mol%) respectively. It is seen that the sensor based a-IGO (In2O3:Ga2O3 = 1:1 mol%) shows 

no response to acetone. Table 5-1 shows a comparison of the sensitivity of the different 

semiconducting materials to 800 ppm of acetone injected in the chamber. It also shows the 

annealing conditions and the channel conductance for different semiconducting materials. 

The source/drain contact resistance is ignored for calculating the channel conductance 

because the source drain resistance is the same for all the three samples.  

Since the photocatalytic reactions of acetone are initiated by O
-
 centers, the material 

with the presence of more number of oxygen vacancies will tend to show more sensitivity. It 

has been reported that oxygen vacancies exist in ZnO [4,5]. The channel conductance of a-

IGZO films is also two orders of magnitude higher than a-IGO films. Since a-IGO does not 
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show sensitivity to acetone, it can be deduced that ZnO may be the source of oxygen 

vacancies in a-IGZO.  

Table 5-1: Comparison of sensitivity of samples different composition of the semiconductor 

layer to 800 ppm of Acetone 

Semiconducting Material 
% Sensitivity 

to Acetone 

Annealing 

for 1hr at 

200˚C 

Channel 

Conductance

 

a-IGZO (In2O3:Ga2O3:ZnO=1:1:5 mol%) 0.07% Yes 6.08x10
-5
Ω

-1
 

a-IGZO (In2O3:Ga2O3:ZnO = 5:1:5 mol%) 1.13% No 5.88x10
-6
Ω

-1
 

a-IGO (In2O3:Ga2O3 = 1:1 mol%) 0% Yes 3.47x10
-7
Ω

-1
 

 

Also it is seen that the TFT with semiconducting material having more indium 

content shows more sensitivity. This can be attributed greater non stoichiometry in the 

semiconducting material with greater Indium content. Materials with greater non-

stoichiometry ionosorb more oxygen thus increasing gas sensitivity [6]. Annealing of the 

samples causes a reduction in oxygen vacancies. It has been reported that materials with 

more oxygen vacancies has enhanced gas sensitivities [5] and annealing with oxygen 

atmosphere reduces the sensitivity [7]. Thus annealed samples show lower sensitivity as 

compared to the non-annealed samples. 

 

5.5 Effect of Contacts on Sensor Response 

The resistance of the contacts plays an important role in the case of thin film compact 

films [8]. The use of interdigitated fingers is popular in gas sensors because the contact 

resistance of interdigitated contacts is smaller than the rectangular contacts due to increased 
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cross section area [9]. The channel length of devices with interdigitated contacts is the 

spacing between the two fingers.  

 

 

Figure 5-9: a-IGZO TFT with interdigitated contacts with finger spacing of (a) 5µm (b) 

10µm (c) 20µm (d) 70 µm (no fingers). 

 

In this study TFTs with interdigitated contacts with different spacing have been used. 

To examine the response of the sensor to acetone we used transparent a-IGZO TFTs 

(In2O3:Ga2O3:ZnO = 1:1:5 mol%) with interdigitated contacts with finger spacing of 5µm, 

10µm and 20µm as shown in figure. The samples were placed inside the chamber with 

atmospheric air. The flow rate of acetone was adjusted to 20 sccm and the acetone was 

injected inside the chamber for 10s at every instance which corresponded to 800 ppm of 

acetone. The TFT was illuminated with UV light (280 nm) and 40mA current passing 

through the UV LED. The experiments were done using one sample at a time and the 

response was measured. All the experiments were done at room temperature and the pressure 

was maintained at 720 Torr. 
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Figure 5-10: Response of the a-IGZO TFT with contacts having (a) no fingers (b) 20µm (c) 

10µm (d) 5µm.  

 

Figures 5-10 (a), (b), (c), (d) show the response of transparent TFT structures with 

interdigitated contacts having finger spacing of 70 (no fingers), 20µm, 10µm and 5µm 

respectively. Figure 5-11 shows the percentage sensitivity of the sensor to 1600 ppm of 

acetone as a function of the spacing between the fingers of the contact. 
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Figure 5-11: Sensitivity of the a-IGZO TFT to 1600 ppm acetone as function of channel 

length  

 

 

5.6 Sensor Response to Different Gate/Dielectric Materials 

To examine the effect of using different substrates/dielectrics two samples transparent 

and which non transparent were used. The transparent samples had a glass substrate ITO gate 

and ATO as dielectric layer. The non-transparent transistor had a Si substrate which acted as 

the gate, SiO2 as the dielectric. Both the samples had a-IGZO (In2O3:Ga2O3:ZnO = 1:1:5 

mol%) as the semiconducting layer and ITO source/drain contacts. These samples were 

studied separately for their response to acetone and the sensitivity of the sensor was recorded. 

The sample was placed inside the chamber with atmospheric air. This experiment was carried 

out at room temperature. The voltage applied between the gate and the source electrodes is 

4V and that between the drain and the source is 10V. The TFT was illuminated with UV light 

(280 nm) with 40mA current passing through the UV LED. The flow rate of acetone was 

adjusted to 20 sccm and the acetone was let inside the chamber for 10s at every instance 

which corresponded to 800 ppm of acetone. 
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Figure 5-12: Response of the a-IGZO TFT sensor with (a) ITO/ATO (b) Si/SiO2 as 

gate/dielectric stack. 

 

 

 
Figure 5-13: Comparison of the percentage sensitivity of the a-IGZO TFT sensor with 

different substrate/gate/dielectric stack 

 

Figure 5-12 shows the response of the non transparent TFT to injection of acetone. 

Figure 5-13 shows the comparison of the sensitivity of the non transparent TFT to the 

transparent TFT. It is evident that the sensitivity of both the samples is nearly the same. As 

semiconducting layers and their deposition conditions for both samples were the same, they 

showed similar sensitivity to acetone. This shows that the sensitivity of the sensor is nearly 

independent of the gate/dielectric stack of the TFT.  
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5.7 Comparison with Other Acetone Sensors 

 Table 5-2 shows the comparison of the a-IGZO sensor with some of the acetone 

sensor based on different materials and different activation techniques. The sensors that 

operate at room temperature are UV activated sensor. Though sensitivity of the a-IGZO 

based sensor is low as compared to other sensors but it has high response time. The low 

sensitivity as compared to the other sensors is due to the amorphous nature of this material 

which results in lesser surface to volume ratio. The high response time can be attributed to 

the reaction mechanism of PEC sensing which involves the formation of O
-
 centers in the 

material. 

Table 5-2: Comparison of Acetone Sensors 

Material 
Concentration 

of Acetone 
%S 

Response 

time 

Operating 

Temperature 
Reference 

TiO2 100 ppm 80% 4min 400°C [10] 

WO3 600 ppb 70% 1.3min 400°C [11] 

ZnO 2000 ppm 30% 10min 250°C [12] 

ZnO 30 ppm 27.7% 50s Room Temperature [13] 

a-IGZO 800 ppm 1.13% 24s Room Temperature  

 

 

5.8 Summary 

In order to optimize the performance of the sensor it is necessary to study the factors 

influencing the sensitivity of the a-IGZO TFT gas sensor to acetone. The TFT gas sensor 

shows more sensitivity in an environment with less humidity because water molecules 

compete with acetone molecules for adsorption sites on a-IGZO. It also increases with 
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increase in the intensity of UV illumination. The sensitivity of the sensor is maximum when 

the applied gate bias is close to the threshold voltage Vth of the TFT. Annealing of devices 

with oxygen decreases the sensitivity due to reduction in oxygen vacancies. The use of 

interdigitated contacts decreases the contact resistance and thus affects the sensitivity of the 

sensor. The use different gate/dielectric causes little change in the sensitivity of the sensor. 
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CHAPTER 6 

CONCLUSION  

 

6.1 Conclusions 

Thin film gas sensors based on semiconducting metal oxides (SMO) have been 

researched extensively on account of their advantages of high sensitivity, ability to be 

integrated into microarrays and simple measurement and fabrication methods. However the 

gas/SMO interaction is not substantial at room temperature, hence SMO gas sensors are 

incorporated with a heater which increase the power consumption and make them unsuitable 

for flammable gas detection. By employing the technique of photoelectrocatalysis a 

phenomenon in which the gas/SMO reactions are activated by photoillumination of the 

semiconductor, room temperature gas sensing can be realized and by using TFT based gas 

sensors, field effect can be used to control and optimize the sensor performance.  

IGZO is a novel transparent amorphous ionic semiconductor which has received 

intense attention due to greater mobility (~10 cm
2
V

-1
s

-1
) than a-Si:H (~0.5–1.0 cm

2
V

-1
s

-1
) and 

compatibility to low temperature processing(< 300°C). TFTs with a-IGZO as semiconducting 

material fabricated by Pulsed Laser Deposition at room temperature showed good 

characteristics making them desirable for next generation optoelectronics.  

In this work the photoelectrocatalytic properties of amorphous Indium Gallium Zinc 

Oxide (a-IGZO) Thin Film Transistors (TFT) for detection of Volatile Organic Compounds 

(VOC) were investigated and a-IGZO was shown to be a promising candidate for 
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photoelectrocatalytic sensing of acetone at room temperature. The maximum reported 

sensitivity for this material was 1.3% with a response time of 24s. As compared to reported 

sensors based on other materials this sensor had lower sensitivity but higher response times.   

In order to optimize the performance of the sensor the factors influencing the 

sensitivity of the a-IGZO TFT gas sensor to acetone were studied and it was concluded that 

the TFT gas sensor shows more sensitivity in an environment with less humidity because 

water molecules compete with acetone molecules for adsorption sites on a-IGZO. It also 

increases with increase in the intensity of UV illumination. The sensitivity of the sensor is 

maximum for applied gate bias close to the threshold voltage Vth of the TFT. Annealing of 

devices with oxygen decreases the sensitivity due to reduction in oxygen vacancies. The use 

of interdigitated contacts decreases the contact resistance and thus affects the sensitivity of 

the sensor. The use different gate/dielectric causes little change in the sensitivity of the 

sensor.  

In addition to the sensing of the acetone, effects of ultraviolet illumination of the a-

IGZO TFTs on the device parameters such as the drain current IDS, threshold voltage Vth and 

subthreshold swing S were studied.  Persistent shifts of threshold voltage and a change in the 

subthreshold swing were observed in the devices, upon UV illumination which can be 

attributed to reversible structural changes introduced in the material in the form of oxygen 

vacancies. It was seen that the change in the threshold voltage had a logarithmic dependence 

on the time of UV illumination of the TFT.  
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6.2 Suggestions for Future Work 

From the conclusions of this work, it can be seen that a-IGZO was a potential 

candidate for developing an acetone sensor. The sensitivity can be increased if a-IGZO films 

with more oxygen vacancies can be incorporated. So a-IGZO TFTs with higher content of 

In2O3 and deposited at lower oxygen partial pressure should be incorporated while 

fabricating the TFTs. However these parameters should be optimized. This coupled with the 

optimized design of contacts and UV parameters can give higher sensitivities comparable to 

existing acetone sensors. 

The testing setup should be modified so that testing of a-IGZO sensor can be carried 

out at atmospheric pressure. The performance of the a-IGZO sensor should be examined in 

smaller volume chambers which would allow a direct examination of response times. The dry 

vacuum pump should be used instead of the oil based pump so that impurities due to the 

vacuum pump are not introduced in the testing chamber. The devices should be packaged and 

wirebonded so the instability in response due to movement of the probes during vacuum 

purge is eliminated and recovery times can be analyzed. 

  The effects of UV illumination on the device parameters can be studied a-IGZO TFTs 

with respect to varying wavelength and varying intensity so that the change in threshold 

voltage Vth can be modeled and the various constants in the logarithmic relation of time 

dependence of Vth can be quantified. The recovery of the devices should be studied with 

increased temperature and the effects can be modeled. The characterization of the sensor 

response should be done digitally to get accurate results as curve-fitting by observation may 

introduce a certain degree of inconsistency in the measurement.  
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