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Abstract 
 

 Transparent thin film transistors (TFTs) have been the subject of extensive 

scientific research over the last couple of decades, for applications in displays and 

imaging, as their implementation in active-matrix liquid crystal displays backplanes is 

expected to improve their performance in terms of switching times and stability. To 

this end, several material systems have emerged as contenders to address this need 

for a high performance, low power, large-area electronics i.e. thin film silicon, organic 

semiconductors and metal oxides. The electronic limitations of thin film silicon are well 

documented, and although organic semiconductors have seen significant 

improvements in recent years, their persistent low mobility and instability means that 

they are unlikely to progress beyond niche applications.  

 This thesis is focused on the investigation of the physical properties of metal 

oxides and their implementation in TFTs. Metal oxide based TFTs were fabricated by 

spray pyrolysis, a simple and large-area-compatible deposition technique.  

 More precisely, the implementation of titanium-aluminate and niobium-

aluminate both wide band gap and high-k gate dielectric metal oxides in solution 

processed ZnO-based TFTs was studied and high performance, low operational voltage 

devices were fabricated. ZnO-based TFTs employing stoichiometric Al2O3-TiO2 (k~13, 

Eg~4.5 eV) or Nb2O5-Al2O3 (k~13.5, Eg~5.1 eV) as gate dielectric exhibited low leakage 

currents, high on-off current modulation ratios, high field-effect mobilities and low 

subthreshold voltage swings. 

 Furthermore, the implementation of solution-processed crystalline indium-

zinc oxide (c-IZO) as active channel material in TFTs was equally investigated and high-

performance c-IZO-based TFTs employing Al2O3 were fabricated. The effects of metal 

cation doping in c-IZO matrix were investigated in particular, and c-IZO:X 

(X:Ga,Y,Zr,Nb)  based TFTs were fabricated and their properties were assessed for each 

dopant. Amongst them, Yttrium doped c-IZO (c-YIZO)-based TFTs exhibited the best 

performance in terms of low off-state currents, high field-effect mobilities and low 

subthreshold voltage swings.
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1.1 Functional Metal Oxides for Electronic Devices 

 

 Modern transparent electronics require wide band gap conductors, 

semiconductors and dielectrics which are transparent in the visible range of the 

electromagnetic spectrum for the fabrication of electronic devices and circuits. These 

fundamental requirements are fulfilled by metal oxides. 

 Generally, the term metal-oxide refers to compounds which are formed with 

metal and oxygen in the form of oxide ion (O2-). Metal oxides constitute an important 

class of materials due to their ability to demonstrate novel and tunable properties. 

There are metal oxides that are insulators, semiconductors, conductors or either 

superconductors. These macroscopic properties strongly depend on their 

composition. 

 The most well-studied class of the metal oxides are the transparent conductive 

oxides (TCOs). Their applications include smart windows applications, flat panel 

displays (FPDs) and photovoltaic cells. Regarding the usage of TCOs for low emission 

windows, fluorine doped tin oxide (FTO) has been used for energy efficient windows, 

due to their low radiative heat loss because of their low thermal emittance [1]. For 

FPDs, TCOs such as crystalline indium tin oxide (ITO) and amorphous indium zinc oxide 

(a-IZO) has been used as transparent electrodes. The a-IZO is a relatively new entry in 

the FPD industry. It is of amorphous structure and can be deposited at room 

temperature by vacuum-based deposition techniques. TCOs are also a very important 

class of materials for PV applications [2], [3]. In PV industry ITO has been implemented 

as the front side electrode in thin film solar cells because of its high conductivity and 

transparency at the same time. Because of ITO’s manufacturing cost (indium is scarce 

and consequently expensive), alternative indium-free metal oxides have been 

considered as potential replacements. Fluorine and antimony doped tin oxide (FTO, 

ATO) have been considered as low-cost alternatives to ITO [4], [5]. 

 Besides the aforementioned applications of TCOs, electrochromic windows 

and oxide based thin film transistors (TFTs) are two more areas of high interest. In 

electrochromic windows, TCOs are vital for their performance. In such applications the 

highly transparency is a prerequisite.  



Chapter 1: 2019AfouxenidisPhD 

 

22 
 

 The most interesting field of metal oxides is that of high performance, fully 

transparent TFTs. The necessity of high performance and highly transparent TFTs has 

originated from the FPD market. The most common technology in FPD industry is the 

liquid crystal displays (LCDs). A schematic of a LCD is shown in Figure 1-1. As the light 

source is located on the back of the TFT backplane, enhanced optical transparency of 

the TFT would enhance the optical performance of the display. Additionally, metal-

oxide based TFTs exhibit higher electron mobility than amorphous silicon (a-Si) which 

is currently in use, increasing the performance of the devices. Furthermore, the 

implementation of high-k metal oxide based dielectric materials in the TFT structure 

as gate dielectrics, could reduce the operational voltage which leads to low power 

consumption. The low power electronic devices are of particular interest nowadays 

because of the market interest on portable devices such as high performance and 

ultra-portable notebooks, tablets and smartphones.  

 

 

Figure 1-1: Schematic design of a LCD. (Reproduced from1) 

 

 For low voltage and high-performance transparent metal oxide based TFTs 

several metal oxides with different electrical properties have been studied [6]. As 

metallic like contacts, indium-tin oxide (ITO), indium-zinc oxide (IZO), gallium-zinc 

oxide (GZO), aluminum-zinc oxide (AZO) are the most well studied metal oxides that 

                                                           
1 http://www.ignisinnovation.com/about-emissive-displays/  
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they have been implemented in TFT structures acting as gate and source-drain 

electrodes. A number of high-k, wide band gap metal oxides have been extensively 

studied as gate dielectrics. Aluminum oxide (Al2O3), hafnium oxide (HfO2), yttrium 

oxide (Y2O3), zirconium oxide (ZrO2) are characteristic metal oxides that have been 

implemented as gate dielectrics in fully transparent TFTs. Binary metal oxides such as 

aluminum-titanium oxide (TAO), hafnium-aluminum oxide (HAO), lanthanum-

aluminum oxide (LAO) have equally been studied as potential gate dielectrics. 

 Finally, the most extensively studied field towards high performance TFTs is the 

field of metal oxides. Metal-oxide based semiconductors are in general degenerated 

TCOs. Transparent conductive oxides exhibit a free carrier concentration (Nc) in excess 

of 1020 cm-3 (Nc>1020 cm-3) while, transparent oxide semiconductors (TSOs) are metal 

oxides possessing a free carrier concentration typically in the range of 1014-1018 cm-3 

[7]. Thus, the conductivity of the TSOs can be tuned by using proper setups like field 

effect transistors, where by applying a voltage to the gate electrode the current flow 

from source to drain electrode can be controlled.  

 Zinc oxide (ZnO) is maybe one of the most extensively studied TSO. There is a 

very high volume of research papers, dealing with the deposition methods of ZnO and 

how these affect the physical properties of the deposited ZnO thin films. Hoffman et 

al. in 2003 were prepared a fully transparent ZnO based TFT [8]. They deposited the 

ZnO active layer on top of a glass/ITO/ATO stuck via sputtering resulting in a 

glass/ITO/TAO/ZnO stack. ITO was serving as gate electrode while ATO (alternating 

layers of Al2O3 and TiO2) was serving as gate dielectric. Finally, ITO was deposited by 

sputtering through shadow masks acting as source-drain electrodes. The device 

exhibited an effective channel mobility of 0.35-0.45 cm2/Vs, a threshold voltage of 

10-15 V and a high current on-to-off ratio of about 107. 

 In the last decade another TSO, a ternary metal oxide composite of indium, 

gallium and zinc (IGZO) attracted high scientific research interest. In 2003 Nomura et 

al., developed a TFT implementing single crystalline IGZO as active channel material 

[9]. They deposited IGZO on an yttria-stabilised zirconia substrate with ITO acting as 

gate and source-drain electrodes while Al2O3 served as the gate dielectric. The device 
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showed impressive operational characteristics such as a field effect mobility of 80 

cm2/Vs, a turn on voltage of -0.5 V and an on-off current modulation ratio of 106.  

 In 2004, Nomura et al. introduced for first time a flexible metal oxide-based 

thin film transistor, deposited at room temperature by PLD, implementing amorphous 

IGZO (a-IGZO) as semiconducting layer [10]. In their device Y2O3 was serving as the 

gate dielectric while ITO was serving as gate and source-drain electrode.  

 Nomura’s work opened a whole new era for metal oxide based electronic 

devices. Since then extensive studies for amorphous oxide semiconductors (AOSs) 

were conducted to replace the amorphous hydrogenated silicon (a-Si:H).  

 AOSs, in contrast to a-Si:H, are not affected by the degree of disorder. In 

covalent semiconductors such as a-Si:H the carrier transport pathways consist of 

hybrid 𝑠𝑝3 orbitals. So, the bonds, which are the main carrier transport pathway, in 

covalent semiconductors are highly sensitive to structural disorder. So, any kind of 

structural disorder significantly alters the electronic properties of such 

semiconductors. On the other hand, oxide-based semiconductors, especially for the 

transitional metal oxide-based ones with electronic structure of (n-1)d10ns0, (n≥4), 

the carrier transport pathways are the bottom of conduction band or conduction band 

minima (CBM). The CBM of most metal oxides consists of spatially spread spherical 

metal s-type molecular orbitals, 𝑛𝑠 orbitals . In contrast, the maximum of the valence 

band (VBM) is formed of oxygen 2𝑝 orbitals [11]. Figure 1-2 shows a schematic for the 

carrier transport paths  in crystalline and amorphous semiconductors. 

 Because of the unique electronic structure of the oxide based semiconductors, 

they exhibit similar carrier transport properties both in crystalline and amorphous 

phase. In other words, structural disorder in oxide semiconductors does not 

significantly alter the carrier transport properties because of the overlapping nature 

of 𝑛𝑠 orbitals. So, the electronic properties of oxide semiconductors are immune to 

structural disorder. Thus, in contrast to the case of a-Si where the mobility is more 

than two orders of magnitude less than that of poly-Si, amorphous oxide 

semiconductors are of a mobility that is two to five times lower than that of their 

crystalline counterparts [12]. 
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Figure 1-2: Schematic orbital drawings for the carrier transport paths (that is, conduction band bottoms) 
in crystalline and amorphous semiconductors, reproduced from [10]. 

 

 The majority of reported AOSs are based on the binary systems of indium oxide 

(In2O3), zinc oxide (ZnO) and tin oxide (SnO2). Such materials satisfy the criterion of 

(n-1)d10ns0, (n ≥ 4), for high performance oxide semiconductors. However, these 

oxides are of polycrystalline nature. To form amorphous metal oxide semiconductors, 

blending such binary oxides has been proposed. The combination of indium oxide and 

the zinc oxide (IZO) results to an amorphous structure, under a particular 

stoichiometry (0.25 < [In]:[Zn] < 0.8), which results in enhanced TFT operational 

characteristics such as high carrier mobility and low hysteresis [13]. Taking the 

advantage of its structure, a-IZO exhibits a wide range of conductivity depending on 

the [In]:[Zn] atomic ratio and the deposition conditions. A number of TFTs have been 

reported by various research groups based on a-IZO [14]–[20]. Despite the fact that a-

IZO based TFTs have been reported, the control of carrier concentration still remains 

an issue. Amorphous IZO films exhibit high carrier concentration (𝑁𝑐 > 1017 cm-3) 

which results in high off-state currents and low current modulation. To control the 
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carrier concentration the inclusion of various metal cations such as Ga3+ [10], [21]–

[25], Zr4+ [26]–[29], Hf4+ [30]–[34], Y3+ [35]–[38], La3+ [39], [40], have been studied. 

Among these, Ga3+ is the most studied after Nomura’s pioneering work [10]. It has 

been reported that metal cations such as Ga3+, could effectively suppress the carrier 

concentration down to 𝑁𝑐 < 1017 cm-3, as a result of gallium’s high ionic potential. 

Because of the high ionic potential of Ga3+ metal cations, Ga3+ attracts oxygen ions 

and binds them, suppressing the formation of oxygen vacancies.  

 Besides the advantages of AOSs, instability issues such as threshold voltage 

shift (ΔVth) and deterioration of subthreshold voltage swing (ΔSS) under negative 

(NBS) or positive (PBS) bias, or illumination (NBIS, PBIS) conditions have been reported 

[6], [41]–[47]. The stability of the TFTs under gate bias and illumination conditions is 

of significant importance for their implementation in transparent circuit applications. 

For instance, a shift in threshold voltage could result in an undesirable change of 

luminance in an OLED pixel resulting in a significant change of the brightness and 

contrast of the OLED based displays. The origin of such instability issues, is attributed, 

in general, to charge trapping, defect creation, vacancy ionisation and environmental 

conditions [12], [48]. Bias stress has been considered as responsible for carrier 

generation or carrier trapping at the dielectric-semiconductor interface or at the 

semiconductor itself. Illumination has been found that is responsible for vacancies 

ionisation resulting in carrier generation shifting the threshold voltage [49].  

 Different approaches have been followed to tackle the reliability issues of 

AOSs. Very recently, Yamazaki et al., introduced crystalline IGZO or more precisely c-

axis aligned crystalline IGZO (CAAC-IGZO) and they showed that it provides higher 

reliability than the amorphous counterparts [50]. Besides CAAC-IGZO, nanocrystalline 

IGZO (nc-IGZO), In-Sn-Zn oxide either as nanocrystalline (nc-ITZO) or c-axis aligned 

crystalline (CAAC-ITZO) have been considered as channel materials for backplane TFTs 

in LCD panels [51]. Such materials, developed by Yamazaki’s group exhibit high 

performance such as ultra-low off currents (10-24 A/μm)[52], and high stability [53]. 
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1.2 Deposition Techniques: A Brief Overview 

 

 Metal oxide films have been deposited on various substrates by using a variety 

of deposition techniques, divided into two main groups, i) vacuum and ii) solution-

based deposition ones.  Both the techniques show advantages and disadvantages over 

each other.  

 In Table 1-1 a summary of the most common used vacuum and solution-based 

deposition techniques is presented.  

 
Table 1-1: Thin film deposition techniques. 

Vacuum Deposition Techniques  Solution Deposition Techniques 

Thermal Evaporation (TE) Chemical Bath 

Electron Beam Evaporation (EBE) Spin Coating 

Molecular Beam Epitaxy (MBE) Dip Coating 

Sputtering Doctor Blade 

Plasma Enhanced-  

Chemical Vapour Deposition (PECVD) 
Spray Pyrolysis 

Pulsed Laser Deposition (PLD) Inkjet Printing 

Atomic Layer Deposition (ALD)  

 

1.2.1 Vacuum Based Deposition Techniques 

 

 Vacuum-based deposition techniques include physical vapour deposition (PVD) 

as well as chemical vapour deposition (CVD). Physical vapour deposition (PVD) include 

among others, thermal (TE) and electron beam evaporation (EBE), molecular beam 

epitaxy (MBE), sputtering and the pulsed layer deposition (PLD). On the other hand, 

the vacuum-based chemical vapour (CVD) deposition techniques include metal organic 

chemical vapour deposition (MOCVD), plasma enhanced chemical vapour deposition 

(PECVD) and atomic layer deposition (ALD). 

 Deposition of thin films by vacuum-based techniques requires high vacuum 

including low and high vacuum pumps, and vacuum chambers. The deposited material 
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(source/target) is either a metal or metal-oxide material which pulverised to ions or 

vapours and it deposited on the substrate.   

 In thermal evaporation (TE) or resistance heating technique, the source 

material is heated by an electrical current through a filament or a resistance heated 

boat under high vacuum (<10-5 mbar). The source solid material is turned into vapour 

which travels in the chamber and is deposited on the substrate to form a thin film. In 

contrast, in the electron beam evaporation (EBE) instead of a heated filament or a 

resistance heated boat, the source material is tuned into vapours by high energy 

electron beam bombardment on the material to be deposited. An electron gun is used 

to generate the electron beam by thermionic emission of electrons from a filament 

and the electrons are accelerated by an electric field.  

 In molecular beam epitaxy (MBE) the thin films are being epitaxial grown. This 

combines both the physical and chemical vapour deposition methods. The source 

material is heated to its evaporation point, turns into gaseous form and the beams of 

atoms or molecules are forwarded toward a heated monocrystalline substrate [54]. In 

this technique the crystalline substrate is very important, and the properties of the 

deposited film strongly depend on it. The deposition rate is low, but the films are of 

high crystalline quality. 

 The most widely used technique for thin films deposition is the sputtering. In 

its simplest configuration, it consists of a vacuum chamber which is filled with an inert 

gas such as argon and a metallic anode and cathode to produce a glow discharge. 

Sputtering is the process that atoms from the target’s surface is physically vaporised 

by momentum transfer from bombarding energetic atomic sized particles [55]. There 

are two common types of sputtering process: direct current (DC) and radio frequency 

(RF) sputtering.   

 In plasma enhanced chemical vapour deposition (PECVD) gaseous precursors 

are used to deposit the requested materials. The gaseous precursors are turned into 

reactive ions, atoms, molecules by plasma.  

 Another vacuum-based thin film deposition technique, is the pulsed laser 

deposition (PLD) [56]–[58]. In PLD pulses of laser are used to ablate atoms from the 
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surface of the source material. The ablated, from a pulsed laser, atoms are deposited 

on the substrate. PLD is a deposition technique that in general does not require an 

ultra-high vacuum, as other vacuum-based techniques. A major drawback of PLD is the 

large area incompatibility [59].   

 Atomic layer deposition (ALD) is a chemical vapour deposition technique. In 

ALD two or more gaseous precursors are used sequentially. Firstly, the deposition 

chamber is vacuumed to remove any kind of unwanted air molecules. The first gaseous 

chemical is then introduced into the reaction chamber by a carrier gas and it reacts 

with the substrate to form the first layer of the film. Then the reaction chamber is 

evacuated again, and the second gaseous precursor is introduced. ALD is a sequential 

deposition technique. It is a slow deposition technique, but it can run even at lower 

temperatures. 

 

1.2.2 Solution Based Deposition Techniques 

 

 Solution based deposition techniques include among others, the chemical bath 

deposition, the spin and dip coating technique, the so-called doctor blade technique 

the spay pyrolysis or spray coating deposition technique and the inkjet printing. 

Among them, spin coating and spray pyrolysis are the two more frequently used 

techniques for the deposition of metal oxide films. 

 The chemical bath deposition (CBD) technique has been extensively used to 

deposit metal chalcogenide thin films [60]–[62]. Chemical bath deposition requires 

simple instrumentation; just a hot plate with a magnetic stirrer. In CBD the deposition 

of the films takes place on a substrate immersed in the precursor solution by chemical 

reactions. With CBD, a large number of substrates can be coated in a single run with a 

proper jig design.  

 The dip coating technique consists of the withdrawal of a substrate from a fluid 

sol: gravitational draining and solvent evaporation, accompanied by further 

condensation reactions, result in the deposition of a solid film [63]. In dip coating 

technique there is no solution waste, however this deposition technique offers a 
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relatively fair thickness control. The drawback of film thickness control is due to the 

difficulty to homogeneously wet a substrate [64].  

 Doctor blade and inkjet printing are both printing techniques that they have 

been used in the field of thin films. Doctor blade (or tape casting) is a rotogravure 

printing technique [65]. A blade removes the excess of the solution deposited on the 

desired substrate. The substrate is heated then to the desired temperature to convert 

the precursor to the metal oxide. Doctor blade is a deposition technique that is mainly 

used in the field of organic electronics.  

 Inkjet printing has been considered as one of the cost-effective direct write 

techniques for films manufacturing. The use of this technique in electronics 

manufacturing, where interconnects and other conductive features are required is an 

area of increasing relevance to the fields of electronics manufacturing, packaging and 

assembly [66].  

 Among the widely used solution processed thin film deposition techniques, 

spin coating is the most popular ones. Spin coating is the technique that a precursor 

solution is deposited onto a rotating substrate. For the deposition of thin films, the 

spin coater is accelerated to uniformly spread the solution and let the solvent to be 

evaporated. The substrate is then heated up to let the solvent be evaporated. This step 

is repeated several times until the desired film thickness is reached. The thickness of 

the film depends on several parameters, i.e. the chemistry of the solution, the nature 

of the substrate, the speed and the time of the spinning process. Finally, to enhance 

the properties of the as deposited thin film a post deposition annealing at higher 

temperatures is usually occurred. 

 Finally spray pyrolysis (or spray coating) is a versatile thin film deposition 

technique [67], [68]. In the spray deposition process, a precursor solution is atomised 

by a gas such as nitrogen, which also acts as a carrier gas that delivers the atomised 

solution on a heated substrate in the form of very fine droplets. The constituents react 

to form a chemical compound onto the substrate.  
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 In this research, thin films were deposited by spray pyrolysis. The parameters 

that influence the deposition of metal oxides are presented in a following chapter with 

an extended description of spray pyrolysis instrumentation. 

 

1.3 Thesis Outline 

 

 In this thesis the physical properties of solution processed metal oxides are 

reported. Aiming to develop low cost, high performance and low power consumption 

transparent thin film transistors (TFTs) for large area compatible applications, metal 

oxide thin films were deposited on glass substrates by chemical spray coating or as it 

is widely known spray pyrolysis. Metal oxide thin films were deposited on various 

substrates, such as fused silica, KBr, Si, glass/ITO.  

 To investigate the physical properties of metal oxide thin films, several 

analytical techniques were used. Thermal analysis (STA), UV-Vis-NIR spectroscopy, 

Fourier-transform infrared (FTIR) spectroscopy, atomic force microscopy (AFM), single 

wavelength ellipsometry (SWE), impedance spectroscopy (IS) and electrical 

characterisation measurements were carried out at Lancaster University by the 

author. X-ray diffraction (XRD) measurements were carried out by Dr. Georgios 

Vourlias at Aristotle University of Thessaloniki (AUTh) and the raw data were further 

analysed by the author. Spectroscopic ellipsometry measurements were carried out at 

Queen Mary University of London and were analysed by Dr. George Adamopoulos.  

 The thesis presented here is organised in four parts. The first part includes an 

overview of solution processed metal oxide thin films, chapter 3 in which the theory 

governing the operation and operational characteristics of thin metal oxide film-based 

devices is presented.  

 The second part includes the deposition and characterisation methods. A brief 

demonstration of spray pyrolysis technique and the features that governing this 

technique are included.   

 The third part includes the investigation of high-k dielectrics for low power, 

high performance thin film transistors (TFTs). The implementation of titanium 
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aluminate (TAO) as gate dielectric in all-solution processed ZnO based TFTs is studied. 

Another metal aluminate, the niobium aluminate (NAO) as high-k wide band gap 

dielectric was also studied. ZnO based TFTs employing NAO as gate dielectric are also 

reported.  

 The forth part investigated the solution processed wide band gap 

semiconductors. While amorphous semiconductors attracted to much of the scientific 

interest over the last decades, their crystalline counterparts reconsidered after the 

pioneering work of Shupnei Yamazaki [49]. The optical structural and electronic 

properties of crystalline indium-zinc-oxide (c-IZO) thin films and c-IZO based TFTs are 

presented. Furthermore, the performance of metal cation doped c-IZO thin films, is 

studied.  
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2.1 Solution Processed Transparent Oxide (Semi)Conductors  

 

 The introduction of solution processed metal oxides either as transparent front 

contacts to several devices like displays or solar cells, or as channel material in thin 

film transistors (TFT), is expected to reduce the production cost of the next generation 

electronic devices. As it was previously reported, metal oxides based on the primary 

system of indium-zinc-tin have been considered as potential replacements of a-Si:H. 

Thin films based on binary metal oxides such as ZnO, In2O3, SnO2 have already been 

deposited by various deposition techniques. Among the various deposition 

techniques, the solution-based ones (spray coating, spin coating, chemical bath 

deposition or inkjet printing) are the most studied techniques. Here a brief report on 

the solution processed metal oxides used as channel material in TFTs is presented. 

 

2.1.1 Binary Oxides 

 

 Binary metal oxides such as In2O3, ZnO and SnO2 have been considered as 

potential materials to replace the a-Si:H in some applications as metal oxides are 

benefited due to their high transparency and their electrical conductivity. Thin films of 

metal oxides based on the indium, zinc and tin have been deposited by solution 

processed techniques, mainly by the spin coating. Other solution-based deposition 

techniques such as spray pyrolysis and chemical bath deposition have also been 

considered as large area compatible. 

 In this section a review on the solution processed binary metal oxides ZnO and 

In2O3 is given. To that point it should be noted that the review is mainly based on the 

highly cited, up to dated, reports and on reports published the last 2 years (between 

2015-2017).  
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2.1.1.1 Zinc Oxide (ZnO) 

 

 Zinc oxide (ZnO) has been considered as a very promising metal oxide in the 

semiconductor industry. It is a wide band gap (~3.37 eV) oxide semiconductor with 

large exciton energy of 60 meV at room temperature [1]. It is crystallised in three 

polymorphs (wurtzite, cubic zinc blende and cubic rocksalt). Among those three 

polymorphs, wurtzite is the thermodynamically stable one. It belongs to the 𝑃63𝑚𝑐 

or to the 𝐶6𝑣
4  space group. The primitive unite-cell of hexagonal wurtzite crystal 

structure of ZnO, contains two formula units, which each zinc ion surrounded by four 

oxygen ions in a tetrahedral coordination and vice versa. In Figure 2-1 the side and top 

view of the hexagonal wurtzite crystal structure of ZnO is presented.   

 

 

Figure 2-1: Side and top view of hexagonal wurtzite crystal structure of ZnO, after [2] 

 

The lattice parameters of hexagonal wurtzite crystal structure of ZnO are 

𝑎=3.23 Å and 𝑐=5.20 Å and they exhibit a ratio of 𝑐/𝑎=1.6. 

The band structure along with the electronic states of ZnO, have been subject 

in a plethora of theoretical and experimental studies. In Figure 2-2 the band structure 

of hexagonal wurtzite ZnO as it is calculated from density functional theory (DFT) using 

the local density approximation (LDA) along with atomic self-interaction corrected 

pseudopotentials (SIC-PP) is illustrated. 
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Figure 2-2: Band structure of hexagonal wurtzite ZnO obtained from density-functional theory 
calculations (DFT), after [3]. 

 

The top of the valence band (valence band maxima-VBM) in ZnO is mainly 

consisted by oxygen (O) 2𝑝 orbitals and, the bottom of the conduction band 

(conduction band maxima-CBM) by empty zinc (Zn) 4𝑠 orbitals. Both the VBM and CBM 

are located at the centre of Brillouin zone (Γ-point) resulting to a direct band gap of 

about 3.2-3.4 eV depending on the variation of lattice parameters. 

The first solution processed ZnO based TFT was reported in 2001 by Ohya et al. 

[4]. They deposited ZnO by using the dip-coating method, from a starting solution 

containing zinc acetate dihydrate (Zn(COOCH3)
2
.2H2O) in a mixture of 2-propanol and 

diethanolamine (DEA). They deposited the solution on a Si/SiO2 (130 nm) substrate, 

where the Si was acting as the gate electrode and the SiO2 as the gate dielectric. On 

top of the ZnO (40 nm) they deposited gold (Au), as source and drain electrodes by 

vacuum evaporation, resulting in a TFT geometry of 25 μm channel length (L) and 

0.83 mm channel width (W). Prior to the deposition of gold contacts, the ZnO layer 

was annealed at 600 ℃ to 900 ℃ in air.  Unfortunately, the performance of the device 

cannot be evaluated since the operational characteristics of their ZnO-based TFT were 

not included in their report. 
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Table 2-1: Selected previous work on solution processed ZnO semiconductors based on the number of citations. (SC: spin-coating, SP: spray pyrolysis, CBD: chemical bath 
deposition, Zn(OAc)2: zinc acetate, ATO: Al2O3/TiO2, superlattice, LAO: lanthanum aluminate, AlTiO: Aluminum titanate, ITO: tin doped indium oxide, Tdep: deposition 
temperature, tox: gate dielectric thickness, SD: source drain, Ion/Ioff: current modulation, μFE: field effect mobility). 

Method Precursor Tdep (oC) Insulator Gate/SD Ion/Ioff μFE
 (cm2/Vs) year Ref 

SC Zn(NO3)2.6H2O 700 ATO ITO/ITO 107 0.2 2003 [5] 

SC Zn(OAc)2 230 SiO2 Si/(Cr/Au) 105 0.61 2005 [6] 

SC Zn(OAc)2 500 ATO ITO/Zn 105 5.25 2007 [7] 

SC Zn(OAc)2 270 SiO2 Si/Al 106 1.2 2007 [8] 

CBD ZnCl2 600 SiO2 Si/Al 105 3.5 2007 [9] 

SC Zn(NO3)2.6H2O 300 SiO2 Si/(Cr/Au) 106 3 2008 [10] 

SP Zn(OAc)2.2H2O 400 SiO2 Si/Al 106 15 2009 [11] 

SP Zn(OAc)2.2H2O 400 SiO2 Si/(Al, Au, Ca) 106 20 2009 [12] 

SC Zn(OAc)2.2H2O 500 ATO ITO/Zn 105 5.26 2009 [13] 

SP Zn(OAc)2 400 SiO2 Si/Al 107 54 2010 [14] 

SC Zn(OAc)2 400 Ion gel Cu/Al 105 14.8 2010 [15] 

SC Zn(OAc)2.2H2O 600 SiO2 Si/Al 105 9.4 2010 [16] 

SC Zn(OH)2 140 SiO2 Si/Al 107 107 2011 [17] 

SP Zn(OAc)2 500 SiO2 Si/Al 106 25 2011 [18] 

SC ZnO.xH2O 125 SiO2 Si/Al 106 0.25 2011 [19] 

SC ZnO 300 SiO2 Si/Al 107 7.34 2012 [20] 

SC ZnO.xH2O 180 SiO2 Si/Al 107 11 2013 [21] 

Ink-jet Zn(OAc)2.2H2O 150 SiO2 Si/(Cr/Au) 106 3.03 2014 [22] 

SP Zn(OAc)2.2H2O 400 LAO ITO/Al 106 12 2015 [23] 

SP Zn(OAc)2.2H2O 400 AlTiO ITO/Al 106 10 2015 [24] 
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 In 2003, Norris et al., developed spin-coated zinc oxide based thin film 

transistors (TFTs) [5]. They used a glycine-deionised water-based solution of zinc 

nitrate hexahydrate (Zn(NO3)
2
.6H2O). The TFTs were prepared by depositing the zinc-

nitrate based solution on the top of a glass/ITO/ATO substrate by spin-coating. Tin 

doped indium oxide (ITO) served as the gate electrode while, the superlattice of Al2O3 

and TiO2 served as the gate dielectric. The stack was annealed at 600 ℃ for 10 mins in 

air following by a post-annealing treatment of rapid thermal annealing (RTA) in oxygen 

at 700 ℃. Finally, ITO source and drain electrodes were deposited via ion-beam 

sputtering. The solution processed ZnO-based TFT showed encouraging operational 

characteristics, such as an electron channel mobility as high as 0.2 cm2/Vs and a 

current modulation ratio of about 107.  

Norris et al., report on solution processed ZnO-based TFTs gave rise to several 

studies on optimisation methods and techniques to enhance the performance of 

solution-processed oxide-based TFTs. In Table 2-1 selected reports on solution 

processed ZnO-based TFTs are presented. 

 From Table 2-1, among the various solution based thin film deposition 

techniques, spray pyrolysis seems to provide high performance ZnO-based TFTs. 

Indeed, in 2009 and 2011 Adamopoulos et al., reported on the electronic properties 

of the ZnO-based field-effect transistor fabricated by the spray pyrolysis [12], [18]. The 

transistors were fabricated by methanol-based zinc acetate dihydrate solutions that 

was sprayed on top of a heavily doped silicon (Si++) acting as common gate electrode 

and employing a 200-400 nm SiO2 gate dielectric at a moderate temperature of 400 ℃. 

Finally, metal source-drain electrodes were deposited via thermal evaporation under 

high vacuum through shadow masks. Their devices showed excellent operational 

characteristics such as high electron mobilities in excess of 20 cm2/Vs and high current 

on/off ratios in the range of 106-108. 

 Recently high-performance spray deposited ZnO-based TFTs employing gate 

dielectrics that they are at the same time of wide band gap and high-k, have been 

reported. Afouxenidis et al., fabricated ZnO-based TFTs employing aluminum titanate 

as gate dielectric by spray pyrolysis at ambient air [24]. The devices exhibit excellent 
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electron transport characteristics with low operating voltages (∼10 V), negligible 

hysteresis, high on/ off current modulation ratio of ∼106, subthreshold swing (SS) of 

∼550 mV/dec and electron mobility of ∼10 cm2/Vs. In the same content, Esro et al., 

report on ZnO-based (TFTs) employing lanthanum aluminate gate dielectrics deposited 

by spray pyrolysis in ambient air [23]. The devices exhibit operational characteristics 

with low operation voltages (∼10 V), high on/off ratio in excess of 106, subthreshold 

swing of 650 mV/dec, and electron mobility of about 12 cm2/Vs. 

 

2.1.1.2 Indium Oxide (In2O3) 

 

 Indium oxide (In2O3) is an n-type transparent conductive oxide (TCO). It is a 

metallic sesquioxide (M2O3) that crystallizes in the cubic structure (bixbyite). Bixbyite 

structure is in close relation to fluorite (CaF2) structure but, with one quarter of the 

anions removed [25]. It exhibits a 𝐼𝑎3 space group symmetry with a lattice constant of 

10.117 Å. In Figure 2-3 the crystal structure of cubic (bixbyite) structure of In2O3 is 

illustrated. 

 

 

Figure 2-3: Crystal structure of cubic (bixbyite) In2O3, after [26]. 

 

 The unit cell of bixbyite type-In2O3 contains 8 formula units. Also, it consists of 

two types of indium and one type of oxygen atoms. The distribution of the indium’s 

types is based on the different co-ordinations with the oxygen atoms. An indium atom 
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could be surrounded by oxygen forming either octahedra or trigonal prisms. The 

average  In-O interatomic distances has been estimated to be 2.18 Å [27]. 

 The electronic band structure of In2O3 has attracted scientific interest due to 

the optoelectronic applications of In2O3 thin films. Weiher and Ley investigated the 

fundamental optical absorption edge of In2O3 [28]. They observed direct-allowed 

transitions with an energy gap of 3.75 eV. In their study, they also observed indirect-

forbidden transitions with an energy gap of 2.619 eV and an assisting phonon of 

69 meV. Several theoretical and experimental studies were conducted to elucidate the 

band structure of In2O3. Most of the studies were based on the structure of the 

valence band and whether the valence band maximum is located at the 𝛤-point or not 

[26], [29]–[31]. In Figure 2-4 the energy band structure of In2O3 is presented.  

 

 

Figure 2-4: Band structure of In2O3, after [31]. 

 

 As shown in Figure 2-4, even if the separation of VBM-CBM (𝛤4 → 𝛤1 transition) 

has been estimated to be of 2.89 eV, the onset of optical absorption is observed at 

3.7 eV [31]. The 𝛤8 → 𝛤1 transitions are responsible for the experimentally calculated 

band gap of 3.7 eV fact that demonstrates that the valence band, that are states 

located within 0.8 eV of the VBM, have no significant impact to low energy photon 

absorption. 
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 Besides the various applications of In2O3 thin films, the implementation of 

In2O3 as the active channel material in TFTs is of particular interest. The high inherent 

free carrier concentration of In2O3 was controlled by changing of the film’s thickness 

and the oxygen partial pressure, the latter in vacuum-based deposition techniques. 

In2O3-based TFTs have been developed by a number of deposition techniques 

including RF sputtering [32], [33], ion beam assisted evaporation [34], [35], radio-

frequency plasma enhanced reactive thermal evaporation [36], ink-jet [37], spin 

coating [38], [39], spray pyrolysis [40], [41]. 

 In Table 2-2 selected works on solution-processed In2O3-based TFTs are shown. 

Most of the reported solution processed TFTs were prepared by indium nitrate hydrate 

(In(NO3)
3
.xH2O) precursor. It has been reported that solution-processed TFTs 

developed by using metal nitrate (M(NO3)
x
) precursors, could be deposited at lower 

processing temperatures because of the lower decomposition temperature of  the 

M(NO3)
x
 [42]. 

 Although the majority of the solution-processed In2O3-based TFTs were 

developed by using In(NO3)
3
.xH2O precursors, the first reported solution processed 

In2O3-based TFT was prepared by using indium chloride (InCl3) [39]. Kim et al., 

reported on In2O3 TFTs fabricated on SiO2 and self-assembled nanodielectrics (SANDs) 

by spin-coating. The In2O3 film precursor solutions were prepared by dissolving InCl3 

in a mixture of ethanolamine (EAA) methoxyethanol (MEA). Their optimised TFTs with 

EEA/In3+=10 molar ratio having a device structure of n+-Si/SAND/In2O3/Au were 

exhibited high field-effect mobilities (~44 cm2/Vs) and high current modulation 

(~106) at low operating voltages (<5 V). 
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Table 2-2: Selected previous work on solution processed In2O3 semiconductors based on the number of citations. (SC: spin-coating, USP: ultrasonic spray pyrolysis, ITO: tin 
doped indium oxide, Tdep: deposition temperature, SD: source drain, Ion/Ioff: current modulation, μFE: field effect mobility, iXsenic: precursor solution developed by Evonik, 
FUV: far ultraviolet, FLA: flash lamp annealing, VisLzr: visible laser, UV-O3: Ultraviolet-ozone), SAND: self-assembled nanodielectric. 

Method Precursor Tdep (oC) Insulator Gate/SD Ion/Ioff μFE (cm2/Vs) Year Ref 

SC InCl3 400 SAND Si/Au 106 43.7 2008 [39] 

SC InCl3 500 SiO2 Si/Al 107 55.26 2011 [38] 

SC InCl3 250 AlOx (250) Si/Al 106 127 2013 [43] 

SC In(NO3)3.xH2O 250 ZrO2:B Si/Al 107 39.3 2013 [44] 

SC In(NO3)3.xH2O 200 SiO2 Si/Al 106 8.6 2013 [45] 

SC In(NO3)3.xH2O 250 ZrOx Si/Al 107 23.6 2014 [46] 

SC In(NO3)3.xH2O 200+FUV SiO2 Si/Al 106 7.5 2014 [47] 

USP In(NO3)3.xH2O 250 SiO2 Si/Al 106 16 2015 [41] 

SC In(NO3)3.xH2O 300 SiO2 Mo/Al 107 7.5 2015 [48] 

SC In(NO3)3.xH2O 300 SiO2 Si/Al 108 3.08 2015 [49] 

SC iXsenic S 350 SiO2 Si/(ITO/Au) 108 28 2015 [50] 

SC In(NO3)3.xH2O 250 SiO2 Si/Al 106 1.21 2016 [51] 

SC InCl3 350+UV SiO2 Si/Al 107 3.53 2016 [52] 

SC In(NO3)3.xH2O 200 SiO2 Si/Al 107 0.94 2016 [53] 

SC In(NO3)3.xH2O 120+FLA SiO2 Si/Al 104 38.9 2016 [54] 

SC In(NO3)3.xH2O 120+(UV-O3) SiO2 Si/Al 107 1.25 2016 [55] 

SC In(NO3)3.xH2O 320 MgO (500) Si/Al 107 5.48 2016 [56] 

SC In(NO3)3.xH2O 310 SrOx (600) Si/Al 107 5.61 2017 [57] 

USP In(NO3)3.xH2O 250 SiO2 Si/Al 107 38.5 2017 [58] 

SC In(NO3)3.xH2O 100+VisLzr ZrO2 (400) Si/W 106 2.76 2017 [59] 
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 Han et al., reported on solution-processed In2O3 TFTs fabricated by a spin-

coating process using InCl3 dissolved in a mixture of acetonitrile (AN) and ethylene 

glycol (EG) [38]. The TFTs were annealed at 500 ℃ under air and exhibited high field-

effect mobilities (55.26 cm2/Vs) and high current modulation (10
7

).  To explore the role 

of annealing atmosphere they characterise In2O3 TFTs annealed under an 

O2/O3 atmosphere at temperatures from 200 to 300 ℃. The O2/O3 annealed TFTs 

were exhibited excellent performance with field-effect mobilities in the range of 

0.85-22.14 cm2/Vs and current modulation ratio in the range of  105-106. 

 Faber et al., exploited the use of ultrasonic spray pyrolysis for the growth of  

In2O3-based TFTs by using an aqueous In(NO3)
3
 precursor solution [41]. The TFTs 

fabricated at ∼250 ℃ exhibited optimum performance with filed-effect mobility in the 

range of 15–20 cm2/Vs and current modulation ratio in excess of 106. 

 The highest performing solution-processed In2O3-based TFT ever reported was 

by Nayak et al., [43].  They reported on In2O3-based TFTs developed by spin-coating 

using an InCl3 dissolved in a mixture of acetonitrile (AN) and ethylene glycol (EG) on 

chemically derived aluminum oxide (AlOx) thin-film dielectrics.  The resulting TFTs 

exhibited extremely high field-effect mobility of 127 cm2/Vs and a current modulation 

ratio of 106. 

 

2.1.2 Multicomponent Oxides 

 

 Besides the high-performance binary metal-oxide (MxOy) based-TFTs, where 

basically the metal-oxide semiconductor is crystalline, amorphous-oxide-

semiconductor (AOS) based TFTs are of high scientific and industrial interest. AOSs, in 

contract to their crystalline counterparts, benefit from the fact that they show high 

mobilities, high uniformity, room temperature processing and low fabrication cost 

[60]–[64]. AOSs are usually ternary or quaternary metal-oxide systems. Such 

multicomponent metal-oxide systems are generally based on the In2O3, ZnO and SnO2 

[65]–[69].  
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 Since Nomura’s pioneering work [60] back in 2004, a lot of work has been 

conducted to elucidate the role of each metal in the multicomponent oxide system. In 

general, the vacant 5𝑠 orbitals of In or Sn are responsible for the high conductivity of 

the indium or tin based thin films.  

 One of the most studied multi-component metal oxide systems, is indium-zinc-

oxide (IZO). Depending on the In/Zn ratio and the deposition conditions, IZO could be 

either crystalline (c-IZO) or amorphous (a-IZO). As can be seen from Figure 2-5, for 

compositions close to single metal oxides (ZnO and In2O3), films are crystalline and 

exhibit low mobilities in contrast to the intermediate compounds where the films are 

amorphous and the mobility exhibit the highest value for a In/Zn ratio of 7/3 [70].  

 

 

Figure 2-5: The mobility and hysteresis of solution deposited IZO TFTs annealed at 550 oC by Banger et 
al. [70]  

 

 Besides indium-based TFTs, tin (Sn) based ones offer some serious advantages. 

Tin is a non-toxic material and definitely of lower cost compared to indium. The tin’s 

electronic configuration is identical to indium’s, except for the 5𝑝 orbitals, so it is of 

similar electrical properties. Because of that, amorphous zinc-tin oxide (a-ZTO) 

became subject of extensive scientific research as an alternative to IZO [71]–[80]. 

 As a-IZO exhibits high carrier concentration (𝑁𝑐>1017), Nomura et al., used 

Ga3+ to reduce the carrier concentration and therefore to control the conductivity of 
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IZO thin films. Since then the ternary amorphous system indium-gallium-zinc oxide (a-

IGZO) triggered much scientific interest. 

 In 2012, Sharp was first to start production of LCD panels incorporating IGZO-

TFT. Sharp uses IGZO-TFT for smartphones, tablets, and 32" LCDs. There was an 

improvement in the aperture ratio of the LCD along with an improvement in power 

consumption due to the high mobility and low off current of IGZO-TFT. Sharp has 

started to release high pixel-density panels for notebook applications. IGZO-TFT is also 

employed in the 14" 3,200 x 1,800 LCD of an ultrabook PC supplied by Fujitsu, also 

used in the Razer Blade 14" (Touchscreen Variant) Gaming Laptop and a 55" OLED TV 

supplied by LG Electronics.2 

 Besides the large number of scientific reports based on gallium doped a-IZO 

TFTs, alternative metal cations have been considered as carrier suppressors in the a-

IZO system. Metal cations such as Hf, Y, W, Zr, Mg, La, Ba, Ti, Sc, Al, Li, Na, K and Si 

have been implemented in the a-IZO matrix as carrier suppressors. In the roadmap of 

a more effective carrier suppressor rather than Ga it has been reported that the 

candidate metal cations should, in principal, satisfy three criteria; low standard 

electrode potential (SEP), large band gap and low electronegativity [66]. These three 

criteria, along with a metal cation of a suitable ionic radius, which should be small to 

avoid any lattice expansion, limit the metal cation candidates as carrier suppressors. 

 In 2007, Lee et al., fabricated a-IZO based TFTs using ink-jet printing [81]. They 

dissolved ZnCl2 and InCl3 powder in acetonitrile (AN) to prepare their precursor 

solutions. To print the active layer, they used a modified thermal ink-jet printer and 

commercially available spreadsheet software. They printed the active layer on top of 

a (p+)_Si/SiO2 (100 nm) substrate with the (p+)_Si serving as the gate electrode while 

the SiO2 (100 nm) was the gate dielectric. The devices were annealed at 600 ℃ in 

ambient atmosphere for 1 hr. Finally, aluminum contacts were deposited by thermal 

evaporation. The device exhibited a high field-effect mobility of (μFE=7.4 cm2/Vs), and 

a reasonable current on-off current ratio of (Ion/Ioff=104). 

                                                           
2 https://en.wikipedia.org/wiki/Indium_gallium_zinc_oxide 
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 Choi et al., in 2008 fabricated a-IZO based transparent thin-film transistors 

(TTFTs) by spin coating technique [82]. They dissolved zinc acetate dihydrate 

(Zn(OAc)2.2H2O) and indium acetate (In(OAc)3) in a mixture of 2-methoxyethanol, 

diethanolamine and acetylacetone with a 1:4:4 molar ratio. The solution was spun 

onto a (p+)_Si/SiO2 (100 nm) substrate and was annealed at 500 ℃ for 1h in air. Finally, 

aluminum contacts were evaporated on top of the a-IZO layer through a shadow mask. 

The spin-coated IZO TTFTs exhibited a high field-effect mobility (μFE=7.3 cm2/Vs), a 

threshold voltage of 2.5 V, an on-to-off current ratio >107, and a subthreshold swing 

of SS=1.47 V/dec. 

 Solution processed a-IGZO based TFTs were reported for first time by Kim et 

al., in 2009 [83].  The ever first reported solution processed a-IGZO based TFTs were 

prepared by the spin-coating method. Zinc acetate dihydrate (Zn(OAc)2.2H2O), 

gallium nitrate hydrate (Ga(NO3)3.xH2O), and indium nitrate hydrate (In(NO3)3·xH2O) 

were dissolved in a mixture of 2-methoxyethanol and monoethanolamine. The 

solution was spun onto a glass/MoW/SiNx (200 nm) substrate and the film was 

annealed at 450 ℃ for 1h. Finally, In2O3:Zn(10%), source and drain electrodes 

deposited by RF sputtering. The TFTs exhibited an on-to-off ratio of about 106, field 

effect mobility of 0.96 cm2/Vs, and subthreshold swing voltage of 1.39 V/dec.  

 In 2010, Shin et al., reported on yttrium–indium–zinc-oxide (YIZO) based 

solution processed TFTs [84]. The TFT devices were developed on a 

glass/SiO2/Mo (200 nm)/SiNx (200 nm) substrate. The YIZO thin films were formed as 

an active layer by spin-coating of a precursor solution containing zinc acetate 

dihydrate (Zn(OAc)2.2H2O), yttrium nitrate hexahydrate (Y(NO3)3.6H2O), and indium 

nitrate hydrate (In(NO3)3.xH2O) in a blend of 2-methoxyethanol and 

monoethanolamine, and the resulting films annealed at various temperatures. 

Tantalum source and drain (S/D) electrodes, deposited through a shadow mask by 

sputtering. The best performing TFTs was the one with 15% of 𝑌 (annealed at 550 ℃) 

exhibited an on-to-off current ratio of 4.61 ×105, a field-effect mobility of 1.12 cm2/Vs, 

a threshold voltage of 0.54 V and a subthreshold swing of 1.03 V/dec.  
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 In the same year, 2010, Kim et al., reported on the carrier supressing efficiency 

of La3+ for solution processed a-IZO based TFTs [85]. They deposited lanthanum-

indium-zinc oxide (LIZO) films onto glass/MoW/SiNx substrate by sin-coating of a 

solution containing zinc acetate dihydrate (Zn(OAc)2.2H2O), lanthanum nitrate 

hydrate (La(NO3)3.xH2O), and indium nitrate hydrate (In(NO3)3.xH2O) in 2-

methoxyethanol and monoethanolamine. The device was annealed at 550 ℃ for 1 h 

in ambient atmosphere. The optimised LIZO-based TFTs with 5% La content, exhibited 

high on-to-off current ratio of 106, field-effect mobility of 2.64 cm2/Vs, threshold 

voltage of 7.86 V and subthreshold swing of 0.6 V/dec. 

 In 2010, Kim et al. reported on solution processed amorphous zinc-indium-tin 

oxide (a-ZITO) based TFTs [86]. They deposited a-ZITO thin films by spin-coating from 

solutions of zinc acetate dihydrate (Zn(OAc)2.2H2O), tin chloride pentahydrate 

(SnCl2.5H2O), and indium chloride (InCl3) in 2-methoxyethanol and ethanolamine. The 

solutions were spun onto (n+)_Si/SiO2 (300 nm) and (n+)_Si/SAND substrates, 

annealed at 250-400 ℃ for 1 h, while the TFT fabrication finalised by deposition of gold 

(Au) contacts on top of the (n+)_Si/SiO2 (300 nm)/ZITO and (n+)_Si/SAND/ZITO 

structures by thermal evaporation through shadow masks. It was found that TFTs of 

the best performance were those with composition of ZnIn4Sn4O13. The optimised a-

ZITO TFTs implementing SiO2 as gate dielectric exhibited on-off current ratio in the 

range of 104-105, field-effect mobility of 11.4 cm2/Vs, threshold voltage of 41.3 V and 

subthreshold swing of 9.5 V/dec. Moreover, TFTs implementing organic self-

assembled nanodielectric (SAND) exhibited on-off current ratio in the range of 105-

106, field-effect mobility of 100 cm2/Vs, threshold voltage of 1 V and subthreshold 

swing of 0.23 V/dec. In their study they showed that Zn2+ acts as carrier suppressor in 

the In-Sn system resulting to low off-currents while the mobility was not significantly 

affected. 

 An investigation on the effects of Mg incorporation into IZO for high-stability 

solution-processed thin film transistors was carried out by Kim et al., [87]. The 

magnesium-indium-zinc oxide (MIZO) TFTs were fabricated by spin coating of the 

MIZO precursor of zinc acetate dihydrate (Zn(OAc)2.2H2O), magnesium nitrate 

hydrate (Mg(NO3)2.xH2O), and indium nitrate hydrate (In(NO3)3.xH2O) in 2-
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methoxyethanol, on glass/Mo/SiNx stack, followed by a Mo deposition as S/D 

electrodes. The optimised TFTs ([Mg]/([In]+[Zn])=0.2, 450 ℃, 3 h) exhibited on-off 

current ratio of ~5×108, field-effect mobility of 2.7 cm2/Vs, turn-on voltage of -3 V and 

subthreshold slope of 0.2 V/dec. They reported that the inclusion of Mg atoms in the 

IZO resulted in the control of the optical band gap, carrier concentration, and the grain 

size of the film. 

 The carrier suppressor ability of Sr in the solution processed IZO system was 

investigated by Yoon et al., [88]. They implemented solution processed strontium-

indium-zinc-oxide (SIZO) as the active layer in TFT devices of a 

glass/Mo (200 nm)/SiNx (200 nm)/SIZO/Al architecture. They prepared the SIZO 

solution by dissolving strontium nitrate (Sr(NO3)
2
), indium nitrate hydrate 

(In(NO3)3.xH2O), and zinc acetate dihydrate (Zn(OAc)2·2H2O) in 2-methoxyethanol 

and monoethanolamine. The optimized amorphous SIZO based TFTs (Sr=20 at.%, 

500 ℃) exhibited on-off current ratio of 4.54 ×106, field-effect mobility of 0.34 cm2/Vs, 

threshold voltage of 3.25 V and subthreshold slope of 0.61 V/dec. The role of Sr in the 

SIZO system was investigated by TFT measurements. The decrease of the on (Ion) and 

off-current (Ioff) as well as the positive shift of the threshold voltage (Vth) as the 

content of Sr2+increased, suggested suppressed carrier generation.  

 Park et al., reported on the impact of indium content on the solution-processed 

silicon-indium-zinc oxide (SiIZO) based TFTs [89]. SiIZO thin films were deposited onto 

(p+)_Si/SiO2 (200 nm) substrates by spin coating. The SiIZO precursor solution was 

prepared from dissolving zinc acetate dihydrate (Zn(OAc)2.2H2O), indium nitrate 

hydrate (In(NO3)3.xH2O), and silicon tetraacetate (Si(OAc)2) in 2-methoxyethanol and 

monoethanolamine. The optimised TFT devices ((p+)_Si/SiO2 (200 nm)/SiIZO/(Au/Ti), 

[Si]:[In]:[Zn]=0.05:5:1, 250 ℃, 2 h) exhibited on-off current ratio of 1.14 ×107, field-

effect mobility of 4.59 cm2/Vs, threshold voltage of -0.75 V and subthreshold swing of 

0.8 V/dec. It was reported that as indium content was increasing there was a negative 

shift of threshold voltage and an increase of on-current and field effect mobility 

because of an increase in carrier concentration. In the same framework, Choi et al., 

reported on the role of silicon doping on the electrical properties of low temperature 

solution processed SiInZnO TFTs [90]. They prepared all-chloride precursor solutions 
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of silicon tetrachloride (SiCl4), indium chloride (InCl3) and zinc chloride (ZnCl2) in 

acetonitrile (AN) and ethylene glycol (EG). The electrical properties of the TFTs 

((p+)_Si/SiO2 /SiIZO/(Au/Ti), 250 ℃) were found to depend on the Si content of the 

films. The threshold voltage was positively shifted as the Si concentration was 

increased. Also, the on-off current ratio and the field-effect mobility were decreased 

by increasing the Si content. Based on their results, it was concluded that due to 

silicon’s low standard electrode potential (SEP), Si can efficiently suppress the 

formation of oxygen vacancies, resulting in devices with enhanced performance and 

stability. 

 Hennek et al., studied, the IXZO series, where X = Ga3+ vs the progression X = 

Sc3+ → Y3+ → La3+, of similar chemical characteristics but increasing ionic radii [91]. 

They concluded that besides the enhanced amorphous character of the IXZO films 

employing  Sc3+, Y3+,  La3+, such metal cations cannot act as strong oxygen binders.  

Instead they suggested that apart from the metal ion electronegativity, the metal 

oxide lattice enthalpy (ΔHL) could be used as a more accurate index of oxygen getter 

efficiency in IXZO systems. 

 In Table 2-3 selected solution processed multicomponent metal oxide based 

TFTs are presented. The deposition techniques, precursors, deposition conditions, 

gate dielectric material, materials acting as gate and source/drain electrodes, current 

modulation (Ion/Ioff) and field effect mobility are also included. 
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Table 2-3: Selected previous work on solution processed multicomponent metal oxide-based semiconductors. (IJP: ink-jet printing, SC: spin-coating, ITO: indium-tin oxide, 
Tdep: deposition temperature, SD: source drain, Ion/Ioff: current modulation, μFE: field effect mobility, IZO: indium-zinc oxide, ZTO: zinc-tin oxide, IGZO: indium-gallium-zinc 
oxide, YIZO: yttrium-indium-zinc oxide, LIZO: lanthanum-indium-zinc oxide, ZITO: zinc-indium-tin oxide, MIZO: magnesium-indium-zinc oxide, SrIZO: strontium-indium-zinc 
oxide, SiIZO: silicon-indium-zinc oxide, ZIZO: zirconium-indium-zinc oxide, GSIZO: gallium-silicon-indium-zinc oxide, LZTO: lanthanum-zinc-tin oxide, L-YIZO: lithium-yttrium-
indium-zinc oxide, AIZO: aluminum-indium-zinc oxide, HIZO: hafnium-indium-zinc oxide, GeIZO: germanium-indium-zinc oxide, WIZO: tungsten-indium-zinc oxide, BIZO: 
borium-indium-zinc oxide) 

Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

IJP IZO 
ZnCl2 - 
InCl3 

600 SiO2 Si/Al 104 7,4 2007 [81] 

SC IZO 
Zn(OAc)2·2H2O - 

In(OAc)3 
500 SiO2 Si/Al 107 7,3 2008 [82] 

SC ZTO 
Zn(OAc)2·2H2O - 

SnCl2 
500 SiO2 ITO/Al 105 2,1 2008 [92] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

450 SiNx MoW/IZO 106 0,96 2009 [83] 

DC ZTO 
ZnCl2 - 
SnCl2 

600 SBA ITO/Al 104 28 2009 [93] 

DC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 SiO2 Si/Ag 106 0,1 2009 [94] 

SC IZO 
ZnCl2 - 
InCl3 

500 SiO2 Si/Cr 103 2,13 2009 [95] 

SC IGZO 
ZnCl2- 
InCl3 - 
GaCl3 

600 SiO2 Si/Al 107 1,1 2010 [96] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC YIZO 
Zn(OAc)2·2H2O - 
Y(NO3)3·6H2O - 
In(NO3)3·xH2O 

535 SiNx Mo/Ta 105 1,12 2010 [84] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

400 SiO2 Si/Al 107 1,54 2010 [97] 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

300 SiO2 Si/Al 107 0,54 2010 [98] 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

450 SiNx Mo/Mo 109 6,57 2010 [99] 

SC IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

95 SiO2 Cr/Au 106 2,3 2010 [100] 

SC IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

500 SiO2 Si/Al 107 1,13 2010 [101] 

SC LIZO 
Zn(OAc)2·2H2O - 
La(NO3)3·xH2O - 
In(NO3)3·xH2O 

550 SiNx MoW/Ta 106 2,64 2010 [85] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

550 YHZO Si/Al 105 0,29 2010 [102] 

SC ZITO 
Zn(OAc)2·2H2O 

InCl3 
SnCl2·5H2O 

400 SiO2 Si/Al 105 11 2010 [86] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

GP IGZO 
Zn(OAc)2·2H2O 
Ga(NO3)3·xH2O 
In(NO3)3·xH2O 

550 SiNx MoW/Ta 106 0,81 2010 [103] 

SC IZO 
Zn(OAc)2·2H2O 

In(OAc)3 
230 PVP Al/Al 106 6,9 2010 [104] 

SC ZITO:N 

ZnCl2 - 
InCl3 - 
SnCl2 - 
NH4OH 

600 SiNx Si/Al 107 5,33 2010 [105] 

SC IGZO 
Zn(OAc)2·2H2O - 

In(OAc)3 - 
Ga(NO3)3·xH2O 

400 ATO ITO/Al 107 5,8 2010 [106] 

SC ZTO 
ZnCl2 - 
SnCl2 

500 SiO2 Si/IZO 106 0,14 2010 [107] 

SC ZITO:N 

ZnCl2 - 
InCl3 - 
SnCl2 - 
NH4OH 

600 SiNx Si/Al 106 1,2 2010 [108] 

SC IZO 
ZnCl2 - 
InCl3 

500 SiO2 Si/Al 107 6,06 2010 [109] 

SC MIZO 
Zn(OAc)2·2H2O - 
Mg(NO3)2·xH2O - 

In(NO3)3·xH2O 
450 SiNx Mo/Mo 108 2,7 2010 [87] 

SC ZITO 
ZnCl2 
InCl3 
SnCl2 

600 SiNx Si/Al 105 4,36 2011 [110] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 TEOS MoW/Al 107 1,02 2011 [111] 

SC SrIZO 
Zn(OAc)2·2H2O - 

Sr(NO3)2 - 
In(NO3)3·xH2O 

500 SiNx Mo/Al 106 0,34 2011 [88] 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

150MW SiO2 Si/Al 106 0,1 2011 [112] 

SC IZO 
ZnCl2 - 
InCl3 

300+O2/O3 SiO2 Si/Al 106 0,94 2011 [113] 

SC SiIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

Si(OAc)4 
250 SiO2 Si/(Au-Ti) 107 4,59 2011 [89] 

IJP IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

400 SiO2 Si/ITO 107 7,6 2011 [114] 

SC ZIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

ZrCl4 
500 SiNx MoW/Ta 106 0,77 2011 [115] 

SC IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

350 AlPO (Mo-AlNd)/Mo 109 4,5 2011 [116] 

IJP – SC ZTO 
ZnCl2 
SnCl2 

300 AlOx Mo/IZO 
108 (SC)  
107 (IJP) 

33 (SC) 36(IJP) 2011 [117] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC IZO 
Zn(NO3)2·6H2O - 
In(NO3)3·xH2O 

300 SiO2 MoW/Al 106 1,92 2012 [42] 

SC GSIZO 

Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

Si(OAc)4 - 
Ga(NO3)3·xH2O 

200 SiO2 Si/(Au-Ti) 105 0,022 2012 [118] 

DC LZTO 
Zn(OAc)2·2H2O - 

SnCl2 - 
La(NO3)3·xH2O 

500 PMMA Al/Al 104 3,07 2012 [119] 

IJP IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

400 SiO2 Si/ITO 106 2,45 2012 [120] 

SC L-YIZO 

Zn(OAc)2·2H2O - 
In(OAc)3 - 

Y(OAc)3·xH2O - 
Li(OAc)2·2H2O 

350 SiO2 Si/Al 108 3,51 2012 [121] 

SC IGZO 
ZnCl2 - 
InCl3 - 

Ga(NO3)3·xH2O 
400+O2/O3 ATO ITO/Al 107 11,2 2012 [122] 

SC ZIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

ZrOCl2·8H2O 
500 SiO2 Si/Al 107 3,8 2012 [123] 

SC IZO 
Zn(NO3)2·6H2O - 
In(NO3)3·xH2O 

350 ZrO2 Si/Al 107 7,21 2013 [124] 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

500 SiNx ITO/ITO 106 0,13 2013 [125] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC IZO 
Zn(NO3)2·6H2O - 
In(NO3)3·xH2O 

350 SiO2 Si/Al 107 12,65 2013 [126] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 SiO2 ITO/ITO 105 0,04 2013 [127] 

SC IZO:F 
ZnF2 - 

InF3·3H2O 
200 Al2O3 ITO/ITO 108 4,1 2013 [128] 

SC ZITO 
Zn(NO3)2·6H2O - 

InCl3 - 
SnCl2 

250 SiO2 Mo/ITO 107 2,04 2013 [129] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 PVP Al/Al 106 2,04 2013 [130] 

SC ZITO 
ZnCl2 - 

In(NO3)3·xH2O - 
SnCl2 

350 Al2O3 Si/IZO 108 2,2 2013 [131] 

SC ZITO 
Zn(OAc)2·2H2O - 

SnCl2 - 
In(NO3)3·xH2O 

700 ZrO2 Si/Al 103 9,8 2013 [132] 

DC AIZO 
Zn(OAc)2·2H2O - 

AlCl3 - 
In(NO3)3·xH2O 

500 PMMA Al/Al 104 26,8 2013 [133] 

SC IZO 
Zn(OAc)2·2H2O 

ZnCl2 
In(NO3)3·xH2O 

450 SiO2 Si/IZO 105 1,45 2013 [134] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

250 SiO2 Si/Al 105 2,81 2013 [135] 

IJP IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 Hf-SAND Si/Al 107 20,6 2013 [136] 

SC HIZO 
Zn(OAc)2·2H2O - 

HfCl4 - 
In(NO3)3·xH2O 

400 AZO ITO/ITO 107 18,1 2013 [137] 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

450 MTO Al/Al 106 3,41 2014 [138] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

200 SiO2 Si/Al 106 0.0572 2014 [139] 

IJP IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

200 SiO2 Si/Al 105 0.45 2014 [140] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 SiO2 Si/(Ti-Al) 107 1.24 2014 [141] 

SC ZIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

Zr(OCH2CH2CH3)4 
400 SiO2 Si/Al 106 7 2014 [142] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC IMZO (M=Sr, Ba) 

Zn(OCH2CH2OCH3)2 
In5O(OCH(CH3)2)13 

Ba(OCH(CH3)2)2 
Sr(OCH(CH3)2)2 

450 SiO2 Si/Al 
108 (Ba) 
109 (Sr) 

8.63 (Ba) 
8.57 (Sr) 

2014 [143] 

SP IZO 
Zn(NO3)2·6H2O 
In(NO3)3·xH2O 

300 SiO2 Si/Al 106 14.1 2014 [144] 

SC IGZO 
Zn(OAc)2·2H2O 
Ga(NO3)3·xH2O 
In(NO3)3·xH2O 

400 SiO2 Si/Al 107 0.97 2014 [145] 

SC IZO 
Zn(NO3)2·6H2O 
In(NO3)3·xH2O 

250+DUV SiO2 Si/Al 106 1.2 2014 [146] 

 
SC  

IXZO (X = Ga, Sb, Sn, 
Mg, Be, Ag, Y, Ca, Al, 
Ni, Cu, Mn, Mo, Pd) 

Zn(OAc)2·2H2O 
In(NO3)3·xH2O 

X(OAc)m 
450 SiO2 Si/(Au-Ti) 107 (Ga) 8.5 (Ga) 2014 [147] 

SC IZO 
Zn(OAc)2·2H2O 
In(NO3)3·xH2O 

350 SiO2 Si/Al 108 13,8 2014 [148] 

IJP ZITO 
ZnCl2 - 
InCl3 - 
SnCl2 

300 AlOx Mo/IZO 106 114 2014 [149] 

SC IZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O 

350 ZrOx/AlOx Al/Al 106 7,8 2015 [150] 

SC ZITO 
ZnCl2 
InCl3 
SnCl2 

300 ZrOx Mo/IZO 108 2,6 2015 [151] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC SiIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

SiCl4 
300 SiO2 Si/(Au-Ti) 105 1,37 2015 [152] 

SC ZITO 
Zn(OAc)2·2H2O - 

InCl3 - 
SnCl2 

500 HAO ITO/ITO ~107 13,5 2015 [153] 

SC HIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

HfCl4 
300 SiO2 ITO/ITO 106 0,27 2015 [154] 

SC ZTO 
Zn(NO3)2·6H2O - 

SnCl2 
350 AlOx Si/Al 104 2,6 2015 [155] 

SCS IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 SiO2 Si/Al 107 6,34 2015 [156] 

SC SiIZO 
ZnCl2 - 
InCl3 - 
SiCl4 

250 SiO2 Si/(Ti-Au) 107 2,96 2015 [90] 

SC IZO 
Zn(NO3)2·6H2O - 
In(NO3)3·xH2O 

230 YOx Si/Al 107 25,9 2015 [157] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

VUV  + MW SiO2 Si/Al 108 0,3 2015 [158] 

SC IZO - IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

WVA 400 SiO2 Si/Al 
104 (IZO) 
105(IGZO) 

19.2 (IZO) 
17.4 (IGZO) 

2015 [159] 

          



Chapter 2: Solution Processed Metal Oxides: An Overview 

 

65 
 

Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC AIZO 
Zn(NO3)2·6H2O - 

AlCl3 - 
In(NO3)3·xH2O 

500 AZO ITO/ITO 106 20,8 2015 [160] 

SC GeIZO 
Zn(NO3)2·6H2O - 

GeCl4 - 
In(NO3)3·xH2O 

280 SiO2 Si/Al 107 0,25 2015 [161] 

wire-bar 
printing 

IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

350 AlOx Si/Al 105 5,25 2015 [162] 

SC ZITO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O – 

SnCl2 

350 + O2-
plasma 

SiO2 Si/Al 106 20,06 2015 [163] 

SC ZIZO 
In(acac)3 - 

ZnCl2 - 
Zr(OC4H9)4 

550 LZO 
Ru2O/(Ru2O-

ITO) 
105 2,68 2015 [164] 

SC ZITO/GNS 
Zn(OAc)2·2H2O - 

InCl3 - 
SnCl4·5H2O 

500 HfOx ITO/ITO 107 45,9 2015 [165] 

SC LiIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

LiOH 

 SiO2 Si/Al 107 34,5 2015 [166] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

DUV ZAO (Cr-Au)/IZO 108 6,21 2016 [167] 

SC IZO 
Zn(NO3)2·6H2O - 
In(NO3)3·xH2O 

DUV+150 SiO2 Si/ITO 105 16,2 2016 [168] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC ZITO 
ZnCl2 - 
InCl3 - 
SnCl2 

400 SiO2 Si/Al 106 8,62 2016 [169] 

SC ZITO 
ZnCl2 - 
InCl3 - 
SnCl2 

UV/O3+300 ZrOx Mo/IZO 108 2,65 2016 [151] 

SC ZITO 
ZnCl2 - 
InCl3 - 
SnCl2 

350 ZrOx Mo/IZO 109 4,75 2016 [170] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

DWD AlOx Si/IZO 109 6,94 2016 [171] 

IJP IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

300 SiO2 Si/Graphene >105 >6 2016 [172] 

SC IGZO 
Zn(NO3)2·6H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

350 SAO Si/Al 105 1,74 2017 [173] 

SC LiIZO 
Zn(C5H7O2)·xH2O - 

In(NO3)3·xH2O - 
LiNO3 

300 ZrOx Si/W 106 12 2017 [174] 

DC AIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

AlCl3 
500 PMMA Al/Al 105 14,6 2017 [175] 
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Method Semiconductor Precursor 
Tdep 
(oC) 

Insulator Gate/SD Ion/Ioff 
μFE 

(cm2/Vs) 
year REF 

SC WIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

WCl6 

 SiO2 Si/(Cr-Au) 107 30,5 2018 [176] 

SC BIZO 
Zn(OAc)2·2H2O - 
In(NO3)3·xH2O - 

B(OH)3 
500 SiO2 Si/Al 108 10,15 2018 [177] 

SC IGZO 
Zn(OAc)2·2H2O - 
Ga(NO3)3·xH2O - 
In(NO3)3·xH2O 

DUV Al2O3/ZrO2 Cr/IZO 108 13,5 2018 [178] 
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2.2 Solution Processed Metal Oxide Dielectrics 

 

 Dielectric materials are insulators in which the electrical conductivity is limited 

by their large band gap. Dielectric materials, especially in the form of thin films, play 

an important role in electronics industry. For the metal-oxide-semiconductor field 

effect transistor (MOSFET) technology in integrated circuits (ICs), the dielectric thin 

films have the same technological impact as the semiconductors. The working 

principle of MOSFETs is based on the carrier flow modulation in the channel by an 

externally applied voltage across. 

 

2.2.1 Low-k Dielectrics 

 

In semiconductor manufacturing, the term low-k dielectric refers to a material 

with smaller dielectric constant compared to silicon dioxide ones. Generally, low-k 

dielectrics are used as interlayer dielectrics (ILDs) in microelectronics industry 

regarding multilevel interconnect structures in ultra-large-scale integrated (ULSI) 

circuits. An excellent review paper on low-k dielectric materials, their classification, 

the characterization techniques, the properties, and characteristic process 

interactions published by Maex et al. [179]. Hatton et al. summarise the chemical and 

physical property requirements for (ILD) materials to fit into current industrial 

processes [180]. 

 Since a detailed report based on low-k dielectric materials, processing 

techniques and their properties is out of the scope of this report, further details on 

low-k dielectrics should be sought in the literature [179]–[192]. 

 

2.2.2 High-k Dielectrics 

 

 The term high-k dielectric refers to a material with a higher dielectric constant 

(k) than silicon dioxide (SiO2). The replacement of SiO2 gate dielectrics with metal 

oxides of higher dielectric constant led to the investigation of a wide range of materials 

with superior properties compared with SiO2.  
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 Semiconductor industry demands miniaturization of complementary metal-

oxide semiconductor (CMOS) transistors. In the new generation of transistors with 

channel dimensions below 45 nm the thickness of the SiO2 layer, used as gate 

insulator, must be lower than 1 nm. Below this thickness, the gate leakage current 

dramatically increases due quantum mechanical tunnelling effect. This is a limiting 

factor that cannot be easily surpassed without looking for new device structures or 

dielectric materials [193]. One of the most promising alternatives for overcoming this, 

involves the use of high-k dielectrics. Implementation of physically thicker high-k 

dielectrics, while maintaining the same capacitance per unit area, enables better 

device performance in terms of high current when in on-state (ON-current) and, 

simultaneously, low operation voltages (Turn-On voltage), enabling low power 

consumption devices. 

 

Figure 2-6: Variation of band gap and dielectric constant for various oxides, reproduced from [194]. 

 

 Robertson summarised the criteria which a gate oxide candidate should fulfil 

[194]. The requirements for CMOS and memory applications (as opposed to TFTs) of a 

new oxide are six-fold. 

1. The dielectric constant (k) must be high enough to be used for a reasonable 

number of years of scaling. For gate dielectric applications, the appropriate 

dielectric constant of the metal oxide should be over 10, preferably 25-30. 

However, there is a trade-off between the k-value and the band offset [195]. 
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Generally, the k-value of the candidate dielectrics tends to vary inversely with the 

bandgap. This trend is shown in Figure 2-6. 

2. The oxide is in direct contact with the channel material, so it must be 

thermodynamically stable with it. Since the interface reactivity with the channel 

material dominates the over electrical properties of electronic devices, there 

should be no reaction of the high-k with the channel material to prevent any 

parasitic interfacial layers. 

3. It must be kinetically stable and be compatible with processing temperature 

range. Sometimes devices should be treated with a post-deposition annealing 

process. The high-k dielectric should remain stable, without a structural 

alternation. 

4. It must act as an insulator, by having band offsets with the semiconductor of over 

1 eV to minimise carrier injection into its bands. Figure 2-7 shows the calculated 

band offset of some dielectrics with the values normalised to the VBM of ZnO 

[196]. 

 

 

Figure 2-7: Calculated band offset of some dielectrics. The values are normalised to the VBM of ZnO. 
The thinner line indicates the minimum of 1 eV for CBO. Reproduced from [196] 

 

5. It must form a good electrical interface with the channel material so that the 

structure should be of low interfacial trap density [193], [195], [197]–[201].  

6. It must have few bulk electrically active defects. Usually, high-k materials because 

of their processing temperatures have high oxide trap densities related with off 
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stoichiometric defects such as O vacancies. This limits the mobility of a FET due to 

Coulomb scattering by this charged defects and increases the leakage currents. 

 In Table 2-4 the dielectric constant (k) and band gap (Eg) values of some gate 

oxides are presented [202]. 

 
Table 2-4 Dielectric constant (k) and band gap (Eg) values of some gate oxides, reproduced from [202] 

 
 

 Among the various high-k metal oxides Al2O3, is one of the most widely studied 

alternatives of SiO2 as gate dielectric. It has a high band gap (~8.8 eV) and a dielectric 

constant of ~9. To overcome such barrier, a ternary, aluminum oxide based, metal 

oxide in form of M1-xAlxOy has been proposed [23], [24], [203]–[209].  

 In this study, aluminum oxide (Al2O3) was the main gate dielectric used. To 

engineer its physical properties (band gap, dielectric constant) ternary metal oxides 

based on the systems of aluminum-titanium oxide and aluminum-niobium oxide were 

studied. Both are of very high dielectric constant (k>30) while their value depends on 

the material’s processing. These two metal oxides exhibit relatively narrow band gaps 

(Eg<4.5 eV), a fact that limits their implementation in the field of T-TFTs because they 

do not meet the band offset criterion. 
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2.2.2.1 Binary Dielectric Oxides 

 

2.2.2.1.1 Aluminum Oxide (Al2O3) 

 

 Aluminum oxide (Al2O3) is one of the most widely studied metal oxides as gate 

dielectric in TFT technology. Its main advantages include the wide band gap (Eg~9eV) 

and the fact that, at low and moderate deposition temperatures (<550 ℃) is of an 

amorphous structure. The only drawback of Al2O3 is its low k value (k~9). 

 Table 2-5 summarises the works on solution processed aluminum oxide and 

their implementation on solution processed metal oxide based TFTs. Spin coating (SC) 

and spray pyrolysis (SP), are the two most extensively used solution processed 

techniques, to deposited high quality aluminum oxide (Al2O3) thin films. Also, 

aluminum nitrate nonahydrate (Al(NO3)3.9H2O) is the precursor of choice for the 

solution processed Al2O3 dielectrics, especially for those that was deposited by spin-

coating. This is due to its low decomposition temperature, high solubility and 

availability at reasonable cost. For the spray deposited Al2O3, aluminum chloride 

(AlCl3) and aluminum acetylacetonate (Al(C5H7O2)3) were the precursors of choice. 

Among the various precursors, AlCl3 is the one with the higher content of aluminum, 

is highly soluble to organic solvents such as methanol, ethanol, etc. In particular, it has 

been found that methanol (CH3OH) is one of the solvents that produce very dense and 

smooth thin films when it is used in the spray pyrolysis technique [23], [24], [210]. 
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Table 2-5: Literature review of solution processed aluminum oxide gate dielectrics used in various TFTs. (SC: Spin coating, SP: spray pyrolysis, 2-ME: 2-methoxyethanol, AN: 
acetonitrile, EG: ethyleneglycol, MeOH: methanol, EtOH: ethanol, acac: acetylacetone, DIW: deionised water, DMF: N,N-dimethylformamide, GPTMS: (3-glycidoxy- 
propyl)trimethoxysilane, ZGO: zinc-gallium oxide, ZTO: zinc-tin oxide, GZTO: gallium-zinc-tin oxide, IGZO: indium-gallium-zinc oxide, ITZO: indium-tin-zinc oxide, IWO: indium-
tungsten oxide, IZO: indium-zinc oxide, Tdep: maximum deposition temperature, k: dielectric constant, Jleak: leakage current density, μFE: field-effect mobility, SS: subthreshold 
slope, VTH: threshold voltage, Ion/Ioff: on-off current ratio). 

Deposition 
Technique 

Precursor Solvent 
Tdep 

(oC) 
k 

Jleak 

(A/cm2) 
Semiconductor 

μFE 
(cm2/Vs) 

SS 
(mV/dec) 

Vth 

(V) 
Ion/Ioff Ref. 

SC Al(NO3)3.9H2O 2-ME 600 10.25 - ZGO 4.7 240 0.2 103 [211] 

SC AlCl3 AN-EG 300 6.3 63 u @1MV/cm ZTO 33 96 1.2 108 [117] 

SP Al(acac) MeOH 400 9.2 0.1 u ZnO 7 - - 105 [210] 

SC Al(NO3)3.9H2O 
2-ME/water+ 
Urea 

350 7.1 0.76 u GZTO 1.3 300 0.8 105 [212] 

SC Al(NO3)3.9H2O 
2-ME 
GPTMS 

250 8.7 3.29 n @2MV ZnO 24.7 - 6.35 105 [213] 

SC Al(NO3)3.9H2O EtOH 300 10.4 4.2 u @2MV InO 21.6 160 -0.9 104 [214] 

SC Al(NO3)3.9H2O 2-ME 350 7.85 - IGZO 84.4 - - 105 [215] 

SC Al(NO3)3.9H2O 
2-ME 
EG 

250 6.25 - InO 136 280 - 105 [216] 

SC Al(NO3)3.9H2O DIW 350 7 < 1 n @1MV InO 14.1 80 0.5 107 [217] 

SP AlCl3 
MeOH 
Acac 

420 9 0.8 m @ 3MV ZnO 10 990 - 105 [24] 

SC AlCl3 AN-EG 550 12.42 2.7 n @1MV ITZO 23.7 220 1.5 106 [218] 

SC Al(NO3)3.9H2O EtOH 300 11.4 0.7 u @1MV ΙΖΟ 10.1 170 2.07 105 [219] 

SP Al(acac) 
MeOH 
DMF 

440 7.5 ~20 n @1MV ZnO 10 1000 - 105 [23] 

SC Al(NO3)3.9H2O DIW 250 - 10 n @ 2MV NiO 4.4 250 -1.3 105 [220] 

SC Al(NO3)3.9H2O DIW 350 7 0.4 n @ 1MV IWO 15.3 68 0.37 107 [221] 
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Deposition 
Technique 

Precursor Solvent 
Tdep 
(oC) 

k 
Jleak 

(A/cm2) 
Semiconductor 

μFE 
(cm2/Vs) 

SS 
(mV/dec) 

Vth 
(V) 

Ion/Ioff Ref. 

SP Al(NO3)3.9H2O 
2-ME 
acac 
NH4OH 

350 7.07 94 n @1MV IGZO 3.5 - -0.8 105 [222] 

SC Al(NO3)3.9H2O DIW 250 8.6 0.3 u @1MV IZO 2.73 240 0 105 [223] 

 

 



Chapter 2: Solution Processed Metal Oxides: An Overview 

 

75 
 

 In all the cases the deposited film exhibited very low leakage currents and high 

dielectric strength. On top of that, when aluminum oxide was implemented as gate 

dielectric in a TFT with various oxide semiconductors serving as the active material, 

low voltage and high-performance oxide based TFTs were demonstrated. 

 Avis and Jang reported on the low temperature (<300 ℃) fabrication of 

solution processed Al2O3 dielectric for all-solution-processed zinc-tin-oxide (ZTO) TFTs 

[117]. Solutions of aluminum chloride (AlCl3) in acetonitrile (AN) and ethyleneglycole 

(EG) were spin coated onto glass/Mo substrates followed by deposition of indium-zinc 

oxide (IZO). The Al2O3-based MIM devices exhibited high dielectric strength 

(~4 MV/cm) and low leakage current density of 63 μA/cm2 at an electric field of 

1 MV/cm. Zinc-tin oxide (ZTO) based TFTs employing the solution processed Al2O3 gate 

dielectric showed high performance (Ion/Ioff=108, μFE=33 cm2/Vs, Vth=1.2 V and 

SS=96 mV/dec) at low operational voltages (VGS=5 V, VDS=2 V).  

 Adamopoulos et al., reported on low-voltage ZnO thin-film transistors based 

on Al2O3 high-k dielectrics deposited by spray pyrolysis in air [210]. They deposited 

amorphous Al2O3 thin film on a glass/ITO substrate with ITO serving as a bottom 

electrode by spray pyrolysis, from methanol-based solutions of aluminum 

acetylacetonate (Al(acac)3) at 400 ℃. Aluminum oxide-based metal-insulator-metal 

(MIM) capacitors (glass/ITO/Al2O3/Al) exhibited high dielectric strength (>1.8 MV/cm) 

and low leakage current (<0.1 μA/cm2). The ZnO based TFTs employing spray 

deposited Al2O3 gate dielectrics showed low voltage operation, high on-off current 

ratio (Ion/Ioff=105) and high electron mobility of 7 cm2/Vs. 

 Besides the high performance of Al2O3 as gate dielectric, the relatively low 

dielectric constant (k~9) ranks it as a short term industrial solution [193]. On the other 

hand, metal oxides with higher dielectric constant are of lower band gap, in contrast 

to the band offset criterion [198]. To overcome such issue, metal oxides with high 

dielectric constant and wide band gaps were suggested, using multicomponent metal 

oxides or even stacked multilayers. 
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2.2.2.2 Metal Aluminate Based Dielectric  

 

 There is not any thermodynamically stable single metal oxide (MxOy) that 

exhibits at the same time high dielectric constant (k>~30) and wide band gap 

(Eg>~8 eV). Yim et al., using ab-initio calculations for band gap and permittivity 

reported that c-BeO exhibits an unusual combination of high permittivity (k~275) and 

large band gap (Eg~10.1 eV) [224]. Despite this unique property, c-BeO is 

thermodynamically unstable. The thermodynamically stable w-BeO, besides its high 

band gap, it exhibits a relatively low dielectric constant (k~7), fact that limits its 

consideration as candidate dielectric for microelectronic devices. Yim et al., suggested 

that c-BeO could be stabilised by doping and it is expected the stabilised c-BeO to 

exhibit similar physical properties with the calculated ones [224]. 

 Table 2-4 summarises single metal oxides that have been considered as 

candidates for gate dielectrics. Among them, aluminum oxide (Al2O3) has the widest 

band gap (Eg~8.8 eV), while titanium dioxide (TiO2) exhibits the largest permittivity 

(k~80-110) that depended on its crystal structure.  Aluminum titanate (Ti1-xAlxOy-TAO) 

films and multi-layered stacks of Al2O3/TiO2 have been considered as potential 

dielectrics for microelectronic applications. Auciello et al., reported on hybrid 

titanium–aluminum oxide layer as alternative high-k gate dielectric for MOSFETs [225]. 

The sputtered AlTi (25/75 at.%) film deposited on Si substrates, was oxidised to TAO 

via post-deposition thermal annealing. The TAO thin film was amorphous with a 

permittivity of 30, and a band gap of ~4 eV. The leakage current was reduced by 4-5 

orders of magnitude compared to that of SiO2 film of the same equivalent oxide 

thickness (EOT).  

 Besides Ti4+, other metal cations have been incorporated into the AlOx. 

Hafnium aluminate (HfAlOx), zirconium aluminate (ZrAlOx) and lanthanum aluminate 

(LaAlOx) are composite metal oxides that besides titanium aluminate (TiAlOx) have 

been studied as potential gate dielectrics for TFTs. Such binary metal aluminates have 

been deposited using vacuum and solution processed techniques. 

 In Table 2-6, selected solution processed metal aluminates and their electrical 

properties are listed. Most of the metal aluminates, were deposited by spin coating. 
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Only titanium aluminate (TAO) and lanthanum aluminate (LAO) thin films were 

deposited by spray pyrolysis. 

 Zhu et al., developed a solution processed high-k hafnium-aluminium oxide 

(HAO) dielectric films [226]. They used solutions of hafnium dichloride oxide 

octahydrate (HfCl2O.8H2O) and aluminum-tri-sec-butoxide (Al(OC4H9)
3
) in 2-

methoxyethanol. The precursor solutions were spin coated onto commercially 

available glass/ITO substrates. Finally, the thin films underwent post-deposition 

annealing at 500 ℃ for 2 h in ambient atmosphere. The HAO films were amorphous 

exhibiting excellent dielectric properties. In particular, HAO films ([Hf:[Al]=2:1) were 

of high dielectric constant (k=12.1) and low leakage current density 

(Jleak=1.69×107 A/cm2) at a high electric field (2 MV/cm), while the dielectric strength 

was higher than 4 MV/cm.  

 Yang et al., reported on solution-deposited Zr-doped AlOx  (ZAO) gate 

dielectrics for  high-performance TFTs [227]. They used solutions of AlCl3 and ZrCl4 in 

of acetonitrile (AN) and ethylene glycol (EG). Diverse substrates of p+ +Si, glass/ITO, 

and flexible polyimide/ITO were spin coated with the precursor solutions and 

annealed under different temperatures. Amorphous ZAO films annealed at 250 ℃ 

exhibited low leakage current density (<10-6 A/cm2 at 2 MV/cm). The dielectric 

constant (k) was in the range of 8.4-11.8 depending on the annealing temperature. 

The performance of ZAO thin films as gate dielectric was investigated in TFTs 

employing IZO or ZnO semiconducting channels. For the IZO based TFTs the on-off 

ratio was in the order of 106, field effect mobility of 53 cm2/Vs, threshold voltage of 

1.07 V and subthreshold voltage swing of 0.12 V/dec. 

 The simplicity of the accurate adjustment of the atomic ratio of multi-metal 

oxide system by simple physical blending of the metal’s precursor solutions, 

demonstrates the ability to control the resulting film’s stoichiometry using solution 

processed techniques. Equally, the high yield of solution processing techniques over 

large area, indicates the potential for the rapid development of electronic devices at 

low manufacturing cost. 
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Table 2-6: Literature review of solution processed metal aluminate gate dielectrics. (SC: Spin coating, SP: spray pyrolysis, 2-ME: 2-methoxyethanol, AN: acetonitrile, EG: 
ethyleneglycol, MeOH: methanol,  acac: acetylacetone, n-buto: n-butoxide, DIW: deionised water, DMF: N,N-dimethylformamide, IGZO: indium-gallium-zinc oxide, ITZO: 
indium-tin-zinc oxide, IZO: indium-zinc oxide, Tdep: maximum deposition temperature, k: dielectric constant, Jleak: leakage current density, Eb: dielectric strength,  μFE: field-
effect mobility, SS: subthreshold slope, VTH: threshold voltage, Ion/Ioff: on-off current ratio, HAO: hafnium aluminate, ZAO: zirconium aluminate, TAO: titanium aluminate, LAO: 
lanthanum aluminate, *: no available data). 

Deposition 
Technique 

Dielectric Precursor Solvent 
Tdep 

(oC) 
k 

Jleak 

(A/cm2) 
Eb 

(MV/cm) 
Semiconductor 

μFE 
(cm2/Vs) 

SS 
(mV/dec) 

Ion/Ioff Ref. 

SC HAO 
HfCl2O·8H2O 
Al(OC4H9)3 

2-ME 500 12,1 
1.7x10-7 

@2MV/cm 
4,5 * * * * [226] 

SC HAO 
HfCl2O·8H2O 
Al(OC4H9)3 

2-ME 600 11,3 * >2.5 ITZO 13,5 87 107 [153] 

SC ZAO 
AlCl3- 
ZrCl4 

AN        
EG 

350 11,8 * >8 IZO 53 120 106 [227] 

SC ZAO 
Al(NO3)3·9H2O 
Zr(acac)4 

2-ME DUV 7,35 
10-9 

@2MV/cm 
>7 IGZO 7,71 153 109 [228] 

SP TAO 
AlCl3  
Ti(n-buto)4 

MeOH 
acac 

420 ~13 
<5x10-9 
@3MV/cm 

>3 ZnO 10 549 106 [24] 

SC LAO 
Al(NO3)3·9H2O 
La2O3 

DIW 
HNO3 

600 11,5 * >3,5 IGZO 4,5 * 106 [203] 

SP LAO 
Al(acac)3  
La(acac)3 

MeOH 
DMF 

440 16 
<6x10-9 
@3MV/cm 

>5 ZnO 12 650 106 [23] 

SC ZAO 
Al(NO3)3·9H2O  
ZrO(NO3)2·xH2O 

DIW 500 ~10 
10-8 
@1MV/cm 

~3 * * * * [229] 
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3.1 Introduction 

 

Electronic devices are an integral part of our everyday life. Most of the 

electronic devices that are in use nowadays are based on metal-insulator-metal (MIM) 

structures [1]. MIM structures can be found in the core of each electronic device 

including a whole suite of components such as capacitors, diodes, transistors (BJTs and 

FETs) [2]–[10].The investigation of such structures, for applications in memories as 

NAND flash and Dynamic Random Access Memories (DRAMs), is of particular interest 

[11]–[13]. A simple metal-insulator-metal (MIM) device consists of an insulator placed 

between two metals acting as electrodes.  

In devices like DRAMs (MIM devices), high capacitance and low leakage 

currents are key requirements. The capacitance of a MIM device is proportional to the 

dielectric constant of the insulator and inversely proportional to the thickness of the 

materials so, the capacitance of the MIM device is strongly affected by the physical 

thickness of the insulating material. On the other hand, there is a lower limit of the 

insulating thickness. For example, in the case of SiO2, for a thickness below 2nm the 

current passing through the insulator (leakage current), because of tunnelling effects, 

is becoming extremely high. To overcome such issues alternative materials with higher 

dielectric constants are implemented as insulators.  

The insulator could be organic or inorganic. Organic materials that have been 

used in electronic industry as insulators (i.e. CYTOP, PMMA) are out of the scope of 

this thesis but can be found in literature [14], [15].  

Inorganic materials that have been used in the electronic industry as insulators 

are mainly metal oxides and nitrides. The most widely used inorganic insulator in 

electronic industry for decades is silicon dioxide (SiO2). Silicon dioxide has a wide band 

gap (Eg ~9 eV) and low dielectric constant (k ~3.9). SiO2 is the native oxide of silicon 

(Si), the widely used semiconductor in electronics.  

Silicon is one of the most abundant elements in Earth’s crust. It is an intrinsic 

semiconductor, with a narrow band gap (Eg ~1.1 eV). The diverse dopability of silicon, 

that tunes its electrical properties, is one of the reasons why it is the material of choice 
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till nowadays in electronics industry. Depending on the dopant either from group 13 

or group 15, silicon can be either p-type or n-type semiconductor.  

Silicon and its native oxide, silicon dioxide or silica (SiO2), are the basis of 

nowadays’ electronics. The metal oxide semiconductor (MOS) structure is similar to 

the metal-insulator-metal (MIM) capacitor, where the insulator is a dielectric oxide 

and one of the metal electrodes has been replaced by a semiconductor. MOS capacitor 

is not an electronic device itself but is the basis of the MOS based transistor the metal-

oxide-semiconductor-field-effect-transistor (MOSFET). 

In this chapter, the MIM, as well as MOS and MOSFET device architectures and 

their operational characteristics will be briefly described. 

 

3.2 MIM Devices 

 

MIM structures have been extensively used to investigate the dielectric 

properties of thin films. In Figure 3-1, the basic metal-insulator-metal (MIM) structure 

is presented.  

 

 

Figure 3-1: Metal-insulator-metal (MIM) structure used to assess the properties of the insulator. 

 

A basic MIM device structure is a parallel plate capacitor. A parallel plate 

capacitor consists of two metal plates separated by an insulator. A capacitor is 

characterized by its capacitance which is the ability to store an electric charge. For a 

parallel plate capacitor consisting of two parallel metal plates of area A separated by 

a distance d (thickness of dielectric material) the capacitance C in Farads is: 
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𝐶 = 𝑘휀0
A

d
 (3-1) 

 

where, k the dielectric constant of the insulator and ε0 the vacuum permittivity (8.85 × 

1012 F/m). The dielectric constant of a material is directly related to its electric 

susceptibility (𝜒𝑒), which is a measure of polarizability of the dielectric in response to 

an external electric field. 

𝜒𝑒 = 𝑘 − 1 (3-2) 

 

Susceptibility is a frequency-dependent electrical parameter. Because of the 

frequency dependency of the susceptibility, the dielectric constant is frequency-

dependent as well. 

The typical equivalent circuit that is used to analyse MIM capacitor 

characteristics and its frequency response, is presented in Figure 3-2. 

 

 

Figure 3-2: Equivalent circuit of a MIM capacitor. 

 

In Figure 3-2, Rs and L represent the resistance and the inductance because of 

the wires and the metal electrodes, while Rp represents the dielectric loss of the 

dielectric material.  

The most important parameter of a MIM capacitor is the dielectric constant of 

the material sandwiched between the metal plates.  
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3.2.1 Impedance Characteristics 

 

One of the most important parameters used to investigate the properties of a 

dielectric is its impedance (Z). It is defined as the total opposition to the flow of an 

alternating current (AC) at a given frequency and is represented by a complex quantity 

which is graphically shown on a vector plane, as shown in Figure 3-3. 

 

 

Figure 3-3: Impedance vector plane representation3.  

 

An impedance vector consists of a real part (resistance, R) and an imaginary 

part (reactance, X). Impedance can be expressed (in polar coordinates) as: 

 

𝑍 = 𝑅 + 𝑗𝑋 (3-3) 

 

 

 

where j is the imaginary unit. Resistance and reactance can be expressed as: 

{
𝑅 = |𝑍| cos 𝜃

𝑋 = |𝑍| sin 𝜃
 (3-4) 

where  

|𝑍| = √𝑅2 + 𝑋2 𝑎𝑛𝑑 𝜃 = tan−1 (
𝑋

𝑅
) (3-5) 

                                                           
3 Keysight Handbook 
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where (θ) is the phase angle. Reactance (X) could be either inductive (XL) or capacitive 

(XC). For an electrical circuit where a resistor (R), a capacitor (C) and an inductor (L) are 

connected in series, the total impedance is: 

𝑍 = 𝑅 + 𝑗𝑋
𝑋=𝑋𝐿−𝑋𝐶
⇔      𝑍 = 𝑅 + 𝑗(𝑋𝐿 − 𝑋𝐶) ⟺ 𝑍 = 𝑅 + 𝑗 (2𝜋𝑓𝐿 −

1

2𝜋𝑓𝐶
) ⇔ 

 

⇔ 𝑍 = 𝑅 + 𝑗 (𝜔𝐿 −
1

𝜔𝐶
)  (3-6) 

 

where f is the frequency and ω the angular frequency. Equally, the admittance which 

is the reciprocal of impedance is: 

𝑌 =
1

𝑍
⟺ 𝑌 =

1

𝑅 + 𝑗𝑋
⟺ 𝑌 =

𝑅𝑋2

𝑅2 + 𝑋2
+ 𝑗

𝑅2𝑋

𝑅2 + 𝑋2
⟺ 

 

⟺ 𝑌 = 𝐺 + 𝑗𝐵  (3-7) 

 

where Y is the admittance, G the conductance and B the susceptance. 

For a parallel plate capacitor, the total impedance solely consists of the Xc 

component. The total impedance of an ideal MIM device can be written as: 

 

𝑍 = 𝑋𝐶 ⇔ 𝑍𝑀𝐼𝑀𝑖𝑑𝑒𝑎𝑙 = −
1

𝜔𝐶
 (3-8) 

 

A metric of the capacitor’s quality is the quality factor (Q), which is defined as 

the ratio of the energy stored in a component to the energy dissipated by the 

component. Quality factor (Q) is dimensionless and is given by: 

 

𝑄 =
𝑍𝐼𝑚
𝑍𝑅𝑒𝑎𝑙

=
𝑋

𝑅
 (3-9) 

 

Usually, dissipation factor (D) is used instead. Dissipation factor (D) is the reciprocal of 

the quality factor (Q), 𝐷 = 1/𝑄. 
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 A typical capacitor frequency response, in terms of the impedance (Z) and 

impedance’s phase angle (θ) is shown in Figure 3-4. At the low frequencies the system 

is mostly resistive. The phase angle (θ) of impedance is ~0o, which is characteristic for 

pure resistive systems. At such low frequencies, the capacitor acts as an open part of 

the circuit, so the current pass across the resistance (Rp). The value of the parallel 

resistance (Rp) can be estimated from the intercept of the graph with the axis of 

impedance magnitude. For the frequency range where the phase angle (θ) of 

impedance is ~-90o, the impedance of the system is capacitive. For this frequency 

range, from the slope of the impedance magnitude graph, the capacitance (C) of the 

capacitor can be estimated by using the expression: 

 

𝑠𝑙𝑜𝑝𝑒 =
1

𝜔𝐶
 (3-10) 

 

 

Figure 3-4: Frequency response of the equivalent circuit (inset) used to describe impedance 
characteristics of a MIM device. 

 

 In Figure 3-5 the frequency dependence of the real and imaginary part of the 

complex dielectric constant are shown. The complex dielectric constant can be written 

as: 

휀𝑟 = 휀𝑟
′ + 𝑗휀𝑟

′′ (3-11) 
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where, 휀𝑟
′  is the real part and 휀𝑟

′′ is the imaginary part. Both parts are frequency 

dependent. The real part represents the relative permittivity while the imaginary part 

represents energy loss in the dielectric. The dissipation factor (D) or loss tangent is 

defined using the magnitudes of real and imaginary parts of dielectric constant as: 

tan 𝛿 =
휀𝑟
′′

휀𝑟′
 (3-12) 

 
Figure 3-5: Frequency dependence of the real and imaginary parts of the dielectric constant, reproduced 
from4. 

 

 Since a dielectric is a material that it could be polarised under the stimulus of 

an external electric field, the dielectric behaviour is specified with respect to the time 

of frequency domain. As can be seen from Figure 3-5, at low frequencies (<100 Hz), 

the dielectric relaxation (peak in 휀𝑟
′′) is due to charges at interfaces or space charges 

that may become oriented as result of the stimulus of an external field, contributing 

to the polarisation. At higher frequencies (104-108 Hz), orientation polarisation due to 

natural dipoles of a dielectric, is taking place. At even higher frequencies (>1010 Hz), 

ionic and electronic polarisation occurs. For ionic crystals mutual displacement of 

positive and negative sub-lattice happens. Further increase in frequency leads to 

displacement of electron shell against positive nucleus.         

 

 

                                                           
4 Principles of Electronic Materials and Devices, p. 608 



Chapter 3: Theory and Operational Characteristics 

 

107 
 

3.2.2 Leakage Current and Conduction Mechanisms  

 

 One of the key features of insulating materials is their electrical properties i.e. 

the conduction mechanisms (leakage current mechanisms) and dielectric strength. 

Leakage current is of crucial concern in memory devices such as DRAMs. Since oxide 

dielectrics are of particular interest in electronic industry, the conduction mechanism 

of such films is particularly important in order for the conduction current via such 

insulating films be minimized.   

 In thin films there are two kinds of conduction mechanisms; i) the electrode-

limited conduction (ELCM) which depends on the electrical properties of the 

electrode-dielectric interface and ii) bulk-limited conduction mechanism (BLCM) which 

depends on the electrical properties of the oxide itself [16]. Figure 3-6 summarizes the 

conduction mechanisms in thin films. 

 

 

Figure 3-6: Classification of conduction mechanisms in dielectric films reproduced from [16] 

 

 From the analysis of the plots that describe each conduction mechanism, 

important information such as the barrier height at the electrode-dielectric  interface, 

the effective mass of the charge carriers in dielectric films, the trap level, the trap 

spacing, the trap density, the carrier drift mobility and the dielectric relaxation time 

could be obtained [16]. 

 Electrode-limited conduction depends on the electrical properties of the 

electrode-dielectric interface. Based on this type of conduction mechanism, the 

physical properties of the barrier height of the electrode-dielectric interface and the 

effective mass of the conduction carriers in dielectric films can be extracted. 
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 Electrode-limited conduction mechanisms include (1) Schottky or thermionic 

emission [17]–[19], (2) Fowler-Nordheim tunneling [20], [21], (3) direct tunneling [22], 

and (4) thermionic-field emission [23], [24]. 

 The bulk-limited conduction mechanism depends on the electrical properties 

of the dielectric itself. According to the analyses of bulk-limited conduction 

mechanisms, several important physical parameters of the dielectric films can be 

obtained, including the trap energy level, the trap spacing, the trap density, the carrier 

drift mobility, the dielectric relaxation time, and the density of states in the conduction 

band. 

 The bulk-limited conduction mechanisms include (1) Poole-Frenkel emission 

[25], [26], (2) hopping conduction [27], (3) ohmic conduction, and (4) space charge-

limited conduction.  

 Among the various conduction mechanisms that describe conduction in 

insulating materials, Poole-Frenkel emission (PF) and Fowler-Nordheim tunneling (FN) 

along with Schottky or thermionic emission (SE) are the dominant ones of a thin 

insulating film, while for an ultrathin film (<3nm) direct tunneling dominates [28]. For 

highly defective films trap-assisted conduction, hopping, and space charge limited 

conduction have been reported. 

 

3.2.2.1 Schottky emission (SE) 

 

 Schottky or thermionic emission is due to the thermal activation of electrons. 

The energy-band diagram of an ideal MIM structure is shown in Figure 3-7. 

 

Figure 3-7: Schematic energy-band diagram of Schottky emission in a MIM structure.  
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In Figure 3-7, the quantity (q·ϕb1) is the so called Schottky energy barrier 

height. For Schottky conduction, charges have sufficient thermal energy to overcome 

the potential energy barrier at the metal-dielectric interface and be diffused to the 

dielectric. Schottky emission has been considered the predominant conduction 

mechanism in dielectric films at relatively high temperatures [16], [18], [29]–[33]. The 

expression of standard Schottky emission is: 

 

𝐽𝑆𝐸 = 𝐴
∗𝑇2𝑒𝑥𝑝

[
 
 
 
 −𝑞 (𝜙𝑏 −√

𝑞𝐸
4𝜋휀𝑟휀0

)

𝑘𝐵𝑇

]
 
 
 
 

 (3-13) 

 

where, 

 

𝐴∗ =
4𝜋𝑞𝑘𝐵

2𝑚𝑖𝑛
∗

ℎ3
= 120

𝑚𝑖𝑛
∗

𝑚0
 

 

(JSE) is the current density, (A*) is the effective Richardson constant, (T) the 

temperature, (q) is the electronic charge, (qφb) is the Schottky barrier height, (E) is the 

applied electric filed, (εr) is the dielectric constant of the material, (ε0) is the 

permittivity of the free space, (kB) is Boltzmann’s constant, (h) is Planck’s constant, 

(m0) is the free electron mass and (min
*) is the electron effective mass in the 

insulator/dielectric. 

 The thickness of the insulator is crucial for the Schottky emission. Simmons 

modified the standard Schottky emission expression considering the dielectric 

thickness [34]. When the electronic mean free-path is less than the dielectric thickness 

the standard Schottky emission expression should be rewritten as: 

 

𝐽𝑚𝑜𝑑𝑆𝐸 = 𝑎𝑇
3/2𝐸𝜇 (

𝑚𝑖𝑛
∗

𝑚𝑜
)

3/2

𝑒𝑥𝑝

[
 
 
 
 −𝑞 (𝜙𝑏 −√

𝑞𝐸
4𝜋휀𝑟휀0

)

𝑘𝐵𝑇

]
 
 
 
 

 (3-14) 

 



Chapter 3: Theory and Operational Characteristics 

 

110 
 

where a=3×10-4 A·s·cm-3·K-3/2 and (μ) is the electronic mobility in the insulator. The 

other notations have the above defined meanings.  

 

3.2.2.2 Fowler-Nordheim tunneling (FN) 

 

 Besides the thermal-induced current due to thermionic emission, cold-electron 

current has been observed [20], [21], [29], [35], [36]. This conduction mechanism is 

due to the penetration of the potential barrier by the electron wave function. This 

potential barrier penetration is due to the tunnelling effect and is called Fowler-

Nordheim tunnelling (FN). Figure 3-8 shows the principle of the FN tunnelling. 

 FN tunnelling is the predominant electrode limited conduction mechanism 

when the temperature of the system is very low, the applied electrical field is high, 

and dielectric film is relatively thick (tox>4nm). Taking into account the above 

considerations, an electron could penetrate the triangular potential barrier and be free 

to move in the conduction band of the dielectric.  

 
 

 

Figure 3-8: Schematic energy-band diagram of Fowler-Nordheim tunnelling in a MIM structure.  

 

 The equation of the Fowler-Nordheim tunneling is: 

 

𝐽𝐹𝑁 =
𝑞3𝐸2

8𝜋ℎ𝑞𝜙𝑏1
𝑒𝑥𝑝 [

−8𝜋√2𝑞𝑚𝑇
∗

3ℎ𝐸
𝜙𝑏1
3 2⁄ ] (3-15) 
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where, 𝑚𝑇
∗  is the tunnelling effective mass in the dielectric while the other symbols 

have their usual meanings.  

 

 

Figure 3-9: Schematic energy-band diagram of direct tunnelling in MIM structure.  

 

 For very thin insulators (tox<4nm) the electrons could penetrate a trapezoidal 

potential barrier. In this case (Figure 3-9) the conduction is due to direct tunnelling 

(DT) of the electrons through the trapezoidal potential barrier. An approximate 

equation describing the current density due to the direct tunnelling (DT) of the 

electrons is [37]: 

 

𝐽𝐷𝑇~𝑒𝑥𝑝 [−
8𝜋(𝑞𝜙𝑏)

3 2⁄ √2𝑚𝑇
∗

3ℎ𝑞|𝐸|
[
3|𝑉|

2𝜙𝑏
]] 

~𝑒𝑥𝑝 [−
8𝜋√2𝑞

3ℎ
(𝑚𝑇

∗𝜙𝑏)
1/2 ∙ 𝑘 ∙ 𝑡𝑜𝑥,𝑒𝑞] (3-16) 

 

According to Yeo et al. tunnelling leakage current depends on the dielectric constant 

(𝑘) of the material, the tunnelling barrier height (𝜙𝑏) and the tunnelling effective mass 

(𝑚𝑇
∗ ) [37]. 

 

3.2.2.3 Poole-Frenkel emission (PF)   

 

 Poole-Frenkel emission is a bulk limited conduction mechanism. Sometimes, it 

is called internal Schottky emission due to the thermal activation character of the 
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process. In Figure 3-10, the principle of the Poole-Frenkel (PF) conduction mechanism 

is shown. Trapped electrons could be released to conduction band of the dielectric, by 

applying an electric field. The applied electric field reduces the potential barrier height 

energy, so if the electron obtains enough thermal energy it will be released out of the 

trap to the dielectric’s conduction band. 

 The current density due to the Poole-Frenkel (PF) emission conduction 

mechanism is given by: 

 

𝐽𝑃𝐹 = 𝑞𝜇𝑁𝑐 ∙ 𝐸 ∙ 𝑒𝑥𝑝

[
 
 
 
 −𝑞 (𝜙𝑏 −√

𝑞𝐸
𝜋휀𝑟휀0

)

𝑘𝐵𝑇

]
 
 
 
 

 (3-17) 

 

where, (𝜇) is the electronic drift mobility, (𝑁𝑐) is the density of the states in the 

conduction band, (𝑞𝜙𝑏) the trap energy barrier level. 

 

 

Figure 3-10: Schematic energy-band diagram of Poole-Frenkel (PF) emission in MIM structure.  

 

 To that point, it should be highlighted that the conduction in thin dielectric 

films is strongly related to the structural characteristics of the MIM device. The 

structural characteristics include, among others, the composition of the dielectric 

material, the thickness of the dielectric, the traps, the energy level of the traps, the 

materials that are used as electrodes and their work function. 

 Finally, it has been shown that for a given gate dielectric one or two conduction 

mechanisms are governing the current transport [28], [29], [32], [38]. In fact, the 
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different conduction mechanisms are appearing for different conditions. In general, 

Schottky emission (SE) and Poole-Frenkel (PF) conduction are two mechanisms that 

are mainly temperature-dependent, and they take place at relatively low electric 

fields. On the other hand, Fowler-Norheim (FN) tunnelling takes place at low 

temperatures and high electric fields.   

 

3.3 Metal Oxide Semiconductor (MOS) 

 

 Metal oxide semiconductor (MOS) capacitor is one of the key parts of 

complementary metal-oxide-semiconductor (CMOS) technology which is the base of 

nowadays’ electronics. The performance of the most widely used semiconductor 

device, metal-oxide-semiconductor field effect transistor (MOSFET), strongly depends 

on the performance of the MOS capacitor which is the core element of the MOSFET. 

A MOSFET is a MOS capacitor with two metal-semiconductor junctions at two ends. In 

Figure 3-11, a typical MOSFET structure is presented along with its core component, 

the MOS capacitor.  

 

 

Figure 3-11: Typical metal-oxide-semiconductor field effect transistor (MOSFET) structure.  

 

 The operation characteristics of a MOS capacitor are studied by using the 

energy-band diagrams. The energy-band diagram of an ideal MOS capacitor is shown 

in Figure 3-12. A MOS capacitor is defined as ideal under the following considerations: 
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• Charges can exist only in the semiconductor layer and there are no interface 

traps nor any kind of oxide charge 

• The is no conduction through the insulator under any biasing conditions. 

• The quantity 𝜙𝑚𝑠 = 𝜙𝑚 − (𝜒 + 𝜙𝑛) = 0 under no applied voltage. (Flat-band 

condition at Vapp=0)  

 

 

Figure 3-12: Energy band diagram for ideal MOS capacitor employing n-type semiconductor at 
equilibrium (Vapp=0). (1) qφm: φm is the metal work function, (2) qχi: χi is the electron affinity of the 
insulator, (3) qχ: χ is the electron affinity of the semiconductor, (4) Eg/2: Eg is the band gap of the 
semiconductor, (5) qφn: φn is the Fermi potential with respect to conduction band edge, (6) qψBn: ψBn is 
the Fermi potential with respect to midgap edge. 

 

 Considering the ideal MOS capacitor described in Figure 3-12, by applying 

positive or negative voltages, there are basically three conditions that can exist at the 

semiconductor-insulator interface, the accumulation, the depletion and the inversion 

conditions.  

 

3.3.1 Accumulation 

 

 When a positive voltage (Vapp=Vg>0) is applied to the metal contact of the MOS 

capacitor, the semiconductor’s conduction-band edge (Ecs) bends downward near the 

semiconductor-insulator interface and is closer to the Fermi level (EF). Because Ecs is 

now close to EF at the interface, the interfacial electron concentration is larger than 
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the bulk electron concentration. So, there is an accumulation layer of electrons, giving 

a rise to an accumulation charge (Qacc) at the semiconductor-insulator interface 

(surface accumulation).  

 In Figure 3-13, the schematic energy-band diagram for the surface 

accumulation condition of a MOS capacitor employing n-type semiconductor is shown. 

 

 

Figure 3-13: Schematic energy-band diagram MOS capacitor employing n-type semiconductor under 
positive voltage bias (Vapp>0). 

 

3.3.2 Depletion 

 

 When a small negative voltage (Vapp=Vg<0) is applied to the metal contact of 

the MOS capacitor, the semiconductor’s bands bend upward near the semiconductor-

insulator interface. In this case the interfacial concentration of electrons is reduced 

because of the depletion of the electrons (surface depletion).  

 In Figure 3-14, the schematic energy-band diagram for the surface 

accumulation condition of a MOS capacitor employing n-type semiconductor is 

illustrated.  
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Figure 3-14: Schematic energy-band diagram MOS capacitor employing n-type semiconductor under 
small negative voltage bias (Vapp<0). 

 

3.3.3 Inversion 

 

 When a higher negative voltage (Vapp=Vg<<0) is applied to the contact of the 

MOS capacitor, the semiconductor’s bands bend even more upward near the 

semiconductor-insulator interface. When the intrinsic level (Ei=Eg/2) at the interface 

crosses over the Fermi level (EF), the concentration of the minority carriers (holes) is 

larger than that of electrons. In this case, the interfacial concentration of carriers is 

inversed from majority to minority. This condition is called inversion.  

 The characteristic applied voltage at which, 

 

(𝐸𝐹 − 𝐸𝑉)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = (𝐸𝐶 − 𝐸𝐹)𝑏𝑢𝑙𝑘 (3-18) 

 

is called threshold voltage (Vt). 

 In Figure 3-15, the schematic of the energy-band diagram for the surface 

accumulation condition of a MOS capacitor employing n-type semiconductor is 

presented. 
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Figure 3-15: Schematic energy-band diagram MOS capacitor employing n-type semiconductor under 
high negative voltage bias (Vg=Vapp<<0). 

 

3.4 Metal Oxide Semiconductor Field Effect Transistors (MOSFETs)  

 

One of the most interesting physical mechanisms of a great importance to 

semiconductor devices is the field effect. The field effect is the modulation of the 

conductivity of an underlying semiconductor layer by the application of an electric field 

to a gate electrode on the surface [39]. 

The metal-oxide-semiconductor field-effect transistors (MOSFETs) became the 

most-important device for forefront high-density integrated circuits (ICs) of 

microprocessors and semiconductor memories. MOSFET is the main member of the 

family of field-effect transistors. A family tree of field-effect transistors is shown in 

Figure 3-16. The three first-level main members are IGFET (insulated-gate FET), JFET 

(junction FET), and MESFET (metal-semiconductor FET). They are distinguished by the 

way the gate capacitor is formed. In an IGFET, the gate capacitor is an insulator. In a 

JFET or a MESFET, the capacitor is formed by the depletion layer of a p-n junction or a 

Schottky barrier, respectively. In the branch of IGFET, we further divide it into 

MOSFET/MISFET (metal-insulator-semiconductor FET) and HFET (hetero-junction 

FET). In the MOSFET, specifically, the insulator is a grown oxide layer, whereas in the 

MISFET the insulator is a deposited dielectric. 
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Figure 3-16: Family tree of Field-Effect Transistors (FETs). Reproduced from [10] 

 

 Thin-film transistors (TFTs) such as MOSFETs, in their most simplistic form, are 

constructed by three components, namely: (1) the dielectric, (2) the semiconductor 

layer, and (3) the source, drain and gate electrodes. The source and drain contacts are 

directly in contact with the semiconductor, whilst the gate contact is separated from 

the semiconductor layer by the dielectric layer. They can be fabricated using several 

different structural layouts. Figure 3-17 illustrates the four most commonly used 

device architectures. 

 The geometry of a TFT requires the definition of two geometric parameters 

governing its performance, namely transistor’s channel length and width. The channel 

length (L) of a transistor is defined as the distance between the source and drain 

contact, whereas the channel width (W) is defined as the distance over which the 

source and drain contacts run parallel to each other. 

 

Figure 3-17: Schematics showing some of the most conventional TFT structures, according to the 
position of the gate electrode and the distribution of the electrodes relative to the semiconductor, 
reproduced from [40].  
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3.4.1 TFT Operating Characteristics 

 

 There are two major operating modes of the field effect transistors (TFTs). A 

MOSFET is called an enhancement type TFT if it is normally OFF. Normally OFF means 

that there is no current flow for zero gate-source voltage. For the case of a normally 

ON TFT, depletion type TFT, at zero gate-source voltage there is current flowing from 

source to drain. 

 Considering the structure shown in Figure 3-18 and assuming an n-type 

enhancement mode TFT, by grounding the source terminal (VS = 0 V) and applying a 

positive voltage to the gate (VG), charge carriers (electrons in this case) will start 

accumulating at the semiconductor/dielectric interface. 

 For small values of drain voltage (VD), a channel current (ID) through the device 

is observed. As VD is increased, ID will continue to be increased until the channel 

current saturates. Under these operating conditions, where the applied VD is 

significantly smaller than VG there is a linear I–V relationship and the device is 

operating in the linear regime (ohmic region). When the field strength parallel to the 

device channel, VD, is comparable to that imposed by VG, there is insufficient field 

strength across the dielectric to maintain charge accumulation at the drain end of the 

device, therefore the area around the drain contact is depleted of charge and the 

channel is said to be ‘pinched off’. Under these conditions the device is operating in 

the saturation regime and ID becomes VD independent. 

 

 

Figure 3-18: Schematic of a thin-film transistor showing the source, drain and gate contacts, dielectric 
layer and semiconductor with a graphic representation of the charge accumulation and depletion 
regions. The device is shown in the saturation regime where VD > VG – VT, reproduced from[41] 
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According to gradual channel approximation [42], the current-voltage 

relationship at the linear region is: 

 

𝐼𝐷 = 𝜇𝐶𝑜𝑥
𝑊

𝐿
(𝑉𝐺 − 𝑉𝑇)𝑉𝐷 (3-19) 

 

where W and L are the channel width and length, respectively, Cox is the gate dielectric 

geometric capacitance, μ the charge carrier (hole or electron) mobility, VG the external 

applied to gate voltage and VT the threshold voltage. The current-voltage relationship 

at the saturation region is: 

 

𝐼𝐷 = 𝜇𝐶𝑜𝑥
𝑊

𝐿
(𝑉𝐺 − 𝑉𝑇)

2 (3-20) 

The MOSFET characteristics that can be extracted from the output and transfer 

characteristics shown in Figure 3-19, are the mobility (μ), current modulation ratio or 

on/off ratio (ID
On/ID

Off), turn-on voltage (VOn) and subthreshold swing (SS) respectively. 

 

3.4.1.1 Current modulation or on/off ratio 

 

This is defined as the ratio of the maximum to the minimum drain current (ID). 

The minimum ID is due to the noise level of the measurement equipment or due to the 

gate leakage current (IG), while the maximum ID depends on the semiconductor 

material itself and on the effectiveness of capacitive injection by the field effect. A 

large current modulation ratio value (ID
On/ID

Off), typically above 106, in TFTs, is required 

for their successful implementation in devices. 
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Figure 3-19: Typical a) output and b) transfer characteristics of a n-type oxide TFT, reproduced from[40] 

 

3.4.1.2 Threshold/Turn on Voltage (VT/Von) 

 

The threshold voltage (VT) corresponds to the applied gate voltage (VG) for 

which an accumulation layer or conductive channel is formed close to the dielectric/ 

semiconductor interface, between the source and drain electrodes (i.e. channel 

region) [40]. For an n-type MOSFET, depending upon whether VT is positive or 

negative, the devices are designated as enhancement or depletion mode, respectively. 

Both types are useful for circuit fabrication, but generally, enhancement mode is 

preferable because no VG is required to turn off the transistor, simplifying the circuit 

design and minimising power dissipation. Ortiz et al. reviewed and scrutinised existing 

methods based on the ID–VG plot for extracting VT in single-crystal MOSFETs, biased at 

linear and saturation regions [43]. 

VT can be determined using different methodologies, such as linear 

extrapolation of the ID -VG plot (for low VD) or of the ID
1/2 -VG plot (for high VD). The 
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concept of the turn-on voltage (Von) is largely used in literature, corresponding to the 

VG at which ID starts to increase as seen in a log(ID) –VG plot, or in other words, to the 

VG necessary to fully turn-off the transistor [44]. 

 

3.4.1.3 Subthreshold swing (SS) 

 

Subthreshold swing (SS) is defined as the inverse of the maximum slope of the 

transfer characteristic. It indicates the necessary VG to increase ID by one decade and 

is given by [45], [46]: 

 

𝑆𝑆 = (
𝑑𝑙𝑜𝑔(𝐼𝐷)

𝑑𝑉𝐺
|
𝑚𝑎𝑥

)

−1

 (3-21) 

 

Typically, SS << 1, (i.e., 0.10–0.30 V/dec), and small values result in higher 

speeds and lower power consumption. From the SS value, the trap density per unit 

energy at the semiconductor/dielectric interface could be calculated as: 

 

𝑁𝑆𝑆
𝑚𝑎𝑥 = 𝐶𝑜𝑥 ∙ (

𝑆𝑆

2.3𝑒𝑘𝐵𝑇
−
1

𝑒2
) (3-22) 

 

where Cox is the geometric capacitance of the dielectric, e is the elementary 

charge, kB is Boltzmann constant, and T is the temperature [47]. 

 

3.4.1.4 Mobility (μ) 

 

Mobility (μ) is related to the efficiency of carrier transport in a material, 

affecting directly the maximum ID and operating frequency of devices. In a given 

material, the ID is affected by several scattering mechanisms, such as lattice vibrations, 

ionised impurities, grain boundaries and other structural defects. On a MOSFET, since 

the motion of carriers is constrained to a narrow region close to the 

dielectric/semiconductor interface, additional sources of scattering should be 

considered, such as Coulomb scattering from dielectric charges and from interface 

states or surface roughness scattering [48]. The mobility of a MOSFET is modulated by 
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VG, so scattering mechanisms become less relevant for bias conditions. The mobility of 

a MOSFET can be extracted using different methodologies [40]. The widely used 

expression for mobility extraction from the experimentally acquired transfer 

characteristics (i.e. ID-VG plot) is given by [49]: 

 

𝜇𝑙𝑖𝑛 =
𝐿

𝑊𝐶𝑜𝑥
∙
1

𝑉𝐷
∙
𝜕𝐼𝐷
𝜕𝑉𝐺

 (3-23) 

 

for the linear region and 

 

𝜇𝑠𝑎𝑡 =
𝐿

𝑊𝐶𝑜𝑥
∙
𝜕2𝐼𝐷

𝜕𝑉𝐺
2 (3-24) 

 

for the saturation region. 
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4.1 Introduction 

 

 Metal oxides were deposited by a solution processed technique, the so-called 

spray pyrolysis. The metal contacts of the devices were deposited by thermal 

evaporation. 

 Several characterisation techniques were used throughout this study to 

characterise the spray deposited metal oxides. Simultaneous thermal analysis (STA) 

measurements to assess the thermal profile of the precursor materials, ultraviolet-

visible (UV-Vis) and Fourier-transform infrared (FTIR) spectroscopy were used for 

optical characterisation, x-ray diffraction (XRD) and atomic force microscopy (AFM) for 

structural and surface characterisation, impedance spectroscopy (IS) to evaluate the 

dielectric properties of the dielectric oxides and I-V measurements to assess the 

electrical performance of the deposited materials and devices. 

 

4.2 Deposition Techniques 

 

 There are two groups into which the deposition techniques employed for thin 

oxide film deposition can be divided; i) the physical deposition techniques include 

physical vapour deposition (PVD), laser ablation, molecular beam epitaxy, and 

sputtering and ii) the chemical deposition techniques comprised of gas phase 

deposition methods as well as solution techniques. The gas phase methods are 

chemical vapour deposition (CVD) and atomic layer deposition (ALD), while spray 

pyrolysis, sol-gel, spin- and dip-coating methods employ precursor solutions. 

 In this study, the so-called spray pyrolysis or more precisely, thermochemical 

spray coating, was used for the deposition of metal oxide thin films while the metal 

contacts of the devices were deposited by the means of thermal evaporation (PVD). 

 

4.2.1 Thermo-Chemical Spray Coating 

 

 Among the various processes for film deposition, the thermochemical spray 

coating (TCSC) process (often mistakenly called ‘spray pyrolysis (SP)’) represents a very 
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simple and relatively cost-effective processing method. TCSC is a process in which a 

thin film is deposited by spraying aerosols of a precursor or several precursors onto a 

heated substrate, where thermolysis, combustion and solvent vaporisation occur. The 

chemical reactants are selected so that the products other than the desired 

compound, to be volatile at the deposition temperature [1]. 

 The TCSC process does not require any sophisticated equipment such as high 

vacuum pumps, electron guns, high current sources, RF generators etc. There are 

many studies on the process since the pioneering work of Chamberlein and Skarman 

in 1966 on CdS films for solar cells [2]–[5]. Figure 4-1 presents a characteristic 

schematic diagram of the TCSC equipment configuration. 

 

Figure 4-1: Schematic diagram of spray pyrolysis equipment configuration, reproduced from [6]. 

 

 TCSC equipment consists of an atomiser, a substrate heater such as a hotplate 

and a temperature controller. The only restriction is that the whole procedure should 

take place in a well-ventilated place in order for the by-products to be extracted. 

 Throughout this study, the metal oxide thin films were spray deposited onto 

the substrates using non-automated methods. A very simple pneumatic airbrush was 

used to atomize the precursor’s solution and to deposit it onto the heated substrates. 

The carrier gas that was used was nitrogen (N2) regulated at a pressure of 3 bar. 

 There are three basic factors affecting the quality of thin films: the deposition 

temperature, the precursor’s chemistry and the spray rate. Each one plays an 
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important role on the deposition process. Vigue and Spitz proposed a model on the 

processes which occur with increasing the substrate temperature[7]. Since TCSC is a 

solution-based process, the properties of the precursor solution plays a very important 

role [4], [5]. Such properties include solubility of the precursor in a given solvent [8]–

[15], precursors themselves [16], [17], molarity of the solution [18]–[26], pH [27]–[29] 

and additives [30]–[36]. 

 There are many metal-oxides and chalcogenides, ranging from dielectrics to 

superconductors, which have been deposited by the TCSC technique. Patil 

demonstrated the chemical versatility of TCSC or SP along with a literature review on 

spray deposited transition metal oxides, metallic spinel type oxides, binary, ternary 

and quaternary chalcogenides and superconducting thin films [5]. In this review paper, 

a survey on TCSC revealed that despite the simplicity of the technique, it is an 

attractive method to prepare a wide range of thin film materials for several industrial 

applications.  

 At this point it could be said that despite its simplicity, TCSC technique is an 

advantageous technique as i) it offers an easy but efficient way to deposit doped films 

by adding any soluble dopant to the precursor’s solution; ii) unlike the other vapor 

deposition techniques it does not require high-quality targets nor does it require 

vacuum at any stage; iii) film thickness and growth rate can be easily controlled by 

altering the parameters. 

 

4.2.2 Thermal Evaporation 

 

 Evaporation includes a variety of techniques from simple resistive heating of a 

wire in a moderate vacuum to “molecular beam epitaxy” or MBE, where precisely 

controlled molecular beams are generated in an ultrahigh vacuum environment (less 

than ~10-9 Pa or 10-14 atmospheres of residual gas pressure). 

 A schematic of an evaporator is shown in Figure 4-2. Every thermal evaporator 

system consists of a vacuum vessel (i.e. vacuum chamber), where the whole process 

occurs, a heating system, a substrate holder and a system of vacuum pumps. 
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 During this process, a material is heated up until its vapour pressure is high 

enough to produce a flux of several Angstroms per second by using 

an electrically resistive heater. The process takes place under high vacuum so that the 

evaporated particles travel directly to the substrate without colliding with the residual 

gas molecules. For instance, if aluminium is going to be deposited as a metallic contact, 

the presence of remaining oxygen in the vacuum chamber, could lead to the formation 

of aluminium oxide.  

 

 

Figure 4-2: Schematic of evaporation system used to deposit metallic contacts. 

 

 In this study, the metallic contacts used as the top electrode for metal-

insulator-metal capacitors or as the source-drain (S-D) electrodes in the TFT devices 

were deposited by thermal evaporation. Aluminum or gold contacts were deposited 

through shadow masks, under high vacuum (10-6 mbar). 

 

4.3 Characterisation techniques 

 

 A number of characterisation techniques were used to investigate the 

structural, optical and electrical characteristics of the thin films as well as the 

performance of the devices. 

 Initially, prior to deposition the thermal properties of the precursors were 

investigated by simultaneous thermal analysis (STA). The structural and surface 
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properties of the films were investigated by XRD and AFM and the optical properties 

by UV-Vis and FT-IR spectroscopy. To investigate the dielectric properties, impedance 

spectroscopy was used. The films’ thickness was estimated by single wavelength 

ellipsometry. Finally, the electrical performance was assessed by I-V measurements in 

2-terminal devices or TFTs.  

 

4.3.1 Simultaneous thermal analysis (STA) 

 

 There are several analytical methods for the thermal analysis of the materials. 

Such methods include the thermogravimetric analysis (TGA) and the differential 

scanning calorimetry (DSC).  

 TGA of the precursors provides information about the required temperatures 

for the complete decomposition of the precursors during the deposition process. In 

this technique, the monitoring of the mass change of the material under investigation, 

as a function of increasing temperature, provides information about the materials’ 

decomposition process.  

 DSC is used to measure the amount of heat that is absorbed or released by a 

sample as a function of temperature, for example during phase transitions. DSC 

measures the difference, between the heat required to increase the temperature of a 

sample and reference material.  

 For the results shown in this work, the measurements were carried out using a 

simultaneous thermal analyser NETZSCH STA 449 F3 Jupiter® system, with aluminium 

crucibles. All the measurements were carried out in the range of 50-550 ℃ with a 

heating rate of 10 K/min under a nitrogen atmosphere. 
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4.3.2 X-Ray Diffraction (XRD) 

 

 The structural properties of the spray deposited metal oxide thin films were 

assessed by x-ray diffraction (XRD) measurements. 

 The working principle of the technique is based on the diffraction effects 

produced by the interaction of the x-rays with the periodic lattice of the materials. 

When an incident beam of a very short wavelength (~1 Å) interacts with periodic 

lattice planes of a crystal acting as a diffraction grating, the beam is diffracted.  

 An X-ray source typically Cu, emits high energy K-α radiation whose wavelength 

is on the order of the atomic spacing of crystalline materials. The sample is placed in 

the beam across a range of angles on the material under investigation. In Figure 4-3, a 

schematic diagram of x-ray diffraction from a periodic atom structure is depicted.  

 

 

Figure 4-3: Schematic design of x-ray diffraction from a periodic atom structure.  

 

 The general relationship between the wavelength of the incident X-rays, angle 

of incidence and spacing between the crystal lattice planes of atoms is known as 

Bragg's Law, expressed as: 

𝑛 ∙ 𝜆 = 2𝑑ℎ𝑘𝑙 ∙ 𝑠𝑖𝑛𝜃 (4-1) 

where, 𝑛 is the diffraction order, 𝜆 is the wavelength of the incident X-rays, 𝑑ℎ𝑘𝑙 is the 

interplanar spacing of the crystal and 𝜃 is the angle of incidence. 
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 A diffraction pattern is a graph of intensity of light (diffraction peak) as a 

function of the 2𝜃 angle. Since normally a degree of disorder is expected in solids and 

thin films, there is a broadening of the diffraction peaks in XRD spectrum. The disorder 

is due to distribution of lattice spacings, crystal domain size and orientation. The 

widening of the diffraction peaks is related to the average size of the crystallite 

domains <𝑑>: 

<𝑑> =
𝐾 ∙ 𝜆

𝛽𝑤 ∙ 𝑐𝑜𝑠𝜃
 (4-2) 

 

where, 𝐾 is the so-called Scherrer constant and is typically taken as 0.9, 𝜆 is the 

wavelength of the x-rays, 𝛽𝑤 is the full width at the half maximum of the peak’s 

intensity and 𝜃 is the Bragg angle. The Scherrer approach is only a rough estimation 

which enables to evaluate a trend between different samples in a relative way. 

 The grazing incidence x-ray diffraction (GIXRD) measurements were performed 

using a Rigaku Ultima+ diffractometer, with CuKa radiation operating at 40 kV and 

30 mA. 

 

4.3.3 Atomic Force Microscopy (AFM) 

 

 The surface morphology of the spray deposited thin films was studied by AFM. 

AFM is used to investigate the surface properties of materials. Information about the 

surface roughness and morphology at nanoscale level can be obtained by AFM. 

 An atomic force microscope consists of a sharp tip, which is mounted at the 

end of a cantilever arm that is usually coated by a highly reflecting film, a laser, a 

quadrant photodiode and a piezoelectric scanner, which the sample is mounted on. In 

AFM, the tip motion is controlled by a feedback loop and a piezoelectric scanner. The 

topographic profiles of the surfaces are acquired by detecting the deflection of the 

cantilever, by measuring the reflected laser beam with the photodiode. In Figure 4-4, 

a schematic diagram of an atomic force microscope is presented. 
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Figure 4-4: Schematic representation of an atomic force microscope setup. 

 

 There are two major scanning modes of AFM operation depending on the 

nature of the contact between the tip and the sample, namely contact and tapping 

modes. In the contact mode the tip is always in contact with the surface of the sample, 

while in tapping mode the tip oscillates in very close proximity to the surface of the 

sample. A drawback of the contact mode AFM arises when the lateral force exerted 

on the sample is high. This could damage the surface of a sample or in some cases 

results to the movement of relatively loosely attached objects. In such cases tapping 

mode imagining is preferred. 

 In this work, AFM images were taken in contact mode under ambient 

conditions using a MultiMode scanning probe microscope (MM-SPM) fitted to a 

Nanoscope IIIa controller unit employing a silicon tip of a radius <10 nm. 

 

4.3.4 Ultraviolet-Visible-near IR absorption spectroscopy (UV-Vis-NIR) 

 

 The optical properties such as optical transmittance, absorption spectra, 

optical band gap and Urbach tail energy of the spray deposited thin films were 

obtained by ultraviolet-visible to near IR (UV-Vis-NIR) absorption spectroscopy.  

 The relative intensity of the light transmitted through the films on fused silica 

substrates was collected. Fused silica substrates were used due to their high 

transparency in the wavelength region of 190-1000 nm.  

 The absorption coefficient (𝑎) was calculated from the relative transmittance 

spectra by: 
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𝑎 =
2 − log(𝑇(%))

𝑡
 (4-3) 

where, 𝑇(%) is the relative transmittance and 𝑡 is the thickness of the film. 

 The optical band gap of the spray deposited thin films was extracted from the 

Tauc plot of (𝑎 ∙ ℎ𝑣)𝑛 versus ℎ𝑣 where 𝑎 is the absorption coefficient, ℎ is the Planck 

constant and 𝑣 is the frequency of the wavelength. The exponent index 𝑛 for the case 

of indirect band gap is 𝑛 = 2 while for the case of a direct band gap is 𝑛 = 1/2. In 

Figure 4-5 a typical Tauc plot is shown. 

 The Urbach tail energy was calculated from the plots of ln 𝑎 versus ℎ𝑣. The 

linear part of the resulting curve was fitted and the Urbach tail energy was calculated 

by the inverse slope of the fitting curve. 

 

 

Figure 4-5:Tauc plot and linear fit for analysis of the Tauc-gap. 

 

 In this study, a Perkin Elmer Lamda 35 spectrophotometer was used to extract 

the optical properties of the resulting spray deposited thin films.   

 In Figure 4-6, a schematic of the operational principles of UV-Vis 

spectrophotometry is illustrated. 
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Figure 4-6: Schematic of the operational principles of a UV-Vis spectrophotometer.  

 

4.3.5 Fourier Transformed Infrared Spectroscopy (FT-IR) 

 

 Fourier transformed infrared spectroscopy (FT-IR) is a spectroscopic technique 

based on the absorption of electromagnetic radiation in the infrared region from the 

solids. This technique is suitable for identification of the chemical bonds in the solids, 

by studying the absorbed electromagnetic radiation by vibrating atoms in molecules 

or solids in the infrared region.  

 When light interacts with matter, the vibrational mode of the chemical bonds 

in the molecules changes if the vibrating dipole is in phase with the electric vector of 

the incident radiation. Each chemical bond in a molecule vibrates at a frequency which 

is characteristic of that bond and the characteristic frequencies correspond to the 

frequencies of infrared light. 

 The characteristic frequency depends on the mass of the atom and the length 

and strength of the bonds. For each molecule, a variety of characteristic vibrations are 

possible, and each corresponds to a different frequency. 

 FT-IR differs from the traditional IR spectroscopy which records the absorption 

of the IR radiation from a sample of one IR wavelength at a time. FT-IR is based on the 

optical interferometry, in which by using a beamsplitter, a beam coming from a light 

source is split into two arms. Each of those light beams is reflected back, by a set of 

optical mirrors toward the beamsplitter, which then combines their amplitudes using 

the superposition principle. The resulting interference beam is directed to the sample 

under test and the absorption of the beam’s intensity because of the sample is 
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recorded by a detector. The resulting interferogram is finally turned into an actual 

spectrum by using a mathematical Fourier transformation.  

 

 

Figure 4-7: Schematic of an FT-IR experimental setup. 

 

 In Figure 4-7, a schematic of the FT-IR principle is presented. In this study a 

Perkin Elmer spectrum 2000 FT-IR spectrometer was used. The measurements were 

conducted in ambient atmosphere in the wavenumber region of 400-4000 cm-1 by 

using a KBr beamsplitter with a resolution of 4 cm-1 and 150 scans per sample. 

 

4.3.6 Ellispometry 

 

 In general, ellipsometry is an analytical technique which measures the change 

in polarisation between an incident light beam and the reflected beam from a surface. 

In Figure 4-8 a single wavelength ellipsometry setup is depicted. It consists of a light 

source that produces a non-linear polarized light beam, and a linear polarizer that is 

used to linearly polarize the light from the source. The light passes via a compensator 

which polarizes elliptically the linear polarized light beam and hits the surface of the 

sample. The reflected light from the sample, which is linear polarized, is detected from 

the analyser while the photodetector detects the light for data processing. 
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Figure 4-8: Single wavelength ellipsometer setup. 

 

 The mathematical expression that describes the change of polarisation is given 

by: 

𝑃 =
𝑅𝑝

𝑅𝑠
= tan(Ψ) 𝑒𝑖Δ (4-4) 

 

where, (𝑃) the change in polarisation, (𝑅𝑝) the component oscillating in the plane of 

incident, (𝑅𝑠) the oscilatting component perpendicular to the plane of incidence, 

(tan(Ψ)) the amplitude ratio of reflection and (Δ) the phase shift. 

 In this study a single wavelength ellipsometer (Rudolph AutoEL II) was used to 

estimate the thickness and the optical constant of the deposited metal oxide thin films. 

Rudolph AutoEL II uses an HeNe laser (632.8 𝑛𝑚) as a light source.  

 

4.3.7 Impedance spectroscopy 

 

 The impedance and dielectric properties such as resistance (𝑅), reactance (𝑋) 

and dielectric constant (𝑘) of the spray deposited films were investigated by 

impedance spectroscopy. 

 Metal-insulator-metal (MIM) 2-terminal devices, consisting of indium-tin oxide 

(ITO) as bottom electrode, the spray deposited metal oxide and aluminum contacts 

were used to assess the dielectric properties of the metal oxide thin films. The 
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dispersions of resistance (𝑅) and reactance (𝑋) of the films over a frequency range 

from 1 kHz to 50 MHz, with a peak-to-peak voltage of 100 mV, was recorded by using 

a Wayne Kerr 6500B impedance analyser. 

 The geometric capacitance (𝐶𝑜𝑥) was calculated from the reactance as: 

 

𝐶𝑜𝑥 = −
1

2𝜋𝑓 ∙ 𝑋
∙ 𝐴−1 (4-5) 

 

where, 𝑓 is the frequency, 𝑋 the reactance and 𝐴 the area of the top electrode in cm2.  

The dielectric constant (𝑘) of the spray deposited thin film was calculated from the 

capacitance and the thickness (𝑡) of the film as: 

 

𝑘 =
𝐶𝑜𝑥 ∙ 𝑡

휀0
 (4-6) 

 

where, 휀0 = 8.85 × 10
−12 𝐹 ∙ 𝑚−1 the vacuum permittivity. 

 

4.3.8 Current Voltage Measurements 

 

 The leakage current properties, of the resulting spray deposited films, were 

investigated by current-voltage (𝐼 − 𝑉) measurements. MIM device architecture was 

used to evaluate the dielectric strength, the leakage current density and identify the 

conduction mechanism of the metal oxide gate dielectrics. 

 The conduction mechanisms of an insulating film can be identified by I-V 

measurements. In general, conduction mechanisms such as Schottky emission, 

Fowler-Nordheim tunnelling and Poole-Frenkel tunnelling, are some conduction 

mechanisms. In Table 4-1, the equations describing each one of the conduction 

mechanisms are summarised and presented. 
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Table 4-1: Summary of the conduction mechanisms used to assess the conductivity of thin insulating 
films. 

Conduction Mechanism Expression 

Schottky Emission 𝐽 = 𝐴 ∙ 𝑇2 ∙ 𝑒𝑥𝑝

[
 
 
 
 

−

𝑞 (𝜑𝑏 −√
𝑞𝐸

4𝜋휀𝑟휀0
)

𝑘𝐵𝑇

]
 
 
 
 

 

Fowler-Nordheim tunnelling 𝐽 = 𝐵 ∙ 𝐸2 ∙ 𝑒𝑥𝑝 [
−8𝜋√2𝑞𝑚𝑇

∗

3ℎ𝐸
𝜑𝑏
3 2⁄ ] 

Poole-Frenkel tunnelling 𝐽 = 𝐶 ∙ 𝐸 ∙ 𝑒𝑥𝑝

[
 
 
 
 

−

𝑞 (𝜑𝑏 −√
𝑞𝐸

4𝜋휀𝑟휀0
)

𝑘𝐵𝑇

]
 
 
 
 

 

* 𝐴 = 120𝑚𝑜𝑥
∗ 𝑚0⁄  𝐴𝑐𝑚−1𝐾−2 the effective Richardson constant, 𝐽 is the current density, 𝑇 is the absolute 

temperature, 𝑞 is the electronic charge, 𝑞𝜑𝑏 is the Schottky barrier height, 𝐸 is the electric field, 𝑘𝐵  is Boltzmann’s 

constant, 휀𝑟 is the dynamic dielectric constant, 휀0 is the vacuum permittivity, 𝐵 is a constant, 𝑚𝑇
∗  is the tunnelling 

effective mass, ℎ is Planck’s constant and C is a proportionally constant which is function of the density of trap 

centres. 

 From the intercept of the Schottky plot (ln(𝐽 𝑇2⁄ ) versus √𝐸) and the slope of 

the Fowler-Norheim plot (ln(𝐽 𝐸2⁄ ) versus 1 𝐸⁄ ) the electron effective mass in the 

metal oxide and the barrier height at the metal-contact/metal-oxide interface can be 

determined, assuming that 𝑚𝑜𝑥
∗ = 𝑚𝑇

∗  [37]. The intercept from Schottky plots is given 

by: 

 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = ln (120
𝑚𝑜𝑥
∗

𝑚0
) −

𝑞𝜑𝑏
𝑘𝐵𝑇

 (4-7) 

 

while, the slope of the Fowler-Norheim plot can be expressed as: 

 

𝑠𝑙𝑜𝑝𝑒 = −6.83 × 107√
𝑚𝑇
∗

𝑚0
𝜑𝑏
3 (4-8) 

 For the current voltage measurements an Agilent B1500A semiconductor 

device analyser running the EasyEXPERT group+ software was used. All the current 
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voltage measurements were conducted by using a Lakeshore TTPX probe station, 

under vacuum (~10-4 mbar) and dark conditions at room temperature. 
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5.1 Introduction 

 

 Thin-film transistors (TFTs) based on oxide semiconductors constitute a 

promising technology for a host of large-volume electronic applications [1], [2]. The 

majority of TFTs based on oxide semiconductors reported to date have employed In-

based oxide compounds as the active layer (IZO, IGZO, HIZO). They employ 

conventional dielectrics (e.g., SiO2) that are relatively thick, which usually results in 

high voltage operation and hence, increased power consumption [1]. On the other 

hand, the scaling of complementary metal oxide semiconductor transistors (CMOS) 

has led to the silicon dioxide dielectric being so thin (1.4 nm) that its leakage current 

is unacceptably large. Hence, the decrease of device dimensions led to the need for 

oxides with a high dielectric constant (k) to replace silicon dioxide in CMOS. An 

alternative route would be the use of thicker layers of high-k dielectrics, with 

comparable equivalent silicon dioxide capacitance [3]. 

 Among the various known high-k materials, aluminum oxide (Al2O3) [4]–[6] and 

titanium oxide (TiO2) [7]–[10] are two well-characterised compounds that exhibit 

higher relative permittivity than SiO2.  

 Al2O3 is a wide band gap (Eg~9 eV) material with a relatively low dielectric 

constant (k~9), compared to other metal oxides, however, it has been considered as 

an attractive gate dielectric [1], [11]–[13].  

 On the other hand, TiO2 has a relatively small band gap (3-3.5 eV) but its 

dielectric constant can vary from 40 to 173 depending on its crystal structure [7]. TiO2 

exhibits three polymorphs i.e. anatase, rutile and brookite, depending on the growth 

conditions [15]–[19]. Anatase and brookite are metastable phases and can be 

transformed to rutile at high (> 600 ℃) temperatures [20]. Among these three crystal 

structures, rutile is the thermally stable one and the one with the higher (~114) 

dielectric constant [21], [22]. 

 Besides the high dielectric constant of TiO2, its relatively narrow band gap 

disadvantages its use as gate dielectric in TFTs implementing wide band gap 

semiconductors, such as ZnO. This is because of the band offset criterion [14], [23],  
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which imposes that the gate dielectric should have band offset with the active channel 

material of over 1 eV to minimise carrier injection in its bands.  

 It should be noted that a small number of metal oxides (AxOy) that exhibit a 

relatively high permittivity and wide band gap at the same time [23]–[27]. There is an 

empirical relationship that describes the trade-off between the band gap and the 

permittivity of a dielectric [28]: 

𝐸𝑔 ≈ 20 [
3

2 + 𝑘
]
2

 (5-1) 

 A possible methodology to overcome this limitation is the use of a composite 

and/or multilayer dielectric material. There are few reports in the literature that 

discuss the potential implementation of a TiO2 incorporated Al2O3 (TAO) film as 

potential high-k gate dielectric [29]–[31]. Aucellio et al. [29], deposited TAO layer on 

Si via atomic oxygen exposure of room temperature sputtered metallic alloy films. The 

deposited TAO films (Ti:Al=75:25at. %) were amorphous with a band gap of ~4 eV, 

high permittivity of ~30 and for an applied voltage of 1 V across the TAO layer, the 

leakage current density was on the order of ~5 A/cm2. Considering that the estimated 

equivalent oxide thickness (EOT), for the TAO films, was in the range of 0.42-0.48 nm, 

the leakage current was 4-5 decades lower than that of SiO2 with a similar EOT.        

 Shi et al. [30], reported on the thermal stability and electrical properties of 

titanium-aluminum oxide [(TiO2)
0.28

(Al2O3)
0.72

, (TAO)]  ultra-thin films, of 1.2 nm EOT, 

deposited by pulsed laser deposition (PLD). The films were amorphous for 

temperatures up to 900 ℃, exhibiting a dielectric constant of ~30, while the leakage 

current density of the film was 6.02 × 10−4 A/cm2 at a gate bias voltage of 1 V.       

 Kuo and Tzeng [31] reported on the growth and properties of Al2O3-TiO2 films 

deposited by r.f. magnetron sputtering. The atomic composition [Al/(Al+Ti)] of the film 

was of 0.47. The Al2O3-TiO2 films were amorphous. In their study, the dielectric 

constant of the Al2O3-TiO2 films, was found to be in the range of 11-15.  

 Baek et al. [32], reported on the implementation of Al2O3/TiO2 nanolaminates 

as gate dielectrics in organic field effect transistors (OFETs). In their report, the 

Al2O3/TiO2 nanolaminate gate dielectric films were deposited on heavily doped Si 
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substrates via plasma-enhanced atomic layer deposition (PEALD). The Al2O3/TiO2 films 

exhibited a dielectric constant of 17.8 measured at 1 kHz. The measured leakage 

current density for an applied electric field of 2 MV/cm was found to be of 8.6 × 

10-9 A/cm2. 

 Al2O3, TiO2 and Al2O3-TiO2 films have been successfully deposited on a number 

of substrates by several deposition techniques, including magnetron sputtering [31], 

[33], [34], atomic layer deposition (ALD) [32], [35], [36], spin coating [12], [37] and 

spray coating [1], [38]. Although vacuum-based deposition techniques, such as 

sputtering and ALD, offer the advantage of a more controlled deposition process, they 

suffer from the high operational costs. On the other hand, solution-processed 

techniques such as spin coating and spray coating are employed in air, are large area 

compatible and of significantly lower operational costs. 

 In this chapter, the optical, structural and dielectric properties of Ti1-xAl2xOy 

thin films and their implementation as gate dielectrics in TFTs employing ZnO 

semiconducting channels are being reported.   

 

5.2 Experimental 

 

5.2.1 Precursor Solution Chemistry  

 

 The precursors that were used in this study were AlCl3 (Alfa Aesar, 99%), 

titanium butoxide [Ti(OCH2CH2CH2CH3)4] ( Alfa Aesar, 99+%) and 

Zn(O2C2H3)
2
·2H2O (Alfa Aesar, ACS, 98-101%). All the precursor materials were used 

as they received without any further purification. In this study, methanol 

(CH3OH, VWR, ACS, ≥99.8%) was used as solvent. However, methanol has low boiling 

point (~65°C) and evaporates rapidly. To slow down solvent evaporation, and thereby 

to hinder particle formation, methanol was mixed with acetylacetone 

(CH3COCH2COCH3, Alfa Aesar, 99%) which has higher boiling point (~140°C). 

 AlCl3 and Ti(OCH2CH2CH2CH3)4 were selected due to their high solubility in 

methanol, the solvent of choice throughout the study along with their desired thermal 
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decomposition temperatures. Other precursors, such as Al(NO3)3.9H2O, Al(C5H7O2)3, 

TiCl3, were investigated as well; however the resultant aluminum-titanate films were 

of poor quality both optically and electrically.    

 For the preparation of the aluminum-titanate precursor solutions, two 

methanol-based solutions of AlCl3 and (Ti(OCH2CH2CH2CH3)4) at a concentration of 

50 mg/mL were prepared. Acetylacetone (AcAc) was added to both the precursor 

solutions at CH3OH:AcAc molar ratio of 5:1. The solutions were left under continuous 

stirring for at least 1 h prior to deposition, ensuring complete dissolution. The 

stoichiometry of titanium to aluminium atomic ratio was controlled by simple blending 

of the appropriate amount of the precursors solutions. 

 The zinc oxide precursor solution was prepared by dissolving 

Zn(O2C2H3)2·2H2O in methanol at a concentration of 25 mg/mL [39]. 

 

5.2.2 Device Fabrication 

 

 Metal-insulator-metal (MIM) 2-terminal devices (Figure 5-1.a) were fabricated 

by spray coating commercially available indium tin oxide (ITO) coated glass (sheet 

resistivity Rs~15 Ω/sq) with the aluminum-tinatate’s precursor solution, followed by 

deposition of thermally evaporated aluminum contacts (~100 nm) through shadow 

mask. Aerosols of the aluminum-tinatate’s precursor solution were sprayed onto the 

glass/ITO substrates at 420 ℃ employing a pneumatic airbrush, held at a vertical 

distance of about 30 cm. Aerosols of the precursors and blends were spray-coated for 

30 s while the spray coating process was interrupted for 20 s to allow the vapours to 

settle. The cycle was repeated until films of typical thicknesses in the range between 

100 and 200 nm were obtained. 

 



Chapter 5: Aluminum Titanate Ti1-xAl2xOy Thin Films 

 

152 
 

 

Figure 5-1:(a) MIM capacitor and (b) Bottom gate-top contact (BG-TC) ZnO-based TFT structures used 
in this study, implementing Ti1-xAl2xOy thin film dielectric. 

 

 Bottom gate-top contact (BG-TC) transistors (Figure 5-1.b) were fabricated by 

spray coating the glass/ITO/Ti1-xAl2xOy stack with the ZnO precursor solution, followed 

by deposition of thermally evaporated aluminum source and drain (S/D) electrodes 

(~60 nm) through a shadow mask. The ZnO precursor solution were sprayed onto the 

glass/ITO substrates at 400 ℃, employing the same experimental conditions as 

previously, until a film of typical thickness of ~30 nm was obtained. 

 

5.2.3 Thin Film & Device Characterisation Techniques 

 

 The thermal properties of the precursors were investigated by the means of 

thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). All the 

measurements were conducted using a simultaneous thermal analyser NETZSCH STA 

449 F3 Jupiter®. The thermal analysis measurements were performed in the 

temperature range of 40-550 ℃ at a constant heating rate of 10 K/min under inert 

atmosphere. 

 The microstructure of the spray deposited Ti1-xAl2xOy thin films were 

characterised by X-ray diffraction. The optical properties of the Ti1-xAl2xOy films were 

investigated by spectroscopic ellipsometry (SE) and UV-Vis absorption spectroscopy 

measurements. The dielectric properties of the Ti1-xAl2xOy films were assessed by 

impedance spectroscopy and current-voltage (I-V) measurements. Finally, the 

performance of Ti1-xAl2xOy as gate dielectric was investigated utilising a bottom-gate, 
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top-contact (BG−TC) TFT architecture (Figure 6-1.b) employing spray coated ZnO as 

the channel semiconductor. The electron mobility was extracted from the transfer 

characteristics in both the linear and saturation regime using the gradual channel 

approximation [40]. 

 The devices were thermally annealed at 100°C in air for 30 min prior to their 

characterization. The latter constitutes a routine process for solution-processed ZnO-

based transistors employing aluminum contacts. Although the underlying mechanism 

is not clear yet, such post-annealing in air at 100°C improved the transistors 

characteristics by significantly reducing the negative threshold voltage, subthreshold 

swing and hysteresis. We postulate that devices annealing in air repairs the damaged 

ZnO lattice by eliminating the uncontrollable oxygen vacancies in the surface of the 

subjacent ZnO layer. 

 

5.3 Results and Discussion 

 

5.3.1 Precursor thermal properties 

 

 Figure 5-2 illustrates the TGA and DSC data of aluminum (III) chloride. There is 

a pronounced mass loss in the temperature range of 150-200 ℃, with an endothermic 

peak in DSC at about 180 ℃. That mass loss is attributed to chloride part 

decomposition [41]. It has been reported that in the temperature range of 200-550 ℃ 

there is an amorphous Al2O3 which contains Cl- and OH-. 

 In Figure 5-3, the TGA and DSC data of titanium (IV) butoxide are presented. As 

shown there is a large mass loss (> 80 %) in the  temperature range between 200 

and 260 ℃ which is attributed to the release of COx as result of the burning process of 

the organic species originated from the butoxy group [42]. In the temperature range 

between 260 and 340 ℃, Madarász et al. reported that the mass loss is due to the 

degradation of the remaining poly-butoxy group to a tarred carbonaceous chain which 

finally turned into TiO2 at a temperature above 350 ℃.  
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Figure 5-2: TGA and DSC data of aluminium (III) chloride powder. TGA and DSC measurements 
conducted under nitrogen at a heating rate of 10 K/min. 
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Figure 5-3: TGA and DSC data of titanium (IV) butoxide. TGA and DSC measurements conducted under 
nitrogen at a scan rate of 10K/min. 
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5.3.2 X-Ray Diffraction (XRD) 

 

 To investigate the microstructure of Ti1-xAl2xOy films, grazing incidence XRD 

(GIXRD) experiments were performed. Figure 5-4 presents the GIXRD patterns of 

selected Ti1-xAl2xOy films. Basal spacings is calculated using the Bragg equations while 

the average crystallite size is obtained using the Debye-Scherrer formula [43]. 

 As can be seen from Figure 5-4, there are no diffraction peaks for the Ti1-xAl2xOy 

films other than the spray deposited TiO2. The absence of diffraction peaks in XRD 

pattern indicates amorphous Ti1-xAl2xOy films. It is already mentioned that amorphous 

structures are preferable for device applications. Besides the better environmental 

stability of amorphous oxides, such oxide structures exhibit high electrical quality 

interfaces with the active channel material [25]. The latter is of particular interest 

regarding the implementation of metal oxides as gate dielectrics in TFTs. 
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Figure 5-4: GIXRD patterns of selected Ti1-xAl2xOy films deposited by spray pyrolysis on c-Si substrates. 
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 Analysis of the TiO2 pattern (101) diffraction peak (~25.3°) using Debye-

Scherrer formula yields an average crystal size of 22 nm. It should be noted that the 

indexing is based on the tetragonal anatase phase (ICDD 21-1272). Based on the 

crystallographic data the lattice parameters were in turn calculated and found to be 

𝛼=3.7763 Å and 𝑐=9.4471 Å that are in excellent agreement with previous reported 

values [20]. 

 

5.3.3 Atomic Force Microscopy (AFM) 

 

 The surface morphologies of the spray deposited Ti1-xAl2xOy films were 

investigated by atomic force microscopy (AFM). Representative images of Al2O3, TiO2 

and stoichiometric Al2TiOy films on silicon substrates are illustrated in Figure 5-5. The 

topography images of the spray deposited Ti1-xAl2xOy films reveal films of low 

roughness. Such smooth films are desired for the implementation of Ti1-xAl2xOy films 

as gate dielectric.  

 As it has been reported, a gate dielectric exhibiting a smooth surface is a low 

trap density at the interface between the gate dielectric and the semiconductor layer. 

It is well known that the surface roughness of the gate dielectric directly affects the 

quality of the interface between the insulator and the semiconductor in bottom gate 

(BG) structure TFTs. High quality interfaces between dielectric and semiconductor 

layer reduces the impact of scattering of the charge carriers on the mobility of a 

semiconductor.  

 

 

Figure 5-5: AFM topography images (RMS roughness inset) of spray deposited Al2O3, stoichiometric 
Al2TiOy, and (c) TiO2 films on silicon substrate. 
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5.3.4 UV-Vis-NIR Spectroscopy 

 

 The UV-Vis-NIR transmission spectra of Ti1-xAl2xOy films, deposited on fused 

silica substrates with varying [Ti4+] to [Al3+] atomic ratio, were recorded in transmission 

mode in the range of 190-1000 nm. The Tauc plots [44] of selected Ti1-xAl2xOy thin films 

are illustrated in Figure 5-6. The optical band gap as a function of the 

[Ti4+]/([Ti4+]+2·[Al3+])  ratio is shown in Figure 5-7. 
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Figure 5-6: Tauc plots of selected Ti1-xAl2xOy films as function of the [Ti4+]/([Ti4+]+2[Al3+]) ratio. 

 

 The optical band gap shows a monotonic decrease with increase in the 

[Ti4+]/([Ti4+]+2·[Al3+])  atomic ratio and varies between the 3.7 eV for TiO2 and 6.5 eV 

for Al2O3, respectively. Such trend has also been reported for other binary metal 

oxides [45]. 

 The Urbach tail energy (Eu) is another optical parameter of interest that can 

be evaluated from UV-Vis-NIR measurements. Initially, Eu had been associated with 

band-to-band electronic transitions in alkali and silver halides. Over the last few 

decades, it has been proven to be a widespread tool for the study of disordered 

systems in general [46], [47]. Eu is often interpreted as the width of the tail of localised 
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states in the band gap. This exponential tail is a characteristic feature of disordered or 

low crystalline materials. In disordered and low crystalline materials, the degree of 

distortion is associated with the existence of localised states extended in the band gap. 

The presence of a high concentration of localised states in the band gap is related to 

the narrowing of the band gap in the case of disordered systems. In crystalline 

materials the disorder can be both static and dynamic. Dynamic disorder is due to 

exciton-phonon coupling, while the static atomic structural disorder is related to the 

presence of structural defects like atom vacancies and interstitials. 
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Figure 5-7: Optical band gap of Ti1-xAl2xOy thin films as a function of the [Ti4+]/([Ti4+]+2[Al3+]) ratio. The 
solid line is a guide to the eye. 

 

 As shown in Figure 5-8, the Eu of Ti1-xAl2xOy films decrease monotonically with 

the increase of the [Ti4+]/([Ti4+]+2·[Al3+]) ratio, with a discontinuity at 

[Ti4+]/([Ti4+]+2·[Al3+])~45%. This finding could be explained considering the thermal 

(dynamic) (Ev) as well as the static (Es) components of Eu as described by [48]. A 

decrease of the dynamic disorder, Ev with the increase of titanium fraction in the films 

is expected to decrease the Urbach tail energy, which is considered as a qualitative 

measurement of disordering. 
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 The sharp decrease of the Ti1-xAl2xOy composite at [Ti4+]/([Ti4+]+2·[Al3+])~45% 

(in the solution),  could be attributed to a further decrease of the so called static 

disorder [49]. At this ratio, the deposition of stoichiometric Ti1-xAl2xOy, (Al2O3.Ti2O) is 

occurred. It should be pointed that the divergence from the 50 % is attributed to the 

hygroscopic nature of precursors i.e. the contribution of the H2O molecules to the 

overall precursors’ mass. 
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Figure 5-8: Urbach tail energy (Eu) as a function of the [Ti4+]/([Ti4+]+2[Al3+]) ratio. The solid line guides 
the eye.  

 

5.3.5 Spectroscopic Ellipsometry 

 

 Of particular importance is knowledge of the Schottky barrier heights between 

the dielectrics and contacts, in order to minimise carrier transport through the 

dielectric which leads to high leakage currents.  

 For a metal-semiconductor contact the Schottky barrier height is given by [23]: 

 

𝜙𝑛 = 𝑆(Φ𝑀 −Φ𝑠) + (Φ𝑠 − 𝜒𝑠) (5-2) 

 



Chapter 5: Aluminum Titanate Ti1-xAl2xOy Thin Films 

 

160 
 

where, (Φ𝑀) is the metal work function, (Φ𝑠) is the charge neutrality level of the 

semiconductor, (𝜒𝑠) is the electron affinity of the semiconductor and (𝑆) is a 

dimensionless pinning factor which is empirically related to the electronic part of 

dielectric constant 𝜖∞ , 

𝑆 =
1

1 + 0.1(𝜖∞ − 1)2
 (5-3) 

 

 The dimensionless parameter (𝑆) describes the pinning degree of Schottky 

barriers. Its value is in the range 0 ≤ 𝑆 ≤ 1, where 𝑆 = 1 for unpinned Shottky barriers 

and 𝑆 = 0 for totally pinned barrier heights because of a large density of interfacial 

states.  

 Similarly, the electron barrier 𝜙𝑛 or conduction band offset of a high-k 

dielectric and a semiconductor is given by: 

  

𝜙𝑛 = (𝜒𝑎 −Φ𝑆,𝑎) − (𝜒𝑏 −Φ𝑆,𝑏) + 𝑆(Φ𝑆,𝑎 −Φ𝑆,𝑏) (5-4) 

 

and 𝑆 depends on the 𝜖∞ of the wider gap material, the high-k oxide. 

 The high energy dielectric constant can be experimentally estimated by 

ellipsometry. 

𝜖∞ = 𝑛
2 (5-5) 

 

where, (𝑛) is the refractive index of the high-k oxide. In Figure 5-9 the Schottky barrier 

pinning factor 𝑆 of the spray deposited Al2O3, TiO2, and stoichiometric in the solution 

TAO dielectrics as well as a wide range of dielectrics grown by vacuum-based 

deposition techniques as well as solutions is presented. 
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Figure 5-9: Schottky barrier pinning factor S of solution processed (SP) Al2O3, TiO2, and stoichiometric in 
the solution dielectrics as well as a wide range of dielectrics grown by vacuum-based deposition 
techniques as well as solutions. 

 

5.3.6 Impedance Spectroscopy 

 

 The frequency dispersions of the static dielectric constant of selected 

Ti1-xAl2xOy films, are illustrated in Figure 5-10. A distinct feature that is observed in 

Figure 5-10 is the shift of the dielectric loss toward higher frequencies of the film 

deposited from solutions having a stoichiometry of [Ti4+]/([Ti4+]+2·[Al3+])~50%. 

Considering the fact that a low frequencies dielectric loss denotes deteriorated 

dielectrics, it is obvious that films with such stoichiometry should be of improved 

insulating properties [18]. 

 Another interesting feature is related to the dielectric constant dispersion of 

TiO2. As can be seen from Figure 5-10, a frequency dependence of the k value at low 

frequencies (<100 kHz) is observed in TiO2 films. A k value of 63.5 was obtained at 

100 Hz, but this value was reduced to a k value of 40.7 at 100 kHz. This frequency 

dependence of the dielectric constant is a very well-known issue in high-k dielectrics, 

especially in polycrystalline materials and it is related to grain size [50]. 
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Figure 5-10: Static dielectric constant (k) dispersions of selected Ti1-xAl2xOy films deposited by spray 
pyrolysis. 
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Figure 5-11: Dielectric constant (estimated at 10 kHz) of Ti1-xAl2xOy films as a function of the 
[Ti4+]/([Ti4+]+2[Al3+]) ratio. The solid line guides the eye. 
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Figure 5-12: Static dielectric constant versus band gap of Ti1-xAl2xOy gate dielectrics deposited by spray 
pyrolysis. The solid line is a guide to the eye. 

 

 In Figure 5-11 the static dielectric constant (calculated at 10 kHz) of Ti1-xAl2xOy 

films as a function of the [Ti4+]/([Ti4+]+2·[Al3+]) ratio, is illustrated. As can be seen, there 

is a monotonic increase of the static dielectric constant with increasing the titanium 

content. Such trend has been reported and for other binary metal oxides where a low-

k oxide is combined with a high-k one [45], [51].  

 It has been reported that the static dielectric constant varies inversely with the 

band gap [28]. This trend is also confirmed as shown in Figure 5-12. 

 

5.3.7 I-V characteristics and leakage currents 

 

 To further investigate the dielectric properties of the spray deposited 

Ti1-xAl2xOy films, the current-voltage characteristics were measured. In Figure 5-13 the 

leakage current density versus electric field (J-E) of selected Ti1-xAl2xOy films for 

different [Ti4+]/([Ti4+]+2·[Al3+]) ratios are presented. Interestingly, even for a very high 

applied electric field of 3 MVcm-1, no dielectric breakdown was observed. 
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Figure 5-13: Current-Voltage characteristics of selected Ti1-xAl2xOy spray deposited dielectrics with 
different [Ti4+]/([Ti4+]+2[Al3+]) ratio. 
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Figure 5-14: Leakage current density of solution processed Ti1-xAl2xOy gate dielectrics at 2 and 3 
MV/cm as a function of the [Ti4+]/([Ti4+]+2[Al3+]) ratio. The solid lines guide the eye. 
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 The leakage current density of the solution processed Ti1-xAl2xOy gate 

dielectrics at 2 and 3 MV cm-1 as a function of the [Ti4+]/([Ti4+]+2·[Al3+]) ratio is 

presented in Figure 5-14. The stoichiometric Ti1-xAl2xOy exhibits the lowest leakage 

current. For the stoichiometric Ti1-xAl2xOy when an electric field of 2 MV/cm was 

applied, the leakage current density was of about ~2.3 nA/cm2, while for an applied 

electrical field of 3 MV/cm the leakage current density was ~5 nA/cm2. 

 It should be highlighted that the lowest Urbach tail energy appears at the same 

stoichiometry where the minimum leakage current is also observed. This is of 

particular interest, as it could be assumed that, at this stoichiometry,  

[Ti4+]/([Ti4+]+2·[Al3+])~45% (where the formation of stoichiometric Al2O3.TiO2 is 

anticipated) the minimised disorder, as it is described by Urbach energy, gives rise to 

the reduced leakage current density. As mentioned before, the Urbach tail energy is 

associated with the width of localised states within the band gap of the materials. The 

existence of localised sates in the band gap has been attributed to structural point 

defects, such as oxygen vacancies and metal interstitial, acting as electron and hole 

traps. So, the minimum of leakage current density for the case of the stoichiometric 

Ti1-xAl2xOy,  could be fairly attributed to the reduced localised states in the band gap 

for this ratio, which is associated with the minimum Urbach energy (Eu). 

 

5.3.8 I-V Characteristics of TFTs  

 

 Finally, the performance of Ti1-xAl2xOy films as gate dielectrics was 

investigated. Bottom-gate, top-contact (BG−TC) TFT architectures (inset, Figure 5-15, 

Figure 5-16) employing spray coated ZnO as the channel material were used. 

 Initially, the Ti1-xAl2xOy films were deposited onto glass/ITO substrates 

followed by the sequential deposition of ZnO under ambient conditions. Thermally 

evaporated aluminium (Al) source and drain (S/D) contacts were then deposited, 

through a shadow mask, under high vacuum (10-6 mbar). 
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Figure 5-15: a) Transfer and b) output characteristics of ZnO-based TFTs employing spray coated Al2O3 
gate dielectric. 
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Figure 5-16: a) Transfer and b) output characteristics of ZnO-based TFTs employing Ti1-xAl2xOy gate 
dielectric ([Ti4+]/([Ti4+]+2[Al3+])~45%). 
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 Figure 5-15 and Figure 5-16 show a set of transfer and output characteristics 

obtained from a ZnO-based TFT (L =20 μm, W = 1000 μm) consisted of  a ∼120 nm 

thick Al2O3 and 130 nm thick Ti1-xAl2xOy at [Ti4+]/([Ti4+]+2·[Al3+])~45%. 

 The TFTs show excellent operating characteristics such as negligible hysteresis, 

high on/off current modulation ratio and electron mobility of about 10 cm2/Vs. The 

implementation of stoichiometric Ti1-xAl2xOy (rather than Al2O3) as a gate dielectric 

had no significant impact on the electron mobility. However stoichiometric Ti1-xAl2xOy 

improved the on/off current modulation ratio by one order of magnitude (105 for 

Al2O3 and 106 for stoichiometric Ti1-xAl2xOy). Also, the subthreshold swing (SS) 

decreased from 990 mV/dec for Al2O3 to 549 mV/dec for devices employing 

stoichiometric Ti1-xAl2xOy . Interestingly, there were no working devices implementing 

TiO2 gate dielectrics. This fact could be attributed to negative band offsets between 

TiO2 and ZnO. 
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Figure 5-17: Band diagrams of ZnO, Al2O3 and TiO2 and estimated conduction and valence band offsets 
on ZnO.   

 

 In Figure 5-17, a representation of the assumed band alignment diagram of 

Al2O3 and TiO2 on ZnO is illustrated. It should be mentioned that the conduction band 
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minimum (ECB) of ZnO is taken as the electron affinity (χe) of ZnO (4.2 eV) [52] and the 

work function, i.e., the position the fermi level (EF) for zinc oxide has been previously 

estimated to be 5.2 eV [53], [54]. In Figure 5-17 the conduction band minimum (ECB) 

and valence band maximum (EVB) of both Al2O3 and TiO2 were estimated taking into 

account the calculated band gap values, 6.4 eV and 3.7 eV respectively, and assuming 

that the fermi level, in both the oxides, is located in the middle of their band gap and 

it is aligned with the fermi level of ZnO. As can be seen from Figure 5-17, the calculated 

conduction band offsets (ΔECB) of Al2O3 and TiO2 on ZnO are of 2.2 eV and 0.85 eV 

respectively. From these findings, it becomes evident that TiO2 does not meet the band 

offset criterion.  

 

5.4 Conclusions 

 

 In this chapter the properties of the solution processed Ti1-xAl2xOy dielectrics 

as a function of the [Ti4+]/([Ti4+]+2·[Al3+]) atomic ratio (in the solution) were 

investigated. The films were deposited by spray coating in air at moderate substrate 

temperatures (420 ℃) and were implemented as gate dielectrics in TFTs employing 

spray coated ZnO semiconducting channels.  

 All the Ti1-xAl2xOy films found to be amorphous and only TiO2 was found to be 

crystalline. Further analysis shown (tetragonal) anatase phase of TiO2. Films exhibit 

very smooth surfaces, high dielectric constants, wide band gaps and low leakage 

currents. The stoichiometric Ti1-xAl2xOy showed high dielectric constant (~13), wide 

band gap (4.5 eV), and very low leakage currents (~5 nA/cm2) at a high applied 

electric field of 3 MV/cm. There was not dielectric breakdown up to 3 MV/cm 

indicating the high dielectric strength of the spray deposited Ti1-xAl2xOy thin films. 

 Finally, the performance of the spray deposited Ti1-xAl2xOy films as gate 

dielectrics was investigated. The ZnO-based TFTs employing stoichiometric Ti1-xAl2xOy 

dielectrics, showed excellent characteristics, i.e., low operation voltage, hysteresis-

free operation, high electron mobilities (~10 cm2/Vs)  high on/off current modulation 

ratio (>105) and low subthreshold swing (549 mV/dec). 
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6.1 Introduction 

 

 Over the last years there has been an extensive interest in the implementation 

of transition metal oxides (TMOs) as gate dielectrics in the microelectronic industry. 

Typical examples of well-studied TMOs that attracted much scientific interested are  

Y2O3 [1]–[4], ZrO2 [5]–[10] and HfO2 [11]–[16].  

 Niobium oxide (NbOx) is another TMO. NbOx thin films have been deposited by 

a large number of deposition methods, including vacuum and solution based 

techniques [17], [18], [27]–[36], [19], [37]–[45], [20]–[26]. A comprehensive review of 

the physical properties of niobium oxides and niobates were reported by Nico et. al., 

[46]. The major drawback of niobium oxide is that it exhibits polymorphism. There are 

three stable niobium oxides i.e. niobium monoxide (NbO), niobium dioxide (NbO2) and 

niobium pentoxide (Nb2O5) with different electrical properties. Niobium monoxide is 

a conductor, niobium dioxide is a semiconductor and niobium pentoxide is an insulator 

[47]. It has also been reported that NbOx thin films deposited at moderate 

temperatures (<400oC) are amorphous [18], [21]. In the microelectronics industry, 

amorphous dielectric metal oxides are preferable over their crystalline counterparts, 

as they better conform with the semiconductors used today, eliminating electrical 

defects at the interface which deteriorate the performance of devices. As an 

alternative, perfectly lattice matched, epitaxial oxide layers should be considered. 

  Amorphous dielectrics that simultaneously are of a high dielectric constant (𝑘) 

and wide band gap are of great scientific interest. This is because by increasing the 

dielectric constant of a material, the geometric capacitance per unit area (Cox) at a 

given film thickness (tox) is also increased (Cox=𝑘/tox), while a wide band gap ensures 

good insulating properties. Unfortunately, there is a trade-off between the dielectric 

constant and the optical band gap (Figure 2-6). Wide band gap materials are of low 

dielectric constant, while materials of high dielectric constant exhibit narrow optical 

band gap. An empirical relationship that describes the trade-off between static 

dielectric constant and band gap has been reported [48].  

 Narrow band gap materials (<4 eV) are not suitable to be implemented as gate 

dielectrics in TFTs employing wide band gap semiconductors (>3 eV), as the band offset 
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criterion dictates that there must be an energy difference of >1 eV between valence 

and conduction band of the dielectric and the active channel material ones, in order 

for the leakage current to be minimized, due to injection into their bands [50].  

 As previously mentioned, NbOx films deposited at substrate temperatures up 

to 400oC are amorphous, while the dielectric constant of NbOx was found to be in the 

range between and 10 and 100 depending on the deposition conditions. However, like 

other high-𝑘 metal oxides, NbOx has a relatively narrow band gap (Eg) of 3.3-3.6 eV. 

Besides the high dielectric constant of NbOx and the relatively small Eg does not make 

it a suitable gate dielectric material in ZnO-based TFTs. However, it has been reported 

that ternary metal oxides in the form of M1-xAlxOy where M is a transition metal (TM), 

seem to be amorphous and exhibit at the same time wide band gap and high dielectric 

constant [51], [52], [61], [62], [53]–[60]. This is mainly because of the combination of 

the Al2O3’s wide band gap (Eg~9 eV) with the TM’s high dielectric constant.  

 The aim of this work is to investigate the structural, optical and electrical 

properties of a novel ternary metal oxide that consists of high-𝑘 niobium oxide and 

the wide band gap aluminum oxide which possesses at the same time a high dielectric 

constant, a wide band gap, low leakage current, and high dielectric strength. 

Moreover, such a dielectric should enhance the performance of a ZnO-based TFT when 

it is implemented as gate dielectric. 

 

6.2 Experimental 

 

6.2.1 Precursor and Solutions 

 

 The precursor materials that have been used in this study were AlCl3 (Alfa 

Aesar, 99%), NbCl5 (Alfa Aesar, 99.9%) and Zn(O2C2H3)
2
·2H2O (Alfa Aesar, ACS, 98-

101%). All the precursor materials were used as received without any further 

purification. In this study ethanol (C2H
5
OH, VWR, ACS, ≥99.8%) was used as solvent. 

However, ethanol has low boiling point (~65°C) and evaporates rapidly. To slow down 

solvent evaporation, and thereby hinder particle formation, ethanol was mixed with 
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acetylacetone (CH3COCH2COCH3, Alfa Aesar, 99%) a high boiling point (~140°C) 

solvent [63]. 

 For the preparation of the niobium-aluminate precursor solutions, two 

ethanol-based solutions of AlCl3 and NbCl5 at a concentration of 0.1 M were prepared. 

Acetylacetone (AcAc) was added in both solutions at C2H5OH:AcAc molar ratio of 5:1. 

The solutions were left under continuous stirring for at least 1h prior deposition, 

ensuring complete dissolution. The stoichiometry of aluminum to niobium atomic 

ratio was controlled by simple blending of the appropriate amount of the precursor’s 

solutions. 

 The ZnO precursor solution was prepared by dissolving Zn(O2C2H3)2·2H2O in 

methanol at a concentration of 0.1 M [64]. 

 

6.2.2 Device Fabrication 

 

 Metal-insulator-metal (MIM) 2-terminal devices (Figure 6-1.a) were fabricated 

by spraying the precursor solution onto glass ITO coated glass substrates, followed by 

deposition of thermally evaporated gold (Au) contacts (~100 nm) through a shadow 

mask. The niobium-aluminate’s precursor solution was sprayed onto the glass/ITO 

substrates at 400 ℃ employing a pneumatic airbrush, held at a vertical distance of 

about 30 cm. Aerosols of the precursors and blends were spray-coated for 30 s while 

the spray coating process was interrupted for 20 s to allow the vapours to settle. The 

cycle was repeated until films of typical thickness of ~100 nm, were obtained. 

 BG-TC transistors (Figure 6-1.b) were fabricated by spray coating the 

glass/ITO/Nb1-xAlxOy stack with the ZnO precursor solution, followed by deposition of 

thermally evaporated gold (Au) source and drain (S/D) electrodes (~60 nm) through a 

shadow mask. The ZnO precursor solution was sprayed onto the glass/ITO substrates 

at 400 ℃, employing the same experimental conditions as previously, until a film of 

typical thickness of ~30 nm was obtained. 
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Figure 6-1: (a) MIM capacitor and (b) Bottom gate-top contact (BG-TC) ZnO-based TFT structures used 
in this study, implementing Nb1-xAlxOy thin film dielectric. 

 

6.2.3 Thin Film & Device Characterisation Techniques 

 

 The thermal properties of the precursor materials were investigated by 

thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

microstructure of the spray deposited Ti1-xAl2xOy thin films were characterised by X-

ray diffraction. The optical properties of the Nb1-xAlxOy films were investigated by 

Fourier transform infrared (FTIR) and UV-Vis-NIR spectroscopy. The dielectric 

properties of the Nb1-xAlxOy films were investigated by impedance spectroscopy and 

current-voltage (I-V) measurements. Finally, the performance of Nb1-xAlxOy as the gate 

dielectric in TFTs was investigated utilising a bottom-gate, top-contact BG−TC TFT 

architecture (Figure 6-1.b) employing spray coated ZnO as the channel semiconductor. 

The electron mobility was extracted from the transfer characteristics at linear and 

saturation using the gradual channel approximation [65]. 
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6.3 Results and Discussion 

 

6.3.1 Precursor thermal properties 

 

 The thermal properties of AlCl3 were studied in a previous chapter. In Figure 

6-2 the TGA and DSC of NbCl5 are presented. There is a negligible mass loss at a 

temperature range of 100-130 ℃ due to the dehydration of the absorbed water 

molecules in (NbCl5). In the temperature range between 150 and 350 ℃ there is a 

significant mass loss (>80%) which is related to the decomposition of HCl fragments, 

a product of the interaction of NbCl5 and the atmospheric moisture [66]. As shown in 

Figure 6-2, there is a set of exothermic peaks within this temperature (150-350 ℃) 

with a discontinuity at about 210 ℃ where the melting point of NbCl5 is.  
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Figure 6-2: TGA and DSC data of niobium (V) chloride. TGA and DSC measurements conducted under 
nitrogen at a scan rate of 10K/min 
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6.3.2 UV-Vis-NIR Spectroscopy 

 

 The UV-Vis-NIR spectra of Nb1-xAlxOy films with varying [Nb5+] to [Al3+] atomic 

ratio were recorded in transmission mode in the range of 190-1000 nm. The Tauc plots 

[67] of selected Nb1-xAlxOy films are illustrated in Figure 6-3. The optical band gap as a 

function of the [Nb5+]/([Al3+]+[Nb5+]) atomic ratio is shown in Figure 6-4. 

 The optical band gap shows a monotonic decrease with increase of the 

[Nb5+]/([Al3+]+[Nb5+]) atomic ratio between the 4.2 eV for NbOx and the 6.5 eV for 

Al2O3, respectively.  It should be noticed that a band gap of 4.2 eV for niobium oxide 

thin films is quite high. Such high band gap for niobium oxide has been reported by 

Agarwal and Reddy [68], and has been attributed to an amorphous/highly-disordered 

structure of the film. 
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Figure 6-3: Tauc plots of selected Nb1-xAlxOy films of different [Nb5+]/([Nb5+]+[Al3+]) ratios. 
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Figure 6-4: Optical band gap of Nb1-xAlxOy thin films as a function of the [Nb5+]/([Nb5+]+[Al3+]) ratio. The 
solid line is a guide to the eye. 
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Figure 6-5: Urbach tail energy (Eu) as a function of the [Nb5+]/([Nb5+]+[Al3+]) ratio. The solid line guides 
the eye.  

 

 The Urbach tail energy (Eu) has been proven to be a widespread tool for the 

study of disorder systems and is associated to the width of the tails of localised states 
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in the band gap [69], [70]. As shown in Figure 6-5, the Urbach tail energy of Nb1-xAlxOy 

films primarily exhibits a decrease as the [Nb5+]/([Al3+]+[Nb5+] ratio increases and 

reaches a saturation level of 400 meV at [Nb5+]/([Al3+]+[Nb5+]) ~0.7  and beyond. 

 

6.3.3 FTIR Spectroscopy 

 

 The complete decomposition of the precursors was studied by FTIR. Figure 6-6 

illustrates the FTIR absorption spectra of Nb1-xAlxOy films deposited on (KBr) 

substrates with varying the [Nb5+]/([Al3+]+[Nb5+]) ratio.  
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Figure 6-6: FTIR spectra of selected Nb1-xAlxOy films and NbCl5 and AlCl3 precursors deposited on KBr 
substrates. 

 

 The FTIR spectra clearly show the complete decomposition of the precursor, as 

features associated to the precursors and the solvents are absent from the spectra. 

 The spectrum of NbOx shows  a predominant broad peak at ~570 cm-1 as well 

as a shoulder centred at ~840 cm-1. These peaks are attributed to the asymmetric 

Nb-O stretching mode (570 cm-1) and to the collinear Nb-O-Nb bridging stretching 

mode (840 cm-1) of amorphous NbOx [71].  
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 Moreover, the AlOx FTIR spectrum is dominated by a broad absorption band in 

the range between 400 and 1000 cm-1. Such broad bands have been attributed to 

amorphous materials where, disordered distribution of vacancies and the continuous 

distribution of bond lengths are realised [72]. 

 Nb1-xAlxOy FTIR spectra show broad peaks which could be a considered as a 

convolution of the FTIR spectra of the NbOx and AlOx. Increasing the 

[Nb5+]/([Al3+]+[Nb5+]) ratio  there is an evident transition from the  spectrum of AlOx to 

that of NbOx.  

 

6.3.4 X-Ray Diffraction (XRD) 

 

 In order to scrutinise the microstructure of the spray deposited Nb1-xAlxOy thin 

films, grazing incidence XRD (GIXRD) experiments were performed. The GIXRD 

patterns of AlOx, NbOx and selected Nb1-xAlxOy films are depicted in Figure 6-7. The 

diffraction patterns lack any diffraction peaks associated with either of AlOx, NbOx and 

Nb1-xAlxOy, suggesting  amorphous films. 
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Figure 6-7: GIXRD patterns of selected Nb1-xAlxOy films of different [Nb5+]/([Nb5+]+[Al3+]) ratios. 
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 These results are consistent with the high  Urbach tail energy, that is related to 

the degree of the disorder of a material,  as well as, the broad bands present in the 

FTIR spectra. Additionally, the amorphous nature of the spray deposited Nb1-xAlxOy 

films renders them potential candidates for high-performance dielectrics.  

 

6.3.5 Atomic Force Microscopy (AFM) 

 

 The surface morphologies of the spray deposited Nb1-xAlxOy films were 

investigated by atomic force microscopy (AFM). Representative images of spray 

deposited AlOx, NbOx and stoichiometric Nb1-xAlxOy films on silicon substrates are 

illustrated in Figure 6-8. 

 The topography images of the spray deposited Nb1-xAlxOy films that are 

illustrated in Figure 6-8, demonstrate films of low roughness (<1nm). It has been 

reported that such smooth film surfaces, is a desired characteristic for the 

implementation of Nb1-xAlxOy thin films deposited by the spray pyrolysis technique 

into high-performance electronic devices. 

 

Figure 6-8: Friction and topography (inset) images (RMS roughness inset) of solution-processed AlOx, 
stoichiometric Nb0.5Al0.5Oy, and (c) NbOx films on silicon substrates. 
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6.3.6 Impedance Spectroscopy 

 

 The impedance characteristics of Nb1-xAlxOy thin films deposited by spray 

pyrolysis was measured using metal-insulator-metal (MIM) devices (Figure 6-1.a).  

 Figure 6-9 presents, the dispersions of the static dielectric constant (𝑘). A 

characteristic feature of the static dielectric constant is the shift of the onset of the 

dielectric loss at higher frequencies for the stoichiometric NbAlOx, compared to the 

rest of the Nb1-xAlxOy composites. The shift of the onset of the dielectric relaxation at 

lower frequencies has been related to a degradation in the insulating performance of 

the dielectrics [61], [73]. 
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Figure 6-9: Static dielectric constant (k) dispersion of selected Nb1-xAlxOy films in the frequency range 
of 1 kHz-10 MHz 

 

 In Figure 6-10 the static dielectric constant of Nb1-xAlxOy films as a function of 

the [Nb5+]/([Al3+]+[Nb5+]) ratio, is illustrated. As can be seen, there is a monotonic 

increase of the static dielectric constant with increase in the niobium content. 
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 It is known that the static dielectric constant of gate dielectrics, varies inversely 

with the band gap [49], [50], [74]–[76]. Such trend is equally evidenced for spray 

coated Nb1-xAlxOy as shown in Figure 6-11. 
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Figure 6-10: Dielectric constant of Nb1-xAlxOy films as a function of the [Nb5+]/([Nb5+]+[Al3+]) ratio. The 
solid line is a guide to the eye. 
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Figure 6-11: Static dielectric constant (k) vs band gap for Nb1-xAlxOy dielectrics grown by spray pyrolysis. 
The solid line is a guide to the eye. 
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6.3.7 Leakage Currents 

 

 The current-voltage characteristics of the Nb1-xAlxOy films were investigated by 

employing the same device architecture (Figure 6-1.a) as for impedance 

measurements. Nb1-xAlxOy films of thickness of ~100 nm were sandwiched between 

ITO and Au electrodes. All the measurements were performed under dark conditions 

at room temperature. 

 Figure 6-12 shows the leakage current density-electric field characteristics of 

selected Nb1-xAlxOy dielectrics of films with different [Nb5+]/([Al3+]+[Nb5+]) ratio. 
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Figure 6-12: Leakage current density-electric field characteristics of selected Nb1-xAlxOy spray deposited 
dielectrics as a function of the [Nb5+]/([Nb5+]+[Al3+]) atomic ratio (in the solution). 

 

 The leakage current density of solution processed Nb1-xAlxOy dielectrics at 

0.5 and 1 MV/cm as a function of the [Nb5+]/([Al3+]+[Nb5+]) ratio is shown in Figure 

6-13. The stoichiometric Nb1-xAlxOy exhibits the lower leakage currents at both 

0.5 MV/cm and 1 MV/cm. When a field of 0.5 MV/cm applied a density of leakage 



Chapter 6: Niobium Aluminate Nb1-xAlxOy Thin Films 

 

188 
 

current of ~7 nA/cm2 was measured. For an electrical field of 1 MV/cm the leakage 

current density was less than 20 nA/cm2.  
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Figure 6-13: Leakage current density of solution processed Nb1-xAlxOy gate dielectrics at 0.5 and 1 
MV/cm as a function of the [Nb5+]/([Nb5+]+[Al3+]) atomic ratio in the solutions. The solid lines are guides 
to the eye. 

 

 The leakage currents of dielectric films strongly depend on material’s 

composition, film processing, traps energy level and traps density in the films [77]. To 

elucidate the origin of the leakage current, the conduction mechanisms for the 

Nb1-xAlxOy thin films were further scrutinised.  

 In Figure 6-14, Figure 6-15 and Figure 6-16 the Schottky, Fowler-Nordheim and 

Poole-Frenkel plots for selected Nb1-xAlxOy thin films are illustrated [78]. 
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Figure 6-14: Schottky emission (SE) plots of selected Nb1-xAlxOy films. 
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Figure 6-15: Fowler-Nordheim (FN) plots of selected Nb1-xAlxOy films.  
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Figure 6-16: Poole-Frenkel (PF) plots of selected Nb1-xAlxOy films.  
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 Evidently, the Schottky emission (SE) constitutes the dominant conduction 

mechanism for all the Nb1-xAlxOy-based devices. This could be explained considering 

that the measurements were conducted at room temperature. At this temperature, 

the electrons have enough energy to overcome the potential barrier at the metal-

dielectric interface and be diffused in the dielectric (Figure 6-17).  

 

 

Figure 6-17: Schematic energy-band diagram of Schottky emission in a MIM structure. 

 

 Further analysis of SE plots provides more details on the barrier height at the 

metal-dielectric interface as well as the electron effective mass in the dielectric [79]. 

Figure 6-18 shows both the electron effective mass as well as the potential barrier 

height at the Au/Nb1-xAlxOy interfaces as a function of the [Nb5+]/([Al3+]+[Nb5+]) ratio. 

In the case of the stoichiometric Nb1-xAlxOy film, both the electron effective mass (m*) 

and the interface potential barrier height (Φint) at the metal-dielectric interface, reach 

a maximum of 0.37m0 and 0.734 eV respectively. Similar values have been reported 

and for other high-𝑘 metal oxides [79], [80]. 

 Both the increased interfacial potential barrier height and the increased 

electron effective mass, of stoichiometric Nb1-xAlxOy (x=0.5) could also explain the low 

leakage currents (Figure 6-19).  
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Figure 6-18: a) Electron effective mass in the Nb1-xAlxOy and b) barrier height at the Au/Nb1-xAlxOy 
interface as a function of the [Al3+]/([Nb5+]+[Al3+]) ratio. The lines are guides to the eye. 
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Figure 6-19: Energy band diagrams of selected Nb1-xAlxOy films. The conduction bands (black solid lines) 
are presented in respect to gold’s fermi energy (EF). The calculated effective masses included as well. 
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Figure 6-20: Fowler-Norheim plot of the stoichiometric Nb1-xAlxOy film.  

 

 A more detailed analysis of the electrode-limited leakage current mechanism 

of Nb1-xAlxOy (x=0.5), where the lowest leakage current found, revealed a nonlinearity 

in Fowler-Nordheim plots (Figure 6-20). Such nonlinearity has been reported to be 

attributed to a transition from thermionic emission (SE) to field emission as the applied 

field increases [81]. 

 It has been reported that oxide dielectrics have inherently a high density of 

charge carrier trap levels [49]. These trap levels play an important role in the 

conduction of such materials, especially at high electric fields. To investigate whether 

the conductivity of the Nb1-xAlxOy dielectrics is due to the charge carrier trap levels, 

the validity of Poole-Frenkel (PF) emission mechanism was investigated (Figure 6-16). 

As shown in Figure 6-16, conduction PF emission was the dominant mechanism for the 

niobium rich Nb1-xAlxOy (0.5<x<1) thin films. 
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6.3.8 Field effect measurements 

 

 The performance of the spray deposited Nb1-xAlxOy thin films as gate dielectrics 

was investigated in BG−TC TFTs (Figure 6-1.b) employing a spray coated ZnO 

semiconducting channel. 

 Figure 6-21 and Figure 6-22 show a representative set of transfer and output 

characteristics obtained from TFTs (L =20 μm, W = 1000 μm) with a ∼105 nm thick 

AlOx, 125 nm thick stoichiometric Nb1-xAlxOy dielectric, respectively. 
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Figure 6-21: a) Transfer and b) output characteristics of ZnO-based TFTs employing spray coated AlOy 
gate dielectric.  

 

 ZnO-based TFTs implementing AlOx and Nb1-xAlxOy gate dielectrics, show 

excellent operating characteristics such as high (> 105) on/off current ratios, 

negligible hysteresis and high electron mobilities. More importantly, the 

implementation of stoichiometric Nb1-xAlxOy as a gate dielectric doesn’t affect the 

electron mobility (~1 cm2/Vs), however, the current modulation ratio was notably 
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improved by 1 order of magnitude (~104 for AlOx and > 105 for stoichiometric 

Nb1-xAlxOy). In Figure 6-23 the field effect mobility and the on/off current modulation 

ratio of ZnO-based TFTs employing Nb1-xAlxOy gate dielectrics as a function of 

aluminum content, are presented. 
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Figure 6-22: a) Transfer and b) output characteristics of ZnO-based TFTs employing stoichiometric 
Nb0.5Al0.5Oy gate dielectric. 

 

 In this study, the ZnO-based TFTs implementing Nb1-xAlxOy gate dielectrics 

exhibited electron mobilities of about 1 cm2/Vs. However, studies regarding the 

implementation of other transition metal-aluminates in ZnO-based TFT devices 

demonstrated TFTs exhibiting electron mobilities of about 10 cm2/Vs [55], [61]. The 

relatively low electron mobility of devices is attributed to the source/drain (S/D) gold 

contacts used in this study. Adamopoulos et al., have shown that the electron mobility 

is strongly depended on the work function of the S/D metal electrodes [82]. They 

concluded that because of the energy difference between the conduction band of ZnO 

and the work-function of Au, an energy barrier of 0.7 eV limits the carrier injection 

from the metal (Au) to semiconductor (ZnO).     
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Figure 6-23: Field effect mobility (left Y-axis) and on/off current modulation ratio (right Y-axis) of ZnO-
based TFTs employing spray coated Nb1-xAlxOy gate dielectrics. 

 

 Another point that should be discussed is that no working devices were 

realised for TFTs employing Nb1-xAlxOy gate dielectrics at the niobium rich 

compositional region, i.e., [Nb5+]/([Al3+]+[Nb5+])>0.8. Considering the electron affinity 

(χe) and the work function (WZnO) of ZnO (χe=4.3eV, WZnO=5.2eV, measured form 

vacuum level)[83] and assuming, that the Fermi energy level (Ef) of dielectrics lies in 

the middle of their respected band gaps (Ef
Nb1-xAlxOy=Eg/2) and further assuming that 

both the Fermi energy levels are aligned (Ef
ZnO=Ef

Nb1-xAlxOy), a schematic of their band 

alignment could be drawn as it is presented as an insert in Figure 6-24. The energy 

difference (ΔΕC) between the conduction bands of Nb1-xAlxOy and ZnO, provides an 

estimation of the effective conduction band offset. 
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Figure 6-24: Conduction band offsets (ΔΕc) of spray coated Nb1-xAlxOy gate dielectrics with ZnO. 

 

 Figure 6-24 presents the calculated conduction band offsets between the ZnO 

and the Nb1-xAlxOy dielectrics. The Fermi level of ZnO was placed 0.9 eV below its 

conduction band as the difference in energy values of ZnO’s electron affinity and work 

function. Considering the above assumptions, the band offset criterion is satisfied for 

all the Nb1-xAlxOy stoichiometries. However, the assumption that the Nb1-xAlxOy Fermi 

level lies at the midgap (Eg/2) is not valid. It could be considered that for the case of 

the niobium rich (x<0.8) composition of Nb1-xAlxOy thin films, the Fermi level is 

transpositioned to a level closer to conduction band minima (Ec). This transposition 

could be related to gap states close to conduction band minima due to the disordered 

nature of the films. 

 In Figure 6-25, proposed band diagrams and offset of dielectric without (ΔEc) 

and with gap states (ΔE’c) estimated, are presented. The lowering of the conduction 

band offset is due to the transposition (ΔEF2) of the Fermi energy level. According to 

the findings (Figure 6-23 and Figure 6-24), it could be assumed that there must be a 

minimum transposition of 0.2 eV of Fermi level from midgap towards the conduction 

band minima for niobium-rich (x<0.2) Nb1-x AlxOy dielectrics.  
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Figure 6-25: Band diagrams of conduction band offsets for dielectric (a) without gap states, (b) with gap 
states close to conduction band minimum. (Ec1: conduction band minimum of zinc oxide, Ev1: valence 
band maximum of ZnO, EF1: Fermi level of ZnO, Ec2: Conduction band minimum of a dielectric, EF2(=Eg/2): 
Fermi level of dielectric assuming no gap states in its band gap, E’

F2: Fermi level of dielectric assuming 
gap states in its band gap, ΔΕF2: the transposition (in eV) of Fermi level from midgap, ΔEc: conduction 
band offset for dielectrics without gap states, ΔE’c=ΔΕc-ΔEF2: conduction band offset for dielectrics with 
gap states). 

 

6.4 Summary 

 

 In this study, the properties of solution processed Nb1-xAlxOy films as a function 

of the [Nb5+]/([Al3+]+[Nb5+]) atomic ratio were investigated. The thin films were spray 

deposited in air at moderate substrate temperatures (400 ℃) and were implemented 

as gate dielectrics in TFTs employing spray coated ZnO semiconducting channels.  

 The Nb1-xAlxOy films were characterised using a wide range of experimental 

techniques. Analyses revealed amorphous Nb1-xAlxOy films with very smooth surfaces 

(Rrms<0.1 nm), high dielectric constants (9>k>50), wide band gaps (4.2-6.5 eV) and low 

leakage currents (<20 nA/cm2). 

 Analysis of the electron transport mechanisms revealed that at least two 

conduction mechanisms exist for each ratio. In all the cases the conduction of the 

dielectrics fits well the Schottky conduction mechanism. The electron effective mass 

of the stoichiometric Nb1-xAlxOy (x=0.5) and the effective barrier height at the 

Au/Nb0.5Al0.5Oy interface, were found to be of 0.37 m0 and 0.73 eV respectively, and 
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both are high enough to explain the low leakage currents at this ratio. For niobium-

rich (x<0.2) Nb1-xAlxOy dielectrics, Poole-Frenkel conduction dominated. That could be 

explained by the existence of localised gap states in the band gap close to the 

conduction band. 

 The stoichiometric Nb1-xAlxOy showed high dielectric constant (~13.5), wide 

band gap (5.15 eV), and very low leakage currents (<10 nA cm2⁄ ). ZnO-based TFTs 

employing stoichiometric Nb1-xAlxOy dielectrics showed excellent characteristics, i.e., 

hysteresis-free operation, high electron mobilities (1 cm2/Vs) and high on/off current 

modulation ratio (>105). 
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7.1 Introduction 

 

 Oxide semiconductors is a class of materials that have attracted attention as 

materials of choice to replace hydrogenated amorphous silicon (a-Si:H) in electronic 

and optoelectronic applications. This class of materials possesses advantageous 

properties over the a-Si:H, where their low carrier mobility, (<1 cm2V-1s-1) originated 

from its structural properties, and optical opacity, limit their use in applications where 

high transparency and fast switching properties are required, such as in flat panel 

displays (FPDs) [1]. In contrast, metal oxide based semiconductors exhibit wide optical 

band gaps (>3 eV) that favour their use in applications where optical transparency is a 

prerequisite, while their electrical properties are not significantly affected by 

structural distortions that limit their performance [2]–[4].  

 In covalent semiconductors such as Si, the conduction band minimum (CBM) 

and the valence band maximum (VBM) are attributed to the anti-bonding (sp3 σ*) and 

bonding (sp3 σ) states of Si hybridised orbitals, that are spatially directional. So, any 

bond angle fluctuation significantly alters the electronic levels, leading to high density 

of deep tail states within their band gap that significantly degrade their performance 

[5]. In contrast, the CBM of the metal oxides used in microelectronics consists of 

overlapping spherical ns orbitals, while the VBM consists mainly of oxygen 2p orbitals. 

The overlap between close ns orbitals forms a conduction pathway for free electrons. 

Therefore, good carrier transport properties can be achieved which are not 

significantly affected from crystal distortions [6], [7].  

 In Figure 7-1, a schematic orbital contour indicating the charge transport 

pathways in the conduction band of both crystalline and highly disordered covalent as 

well as metal oxide semiconductors is presented. As can be seen, the large overlapping 

ns orbitals, in metal oxides, are merely affected from structural disorder.   

 Among the various metal oxides that have been extensively studied as 

potential alternatives to a-Si:H, indium oxide (In2O3) and zinc oxide (ZnO) are two well 

characterised binary semiconductors, and a high number of studies have been 

reported based on their implementation as channel materials in TFTs [8]–[21]. TFTs 
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implementing In2O3 or ZnO exhibit excellent performance characteristics, such as high 

on/off current modulation ratio and high electron mobility [8], [9], [15], [22], [23]. 

 

Figure 7-1: Schematic orbital contours for charge transport pathways in the conduction band of 
crystalline a) covalent semiconductor, b) metal oxide semiconductor, disorder c) covalent 
semiconductor and d) metal oxide semiconductor. 

 

 In addition to the binary In2O3 and ZnO, the composite oxide consisting of both 

indium and zinc, the ternary indium-zinc oxide (IZO), has been the subject of study, 

basically in its amorphous state (a-IZO). Depending on the [In3+]:[Zn3+] ratio and oxygen 

content, a-IZO could be considered either as transparent conductor or, if the 

conductivity is reduced, as semiconductor [3]. 

 a-IZO-based TFTs have been fabricated and extensively studied by several 

groups employing various deposition techniques [24]–[42]. In these reports a-IZO 

based TFTs exhibited remarkable performance characteristics such as high field effect 

mobilities and high on/off ratios. For instance, Paine et al. reported on the fabrication 

and performance of a-IZO TFTs fabricated by dc-magnetron sputtering techniques 

from a sintered IZO (In2O3 — 10 wt.% ZnO) sputter target [35]. The a-IZO based TFTs 

exhibited a threshold voltage of − 5 V, field effect mobility of 15 cm2/Vs, an on-off ratio 

of > 106 and, a subthreshold slope of 1.2 V/decade. Also, a persistent photo-

conductivity of the channel under UV illumination was reported. Fortunato et al., 



Chapter 7: Solution Processed Crystalline Indium Zinc Oxide (c-IZO) for High Performance  
Thin Film Transistors 

 

211 
 

reported on TFTs employing a-IZO both as active channel layer and as source/drain 

electrodes, processed at room temperature by rf sputtering [39]. The best a-IZO based 

TFTs exhibited saturation mobilities higher than 100 cm2/Vs, threshold voltages lower 

than 6 V, subthreshold slopes of 0.8 V/dec and on/off current ratios of 107. Choi et al., 

reported on solution processed a-IZO based transparent TFTs [29]. The spin-coated a-

IZO TFTs were amorphous and of high transparency. The spin-coated a-IZO based TFTs 

exhibited high field-effect mobility (7.3 cm2/Vs), threshold voltage of 2.5 V, an on/off 

current ratio in excess of 107, and a subthreshold slope of about 0.47 V/dec. As a last 

example, Itagaki et al. studied the dependence of TFT characteristics based on the a-

IZO composition [34]. According to their findings, both the performance of IZO-TFTs 

and IZO film properties are highly dependent on the [In3+]:[Zn2+] atomic ratio, while 

the best TFT characteristics were obtained when [In3+]:[Zn2+]=4:6. The optimised TFTs 

exhibited high field effect mobility (26.5 cm2/Vs), low subthreshold slope (0.24 V/dec.), 

and very high Ion/Ioff current ratio (1010). 

 Besides the admittedly high performance of a-IZO based TFTs, it has been 

reported that fundamentally a-IZO based TFTs suffer from instability issues, such as 

degradation under illumination, under bias stress or even under thermal stress [43]. 

The instability issue is related to the shift of threshold voltage (VTH), which originates 

from the trapping of the charge carriers, oxygen vacancies, at the interface of the oxide 

semiconductor with the gate dielectric, or from the oxide semiconductor itself [4], 

[44], [45]. A lot of research has been conducted to overcome the instability issues in 

amorphous oxide semiconductor based TFTs [46]–[48]. Among the different 

approaches regarding the enhanced stability, post deposition induced crystallisation 

through high temperature annealing seems to become the dominant treatment 

regarding the stability enhancement. 

 In fact, after Yamazaki’s pioneering work on the so called c-axis aligned crystal 

indium-gallium-zinc-oxide [49]–[51], crystalline semiconductors reattract both 

scientific and industrial interest; SHARP already commercialises the use of crystalline 

IGZO (c-IGZO) [52]. This is because, c-IGZO possesses a lower density of defect states 

compared to the amorphous one, resulting in higher reliability and lower off-state 
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leakage current [53]. In Figure 7-2 the (a) single-crystal InGaZnO4, (b) plane, and (c) 

cross-section transmission electron microscopy (TEM) images of a c-axis-aligned 

indium gallium zinc oxide (CAAC IGZO) thin film (In:Ga:Zn=1:1:1) are presented. 

 

 

Figure 7-2: (a) Single-crystal InGaZnO4, (b) plane, and (c) cross-section transmission electron microscopy 
(TEM) images of a c-axis-aligned indium gallium zinc oxide (CAAC IGZO) thin film (In:Ga:Zn=1:1:1). The 
InO2 layer has a compositional ratio of In:O=1:2 and the (Ga,Zn)O layer has a compositional ratio of 
Ga:Zn:O=0.5:0.5:1. In: Indium. Ga: Gallium. Zn: Zinc. O: Oxygen. Reprinted from [49] 

 

 Park et al., investigated the effect of c-IGZO thin films on device performance, 

while they further evaluated the c-IGZO based TFT reliability under bias stress and 

illumination [54]. The c-IGZO based TFTs exhibited lower carrier mobility, compared 

with amorphous IGZO (a-IGZO) TFTs, but there was a remarkable improvement of the 

device stability under the bias stress with illumination for the c-IGZO based TFTs. They 

attributed the enhanced stability to the reduced defect density of c-IGZO compared to 

a-IGZO ones.  
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 Similarly, Kim et al. [55], investigated c-IZO-based TFTs. The c-IZO TFTs were 

fabricated at room temperature by RF sputtering with [In3+]:[Zn2+]=7:3. The as 

deposited films were amorphous. Post-deposition annealing at 800℃ promoted the 

crystallinity of the films. In their study, the field effect mobility of the c-IZO-based TFTs 

was in excess of 50 cm2/Vs in comparison to the 12 cm2/Vs for the case of a-IZO. 

Equally, the bias stress stability even under illumination was greatly improved. The 

stability of the devices implementing c-IZO has been attributed to the reduction of the 

defect states related to the oxygen vacancy near the conduction band edge. Finally, it 

has been proposed that even in highly disordered semiconductors the crystallisation 

through post deposition annealing could be an effective way towards stability and 

electrical performance enhancement. 

 Besides the post deposition annealing of vacuum deposited a-IZO thin films at 

room temperature, there are no reports on directly deposited c-IZO thin films. In this 

chapter the structural, optical and electronic properties of c-IZO films grown by spray 

pyrolysis of indium chloride and zinc acetate solution with different [In3+]:[Zn2+] atomic 

ratios are reported. The primary aim of this work was the study of the role of [Zn2+] 

content in IZO films and its impact on the electronic properties of IZO based TFTs. The 

film microstructure was investigated using a wide range of characterization techniques 

including X-ray diffraction, UV-Vis and FTIR spectroscopy and AFM. Finally, the 

electron mobility of the IZO films was investigated using an optimised bottom-gate, 

top-contact transistor architecture. It is the first time that direct deposition of c-IZO 

films and their structural and optical properties, as well as the performance of TFTs 

employing solution processed c-IZO, are reported.  
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7.2 Experimental 

 

7.2.1 Precursor Solution Chemistry 

 

 The precursor materials that have been used in this study were aluminum 2,4-

pentanedionate (Al(C5H7O2)
3
, Alfa Aesar, 99%), indium chloride (InCl3, Alfa Aesar, 

98+%) and zinc acetate dihydrate (Zn(O2C2H3)
2
.2H2O, Alfa Aesar, ACS, 98-101%). All 

the precursor materials were used as received without any further purification. In this 

study, methanol (CH3OH, VWR, ACS, ≥99.8%) was used as the solvent. However, 

methanol has low boiling point (~64.6 oC) and evaporates rapidly. To slow down 

solvent evaporation, and thereby hinder particle formation, methanol was mixed with 

2,4-pentanedione (C5H8O2, Alfa Aesar, 99%) which possesses a high boiling point (~140 

oC) [56]. 

 For the preparation of the indium-zinc oxide (In1-xZnxOy) precursor solutions, 

two methanol-based solutions of InCl3 and Zn(O2C2H3)
2
.2H2O at a concentration of 

0.1 M were prepared. 2,4-pentanedione was added in both the precursor solutions at 

CH3OH:C5H8O2 molar ratio of 10:1. The solutions were left under continuous stirring 

for at least 1 h prior deposition, ensuring complete dissolution. The stoichiometry of 

indium to zinc atomic ratio was controlled by simple blending of the appropriate 

amount of the precursors solutions. 

 

7.2.2 Device Fabrication 

 

 For this study, bottom gate-top contact (BG-TC) transistors (Figure 7-3) were 

fabricated. Commercially available indium tin oxide (ITO) coated glasses (sheet 

resistivity Rs~15 Ω/sq) were used as substrates and ITO served as gate electrode of the 

TFT devices. The ITO substrates were ultrasonically cleaned in acetone, rinsed with 

deionized water, washed with isopropanol, and dried at room temperature. On top of 

the ITO coated glass, Al2O3 of about 150 nm, serving as gate dielectric, was deposited 

by spray pyrolysis from methanol based aluminum 2,4-pentanedionate solution, as 

described elsewhere [57].  
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 The IZO thin films were deposited on top of the glass/ITO/Al2O3 stack at 400 oC 

using a pneumatic airbrush at ambient atmosphere. The stoichiometry of the 

[Zn2+]/([In3+]+[Zn2+]) atomic ratio (x, hereafter) was controlled by simple blending of 

the appropriate amount of the precursor solutions. Finally, aluminium (Al) contacts 

were deposited on top of the glass/ITO/Al2O3/IZO stacks as source and drain 

electrodes by thermal evaporation through a shadow mask and a number of TFTs with 

different L/W ratios were fabricated. In Figure 7-3 the device fabrication routine 

employed in this study, is illustrated.   

 

Figure 7-3: TFT fabrication routine followed in this study: a) ultrasonically clean glass/ITO substrate, b) 
heated glass/ITO substrates were spray coated with the Al2O3 precursor solution, c) deposition of IZO 
semiconducting channel by spray pyrolysis and d) deposition of source and drain electrodes by thermal 
evaporation. 

 

7.2.3 Thin Film & Device Characterisation Techniques 

 

 The thermal properties of the precursors were investigated by thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

microstructure of the spray deposited thin films was characterised by X-ray diffraction. 

The optical properties of the films were investigated by Fourier transform infrared 

(FTIR) and UV-Vis absorption spectroscopy. Finally, the performance of IZO as channel 

material was investigated utilising a BG−TC TFT architecture (Figure 7-3.d). The 
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electron mobility was extracted from the transfer characteristics in both the linear and 

saturation regime using the gradual channel approximation [65]. 

 

7.3 Results 

 

7.3.1 Thermal Analysis of Precursor Compounds 

 

 In Figure 7-4 the thermal analysis of indium (III) chloride (InCl3) is shown. The 

TGA curve shows an initial weight loss between 80 oC and 120 oC which is attributed 

to the release of the absorbed water molecules due to the high hygroscopic nature of 

InCl3. Karakaya et al., studied the sublimation of InCl3 at atmospheric pressure [58]. 

They showed that at high temperatures (T>370 oC) the remaining product is identified 

as being In2O3, while for the temperature region in the range between 300 oC and 370 

oC, the product had been identified as being InOCl. In all cases, it has been shown that 

during the sublimation process of InCl3 the inevitably absorbed H2O had a major 

impact on the final products at each temperature range. 
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Figure 7-4: TGA (black line) and weight loss rate (red line) and DSC (right Y axis) data of 30 mg indium 
(III) chloride powder. TGA and DSC measurements conducted under nitrogen at a heating rate of 10 
K/min. 
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 Figure 7-5 illustrates the TGA and DSC data of Zn(O2C2H3)
2
.2H2O. Evidently, 

there is an initial mass loss in the temperature range of 80-150 oC which is attributed 

to the loss of the water molecules of the precursor. It has been reported that, in the 

temperature range 200-350 oC, a collapse of the intralayer structure that releases a 

variety of products that include acetic acid, acetone, water, as well as carbon dioxide,   

resulting from thermo-oxidation of organic species, takes place [10].  Moreover and 

taking into account the DSC and DTG data, it could be anticipated that for 

temperatures >350 oC the Zn(O2C2H3)
2
.2H2O is fully decomposed while as had been 

reported elsewhere, polycrystalline zinc oxide is formed at about 400 oC [59], [60].  
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Figure 7-5: TGA (black line) and weight loss rate (red line) and DSC (right Y axis) data of 15 mg zinc 
acetate dihydrate powder. TGA and DSC measurements conducted under nitrogen at a heating rate of 
10 K/min. 

 

 The above thermal analysis indicates that 350 oC constitutes the lowest 

substrate temperature for the complete precursors decomposition that can be 

achieved. 
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7.3.2 Solution Processed Indium Oxide (In2O3) 

 

 Firstly, the structural, optical and electronic properties of In2O3 films grown by 

spray pyrolysis of a methanol based InCl3 solution at different substrate temperatures 

were investigated. The aim of this work was the study of the growth mechanism of 

In2O3 films and its impact on the electronic properties of In2O3-based TFTs. The film 

microstructure was investigated using a UV-Vis and FTIR spectroscopy while the 

performance of In2O3-based TFTs were evaluated as a function of deposition 

temperature.   

 

7.3.2.1 Optical Properties 

 

 The optical properties of In2O3 films deposited at different temperatures were 

investigated by UV-Vis-NIR spectroscopy. In Figure 7-6 the Tauc plots of the spray 

deposited In2O3 films are presented [61]. 
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Figure 7-6: Tauc plots of spray deposited In2O3 films, for different deposition temperatures. 
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 The optical band gap of the spray-deposited In2O3 films were derived by the 

Tauc plots assuming direct electronic transitions. In Figure 7-7 the calculated band gap 

and Urbach tail energy for spray deposited In2O3 films as a function of the deposition 

temperatures are presented. The films’ band gap shows a negligible increase up to 400 

oC following a sharp decrease for higher substrate temperatures. Such a decrease 

could be attributed to the existence of localised states in the forbidden band gap of 

In2O3. Urbach tail energy is related to the width of the tails of localised states in the 

band gap of disordered materials where, the existence of localised states in the band 

structure is responsible for the narrowing of the optical band gap. An increase of the 

Urbach tail energy denotes the increase of the density of defect states, perturbation 

of the parabolic density of states at the band edge, loss of stoichiometry or the change 

in the valence state of the doping element [62]. In Figure 7-7, a decrease of Urbach tail 

energy was observed up to 400 oC followed by a sharp increase for substrate 

temperatures in excess of 500 oC. The latter explains the band gap narrowing of In2O3 

films in the temperature range between 400 oC and 500 oC. 
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Figure 7-7: Variation of band gap (left Y axis) and Urbach tail energy (right Y axis) with deposition 
temperature of In2O3 films. 
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 To investigate the origin of the structural disorder of In2O3 films, vibrational 

FTIR measurements were conducted for samples deposited at different substrate 

temperatures, as shown in Figure 7-8. Three main intense peaks centred at about 598 

cm-1, 562 cm-1 and 537 cm-1 were observed for all the samples deposited in the 

temperature range of 350-500 oC. The peak at 598 cm-1 has been attributed to 

asymmetric In-O stretching mode while the peak centred at 562 cm-1 has been 

attributed to the asymmetric stretching of O-In-O bond. A symmetric stretching of O-

In-O bond is responsible for the peak centred at 537 cm-1 existed. Also, a peak centred 

at about 412 cm-1 (not shown) has been reported to be the characteristic In-O in plane 

bending mode. All the aforementioned vibration modes have been reported to be of 

the cubic In2O3 phase [63]–[65]. 
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Figure 7-8: FT-IR spectra of spray deposited In2O3 thin films at different substrate temperatures. 

 

 A structure describing the In2O3 molecule, without In-In bonds, has been 

proposed by Panneerdoss et al., [66]. The molecule that they proposed exhibited a V-

shape structure where an O was centred and two In and O atoms coupled 

symmetrically with equal internuclear distance. The In and O atoms were coupled 
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linearly and form the chain structure. According to their computational studies, the In-

O bond lengths in the chain were reported to be of 1.87 and 1.96 Å, while the bond 

angle In-O-In was of 129o. In Figure 7-9 the proposed molecular structure of In2O3 by 

Panneerdoss et al., is depicted. 

 

 

Figure 7-9: Molecular structure of In2O3 [66]. 

 

7.3.2.2 TFTs 

 

 The electron transport properties of spray deposited In2O3 thin films deposited 

at different substrate temperatures were investigated by their implementation as 

semiconducting channels in TFTs employing a BG-TC architecture (Figure 7-3d). In 

Figure 7-10 the transfer characteristics (IDS-VGS) of the spray-deposited In2O3 thin films 

for different substrate temperatures are presented. The impact of deposition 

temperature on the electronic transport properties of the spray deposited In2O3 TFTs, 

was assessed. To this end, the deposition temperature dependence of the field-effect 

mobility in saturation regime (μe,sat), the off-state current (Ioff), the threshold voltage 

(VT) and the subthreshold voltage (SS) were investigated (Figure 7-11). 

 In2O3-based TFTs deposited at 350 oC exhibit an off-state current of about 100 

nA, a current modulation ratio of 104, a threshold voltage of -2.87 V, an electron 

mobility of about 9 cm2V-1s-1 and a subthreshold voltage swing of 2.19 V/dec. The TFTs 

deposited at 400 oC show the lowest off-state current of 1 nA, the highest current 

modulation in excess of 105, threshold voltage of about 8 V, the highest electron 
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mobility in excess of 9.5 cm2V-1s-1 and the lowest subthreshold voltage swing of about 

1.67 V/dec. At higher deposition temperatures, the performance of the In2O3-based 

TFTs deteriorated, as the TFTs exhibited higher off-state currents, reduced on to off 

current modulation ratios, decreased field effect mobilities and higher subthreshold 

voltage swing. The operational characteristics of the In2O3 based TFTs are summarised 

in Table 7-1. 
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Figure 7-10: IDS (left axis) and IDS
1/2 (right axis) versus VGS curves of spray deposited In2O3-based TFTs for 

different In2O3 deposition temperatures (a) 350oC, (b) 400oC, (c) 450oC and (d) 500oC. The channel length 
(L) and width (W) were 100 and 1000 μm respectively. 

 
Table 7-1: Operational characteristics of spray deposited In2O3 based TFTs, for different deposition 
temperatures. 

Td (oC) Vt (V) ΔVt (V) Ioff (A) Ion (A) Ion/Ioff μsat (cm2/Vs) SS (V/dec) 

350 -2.87 0.8 1.51 x 10-7 1.30 x 10-3 8.65 x 103 9.13 2.19 

400 8.27 1.1 1.01 x 10-9 3.87 x 10-4 3.85 x 105 9.63 1.67 

450 7.62 3.6 1.75 x 10-9 1.47 x 10-4 8.38 x 104 3.76 3.58 

500 -21.09 3.63 2.53 x 10-8 1.62 x 10-4 6.40 x 103 0.45 4.41 
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 The extracted operational characteristics of spray deposited In2O3-based TFTs 

for different deposition temperature could be interpreted considering also the results 

from the optical measurements. By increasing the deposition temperature from 350 

oC to 400 oC, an initial increase in the band gap could be seen while the Urbach energy 

was reduced. Considering that Urbach energy refers to the width of the tails of 

localised states in the band gap, it could be associated to the decrease of the 

conductivity of the films. Since the density of localised states is reduced, the density 

of the donor like traps close to conduction band of In2O3 should be reduced. That is 

the reason of the observed decrease of the off-state current, by increasing the 

deposition temperature up to 400 oC. Also, the positive shift of threshold voltage 

originates from the decrease of the carrier concentration in the film.  
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Figure 7-11: Extracted operational characteristics of spray deposited In2O3-based TFTs for different 
deposition temperatures. a) threshold voltage, b) off-state current, c) field effect mobility in 
saturation regime and d) subthreshold swing. (The lines are guides to the eyes)  

 

 Further increase of deposition temperature, from 400 oC to 500 oC, resulted in 

an increase of the Urbach energy. It could be expected that such increase in the width 

of the localised states result to an increase of the conductivity of the films due to the 
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band gap narrowing. The latter is reflected in the off-state current of TFTs, as it was 

found to increase as the deposition temperature was increased from 400 oC to 500 oC.  

 Finally, a decrease in the field effect mobility as the deposition temperature 

increased, is depicted in Figure 7-11.c. Considering that the carrier mobility in oxide 

semiconductors is not band tail limited, the decrease in mobility could be attributed 

to increased interface trap density (Dit). Dit is proportional to subthreshold swing (SS), 

(Dit=Ci[(SS/2.3ekBT)-1/e2]) where Ci is the geometric capacitance of the dielectric, e is 

the elementary charge, kB is Boltzmann constant, and T the temperature. As can be 

seen from Figure 7-11(d), an increase of SS as the deposition temperature increased, 

is realised. The reason of this increase is not entirely clear, but it could be attributed 

to a deterioration of the dielectric-semiconductor interface quality which further 

deteriorates the field effect mobility.  

 Among the devices, TFTs based on In2O3 deposited at 400 oC showed the best 

performance which could result from the fact that structural distortions, such as 

oxygen vacancies, are minimised at this temperature. The latter is associated with the 

minimum of Urbach energy at this deposition temperature. 

 

7.3.3 Solution Processed Indium Zinc Oxide (IZO) 

 

 In this section, spray deposited IZO thin films as potential TFTs semiconducting 

channel, are studied.  In order for an all-around characterisation to be performed, IZO 

films were prepared onto a number of substrates for optical, structural and electronic 

characterisation. IZO films were deposited at 400 oC, as it was found to be the optimum 

deposition temperature of In2O3, in respect to the TFT characteristics. 

 

7.3.3.1 Optical Properties 

 

 Figure 7-12 illustrates the transmission spectra of the IZO films with varying the 

[Zn2+]/([Zn2+]+[In3+]) ratio. Figure 7-12 reveals IZO films of excellent optical quality and 

high optical transparency on the order of 85 % in the visible spectrum. 
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Figure 7-12: Optical transmittance of IZO thin films deposited by spray pyrolysis on fused silica 
substrates 

 

 The optical band gap of IZO films were derived using the Tauc plots. Figure 7-13 

shows the Tauc plots of IZO films with varying the [Zn2+]/([Zn2+]+[In3+]) atomic ratio. 

The optical band gap as well as the Urbach tail energy as a function of the 

[Zn2+]/([Zn2+]+[In3+]) atomic ratio are illustrated in Figure 7-14. 

 The optical band gap (Eg) shows a monotonic decrease with the increase of the 

[Zn2+]/([Zn2+]+[In3+])  ratio in the solution and ranges between 3.6 eV and 3.2 eV. These 

results clearly demonstrate the band gap engineering of solution processed metal 

oxides by means of physical blending of the precursor solutions [67], [68].  
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Figure 7-13: Tauc Plots of selected IZO spray deposited thin films. 
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Figure 7-14: Urbach tail energy Eu (left axis) and optical band gap energy (right axis) of spray deposited 
IZO thin films as a function of [Zn2+]/([Zn2+]+[In3+]) in the solution. The lines are guides to the eye. 

 

 Figure 7-14 shows the Urbach tail energy (Eu) of IZO thin films as a function of 

the [Zn2+]/([Zn2+]+[In3+]) ratio, which peaks at [Zn2+]/([Zn2+]+[In3+])~0.3 
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([In3+]:[Zn2+]=7:3).  From this stoichiometry and beyond the Urbach tail energy showed 

a monotonic decrease, reaching a minimum of 100 meV for ZnO. Urbach tail energy is 

associated with the degree of the structural distortion in both crystalline and 

amorphous materials [69]. It is well known that defects, such as vacancies and 

interstitials as well as changes in bond lengths and bond angles between atoms in a 

crystal structure, induce localised states in the band gap. 

 To further investigate the origin of the Urbach energy dependence on 

[Zn2+]/([Zn2+]+[In3+]) atomic ratio the films were characterised by FTIR spectroscopy. 

Besides the evolution of bond lengths and angles between the atoms, FTIR could 

provide useful information related to the precursors’ decomposition and their 

conversion to the related oxides.  

 The FTIR spectra of IZO films deposited on KBr substrates were conducted in 

absorption mode in the range of 400-4000 cm-1. Figure 7-15(a), shows the FTIR spectra 

of IZO films in the range of 400-450 cm-1, while Figure 7-15(b) shows the range 

between 500 and 650 cm-1. The FTIR spectra clearly demonstrate the complete 

decomposition of the precursor materials as bands attributed to the precursors do not 

contribute to the spectra (Figure 7-23 in this chapter’s Appendixes).   

 As it can be seen from Figure 7-15(a) and Figure 7-15(b) there is a peak centred 

at 419 cm-1 followed by a set of peaks in the range between 520 and 650 cm-1. As 

already mentioned these peaks are the characteristic vibration modes of In-O bonds 

signature of cubic In2O3 [63]–[65]. The peak at 598 cm-1 is attributed to asymmetric 

In-O bond stretching while the peak centred at 562 cm-1 is attributed to the 

asymmetric stretching of O-In-O. Moreover, from the symmetric stretching of O-In-O 

the peak centred at 537 cm-1 existed. Also, a peak centred at about 412 cm-1 (not 

shown) has been reported to be the characteristic In-O in plane bending mode.    
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Figure 7-15: FTIR spectra of spray deposited IZO films on KBr substrates for different wavenumber 
regions. 

 

 Increasing the [Zn2+]/([In3+]+[Zn2+]) ratio results in a decrease of the peak 

intensity as well as a noticeable broadening. It is known that the broadening of a FTIR 

peak is related to the structural disorder. Because of the broadening of the FTIR peaks, 

it could be assumed that increase of the [Zn2+] content in the films results in a 

structural distortion. However, this distortion could not be related neither with the 

change of In-O bond lengths nor with the change in In-O-In bond angle (Figure 7-9), as 

there was no remarkable peak shift, as the [Zn2+]/([In3+]+[Zn2+]) ratio increased. It 

could be assumed that either [Zn2+] substitute [In3+] atoms in its crystal lattice, or [Zn2+] 

is an interstitial in a host In2O3 lattice. 

 To elucidate the crystallographic structure of the IZO and further investigate 

the role of [Zn2+] atoms into the In2O3 crystal structure, supplementary structural 

analysis was conducted, by XRD. 
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7.3.3.2 Structural Properties 

 

 The diffraction patterns of IZO films on silicon substrates are shown in Figure 

7-16. Evidently, IZO films show distinct crystalline features for a [Zn2+]/([Zn2+]+[In3+]) 

atomic ratio of up to 0.7. Pattern indexing is based on the bixbyite In2O3 structure 

(JCPDS 06-0416) [55]. 
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Figure 7-16: X-ray diffraction of spray deposited IZO films on Si substrates for different 
[Zn2+]/([Zn2+]+[In3+]) 

 

 The strong (222) diffraction peak indicates highly textured films along this 

crystallographic orientation. Besides this, a less predominant reflection that appears 

at 2θ=35.5ο is the (400) reflection of cubic bixbyite-type In2O3 [19], [55], [70].  

 For the case of ZnO films, diffraction peaks at 2θ=31.8°, 34.54°and 36.5° were 

shown in XRD patterns. These peaks are the (100), (002) and (101) reflections of 

hexagonal ZnO (JCPDS 89–1397) [71]–[73].  

 It is however noticed that for the case of the spray deposited IZO thin films 

where [Zn2+]/([Zn2+]+[In3+])>0.7, i.e. [In3+]:[Zn2+]>3:7, there were no diffraction peaks 

that could be attributed to any zinc or indium-related compound. The absence of any 

zinc related compound diffraction peaks demonstrates that the [Zn2+] influences the 
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In2O3 crystal structure without forming any IZO compound. This is consistent with the 

results obtained from FTI. The broadening of the characteristic vibration modes in the 

range between 520 and 650 cm-1 could be explained by the existence of amorphous 

structure, as it is well known that high structural distortion increases the FWHM of the 

peaks.  

 To further investigate the effects of [Zn2+] of the structural properties of IZO 

films in the range of 0≤[Zn2+]/([Zn2+]+[In3+])≤0.7, the average crystallite size, 

interplanar spacing, lattice constant and lattice volume were calculated using the (222) 

reflection. The average crystal size was derived from the Scherer formula while 

interplanar spacing dhkl was calculated from the Bragg law [74]. 

 In Figure 7-17 the average crystal size, the interplanar spacing, the lattice 

constant and the lattice volume of the spray deposited IZO thin films in the range of 

0≤[Zn2+]/([Zn2+]+[In3+])≤0.7 as they were calculated from the (222) reflection peak, are 

presented. 

 The average crystal size of the spray deposited IZO films in the range of 

0≤[Zn2+]/([Zn2+]+[In3+])≤0.7 decreases monotonically with increasing the  

[Zn2+]/([Zn2+]+[In3+]) ratio. The average crystal size of In2O3 thin film was found to be 

13.34 nm while for the case of IZO film possessing a stoichiometry of 

[Zn2+]/([Zn2+]+[In3+])=0.7 the average crystal size was found to be of about 4.86 nm. 

The interplanar spacing d222 showed an initial increase from 2.91413 Å for the case of 

In2O3 to 2.91685 Å for the case of IZO film with stoichiometry of 

[Zn2+]/([Zn2+]+[In3+])=0.2, following by a decrease to 2.89288 Å for  

[Zn2+]/([Zn2+]+[In3+])=0.7. 
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Figure 7-17: (a) average crystallite size, calculated from (222) diffraction peaks, (b) interplanar spacing 
dhkl calculated for (222) plane, (c) lattice parameter a calculated from the (222) diffraction peak and (d) 
the corresponding lattice volume assuming the cubic bixbyite cubic In2O3 structure. 

  

 Considering the results of Figure 7-17, it can be assumed that in the indium rich 

region (i.e. [Zn2+]/([Zn2+]+[In3+])<0.3), [In3+] has not been replaced by [Zn2+]. This is 

because a substitution of [Zn2+] in [In3+] should cause a contraction of the lattice due 

to the difference on the size of the ions. [Zn2+] has an atomic radius of 142 pm while 

the atomic radius of [In3+] is 156 pm. In contrast, assuming that [Zn2+] acts as an 

interstitial in the In2O3 structure, a lattice expansion can be expected.  

 A further increase of the [Zn2+] content in the films, results in further 

substitution of [In3+] atoms. Since the atomic radius of [Zn2+] is smaller than that of 

[In3+] a shrinkage of the lattice is expected. Indeed, when the [Zn2+]/([Zn2+]+[In3+]) is 

higher than 0.3, the lattice constant of the IZO films was reduced indicating a lattice 

contraction. In Figure 7-18 a schematic representation of deformation in In2O3 crystal 

structure due to Zn2+ interstitials and substitutions in In3+ sites, is illustrated.   
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Figure 7-18: Representation of In2O3 lattice structure assuming a) Zn2+ interstitials and b) Zn2+ 

interstitials and substitutions in In3+ site.  

 

 The lattice expansion or contraction as a function of [Zn2+]/([Zn2+]+[In3+]) 

affects the Urbach energy. Following Cody et al., [75] the total disorder can be 

anticipated as the sum of two terms; thermal disorder and static disorder. The thermal 

disorder yields from excitations of phonon modes while the static disorder is due to 

structural disorder. Cody et al., proposed a generalised equation to summarise both 

the contributions of static and dynamic disorder, as  

Eu(T,X)=K(〈U2〉T+〈U2〉X) (7-1) 

where, 〈U2〉T is related to the mean square displacement of atoms and ⟨U2 ⟩X is the 

static inherent structural disorder. Considering the impact of the dynamic disorder 

component, it could be assumed that Zn2+ interstitials increase the dynamic disorder 

due to the increased displacement among the atoms, while the substitution of In3+ 

atoms by Zn2+ reduces the Urbach tail as the interatomic distances become shorter 

reducing the impact of dynamic disorder in Urbach energy. 
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7.3.3.3 Surface Analysis on IZO thin films 

 

 The surface morphologies of IZO films as a function of [Zn2+]/([Zn2+]+[In3+]) 

were investigated by AFM . In Figure 7-19 both topography and friction images of the 

spay deposited IZO films are illustrated. The surface friction characteristics are of 

particular interest because they provide not only an insight of homogeneity but 

additionally topography images with enhanced edges [76]. The latter is a useful 

feature as it allows the investigation on the density of the grain boundaries. It is well 

known that grain boundaries have a major impact on the carrier transport, as they are 

scattering centres that degrade the carrier mobility. 

 

Stoichiometry 
(in the solution) 

Topography Friction 

 
[In]:[Zn] = 10:0 

 
RRMS = 3.91nm 

 

  
 

[In]:[Zn] = 9:1 
 

RRMS = 3.92 nm 
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[In]:[Zn] = 8:2 

 
RRMS = 2.11 nm 

 

  
 

[In]:[Zn] = 7:3 
 

RRMS = 2.61 nm 
 

  
 

[In]:[Zn] = 6:4 
 

RRMS = 1.05 nm 
 

  
 

[In]:[Zn] = 5:5 
 

RRMS = 2.82 nm 
 

  



Chapter 7: Solution Processed Crystalline Indium Zinc Oxide (c-IZO) for High Performance  
Thin Film Transistors 

 

235 
 

 
[In]:[Zn] = 4:6 

 
RRMS = 2.75 nm 

 

  
 

[In]:[Zn] = 3:7 
 

RRMS = 1.17 nm 
 

  
 

[In]:[Zn] = 2:8 
 

RRMS = 0.96 nm 
 

  
 

[In]:[Zn] = 1:9 
 

RRMS = 8.11 nm 
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[In]:[Zn] = 0:10 

 
RRMS = 3.29 nm 

 

  
 

Figure 7-19: Atomic force images of spray deposited IZO films on Si substrates for different [In3+]:[Zn2+] 
ratios. 

 

 The topography images analysis revealed films of low roughness (Rrms<10nm). 

Films of low roughness values have been reported to exhibit high performance as TFT, 

channel materials [72], [77], [78]. Besides Coulombic and phonon scattering, interface 

roughness is an important scattering mechanism that limits the carrier mobility [79]. 

Moreover, from the friction images, it could be seen that there is an initial decrease of 

the concentration of grain boundaries which seems that for the case of 

[In3+]:[Zn2+]=6:4, is reduced to a minimum level. This is attributed to an increase in 

grain size which could be resulted by the increase of the lattice volume of the films 

 

7.3.3.4 TFT characteristics 

 

 The electron transport properties of IZO films were investigated by their 

implementation as semiconducting channels in TFTs employing a BG−TC TFT 

architecture and equally spray coated Al2O3 gate dielectric.  In this study, all the 

devices were of 100 μm and 1000 μm channel length (L) and width (W) respectively. 

 Figure 7-20 illustrates the transfer characteristics, at saturation of the TFTs 

employing spray deposited IZO films as semiconducting channel for different [In]:[Zn] 

ratios. The TFT parameters are also summarised in Table 7-2. 
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Figure 7-20: Transfer characteristics (IDS-VGS), in saturation regime (VDS=20 V), of the spray deposited 
IZO thin films for different [In]:[Zn] atomic ratios. (a) Indium rich region, (b) zinc rich region. 

 

 The effects of the IZO composition on the off-state current, current 

modulation, field-effect mobility and subthreshold voltage swing as a function of [Zn2+] 

content in the IZO-films, are presented in Figure 7-21. 

 As it can be seen from Figure 7-20, Figure 7-21 and Table 7-2 the off-state 

current (Ioff) showed an initial decrease from about 2 nA for the case of In2O3 channel, 

down to about 18 pA for [In]:[Zn] =6:4 followed by an increase up to about 1 nA for 

the case of ZnO. The initial decrease of the Ioff is due to a decrease of the free carrier 

concentration induced by the inclusion of [Zn2+] atoms as lattice interstitials into the 

lattice of In2O3. Naghavi et al., reported that increase in the content of [Zn2+] into In2O3 

host matrix, led to a decrease in the carrier concentration in their IZO thin films [80]. 

Considering the results based on the Ioff, it can be assumed that [Zn2+] supress the 

oxygen vacancies of In2O3, which are the source of free careers.  
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Table 7-2: Summary of operational characteristics of the spray deposited IZO thin films for different 
[In]:[Zn] atomic ratios. 

[In]:[Zn] 
Von 
(V) 

Ioff 
(A) 

Ion 
(A) 

Ion/Ioff 
μsat 

(cm2V-1s-1) 
SS 

(Vdec-1) 

10:0 -6.91 2.2 x 10-9 1.7 x 10-3 7.7 x 105 8.50 1.02 

9:1 -3.01 6.1 x 10-10 4.3 x 10-4 7.1 x 105 7.95 0.87 

8:2 -0.55 2.2 x 10-10 9.1 x 10-4 4.1 x 106 7.67 0.60 

7:3 0.182 5.3 x 10-11 9.6 x 10-4 1.8 x 107 6.58 0.45 

6:4 1.91 1.8 x 10-11 1.8 x 10-4 1.0 x 107 4.80 0.30 

5:5 -1.62 1.6 x 10-10 8.3 x 10-4 5.2 x 106 3.51 0.92 

4:6 -2.61 2.3 x 10-10 8.2 x 10-5 3.4 x 105 1.18 1.58 

3:7 -8.01 5.3 x 10-10 3.9 x 10-4 7.4 x 105 8.30 2.93 

2:8 No TFT characteristics 

1:9 No TFT characteristics 

0:10 -3.8 9.5 x 10-10 2.5 x 10-4 2.6 x 105 5.30 1.77 
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Figure 7-21: (a) off-state current, (b) current modulation, (c) field effect mobility, (d) subthreshold 
voltage swing. The lines are guides to the eye. 

 

  The increase of conductivity of Zn-rich IZO is shown by the increase of Ioff and 

it is attributed to an increase of free carriers, possibly originated from oxygen 

vacancies induced by the excess of Zn atoms that substitute the indium [77], [80]. 
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Indium atoms can coordinate 6 oxygens, while Zn can coordinate 4. Based on this, 

when an In atom is substituted by a Zn atom, a formation of a pair of oxygen vacancies 

may result. The higher the substituted Zn content, the higher the oxygen vacancy 

concentration in the In2O3crystal.        

 A similar trend, was observed for the SS as a function of the [In3+]:[Zn2+] ratio. 

The SS value showed a decrease from 1 V/dec for undoped In2O3-based TFTs down to 

about 300 mV/dec for the films with a ratio of [In3+]:[Zn2+]=6:4  followed by an increase 

up to about 1.8 V/dec for In-free ZnO. The SS has been used to extract the maximum 

trap density per unit energy (Dtr=Cox[(SS/2.3ekBT)-1/e2]) at the 

semiconductor/dielectric interface [81]. Therefore, for IZO films of a [In3+]:[Zn2+] ratio 

of 6:4, with the lowest SS, the maximum trap density was found to be as low as 

Dtr=1.38×1012 eV-1cm-2. Such low trap density is acceptable for oxide/oxide interfaces 

[82]. The semiconductor-dielectric interface is of great importance regarding TFT 

operation since it manifests the carrier transport within the channel of the TFT. An 

interface free of trap centres will allow smoother carrier pathways free of scattering 

centres that degrade performance.  

 Finally, the field effect mobility (μsat) of the IZO–based TFTs was found to be 

decreased with increasing the [Zn2+] content. The highest field effect mobility of about 

(8.5 cm2V-1s-1) was achieved for the devices employing In2O3. Martins et. al., reported 

that, in contrast to covalent semiconductors, in oxide semiconductors the carrier 

mobility is not band-tail limited, therefore is not affected by structural disorder and 

the carrier transport properties highly depend on the oxygen vacancies, the source of 

free carriers [82]. Additionally, Adamopoulos et. al., reported that average crystal size 

<d>, of the oxide semiconductor, strongly affects the field effect mobility of ZnO-based 

TFTs [10], [83]. According to their findings larger crystals reduce the effect of grain 

boundary limited transport. Therefore, the decrease of the μsat originates from both 

the decrease of the carrier concentration with the increase of [Zn2+] content in the 

films as well as the decrease of the average crystal size (Figure 7-17a). Assuming that 

low [Zn2+] concentration in In2O3, i.e. [Zn2+]/([Zn2+]+[In3+])<0.4, considered to be a 

metal interstitial, that immobilises the oxygen vacancies, the decrease in Ioff and μsat 
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could be explained. Further increase of the [Zn2+] content in the IZO, enhanced channel 

conductivity that it was hard to be depleted, even when high voltages were applied. 
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Figure 7-22: Transfer (left) and output (right) characteristics of the spray deposited IZO based thin film 
transistor possessing a [In3+]:[Zn2+]=6:4 stoichiometry. 

 

 A representative set of the transfer and output characteristics for an optimised 

TFT (L=100 μm, W=1000 μm) based on IZO with the optimum ratio of 

[Zn2+]/([Zn2+]+[In3+])=0.4, i.e [In3+]:[Zn2+]=6:4, is shown in Figure 7-22. 

 

7.4 Summary 

 

 In this chapter the role of [Zn2+] on the structural, optical and charge carrier 

transport properties of spray deposited crystalline IZO was investigated. Thin films 

were deposited from methanol-based solution of the respected metal precursors. 

InCl3 and Zn(O2C2H3)
2
.2H2O were used in this study as source of In and Zn respectively. 

The thermal properties both of precursors, were investigated by TGA/DSC. A substrate 

temperature higher than 370 oC was found to be sufficient for the complete 

decomposition of InCl3 to In2O3, while a temperature slightly higher than 350 oC was 
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found to be sufficient for the complete decomposition of Zn(O2C2H3)
2
.2H2O and its 

transformation to ZnO.         

 Firstly, the impact of deposition temperature, on the optical and charge carrier 

transport properties of the spray deposited In2O3 thin films was investigated. Optical 

characterisation, by UV-Vis spectroscopy, revealed a negligible increase of the In2O3 

band gap, 3.56 eV for substrate temperature of 400 oC, followed by a sharp decrease 

for higher deposition temperatures, i.e. 3.43 eV for deposition at 500 oC. Such a 

decrease was attributed to the existence of localised states in the band gap of In2O3 

as was further confirmed from the Urbach energy. FTIR confirmed the complete 

conversion of the precursor to indium oxide, while further analysis revealed the 

molecular structure of In2O3. Furthermore, the impact of deposition temperature on 

the electron transport properties of In2O3 thin films was also investigated. Among the 

devices, In2O3-based TFTs deposited at 400 oC showed the best performance 

exhibiting low off-state current (~2 nA), high on-off current ratio (~105), high field-

effect electron mobility (9.63 cm2/Vs) and low subthreshold swing (1.67 V/dec). The 

origin of the improved characteristics at this temperature was interpreted considering 

the reduced width of the localised tails in the band gap that slightly increased the band 

gap, and the improved oxide-dielectric interface quality as confirmed by SS. 

 Considering the optimum deposition temperature for In2O3 films, a series of 

IZO films were deposited as a function of [Zn2+]/([Zn2+]+[In3+]) ratio. The impact of 

[Zn2+] on optical, structural and electrical properties of the IZO was investigated by a 

wide range of experimental techniques. Optical experiments (UV-Vis transmission 

spectroscopy and FTIR) revealed films of high optical quality and transparency on the 

order of 85 % in the visible spectrum. The optical band gap decreased as the 

[Zn2+]/([Zn2+]+[In3+])  ratio was increased and ranged between 3.6 eV for In2O3 and 

3.2 eV for ZnO. To elucidate the impact of [Zn2+] content on the band structure of 

In1-xZnxOy, further analysis based on Urbach energy was carried out. Urbach energy of 

IZO thin films, showed an initially increase as the [Zn2+]/([Zn2+]+[In3+]) ratio was 

increased. The increase of the Urbach energy peaked at [Zn2+]/([Zn2+]+[In3+])~0.3, (i.e., 

[In3+]:[Zn2+]=7:3). From this stoichiometry and beyond the Urbach tail energy showed 
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a decrease with increasing the [Zn2+]/([Zn2+]+[In3+]) ratio, reaching a minimum of 100 

meV for ZnO. To elucidate the origin of this trend of the Urbach energy, further 

analysis based on FTIR spectroscopy was conducted. By FTIR spectra analysis it was 

found that [Zn2+] (at low [Zn2+]/([Zn2+]+[In3+]) ratios), could act as an interstitial in a 

In2O3 host, while for higher ratios it was concluded that [Zn2+] substitutes [In3+] atoms 

in their lattice. The latter was confirmed by XRD analysis, as it was found that, both 

the lattice constant and interplanar spacing, were initially increased by increasing the 

[Zn2+]/([Zn2+]+[In3+]) ratio leading to a lattice expansion while for higher 

[Zn2+]/([Zn2+]+[In3+]) ratios a lattice shrinkage was observed. The change of structural 

characteristics as a function of [Zn2+]/([Zn2+]+[In3+]) ratio affected the carrier transport 

characteristics of IZO based TFTs. The lattice expansion (result of [Zn2+] interstitial), led 

to a reduction of the Ioff current, which was assumed to be originated from the 

suppression of intrinsic oxygen vacancies of In2O3 by [Zn2+]. Further increase of the 

[Zn2+] content of In2O3 led to an increase in Ioff which was assumed to originate from 

the substitution of [In3+] atoms by [Zn2+]. Since [Zn2+] coordinates 4 oxygen, in contrast 

to [In3+] (which coordinates 6), a substitution of [In3+] by [Zn2+] could induce 2 oxygen 

vacant places in the In2O3 host matrix. Finally, the field-effect mobility was found to 

depend on both the carrier concentration and the average crystal size.  

 It was found that, for the optimum c-IZO, of ratio [Zn2+]/([Zn2+]+[In3+])=0.4, i.e. 

[In3+]:[Zn2+]=6:4, the c-IZO based TFTs showed the highest performance, exhibiting low 

off-state currents (18 pA), high on/off current ratio (107), high field-effect mobility of 

about 5 cm2/Vs, and low subthreshold swing of 0.3 V/dec. 
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Figure 7-23: FTIR spectra of IZO thin films and the InCl3 and Zn(O2C2H3)2.2H2O precursors demonstrating 
the complete decomposition of the precursors. 
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8.1 Introduction 

 

 In the previous chapter, solution-processed c-IZO films were deposited at 

substrate temperatures of 400 oC. In this chapter, the investigation of selected dopants 

(Ga3+, Y3+, Zr4+, Nb5+), and their role in IZO films and TFTs is investigated. The TFTs’ 

characteristics such as the off-state current (Ioff), the current modulation ratio (Ioff/Ion), 

the field effect mobility (μ) and the subthreshold voltage swing (SS) are studied as 

function of the physical characteristics of the metal cations.  

 Gallium has for long been considered as an additive to amorphous indium-zinc 

oxide (a-IZO) in order to supress the carrier concentration of a-IZO [1]–[4]. The 

suppressing efficiency of Ga has been attributed to its higher electronegativity (1.81) 

in contrast to Zn (1.65) and In (1.78) [5]. Over the last decade, several other metal 

cations have been proposed as alternatives to Ga3+ in a-IZO, as effective carrier 

suppressors [6]. For instance, Hf and Zr have been selected due to their stronger 

bonding strength with oxygen [7], [8]. Hennek et al., suggested that oxide lattice 

formation enthalpy (ΔHL) and metal ionic radius are the properties ruling the oxygen 

getter efficacy of metal cations towards their carrier suppression efficiency in a-IZO 

films [9]. Benwadih et al., reported that dopants possessing high electronegativity and 

ionic radii close to that of In and Zn exhibited low interface trap density that favours 

high TFT mobilities [10].  

 In contrast, other studies argued that metal cations of low electronegativity are 

needed. For instance, Kim et al., reported on Ba doped IZO TFTs [11]. They suggested 

that low electronegativity of Ba (0.89) favours it because it could be oxidised more 

readily. In another study, Kim et al., fabricated Mg-doped IZO TFTs [12]. According to 

their findings Mg, which possesses low standard electrode potential (-2.37 V) and high 

optical band gap when oxidised (7.9 eV), was found to decrease the carrier 

concentration of the films. 

 Parthiban et al., suggested that the Lewis acid strength (L), which is related to 

the charge number (Z) of the atomic core and ionic radius (r) along with the 

electronegativity (χz) of the doping elements, and the bonding strength of M-O (M: 

metal dopant) are important key parameters towards high performance TFTs [6]. 
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 However, so far there is not a clear methodology for selection of an 

appropriate metal cation as an effective dopant towards high performance TFTs. In 

this study the metal dopant selection was based on a) the ionic radius of the metal and 

b) the oxidation number along with the electronegativity. Therefore, Ga, a well-

established metal dopant in IZO films, was studied. Ga is of an oxidation number of +3 

and an ionic radius of 76 pm. In the next stage, Y was selected because it possesses 

the same oxidation number with Ga, i.e. +3, but a significantly bigger ionic radius (104 

pm). Next, Zr was studied due to its higher oxidation number of +4, but a smaller ionic 

radius of 86 pm in contrast to Y one but similar to that of Ga. Lastly, Nb with an 

oxidation number of +5 with an ionic radius of 78 pm. Additionally, the 

electronegativity of the selected dopants was increased in the series of Y3+ (1.22), Zr4+ 

(1.33), Nb5+ (1.6), Ga3+ (1.81).  

 

8.2 Experimental  

 

8.2.1 Precursor Solution Chemistry 

 

 The precursor materials that have been used in this study were aluminum 2,4-

pentanedionate (Al(C5H7O2)
3
, Alfa Aesar, 99%), indium (III) chloride (InCl3, Alfa Aesar, 

98+%), zinc acetate dihydrate (Zn(O2C2H3)
2
.2H2O, Alfa Aesar, ACS, 98-101%), gallium 

(III) chloride (GaCl3, Alfa Aesar, ultra-dry, 99.999% ), zirconium (IV) acetylacetonate 

(Zr(C5H7O2)
4
, Sigma-Aldrich, 97%), yttrium (III) 2,4-pentanedionate hydrate 

(Y(C5H7O2)
3
.2H2O, Alfa Aesar, 99.9%) and niobium (IV) chloride (NbCl5, Alfa Aesar, 

99.9%). All the precursors were used as received without any further purification. In 

this study methanol (CH3OH, VWR, ACS, ≥99.8%) was used as the solvent of choice due 

to the high solubility of the precursors in it. However, methanol has low boiling point 

(64.6 oC) and evaporates rapidly. To slow down solvent evaporation, and thereby 

hinder particle formation, methanol was mixed with 2,4-pentanedione (C5H8O2, Alfa 

Aesar, 99%) which possesses a high boiling point (~140 oC) [13]. 

 Solutions of 0.1 M IZO:X (X=Ga, Y, Zr, Nb), for each metal composition, were 

produced by dissolving the precursors into a mixture of methanol and acetylacetone 
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at CH3OH: C5H8O2molar ratio of 10:1. The atomic ratio of the X varied from 0 to 20 

atomic percent (at.%) of In. The atomic ratio of [In3+]:[Zn2+] was kept constant at 3:2, 

as that was found to be the optimum [In3+]:[Zn2+] atomic ratio, in terms of the 

performance of c-IZO based TFTs, from the previous chapter.  The doping level of 

[X]:[In]:[Zn] was achieved by simple blending of the appropriate amount of precursor 

solutions. 

 

8.2.2 Device Fabrication 

 

 For this study, bottom gate-top contact (BG-TC) transistors were fabricated in 

the same way as illustrated in Figure 7-3. 

 

8.2.3 Thin Film & Device Characterisation Techniques 

 

 The thermal properties of the precursor materials were investigated by 

thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

microstructure of the spray deposited thin films was characterised by X-ray diffraction. 

The optical properties of the films were investigated by Fourier transform infrared 

(FTIR) and UV-Vis absorption spectroscopy.  Finally, the performance of IZO as 

semiconductor was investigated utilising a bottom-gate, top-contact (BG−TC) TFT 

architecture. The electron mobility was extracted from the transfer characteristics (IDS-

VGS) in saturation regime using the gradual channel approximation [14].  

 

8.3 Results 

 

8.3.1 Thermal Analysis of Precursor Compounds 

 

 The thermogravimetric (TG) and differential scanning calorimetric (DSC) data 

of InCl3 and Zn(CH3COO)
2
.2H2O and their interpretation have been presented in the 

previous chapter. In this chapter, the TG and DSC data of Y(C5H7O2)
3
.xH2O, 

Zr(C5H7O2)
4 and GaCl3 are investigated. In Figure 8-1, the TG and DSC data of the 

Y(C5H7O2)
3
.xH2O, are presented. The initial mass loss, taking place in the temperature 
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range between 80 and 130 oC, is due to the dehydration of the precursor. The 

dehydration process is a highly endothermic process as can be seen from the DSC data. 

On the next endothermic process at around 240 oC, the observed mass loss has been 

attributed, by Alarcón-Flores et al. [15], to the loss of one of the β-ketone molecules 

(C5H7O2), leaving an Y(C5H7O2)
2
 complex. Finally, in the temperature range between 

380 and 550 oC two endothermic processes are taking place while further mass loss is 

observed. This mass loss probably results from the partially thermal decomposition of 

the remaining Y(C5H7O2)
2
 complex [15]. It has been reported that the Y(C5H7O2)

2
 

complex tends to slowly be degraded to form yttrium oxide (Y2O3) and organic 

residues at temperature of about 600 oC [15]. 
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Figure 8-1: TGA (black line) and weight loss rate (red line) and DSC (right Y axis) data of 20 mg yttrium 
(III) acetylacetonate hydrate powder. TGA and DSC measurements conducted under nitrogen flow at a 
heating rate of 10 K/min. 

 

 The TG and DSC data of zirconium (IV) acetylacetonate (Zr(C5H7O2)
4
) in N2, are 

depicted in Figure 8-2. Primarily, it consists of an endothermic decomposition at 195 

oC prior to a drastic decomposition where about 40 % of the total mass loss occurs. 

This process ends up at about 250 oC, where the end of the endothermic peak is 

observed. Similar results were reported by Petit et al., [16].  Ismail, reported that in 

the temperature, between 150 and 200 oC, there is a release of two moles of C3H4 
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indicating that the decomposition of Zr(C5H7O2)
4
 starts by the formation of a complex 

of acetate and acetoacetonate of zirconium, Zr(C5H7O2)
2
(CH3COO)

2
 [17]. The 

decomposition process is followed by two progressive steps in the temperature range 

of 300-500 oC. The exothermic process in the temperature region between 325 and 

400 oC has been attributed to the decomposition of Zr(C5H7O2)
2
(CH3COO)

2
 to 

ZrO(CH3COO)
2
, while the endothermic process in the temperature region between  

400 and 500 oC has been attributed to the decomposition of ZrO(CH3COO)
2
 to ZrOCO3 

[17]. Petit et al., associated the last exothermic peak at about 535 oC, with the onset 

of crystallization of ZrOCO3 [16]. 
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Figure 8-2: TGA (black line) and weight loss rate (red line) and DSC (right Y axis) data of 15 mg zirconium 
(IV) acetylacetonate powder. TGA and DSC measurements conducted under nitrogen flow at a heating 
rate of 10 K/min. 

 

 In Figure 8-3, the the TG and DSC data of GaCl3 are presented. Considering the 

hygroscopic nature of GaCl3 it could be assumed that because of the reaction of GaCl3 

with the atmospheric moisture, prior the measurement, part of GaCl3 turned into 

Ga(OH)3 according to the reaction GaCl3+3·H2O→Ga(OH)3+3·HCl.  As can be seen 

there is a constant decrease in mass in the temperature range between 50 and 150 oC. 
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Considering the high hygroscopic nature of GaCl3, it could be assumed that this initial 

mass loss is attributed to realesed of the absorbed water. The small endothermic peak 

around 80 oC is attributed to the melting point of GaCl3 (MP=78 oC), while the 

endothermic peak at around 180 oC acompanied with a significant mass loss, could be 

due to the boiling point of GaCl3 (BP=201 oC).  
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Figure 8-3: TGA (black line) and weight loss rate (red line) and DSC (right Y axis) data of 15 mg gallium 
(III) chloride powder. TGA and DSC measurements conducted under nitrogen flow at a heating rate of 
10 K/min. 

 

8.3.2 Optical & structural properties of c-IZO:X thin films 

 

 The optical properties of the c-IZO:X (X: Ga, Y, Zr, Nb) films as a function of the 

doping ratios were investigated by UV-Vis-NIR absorption spectroscopy while 

information about bonding configuration were investigated by FTIR. Films were 

deposited at a temperature of 400 oC and film thickness was estimated to be 

approximately 15 nm by single wavelength ellipsometry.  
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8.3.2.1 Ga-doped c-IZO 

 

 In Figure 8-4.a, the optical transmittance of spray deposited IZO:Ga films for 

different Ga concentrations (5, 10, 20 at. %) are presented. The Tauc plots [18] that 

show the onset of optical transitions near the band edge are illustrated in Figure 8-4.b. 

The optical band gap as well as the Urbach tail energy of films with different Ga doping 

concentrations are illustrated in Figure 8-5.  
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Figure 8-4: a) Transmittance spectra and b) Tauc plots of the IZO:Ga thin films for different Ga doping 
concentration. 

 

 As can be seen from Figure 8-5, the optical band gap of the IZO:Ga films is 

becoming wider as the Ga fraction in the films is increasing. The increase in band gap 

could be attributed to Burstein-Moss effect [19], [20]. According to the Burstein–Moss 

effect, the blue-shift of the onset of optical transitions of the films near the band edge 

is due to an increase in carrier concentration. Therefore, Ga doping in c-IZO films could 

be assumed to increases carrier concentration in the c-IZO films.  

 Considering the increase in Urbach energy (Figure 8-5) with the increase in Ga 

doping concentration, it is postulated that the increase in carrier concentration with 
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the increase of the Ga doping concertation is due to the fact that Ga forms a shallow 

donor level close to the conduction band of IZO. Moreover, the increase in Urbach 

energy has been related to the increase in density of defect states. The origin of defect 

states could be attributed to Ga interstitials in the IZO host matrix and or GaZn antisite 

defects. Also, an increase in carrier concentration due to an increase in structural 

distortion induced by the increase in Ga content in IZO could be assumed. Oxygen 

vacancies and antisite defects have for long been considered as the origin of free 

carriers in metal oxide based semiconductors [21], [22].  

 

0 5 10 15 20
3.5

3.6

3.7

3.8

3.9

 E
g

 E
U

Ga
3+

 (at%)

B
a
n

d
 G

a
p

 (
e
V

)

600

700

800

900

1000

U
rb

a
c
h

 T
a
il E

n
e
rg

y
 (m

e
V

)

 

Figure 8-5: Optical band gap and Urbach tail energy of IZO:Ga films as a function of Ga  doping levels. 
Lines are guides to the eye.  

 

 To further investigate the role of Ga doping concentration on the structural 

properties of IZO:Ga films and their impact on the electrical properties, FTIR 

measurements were conducted. In Figure 8-6 the FTIR absorption spectra of Ga-doped 

IZO on KBr substrates for thin films of varying Ga doping ratios are presented. 

Evidently, increasing the Ga doping level results in a shift towards higher 

wavenumbers as well as a widening of the main peaks associated with c-IZO. It has 

been shown that when amorphous oxides crystallise, the absorption peaks shift to 
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lower frequencies and their width becomes narrower [23]. Considering the results 

from FTIR it could be further supported that Ga inclusion in the c-IZO crystal structure 

induced structural disorder, while considering the lack of peaks at the very high doping 

level (20% at.), it could be assumed that the c-IZO:Ga crystal becomes amorphous. This 

is in full agreement with the XRD patterns presented in Figure 8-7. Evidently, increasing 

the Ga content in the film, there is a shift of the main peaks previously assigned to 

cubic In2O3, while it could further explain the monotonic increase in Urbach energy 

with increase in Ga doping level. Therefore, considering that Urbach energy is 

associated with the width of the localised states in the band gap, it could be assumed 

that by increasing the Ga content in the c-IZO films there was an increase in the density 

of localised states in the c-IZO band gap which could be further attributed to the phase 

transformation from crystalline IZO to amorphous.  
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Figure 8-6: FTIR absorption spectra of Ga -doped IZO, at two different spectra regions, on KBr substrates 
for thin films of varying Ga doping ratios.  
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Figure 8-7: GIXRD diffraction patterns of Ga-doped c-IZO films for varying Ga doping ratios. 

 

8.3.2.2 Y-doped c-IZO 

 

 In Figure 8-8.a, the optical transmittance of spray deposited IZO:Y films for 

different Y concentrations (5, 10, 20 at. %) are presented. The Tauc plots [18] are 

illustrated in Figure 8-8b. The optical band gap energy and Urbach tail energy of IZO:Y 

thin films as a function of the Y doping concentration as extracted from the Tauc plots, 

are depicted in Figure 8-9. 

 As can be seen from Figure 8-9, increase in Y doping level slightly affected the 

optical band gap of IZO while it decreases the Urbach energy. At first glance, 

considering the decrease in Urbach energy it could be assumed that Y doping resulted 

a less disordered crystal structure by either enhancing the crystallisation of c-IZO 

possibly due to an increase of the crystal size or bridging the non-bridged oxygens in 

the c-IZO structure. In both cases, the increase of the Y content in c-IZO films reduced 

the density of localised states in the band gap, as is denoted by the decrease in Urbach 

energy. 
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Figure 8-8: a) Transmittance spectra and b) Tauc plots of the IZO:Y thin films for different Y doping 
concentration  
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Figure 8-9: Optical band gap and Urbach tail energy of IZO:Y thin films as a function of Y fraction. Lines 
are guides to the eye. 
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 To investigate the origin of the decrease in Urbach energy, the structural 

properties were investigated by GIXRD (Figure 8-10). Considering the GIXRD patterns, 

all films exhibit strong diffraction peaks centred at 30.7° and less intense peaks at 

21.5°, 35.6°, 51° and 60.9°. These peaks are the (211), (222), (400), (440) and (622) 

reflections, signature of cubic In2O3 (JCPDS-PDF 06-0416). 
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Figure 8-10: GIXRD diffraction patterns of Y-doped c-IZO films for varying Y doping ratios. 

 

 The crystal size of Y-doped IZO thin films was obtained by using Debye-Scherrer 

formula, while the lattice strain of all the thin films were calculated using the tangent 

formula, 휀 = 𝛽/4𝑡𝑎𝑛𝜃, where β the full width at half maximum of the diffraction peak 

and θ the diffraction angle [24]. In Figure 8-11 the average crystal size (a) and the 

calculated lattice strain (b) calculated from the (222) plane of reflection are depicted. 
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Figure 8-11: (a) average crystal size and (b) lattice strain calculated from (222) plane of IZO:Y thin films 
as a function of Y fraction. The lines are guides to the eye. 

 

 As can be seen from Figure 8-11, increase in Y concentration induced a strain 

relief in c-IZO crystal structure. This strain relief could be attributed to the increase in 

crystallinity as the increase in average crystal size denotes. Moreover, the decrease in 

lattice strain could be attributed to the decrease in lattice defects which is reflected in 

the decrease of Urbach energy with the increase of Y content in c-IZO films. 

Furthermore, considering that Y possesses lower electronegativity (1.22) and standard 

electrode potential (-2.372 V), it has been shown that it can act as carrier suppressor 

in IZO system [25]. Here, it is postulated that the increase in Y doping concentration 

suppressed the concentration of oxygen vacancies in c-IZO crystal structure, therefore 

a less distorted c-IZO structure was emerged, in accordance to the observed decrease 

both in Urbach energy and lattice strain.    
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8.3.2.3 Zr-doped c-IZO 

 

 Figure 8-12 presents the optical transmittance spectra of spray deposited 

IZO:Zr films and the Tauc plots for different Zr doping concentrations (5, 10, 20 at. %). 

The optical band gap as well as the Urbach tail energy of films with different Zr doping 

concentrations are illustrated in Figure 8-13.  
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Figure 8-12: a) Transmittance spectra and b) Tauc plots of the IZO:Zr thin films for different Zr doping 
concentration 

 

 Evidently, the increase of the Zr content in the c-IZO the optical band gap of 

the spray deposited IZO:Zr thin films, initially showed a monotonic decrease for a 

concentration up to 10at.%. Such decrease can be attributed to the formation of 

defect sites like oxygen vacancies or metal interstitials. The initial increase of the 

Urbach tail energy for a concentration up to 10at.% could further support the 

hypothesis about the formation of defect sites. As it has been already mentioned, the 

Urbach tail energy constitutes a qualitative measure of disorder in solids [26]. 

Therefore, it is postulated that Zr(10 at.%)-doped IZO thin films are more disordered.  
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Figure 8-13: Optical band gap and Urbach tail energy of IZO:Zr thin films as a function of Zr content. The 
lines are guides to the eye. 
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Figure 8-14: FTIR absorption spectra of Zr-doped IZO on KBr substrates for thin films of varying Zr doping 
ratios. 



Chapter 8: High-Performance TFTs based on Indium Zinc Oxide (c-IZO:X) TFTs 

 

268 
 

 

 To investigate the origin of the increase of the structural distortion, FTIR 

measurements were conducted. In Figure 8-14 the FTIR spectra of Zr-doped IZO films 

are shown. Considering the FTIR spectra we can assume that an increase in Zr content 

in the IZO film, did not affect significantly the position of the three main peaks at 536 

cm-1, 562 cm-1 and 599 cm-1. However, for high Zr doping level (20 at.%) a broadening 

of the peaks can be observed. This could be related to an increase of the structural 

distortion of the Zr-doped IZO films for high Zr concentration. Interestingly, the latter 

was not reflected in the Urbach energy, where for higher Zr doping level, a decrease 

in Urbach energy was observed. Here, it is postulated that, for Zr doping concentration 

up to 10 at%, the contribution of structural disorder due to complex defects that Zr 

addition in IZO films induced dominated the Urbach energy. 

 

8.3.2.4 Nb-doped c-IZO 

 

 The transmission spectra and the Tauc plots of the Nb-doped IZO deposited on 

fused silica substrates are presented in Figure 8-15. In Figure 8-16 the band gap and 

Urbach tail energy for the Nb-doped IZO films are shown. One can be seen, for a Nb 

content of up to 5 at.% the optical band gap slightly decreases whereas the Urbach tail 

energy slightly increases. The initial decrease of the band gap along with the increase 

of the Urbach tail energy could be attributed to an initial formation of defect states as 

a result of the Nb doping level. Further increase of the Nb content results in an equally 

negligible increase of the band gap, while the Urbach energy was decreased. To 

investigate the origin of the decrease of the Urbach energy, FTIR measurements were 

conducted. In Figure 8-17 the FTIR spectra of Nb-doped IZO films in the spectra region 

of 500-650 cm-1are presented.  
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Figure 8-15: a) Transmittance spectra and b) Tauc plots of the IZO:Nb thin films for different Nb doping 
concentration 
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Figure 8-16: Optical band gap and Urbach tail energy of IZO:Nb thin films as function of Nb5+ content. 
The lines are guides to the eye.  
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Figure 8-17: FTIR absorption spectra of Nb-doped IZO on KBr substrates for thin films of varying Nb 
doping ratios. 

 

 Evidently, there is a broadening of the FTIR peaks previously associated to In-

O stretching bonds in the crystal. This could be related to a change from an order to a 

less ordered crystal structure. Considering the Urbach energy, this is quite interesting. 

The Urbach energy is related to the width of localised states in the band gap as result 

of structural distortion [27]. In crystalline materials the disorder can be both static and 

dynamic. Static structural disorder can be due to the presence of complex defects, 

while dynamic disorder arises due to electron-phonon coupling [27]. Considering the 

results from FTIR a structural distortion due to increase in Nb content is postulated. 

This is reflected in the initial increase of the Urbach energy for a Nb doping 

concentration up to 5 at.%. Further increase in Nb content resulted in a significant 

decrease in dynamic disorder. The decrease of dynamic disorder is postulated that 

prevailed over the increase in static disorder, resulted to a total decrease in Urbach 

energy. 
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8.3.3 Field effect measurements 

 

 The charge carrier transport properties of X-IZO films, were investigated by the 

implementation of X-IZO films as semiconducting channels in bottom-gate top-contact 

TFTs.  

Figure 8-18 depicts the transfer characteristics for c-IZO, X=Ga, Y, Zr, Nb, TFTs at VDS=20 

V with X to In ratio of 0 to 20 at.%. The extracted device parameters are summarised 

in Table 8-1 and are presented in, Figure 8-19, Figure 8-20 and Figure 8-21. 

 
Table 8-1: Summary of c-IZO:X TFT parameters. 

 X (at.%) VTH (V) Ioff (A) Ion (A) Ion/Ioff μ (cm2/Vs) SS (V/dec) 

c-IZO 0 6.80 1.8 x 10-10 6.1 x 10-4 3.4 x 106 4.47 0.67 

Ga 5 -7.90 4.4 x 10-5 7.4 x 10-3 1.7 x 102 18.48 7.60 

 10 -7.50 9.7 x 10-6 2.8 x 10-3 2.9 x 102 14.31 5.77 

 20 -0.95 1.1 x 10-6 1.0 x 10-3 9.3 x 102 5.90 3.16 

Y 5 5.29 1.0 x 10-9 2.2 x 10-3 2.2 x 106 18.49 0.62 

  10 3.77 6.7 x 10-11 2.3 x 10-3 3.5 x 107 20.20 0.67 

  20 7.37 1.6 x 10-11 3.8 x 10-6 2.3 x 105 3.48 0.60 

Zr 5 3.36 3.2 x 10-7 3.1 x 10-3 9.7 x 103 13.61 2.24 

 10 4.10 1.8 x 10-7 2.7 x 10-3 1.5 x 104 12.85 2.13 

 20 3.16 4.3 x 10-8 7.7 x 10-4 1.8 x 104 9.83 2.08 

Nb 5 -1.04 2.8 x 10-6 2.6 x 10-3 9.3 x 102 10.64 4.24 

  10 2.69 4.4 x 10-7 2.1 x 10-3 4.7 x 103 12.37 2.76 

  20 3.53 1.0 x 10-7 1.9 x 10-3 1.8 x 104 12.65 1.75 

 
 

 For all the c-IZO:X thin films the inclusion of the metal cation initially resulted 

to an increase of the off-state current of the TFTs (Figure 8-19). For the case of Ga3+ 

the increase is of five orders of magnitude, for the case of Nb5+ four orders of 

magnitude, for Zr4+ three orders of magnitude while for Y3+ it is barely up to one order 

of magnitude. The origin of the increase in carrier concentration is not clear, but it is 

postulated that it could be due to metal interstitials (Xi), or substitutional antisite 

defects, e.g. XZn, XIn, (X=Ga, Y, Zr, Nb). Indeed, since the ionic radius of Ga3+ (76 pm), 

Zr4+ (86 pm) and Nb5+ (78 pm) is close to Zn2+ (88 pm), it could be assumed that such 

metal cations, substituted Zn atoms from its place leading to a more defective 
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structure as the Urbach energy increases. It has been reported, based on experimental 

and theoretical calculations, that antisite defects could act as shallow electron donors. 
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Figure 8-18: Transfer characteristic of (a) Ga -doped IZO, (b) Y -doped IZO, (c) Zr -doped IZO, (d) Nb -

doped c-IZO thin films with different doping ratios. 
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 On the other hand, Y3+ is of a relatively large ionic radius (104 pm). In this case, 

it is postulated that Y3+ acted as interstitial. Furthermore, due to its lower 

electronegativity (1.22) and standard electrode potential (the individual potential of a 

reversible electrode at standard state, -2.372) in contrast to the other dopants 

studied, Y3+ is of higher free carrier suppressing efficiency. The carrier supressing 

efficiency of Y3+ has been previously reported [25], [28]–[30]. 

 Besides the decrease of the off-state current, Y3+ doping significantly enhanced 

the field-effect mobility of TFTs, while the subthreshold swing has equally been 

improved. These two parameters, are of high importance as they are strongly related 

to the quality of dielectric/semiconductor interface. A high-field effect mobility 

enhances the performance of a TFT, while a small subthreshold swing is related with 

the reliability of the device. Subthreshold swing is a metric of the interface trap density 

and is directly related to it [31]. An important finding is that the decrease of the 

subthreshold swing follows the same trend as the Urbach energy. Since Urbach energy 

is related to the localised states in the band gap, it is postulated that the decrease of 

the subthreshold swing originated from the decrease of the localised states. 

Therefore, besides the other factors that limit the field-effect mobility, the decrease 

of the localised states in Y-doped IZO films, as the decrease of Urbach energy implies, 

could explain the increase in filed effect mobility of the Y-doped IZO based TFTs. 

 The field effect mobility was also initially increased for the rest of the dopants, 

Ga3+, Zr4+, Nb5+. Such increase of the field-effect mobility has not been followed by 

either an acceptable decrease of the off-state current or a decrease of the 

subthreshold swing. Also, considering the negative shift of the threshold voltage, it 

could be assumed that Ga3+, Zr4+ and Nb5+ doping increases the carrier concertation, 

presumably due to an increase of the shallow donor levels close to conduction band 

edge. As already stated, this increase of the donor level could be related to the 

increase of antisite defects such as XZn or XIn that act as shallow donors. The latter is 

further supported by the increase of the Urbach energy in both Ga3+ and Zr4+ doped 

films. For the case of Nb5+ the decrease of the subthreshold slope could be attributed 

to the decrease of the interfacial states resulted from the decrease of trap energy 

levels in the band gap as Urbach energy revealed. Besides, the low on-off current ratio 
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and the high off-state current do not qualify Nb5+ as a suitable dopant, for improved 

performance c-IZO TFTs.  
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Figure 8-19: Off-state current (Ioff) of c-IZO:X, (X=Ga, Y, Zr, Nb) based TFTs as a function of X content in 
the films. 
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Figure 8-20: Field effect mobility (μ) of c-IZO:X, (X=Ga, Y, Zr, Nb) based TFTs as a function of X content 
in the films. 
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Figure 8-21: Subthreshold slope (SS) of c-IZO:X, (X=Ga, Y, Zr, Nb) based TFTs as a function of X content 
in the films. 
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8.3.4 Detailed study of IZO:Y. 

 

 The high performance c-IZO:Y based TFTs stimulated the interest to elucidate 

in more detail the optical, structural and electrical characteristics of the c-IZO:Y films 

as a function of Y content. The physical properties of c-IZO:Y films were investigated 

as a function of [Y3+]/([In3+]+[Zn2+]) atomic ratio, keeping constant the [In3+]:[Zn2+] 

ratio. In Figure 8-22, the Tauc plots of selected c-IZO:Y films and the calculated optical 

band gaps and Urbach tail energies of c-IZO:Y thin films for different 

[Y3+]/([In3+]+[Zn2+]) ratio are illustrated.  
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Figure 8-22: (a) Tauc plots of selected c-IZO:Y films, (b) optical band gap and Urbach energy as a function 
of the [Y3+]/([In3+]+[Zn2+]) atomic ratio. The solid lines are guides to the eye. 

 

 Evidently, the increase of [Y3+] concentration in IZO:Y films didn’t significantly 

affect the optical band gap for a doping concentration up to about 20%, while for 

higher doping concentrations a distinct increase of the optical band gap is obvious as 

shown in Figure 8-22.b. This increase of the band gap, of heavily doped IZO:Y is 

attributed to a blue shift due to Burstein-Moss effect [19], which in occurs due to an 

increased carrier concentration.  
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 Interestingly, the Urbach tail energy showed a monotonic decrease with the 

increase in Y doping concentration. The Urbach energy is associated with the width of 

localised states in the band gap due to structural distortion [26], [32], [33]. Here, the 

increase in Y content seems to have a positive impact decreasing the width of localised 

states in the band gap of the c-IZO films. This could be due to an enhanced crystallinity 

of the films, and/or due to a decrease in lattice strain. To interpret the origin of the 

decrease of the Urbach energy, the structural properties of the IZO:Y films were 

investigated. Structural information of the IZO:Y films was obtained from XRD 

experiments. The GIXRD diffraction patterns of the IZO:Y with different 

[Y3+]/([In3+]+[Zn2+]) ratios are presented in Figure 8-23. 
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Figure 8-23: GIXRD diffraction patterns of Y-doped c-IZO films with different [Y3+}/([In3+]+[Zn2+]) ratios. 

 

 All films exhibit a strong diffraction peak centred at 30.7° and less intense peaks 

at 21.5°, 35.6°, 51° and 60.9°. These peaks are the (211), (222), (400), (440) and (622) 

reflections, signature of polycrystalline cubic In2O3 (JCPDS-PDF 06-0416). It should be 

noted that for all Y-doped films there are no diffraction peaks associated to any yttrium 

compound.  
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 In Figure 8-24, the average grain size 〈d〉, derived from the Debye-Scherrer 

formula and the interplanar spacing dhkl from Bragg equation calculated from the (222) 

diffraction peak are presented [24].   
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Figure 8-24: (a) Average grain size (<d>) and (b) interplanar spacing (dhkl) calculated from the (222) 
diffraction peak as a function of [Y3+]:[In3+] atomic ratio (in the solution). 

 

 As shown in Figure 8-24, the average grain size increases with increasing the 

[Y3+]/([In3+]+[Zn2+]) ratio and it reaches a maximum value of about 23 nm for 

[Y3+]/([In3+]+[Zn2+])=5%. Further increase of the [Y3+]/([In3+]+[Zn2+]) atomic ratio results 

in a decrease of the average grain size. The opposite trend observed for the interplanar 

spacing dhkl. The inclusion of [Y3+] reduces the interplanar spacing of (222) planes. 

Figure 8-25 depicts the calculated lattice constant for the spray deposited c-IZO:Y thin 

films as a function of [Y3+]/([In3+]+[Zn2+]) atomic ratio.  
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Figure 8-25: Lattice parameter a for Y-doped c-IZO thin films as a function of [Y3+]/([In3+]+[Zn2+]) atomic 
ratio. 

 

 As the yttrium content increases, the lattice constant 𝑎 decreases from 

10.0945 Å for undoped c-IZO to 10.073 Å for 20% Y-doped IZO, while further increase 

in [Y3+] content results in an increase to 10.085 Å for 40% Y-doped IZO. Since [Y3+] is of 

higher ionic radius (104 pm) from both [In3+] and [Zn2+], it is anticipated that [Y3+] did 

not enter the c-IZO crystal but it was located at the grain boundaries of c-IZO, as 

interstitial “impurity”. The grain boundaries are postulated to act as the channel for 

[Y3+] migration. In this study, the grain boundaries are assumed that not only, would 

not degrade the carrier transport properties and it is postulated that it could also have 

a positive impact by further enhancing the carrier transportation, providing sufficient 

channel for ion migration. In Figure 8-26 the proposed [Y3+] induced channel formation 

at grain boundaries is illustrated. Charge carriers could diffuse via the channel at 

nanocrystalline domain boundaries in the polycrystalline grain, enhancing the 

conductivity of the films.  
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Figure 8-26: Channel formation at grain boundaries and carrier transport pathway [34].   

 

 The surface morphologies of films are of critical importance towards the 

implementation of thin films in TFTs. Smooth film surfaces enhance the performance 

of devices due to the better dielectric-semiconductor interfaces. Film roughness is one 

of the scattering mechanisms that degrade the carrier transport properties, such as 

the carrier mobility.  

 The impact of [Y3+] doping on the surface morphologies of the c-IZO thin films 

was investigated by AFM over a 0.5 μm2 area.  Figure 8-27 shows topography and 

friction images of selected c-IZO:Y thin films. AFM analysis revealed smooth surfaces 

with RMS roughness less than 2 nm for all the c-IZO:Y films.         
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Figure 8-27: AFM (topography and friction) images of selected c-IZO:Y thin films.  

 

 Contact mode AFM provides images with enhanced edges of topographic 

features and is a useful tool towards the study of homogeneity of the film’s surface. 

Evidently, films are homogeneous since there is not any secondary phase as there is 

no significant change in the intensity of friction images, while the grain boundaries are 

well delimited.  

 As become evident from both XRD and AFM measurements, there is an 

increase in the grain size for the 5% Y-doped c-IZO films. This results to a decrease of 

100nm

100nm
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the total length of grain boundaries. Therefore, it is expected that the increase of the 

grain size would reduce the density of grain boundaries minimising the impact of grain 

boundary limited carrier transport [35]. To investigate this hypothesis, the electronic 

transport properties of c-IZO:Y were investigated by field effect measurements. The 

TFT parameters of the of the c-IZO:Y-based TFTs are presented in Table 8-2. All the 

devices were exhibiting excellent switching properties with low off-state currents, high 

current modulation ratios, high electron mobilities and low subthreshold slopes.    

 
Table 8-2: TFT operational characteristics of spray deposited c-IZO:Y based devices  

[Y3+]/([In3+]+[Zn2+]) 
(%) 

Ioff  
(A) 

Ion  
(A) Ion/Ioff  

μ  
(cm2/Vs) 

SS  
(V/dec) 

0 2.79 x 10-10 1.19 x 10-3 4.27 x 106 8.4 0.71 
3 9.93 x 10-10 1.99 x 10-3 2.00 x 106 18.82 0.66 
4 1.12 x 10-9 2.47 x 10-3 2.21 x 106 19.93 0.62 
5 1.03 x 10-9 2.20 x 10-3 2.20 x 106 20.87 0.63 

10 6.68 x 10-11 2.33 x 10-3 3.49 x 107 19.52 0.68 
20 1.63 x 10-11 4.59 x 10-4 2.82 x 107 4.54 0.62 

 

 Increasing the yttrium content of the films led to an increase in the off-state 

current was observed. Additionally, the maximum drain current was increased. It is 

postulated that yttrium doping increases the conductivity of the films by increasing 

the free carrier concentration. Indeed, it is considered that Y ions located at the grain 

boundaries are free to move via the characteristic channel as in Figure 8-26. Excess Y-

doping though, could have a negative impact on the carrier transport (ion migration) 

via the grain boundaries. An overpopulation of Y ions results in an increase of 

scattering at grain boundaries degrading the carrier transport properties. An indication 

of the carrier transport in materials is the carrier mobility. In this study the TFT mobility 

at saturation was used to evaluate the carrier transport in the c-IZO:Y films. In Figure 

8-28 the calculated field-effect mobility at saturation, of the c-IZO:Y based TFTs as a 

function of Y doping concentration is presented. Evidently, the field-effect mobility 

was enhanced as the Y doping level was increased up to [Y3+]/([In3+]+[Zn2+])=5%. The 

reason behind this enhancement is twofold. First, at this stoichiometry it was found 

that the crystal size has its maximum value. Therefore, at a given space, such as the 

TFT channel, the increase of the grain size results in a decrease of the grain boundaries 
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density across the TFT channel. Furthermore, the decrease of the density of grain 

boundaries is associated with the decrease of charge scattering centres for a carrier 

transport via the grain.  
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Figure 8-28: Field effect mobility of c-IZO:Y based TFTs as a function of [Y3+]/([In3+]+[Zn2+]) atomic ratio. 

 

 The second reason is related to the high solubility of Y ions in the grain. 

Therefore, Y doping increases the film’s conductivity because it decreases the energy 

barriers, by providing a carrier migration pathway, for the carrier transport through 

the polycrystalline grain. Indeed, this is also reflected in the off-state current (Figure 

8-29), where an increase of the [Y3+]/([In3+]+[Zn2+]) doping ratio resulted in an increase 

of the off-state current, presumably due to the increase of the free carriers in the c-

IZO:Y film.  
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Figure 8-29: Off-state current of c-IZO:Y based TFTs as a function of [Y3+]/([In3+]+[Zn2+]) atomic ratio. 

 

 For [Y3+]/([In3+]+[Zn2+]) of 5%,  a maximum drain current of about 2 mA, a high 

on-off current ratio of 106 , the highest field effect mobility in excess of 20 cm2/Vs and 

a subthreshold swing of 0.63 V/dec were extracted. On the other hand, the 10% Y-

doped devices exhibited low off-state currents of about 70 pA, high on-state current 

of 2 mA, high current modulation ratio in excess of 107, high field effect mobility of 

20 cm2/Vs and low SS of 0.68 V/dec. Further increase of the yttrium content resulted 

in device deterioration as both significant mobility loss (μsat<5 cm2/Vs) and maximum 

drain current (Ion<0.5 mA) were observed. In Figure 8-30 the transfer and output TFT 

characteristics of the optimised c-IZO:Y (Y 10%) are presented. 
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Figure 8-30: a) Transfer and b) output characteristics of 10% Y-doped c-IZO TFT.    

 

8.4 Summary & Discussion 

 

 In this chapter, the optical, structural and electronic properties of c-IZO doped 

with Ga, Y, Zr, Nb were investigated. Gallium was chosen as dopant because it’s been 

considered as the metal cation of choice for carrier suppression in amorphous indium-

zinc oxide (a-IZO) due to its higher electronegativity (1.81) in contrast to the Zn (1.65) 

and In (1.78). Considering the increase of both the optical band gap and Urbach tail 

energy, it is postulated that the increase of Ga doping concentration resulted in a 

highly disorder-amorphous IGZO. In this study, Ga-doped c-IZO films showed higher 

conductivity than the undoped c-IZO, as the increase of the off-state current indicated. 

This is due to an increase of the carrier concentration as a result of Ga inclusion in the 

crystal lattice of c-IZO. Since Ga is of a small ionic radius (76 pm), it could create both 

interstitial and substitutional defects. Such defects could act as shallow donors 

increasing the films’ conductivity.   
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 Since the optical, structural and electronic properties of c-IZO are found to 

depend on the ionic radius of the doping element, another metal cation with higher 

ionic radius than Zn (88 pm) and In (94 pm) but with similar oxidation number was 

investigated. Yttrium has an ionic radius of 104 pm and is of the same oxidation 

number (+3) with Ga and much lower electronegativity (1.22). Y-doped c-IZO films 

exhibited wide band gap of about 3.53 eV, which was not significantly affected by the 

Y doping. Besides, the Urbach tail energy decreased with the increase of the Y 

concentration in the c-IZO films. Such decrease was further attributed to a higher 

crystallinity of the c-IZO:Y films, in terms of increase in crystal size. Furthermore, Y 

doping resulted in a decrease of the off-state current following by a significant 

enhancement of the field effect mobility. The decrease of the Urbach energy, which is 

related to structural distortion, along with the increase of the crystal size, which is 

related to the decrease of the density of the grain boundaries, are the reason for the 

enhanced performance of c-IZO:Y based TFTs. 

 Furthermore, Zr and Nb were studied as alternative dopants for performance 

enhancement of c-IZO based TFTs. These metal cations are of smaller ionic radii than 

Y3+, but higher electronegativity. Zr4+ has an ionic radius of 86 pm and an 

electronegativity of 1.33. On the other hand, Nb5+ is of an ionic radius of 78 pm and an 

electronegativity of 1.6. Considering the performance of both c-IZO:Zr and c-IZO:Nb 

based TFTs, it could be seen that both dopants induced an increase of the off-state 

current which for the case of Nb5+ was more pronounced. Since Nb5+ is of smaller ionic 

radius it could be postulated that Nb5+ could more easily enter the crystal of c-IZO 

either as a substitute or interstitial increasing the free-carriers. 

 In this study, it was demonstrated the major impact of dopant size and 

electronegativity towards the performance of c-IZO based TFTs. Yttrium was found to 

be the most effective dopant. Among Ga, Y, Zr, Nb, cations Y3+ is of the larger ionic 

radius and the smaller electronegativity. It is believed that the larger ionic radius 

prevents Y3+ from entering the crystal of c-IZO but remain at the grain boundaries. 

Considering the mobility enhancement of the c-IZO:Y based TFTs, it is believed that 

the increase of the Y doping level reduced the energy barriers at the grain boundaries 

of the c-IZO:Y, therefore the carrier mobility in the grain was increased. In addition, 
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the increase of the grain size with Y doping reduced the number of grain boundaries 

across the device channel, so the impact of the grain boundary scattering of charge 

carriers was reduced. 

 Finally it was found that for [Y3+]/([In3+]+[Zn2+]) of 10% the c-IZO:Y based TFTs 

exhibited the best performance i.e. a low threshold voltage of about 5 V, a low off-

state current of 70 pA, a high current modulation ratio in excess of 107, a high field-

effect mobility of about 20 cm2/Vs and a low subthreshold swing of 0.68 V/dec. Such 

operational characteristics qualify the c-IZO:Y to be considered as a channel material 

of high performance TFTs.  
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9.1 Conclusions 

 

 In this thesis, the physical properties of solution processed metal oxide 

dielectrics and semiconductors are reported. Aiming to develop low cost, high 

performance and low power consumption thin film transistors for large area 

applications, metal oxide thin films were deposited on by spray pyrolysis, a versatile 

and large area compatible technique. 

 Several analytical techniques such as thermal analysis, UV-Vis-NIR 

spectroscopy, Fourier-transform infrared spectroscopy, X-ray diffraction, atomic force 

microscopy, ellipsometry, impedance spectroscopy and field effect measurements 

were conducted to investigate the physical properties of the solution-processed metal 

oxide thin films. 

 The thesis presented here was organised in four parts. In the first part 

(chapters 2 and 3), an extensive literature review of solution-processed metal oxide 

thin as well as the related device principles are presented. The second part (chapter 

4), reports on the films’ deposition and characterisation methods. A description of the 

spray pyrolysis technique is also included. 

 The third part (chapter 5 and 6) reports on the investigation of high-k 

dielectrics for low power, high performance thin film transistors. The implementation 

of titanium aluminate (Ti1-xAl2xOy) gate dielectrics in solution processed ZnO-based 

TFTs was studied. Similarly, the properties of niobium aluminate (Nb1-xAlxOy) high-k, 

wide band gap dielectrics were also extensively studied. 

 The Ti1-xAl2xOy films but TiO2 were amorphous. Further analysis showed 

(tetragonal) anatase phase of TiO2. Films exhibited very smooth surfaces (Rrms in the 

order of 1nm), high dielectric constants (between 9 and 45), wide band gaps (between 

3.7 eV and 6.5 eV) and low leakage currents in the order of nA/cm2. Specifically, the 

stoichiometric Ti1-xAl2xOy (Al2O3.TiO2) showed high dielectric constant (~13), wide 

band gap (4.5 eV), and very low leakage currents (~5 nA/cm2) at an electric field of 

3 MV/cm. There was not dielectric breakdown for fields up to 3 MV/cm indicating 

dielectrics of high dielectric strength. The performance of the spray deposited 
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Ti1-xAl2xOy films as gate dielectrics was investigated as well. The ZnO-based TFTs 

employing stoichiometric Ti1-xAl2xOy (Al2O3.TiO2) dielectrics, showed excellent 

characteristics, i.e., low operation voltage (10 V), hysteresis-free operation, high 

electron mobility (~10 cm2/Vs), high on/off current modulation ratio (>105) and low 

subthreshold swing (549 mV/dec). 

 Equally, analyses of Nb1-xAlxOy films revealed amorphous Nb1-xAlxOy films with 

very smooth surfaces (Rrms<0.1 nm), high dielectric constants, (between 9 and 50) wide 

band gaps (4.2-6.5 eV) and low leakage currents (<20 nA/cm2). Further analysis of the 

electron transport mechanisms revealed two dominant conduction mechanisms for 

films with varying the Nb to Al ratio Based on the Schottky conduction mechanism, the 

electron effective mass of the stoichiometric NbAlOy and the effective barrier height 

at the Au/NbAlOy interface, were found to be of 0.37 m0 and 0.73 eV respectively. For 

niobium-rich (x<0.2) Nb1-xAlxOy dielectrics, Poole-Frenkel conduction dominated. 

 In the fourth part (chapters 7 and 8), solution processed metal-oxide 

semiconductors were investigated. In chapter 7, the optical, structural and electronic 

properties of crystalline indium-zinc-oxide films as a function of [Zn2+]/([Zn2+]+[In3+]) 

were investigated. The properties of metal cation-doped c-IZO thin films, were further 

investigated in chapter 8. In chapter 7 more particularly, the role of [Zn2+] on the 

structural, optical and electron transport properties of crystalline IZO were 

investigated. IZO films were deposited as a function of the [Zn2+]/([Zn2+]+[In3+]) ratio. 

Optical measurements (UV-Vis transmission spectroscopy and FTIR) revealed films of 

high transparency on the order of 85 % in the visible spectrum. The optical band gap 

decreased as the [Zn2+]/([Zn2+]+[In3+])  ratio was increased and ranged between 3.6 eV 

for In2O3 and 3.2 eV for ZnO. To elucidate the impact of [Zn2+] content on the band 

structure of In1-xZnxOy, further analysis based on Urbach energy was carried out. 

Urbach energy of IZO thin films, showed an initially increase as the [Zn2+]/([Zn2+]+[In3+]) 

ratio was increased. The increase of the Urbach energy peaked at 

[Zn2+]/([Zn2+]+[In3+])~0.3, (i.e., [In3+]:[Zn2+]=7:3). From this stoichiometry and beyond, 

the Urbach tail energy showed a decrease with increasing the [Zn2+]/([Zn2+]+[In3+]) 

ratio, reaching a minimum of 100 meV for ZnO. To elucidate the origin of this trend of 

the Urbach energy, further analysis based on FTIR spectroscopy was conducted. It was 
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found that [Zn2+] low doping level acts as an interstitial in In2O3, while for higher 

concentrations [Zn2+] substitutes [In3+] atoms in In2O3 lattice. The latter was confirmed 

by XRD analysis, as both the lattice constant and interplanar spacing, were initially 

increased by increasing the [Zn2+]/([Zn2+]+[In3+]) ratio resulting in lattice expansion, 

while for higher [Zn2+]/([Zn2+]+[In3+]) ratios a lattice shrinkage was observed. The 

change of structural characteristics as a function of [Zn2+]/([Zn2+]+[In3+]) ratio affected 

the carrier transport characteristics of IZO based TFTs. The lattice expansion, resulted 

in a reduction of the Ioff currents, which originates from the suppression of intrinsic 

oxygen vacancies of In2O3 by [Zn2+]. Further increase of the [Zn2+] content resulted in 

an increase of Ioff due to the substitution of [In3+] atoms by [Zn2+]. Since [Zn2+] 

coordinates with 4 oxygen atoms, in contrast to [In3+] which coordinates 6, a 

substitution of [In3+] by [Zn2+] induces 2 oxygen vacant places in the In2O3. Finally, the 

field-effect mobility was found to depend on both the carrier concentration and the 

average crystal size.  It was found that, for the optimum c-IZO, of ratio 

[Zn2+]/([Zn2+]+[In3+])=0.4, i.e. [In3+]:[Zn2+]=6:4, the c-IZO based TFTs showed the best 

performance in terms of low off-state currents (18 pA), high on/off current modulation 

ratio (107), high field-effect mobility of about 5 cm2/Vs, and low subthreshold swing of 

0.3 V/dec. 

 Finally, in chapter 8, the optical, structural and electronic properties of c-IZO 

doped with Ga, Y, Zr, Nb were investigated in relation to the electronegativity and 

doping element ionic radius. Among the Ga3+, Y3+, Zr4+, Nb5+ cations, Y3+ is of the largest 

ionic radius and the smallest electronegativity. It is believed that the larger ionic radius 

prevents Y3+ from incorporated, the IZO lattice (either as interstitial or substitute) but 

occupies the grain boundaries. Considering the mobility increase of the c-IZO:Y based 

TFTs, it is believed that the increase of the Y content, reduces the energy barriers at 

the grain boundaries of the c-IZO:Y, therefore the carrier mobility in the grain was 

increased. In addition, the increase of the grain size with Y doping reduced the number 

of grain boundaries across the device channel, hence reduces the electrons grain 

boundary scattering. Moreover, it was found that for [Y3+]/([In3+]+[Zn2+]) of 10% the c-

IZO:Y based TFTs exhibited the best performance i.e. a low threshold voltage of about 

5 V, a low off-state current of 70 pA, high current modulation ratio in excess of 107, 
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high field-effect mobility of about 20 cm2/Vs and a low subthreshold swing of 0.68 

V/dec. 

 

9.2 Further Work 

 

 Based on the results of this study, a number of complementary development 

steps could be performed. As per the dielectrics (Ti1-xAl2xOy and Nb1-xAlxOy), further 

investigation of conduction mechanisms, could provide further insights on the 

materials’ electronic properties. Low temperature measurements (77 K), would 

provide a better insight on the dominant conduction mechanism so that to confirm 

the Fowler-Norheim or thermionic emission and consequently information about the 

electron effective mass and metal/metal-oxide barrier to be obtained. 

 Apart from a materials’ angle, the quality of the high-k 

dielectric/semiconductor interface is of high importance as such interfaces determine 

the performance and the reliability of a TFT. There are numerous techniques employed 

for interface and trap density levels characterisation. Amongst them, the low 

frequency noise (1/f) is a non-destructive and powerful technique to evaluate the 

quality of electronic devices, and its behaviour is directly related to the dielectric 

interface quality by directly probing the pink noise. On the other hand, negative, 

positive and cycle bias stress measurements are essential as they provide with stability 

and reliability information most notably, the such threshold voltage shift as well as 

mobility and on-currents deterioration. 

 It should be noted that for such measurements, meticulous device fabrication 

is necessary. As this study was mostly focused on the materials properties 

investigation, the devices were fabricated on non-patterned substrates that resulted 

in higher leakage currents and consequently underestimated performance. For 

detailed analysis of the device performance, the TFTs have to be properly patterned, 

in terms of gate electrode and channels overlap. 

 Besides the remarkable results of the proposed high-k and dielectrics 

(Ti1-xAl2xOy and Nb1-xAlxOy), alternative binary metal oxides such as hafnium 

titanate/niobate (Ti1-xHfxOy, Nb2xHf1-xOy), zirconium titanate /niobate (Ti1-xZrxOy, 



Chapter 9: Conclusions and Further Work 

 

297 
 

Nb2xZr1-xOy) could equally be  investigated as they all combine a high-k metal oxide 

(TiO2, Nb2O5) along with a wide band gap one (HfO2, ZrO2). 

 Finally, the fabrication of a metal-oxide based CMOS inverter, taking into 

account the recent results on intrinsically p-type oxides along with the already 

investigated nMOS based on c-YIZO, combined with the proposed high-k dielectrics 

(Ti1-xAl2xOy, Nb1-xAlxOy), constitutes the next step towards the all solution metal oxide-

based electronics. 


