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Abstract 
 

Thin-film transistors (TFTs) based on oxide semiconductors are a promising technology 
for a host of large-volume electronic applications. Whilst progress on solution-processed 
oxide semiconductors has been rapidly advancing, research efforts towards the development 
of new dielectrics has been relatively slow, with most of the reported work performed using 
conventional dielectrics based in SiO2. As a result, the majority of oxide transistors reported 
to date operate at relatively high voltages and hence consume significantly more power. In 
order to circumvent this bottleneck, recent work has been focussing on the development of 
low-voltage oxide transistors, including the use of high-k dielectrics, and several candidates 
have already been investigated and were mostly deposited by costly vacuum-based 
techniques. 
 

This thesis investigates the properties of high-k metal oxides dielectrics as well as their 
implementation in TFTs, deposited by spray pyrolysis, a simple and versatile technique that 
combines high yield and large area compatibility. 

 
In particular, the structural, optical, surface and electronic properties of tantalum 

aluminate (TaAlOx), hafnium titanate (HfTiO4) and zirconium silicate (ZrSiO4) were studied as 
along with their performance as gate dielectric for TFTs implementing ZnO semiconducting 
channels. In all cases, stoichiometric TaAlOx, HfTiO4 and ZrSiO4 films deposited at < 550 °C 
were found to be amorphous with surface roughness of < 1 nm. The optical bandgap varies 
between 4.9 eV and 8.8 eV, 5.8 eV and 3.8 eV, and 5.8 eV and 8 eV for TaAlOx, HfTiO4 and 
ZrSiO4 films respectively. Their dielectric constant values vary between 24 and 7, 14 and 60, 
and 23 and 4.2 while their leakage current density at 1 MV/cm were between 10-6 A/cm2 and 
10-10 A/cm2, 10-7 A/cm2 and 10 A/cm2, and 10-5 A/cm2 and 10-4 A/cm2 respectively. Particularly, 
the stoichiometric TaAlOx, HfTiO4 and ZrSiO4 films exhibited the bandgap of 5.4 eV, 4.4 eV, 6.1 
eV, dielectric constant of 13, 30, 12 and leakage current density at 1 MV/cm of 10-8 A/cm2, 
0.3 A/cm2, 10-7 A/cm2 respectively.  

 
The performance of ZnO – based TFTs employing stochiometric TaAlOx, HfTiO4 and 

ZrSiO4 gate dielectric showed promising characteristics such as low voltage operation of 4 V, 
high electron mobility of 16 cm2/Vs, 7 cm2/Vs, 57 cm2/Vs, high current modulation ratio of 
105, 107, 106, low subthreshold swing of 0.56 V/dec, 0.17 V/dec, 0.28 V/dec, interface trap 
density of 7.7 x 1012 cm-2, 2.1 x 1012 cm-2, 1013 cm-2 and threshold voltage of 3.2 V, 0.6 V, 0.1 
V respectively.  

 
In addition, the effect of post-deposition annealing (at 800 °C for 30 mins in air) on 

HfTiO4 films were investigated. Stochiometric HfTiO4 films were crystalline of an 
orthorhombic structure, surface roughness of 1.95 nm, optical bandgap of 4.36 eV, dielectric 
constant of 38 and leakage current density of 5 mA/cm2 at 1 MV/cm.     

 
These remarkable findings significantly demonstrated the achievement of a high-

performance high-k metal oxide gate dielectrics as alternatives to the conventional SiO2 for 
future integration into wide areas of electronic application.    
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Thesis Outline 
 

The key outlines of the thesis are divided into two main parts. The first part comprises 
of four chapters, and it presents an overview on the theoretical aspect of the metal oxide 
dielectrics and its implementation as gate dielectrics for TFT applications. The second part 
comprises of the remaining chapters and was focussed on its experimental aspect including 
the summary, conclusion and recommendation for future study.  
 

In chapter one, an introduction to the MOS-based TFTs as upgrades to other 
compound semiconductors was discussed. Additionally, the importance of high-k dielectrics 
and TCOs as gate electrodes for high performance TFT stack was also discussed. Also, several 
deposition techniques including the vacuum-based and solution-based techniques used for 
deposition of metal oxides thin films were also discussed.  
 

In chapter two, the theory and operational characteristics of dielectrics and MOSFETs 
were discussed. For the dielectrics, the impedance characteristics and the leakage current 
conduction mechanisms of MIM-based devices were highlighted whereas for the MOSFETs, 
their mode of operations such as enhancement and depletion, their current and mobility 
equations both at linear and saturation regime were also highlighted.  
 

In chapter three, the experiment and characterization techniques used for metal 
oxides deposition were discussed. 
 

In chapter four, five and six, the investigations of tantalum aluminate, hafnium 
titanate and zirconium silicate thin films as well as their implementations in ZnO – based TFTs 
were studied.  
 

Finally, in chapter seven, the summary and conclusion of the experimental chapters 
(i.e., 4, 5 & 6) were briefly summarized and the recommendations for future study were 
suggested.      
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1.1 Metal Oxides Based Thin Film Transistors 
 

The discovery of metal oxide semiconductors (MOS) in modern electronics today have 
shown tremendous attributes compared to other semiconductors such as hydrogenated 
amorphous silicon (a-Si:H), polycrystalline silicon (poly-si) and other III – V semiconductors.  
MOS have demonstrated excellent properties including excellent carrier mobility even in 
amorphous state, mechanical stress tolerance, compatibility with organic dielectric materials 
and high optical transparency [1]. MOS exhibits high optical transparency (above 80 %) in the 
visible spectrum region (400 – 700 nm) and wide bandgaps (Eg > 3 eV). Some of the most 
commonly used MOS are zinc oxide (ZnO), indium (III) oxide (In2O3) and tin oxide (SnO2), 
copper oxide (CuO2) and gallium oxide (Ga2O3).  
  

Besides MOS, there are other metal oxide such as transparent conductive oxides 
(TCOs) and metal oxides dielectrics (MOD). The TCOs emerge as a vital component for the 
development of large number of modern devices such as flat panel displays (FPDs), touch 
screens, portable electronics flexible electronics and solar cells [1]. They are of high 
transparency (above 80 %) in visible spectrum region (400 – 700 nm) and high electrical 
conductivity (1 – 104 S/cm) [2]. In TFTs stack, TCOs are usually used as gate and source/drain 
(S/D) electrodes. An example of a typical TCO material used in TFTs is indium tin oxide (ITO). 
ITO is one of the most commercially used TCOs in display industries due to its excellent 
transparency and conductivity. It contains 10 % SnO2 and 90 % In2O3. It has been deposited 
by several techniques including vacuum-based and solution-based techniques and its film’s 
structure are polycrystalline in nature. There are other TCOs materials such as aluminium 
doped zinc oxide (AZO), antimony doped tin oxide (ATO) and fluorine doped tin oxide (FTO) 
[3]. 

 
The MOD on the other hand, are mainly the potential high-k dielectrics. Such high-k 

dielectrics includes the transition [4] and rare earth [5] metal oxides and are highly considered 
as potential candidates to replace the conventional silicon dioxide (SiO2) gate dielectric. 
Oxides such as aluminium oxide (Al2O3), tantalum pentoxide (Ta2O5), yttrium (III) oxide (Y2O3), 
lanthanum (III) oxide (La2O3), zirconium oxide (ZrO2), hafnium oxide (HfO2) have already been 
reported as potential MOD [6]–[10]. 
 

MOS-based TFTs offers unique properties compared to other semiconductors (a-Si:H, 
poly-si and III – V semiconductors) due to its enhanced carrier mobility, high optical 
transparency, high switching speeds and low power consumption [11]. Additionally, they 
provide excellent chemical stability and robustness [12]. Such excellent characteristics make 
it suitable for production of high-performance technologies such as FPDs.  

 
MOS-based TFTs have been manufactured by a diverse range of techniques for thin-

film deposition such as the vacuum-based and solution-based techniques. The vacuum-based 
techniques include, sputtering [13]–[15], metal-organic-chemical vapor deposition (MOCVD) 
[16]. The solution-based techniques include, dip coating [17], spin coating [18]–[20] and spray 
pyrolysis [5][7]–[9][21]. Among the various MOS-based TFTs, ZnO – based TFT is considered 
as one of the most widely investigated TFTs particularly in solution processed methods.  
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Adamopoulos et al. [22], reported a transparent ZnO – based TFTs employing Y2O3 and 
Al2O3 MOD deposited by spray pyrolysis on glass substrates. ITO was used as the TCO gate 
electrode while Al metal was used as the S/D electrodes resulting to the stacks 
glass/ITO/Y2O3/ZnO/Al and glass/ITO/Al2O3/ZnO/Al. Initially, Al S/D electrodes were thermally 
deposited through shadow mask on glass/ITO/TMOD/ZnO stacks. Their analyses showed 
excellent characteristics such as low voltage operation (4 V), high current modulation ratio 
(105) and high carrier mobility of 7 cm2/Vs and 34 cm2/Vs for Al2O3 and Y2O3 gate dielectrics 
respectively. 
 

Esro et al. [23], reported a transparent ZnO – based TFTs employing Nd2O3 TMOD 
deposited by spray pyrolysis on glass substrates. ITO was used as the TCO gate electrode while 
Al metal was used for the S/D electrodes resulting to the stack glass/ITO/Nd2O3/ZnO/Al. 
Initially, Al S/D electrodes were thermally deposited through shadow mask on 
glass/ITO/Nd2O3/ZnO stack. Their analyses showed excellent characteristics such as low 
voltage operation (4 V), high current modulation ratio (107) and high carrier mobility of 65 
cm2/Vs.  
 

There are other reported solution processed transparent ZnO – based TFTs employing 
different MOD with ITO and Al metals serving as TCO gate electrode and S/D electrodes 
respectively [14][16][18][21]–[24]. Such reports tremendously showed high performance 
characteristics in terms of high carrier mobility, low operation voltage, low subthreshold 
swing and high current modulation ratio (up to 106).   

 
This research is aimed at providing alternatives to the conventional Si-based 

transistors, by fabricating a MOS-based TFTs employing a high-k metal oxide gate dielectric, 
using a solution processable method that offers the advantage of cost efficiency, simplicity 
and large area compatibility compared to the oxides deposited by costly vacuum-based 
techniques. The findings of this research are to improve on the performance of the transistor 
in terms of electron mobility, high voltage operation and power consumption compared to 
the ones reported in literatures deposited by vacuum-based techniques. Such attributes can 
be improved by using a high-k metal oxide gate dielectric that exhibit a higher dielectric 
constant than the conventional SiO2. The condition of choosing such high-k gate dielectric is 
that it must operate as an insulator by exhibiting a low leakage current density, higher 
dielectric constant than SiO2 to prevent effect of current tunneling and wide bandgap of at 
least 5 eV. In addition to the wide bandgap, the conduction and valence band offsets must be 
at least 1 eV to prevent current injection into the oxide bands of the dielectric. Such 
characteristics of the high-k gate dielectric could tremendously enhance the performance of 
the TFTs in terms of low voltage operation, high carrier mobility, low off-current, high on-
current, low power consumption, low subthreshold swing and interface trap density. 
 
1.2 Thin-film Deposition techniques 
 

There are several deposition techniques that have been used in fabrication of thin 
films. These techniques have been categorized in two groups namely, the vacuum-based and 
solution-based deposition techniques.  
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The vacuum-based deposition techniques are the ones that requires the use of 
vacuum chamber. These include the chemical vapour deposition (CVD) and physical vapour 
deposition (PVD). The CVD occur in a reactive chamber where volatile gaseous precursors 
react to produce dense thin films onto the heated substrate. A typical CVD technique is the 
metal-organic-chemical vapour deposition (MOCVD) and atomic layer deposition (ALD). The 
PVD technique on the other hand, involves the vaporisation of a material by a way of resisting 
heating to produce dense thin films onto the substrate. The PVD technique includes the 
thermal evaporation, sputtering and molecular beam epitaxy (MBE).  
 

The solution-based deposition techniques involve the use of solutions for deposition 
of thin films. The solutions are prepared by dissolving precursors in the desired solvents to 
obtain homogenous solution used for the deposition. The most commonly used solution-
based techniques are, spin coating, dip coating and spray pyrolysis [1]. 
 
1.2.1 Vacuum-based Deposition 

  
1.2.1.1 Metal Organic Chemical Vapour Deposition (MOCVD) 
 

The MOCVD is a CVD technique mainly employed for the growth of a single crystal III 
– V semiconductor layers on another semiconductor such as silicon wafer. In this technique, 
the precursor molecules are transported into the reaction chamber with the aid of a non-
reactive carrier gas such as argon or nitrogen. The transported precursor undergoes gas-
phase reaction and absorbed at the surface of the substrate and at same time diffuses to 
preferential sites leading to thin film growth. Finally, the gaseous reaction product and non-
reacted molecules are desorbed and escape out of the reaction chamber. Figure 1-1 show a 
schematic of a typical MOCVD system. 
 

 
  

Figure 1- 1. A schematic of MOCVD system [28]. 

1.2.1.2 Sputtering 
 

The sputtering deposition technique is PVD technique that involves the process of 
depositing a target material also referred to as source onto a substrate. In this technique, a 
voltage is applied between the target and the substrate. The target is attached to the cathode 
while the substrate is attached to the anode. A plasma is generated in the vacuum by the 
ionization of a sputtering gas usually an inert gas such as argon. These ions bombard the 
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target material and sputters off the material to be deposited. The most commonly used 
sputtering deposition for thin-film transistor is the magnetron sputtering (others include DC 
(diode), RF (radio frequency) and reactive sputtering) in which a magnet is placed behind the 
target to enhance bombardment by ionized gases to increase the growth rate and film 
uniformity [1].  Figure 1-2 show a schematic of a typical sputtering system. 
 

 
  

Figure 1- 2. A schematic of a typical sputtering system [29]. 

 
1.2.1.3 Molecular Beam Epitaxy (MBE) 
 

This technique requires an ultra-high vacuum (10-11 torr) to grow single-crystal 
epitaxial films with precise control of thickness, composition and morphology. Films are 
grown on single-crystal substrates through the evaporation of the elements or molecular 
constituents of the films with a separate Knudsen effusion source cells onto the substrate 
[30]. Sufficient heating (high temperature) must be applied on the substrate in other to 
achieve growth [31]. Figure 1-3 show a schematic of a typical MBE system. 
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Figure 1- 3. A schematic of a typical MBE system [32]. 

 
1.2.1.4 Thermal Evaporation 
 

Thermal evaporation is among the oldest thin film deposition techniques specifically 
employed for deposition of metal and metal alloys. The process mainly consists of 
evaporation from the source and condensation at the substrate’s surface in a chamber (10-6 

mbar). The process requires a generated vapour of a sublime source material under vacuum. 
This vapour is further transported onto the substrate where it condenses to produce solid 
films [30].  This technique can use two types of sources i.e. resistive and electron beam source 
[33]. Figure 1-4 show an illustration of a typical thermal evaporation system. 
 

 
 

Figure 1- 4. A Schematic of a thermal evaporation system [32]. 
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1.2.1.5 Pulsed Laser Deposition (PLD) 
 

The pulsed laser deposition (PLD) technique involves three basic steps [34]: ablation 
of target material, formation of a highly energetic plume and the growth of the film on the 
substrate. Figure 1-5 show a schematic of a PLD system. 
 

 
 

Figure 1- 5. A schematic of a PLD setup [35].  

 
The laser beam is usually inclined at 45o to strike the target material. As a result, there 

is a formation of a highly energetic plume that vaporises and deposited as a thin film on the 
substrate facing the target. 
 
1.2.1.6 Atomic Layer Deposition (ALD) 
 

The atomic layer deposition (ALD) technique is another technique known for its self-
limiting control of thin films grown on the substrates. Its deposition process requires the use 
of alternating precursors that react with the substrate in the chamber. The first precursor is 
introduced into the reaction chamber where it reacts with substrate in a self-limiting manner 
leading to the formation of a monolayer on the substrate surface. A non-reactive carrier inert 
gas such as nitrogen is sequentially purged into the reaction chamber to eliminate the 
unreacted precursor and the reaction by-products. Similarly, the second precursor is 
introduced into the reaction chamber to produce a second monolayer on the substrate 
surface and again purged by the non-reactive carrier gas to eliminate unwanted reaction by-
products. The final film thickness depends on the number of the ALD cycles. Figure 1-6 show 
an illustration of an ALD cycle. 
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Figure 1- 6. A schematic of an ALD cycle [36]. 

 
1.2.2 Solution-based Deposition  
 
1.2.2.1 Spin coating  

 
Spin coating is one of the commonly used solution-based techniques for thin film 

deposition. It offers the advantage uniform thin film deposition at a very fast rate with 
thickness ranging from a few nanometres to few microns [37]. Figure 1-7 describes the stages 
involve in the spin coating process. The spin coating process begins with deposition of the 
fluid on the substrate while it is spinning either at low speed or stationary, followed by the 
rotation or spinning of the substrate at a very high speed (usually > 600 rpm), to enable the 
coating fluid to be uniformly distributed across the substrate by the centrifugal force. The 
fluid further flung off as the solvent evaporates leaving behind coated thin film. The coated 
films further undergo post thermal treatment at suitable temperatures (depending on the 
material composition) to ensure formation of quality films. it is important to mention that the 
quality of the film thickness depends on the spinning speed, solution and solvent viscosity, 
volatility and concentration. The major disadvantage of spin coating process is the loss of 
large amount of fluid due to its spreading beyond the target caused by the centrifugal force. 
As a result, this technique is not suitable for large-scale manufacturing. 
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Figure 1- 7. An illustration describing the stages of a spin coating process [38]. 

 
1.2.2.2  Dip coating 
 

Dip coating is another solution processed based technique for thin film deposition. It 
begins with immersion of substrates into the precursor solution, followed by the removal of 
the substrate at a constant speed into the atmosphere, thereby resulting to the formation of 
a homogenous liquid film at the surface of the substrate. The substrate is further dried at 
room temperature to eliminate volatile solvents and undergo chemical reactions that 
produces thin films. Similar to spin coating, post thermal treatment is required after 
evaporation to ensure formation of quality films. Figure 1-8 shows an illustration of a typical 
dip coating process. 
 

 
 

Figure 1- 8. An illustration of a typical dip coating process [39]. 

 
1.2.2.3 Spray pyrolysis 
 

Spray pyrolysis involves the process of atomizing a solution and heating the droplets 
to produce solid particles. The process begins with preparation of precursor’s solution of the 
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desired material that is spray-coated on a pre-heated substrate by a spray gun using a non-
reactive carrier gas such as nitrogen gas.  

 
An explicit review of this technique will later be discussed in chapter three of this 

thesis because it is the method employed for the deposition of metal oxide films. 
 
Table 1-1 present some examples of metal oxide films deposited by several deposition 

techniques including the vacuum and solution-based techniques.  
 

Table 1-1. (Ta2O5: Tantalum (V) oxide, Nd2O3: Neodymium (III) oxide, ZrO2: Zirconium oxide, 
Sc2O3: Scandium (III) oxide, Y2O3: Yttrium (III) oxide, Er2O3: Erbium (III) oxide, Al2O3: Aluminium 
(III) oxide, MgO: Magnesium oxide, LaAlO3: Lanthanum aluminate, SnO2: Tin oxide, IGZO: 
Indium-Gallium-Zinc oxide, HfO2: Hafnium oxide, HAO: Hafnium aluminate, TiO2: Titanium 
oxide, WO3: Tungsten (III) oxide, In2O3: Indium (III) oxide, ZnO: Zinc oxide). 

Deposition Techniques Metal oxides Ref 
Vacuum-based Deposition 

 
 
 

MOCVD 

 Ta2O5 [40] 
Nd2O3 [41], [42] 
ZrO2 [43] 
Sc2O3 [44] 
Y2O3 [45][44] 
Er2O3 [44] 

 
 

Sputtering 

Al2O3 [46] 
Nd2O3 [36][37] 
ZrO2 [38][39] 

LaAlO3 [51] 
Y2O3 [52] 

 
MBE 

MgO [53] 
Nd2O3 [54] 
LaAlO3 [55] 
Y2O3 [56] 

 
Thermal evaporation 

MgO [57] 
Nd2O3 [51][52] 
SnO2 [60] 

 
PLD 

Al2O3 [61] 
Nd2O3 [62] 
LaAlO3 [63] 
IGZO [64] 

 
 

ALD 

HfO2 [41] 
Nd2O3 [65] 
Al2O3 [66] 

LaAlO3 [67] 
Y2O3 [68] 

Solution-based Deposition 
 
 

Spin coating 

HfO2 [69]–[73] 
Ta2O5 [74]–[76] 
Al2O3 [77]–[80] 
HAO [81] 
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ZrO2 [80][81] 
 
 

Dip coating 

 TiO2 [84] 
WO3 [85] 
Al2O3 [86] 
In2O3 [87] 
ZrO2 [88] 
ZnO [89] 
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2 Theory and Operational Characteristics 
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2.1 Introduction 
 

Dielectric materials are insulators due to their ultra-low electrical conductivity and 
wide energy gap (Eg  > 3 eV) [1]. They consist of negatively charged particles that are strongly 
bounded to nearby positively charged particles which limit their movement [2]. A dielectric 
material can be in a form of solid, liquid or gas. A typical example of a solid dielectric is SiO2, 
while water is that of a liquid dielectric and air for the gas. When an external electric field is 
applied to the dielectric, the electric charges become polarized and reoriented towards the 
dielectric polarization. A good dielectric material must exhibit high dielectric strength.  

 
Dielectrics are used as capacitors in complementary metal oxide semiconductor 

(CMOS) technologies and in memory applications. The performance of a dielectric can be 
investigated by its metal-insulator-metal (MIM) structure. In fact, most of the electronic 
devices used today are based on MIM structures. A good MIM device should be of high 
capacitance and low leakage current for its implementation in CMOS technologies. The 
capacitance of a MIM device is directly related to the dielectric constant of the insulator and 
inversely proportional its thickness. This means that the capacitance is strongly affected by 
the physical thickness (𝑡) of the insulator. With continuous scaling of CMOS devices, there is 
a limitation to the physical thickness of the conventionally used SiO2 (𝑡 < 2	𝑛𝑚). This results 
to an excessive large leakage current tunneling through the insulator, resulting to high power 
consumption of CMOS device [3]–[6]. Such issues could be solved by replacing SiO2 with 
insulators with higher dielectric constant.  

 
In this chapter, an overview of MIM, MOS and MOSFET device architectures and 

operation is discussed. 

2.2 Metal-Insulator-Metal (MIM) Devices 
 

The properties of the dielectric thin films are investigated by a simple metal-insulator-
metal (MIM) device. A typical MIM structure (also known as parallel plate capacitor) consists 
of two metal contact, sandwiching an insulator between them as shown in Figure 2-1.   
 

 
 
 

 
 
 

Figure 2- 1. Metal-Insulator-Metal (MIM) structure. 
 

The capacitance of a dielectric material can be derived from two parallel conductive 
(metal) plates sandwiching a thin film of dielectric material (insulator) and is given as:  

 

𝐶 = 	
𝑘𝜀!	. 𝐴
𝑡 																																																																																																																																										(2.1) 
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Where, (𝜀!) is the permittivity of free space (8.85 x 10-12 F/m), (𝑘) is the permittivity 
of the dielectric material (dielectric constant),  (𝐴) is the area of the capacitor and  (𝑡) is the 
film thickness. Figure 2-2 show a schematic of a typical equivalent circuit used to analyse MIM 
characteristics and its frequency response.  

 
Figure 2- 2. Equivalent circuit of a MIM capacitor [7]. 

 
In Figure 2-2, the quantities L, Rs, Rp and Cp are the inductance, series resistance, 

parallel resistance and parallel capacitance of the MIM capacitor. 
 
2.2.1 Impedance Spectroscopy 
 

The dielectric properties of a MIM capacitor are investigated by its impedance 
characteristics. Impedance (Z) is sum of resistance and the reactance in an alternating current 
(AC) circuit and can mathematically be expressed as: 

 
 𝑍 = 	𝑅 + 𝑗𝑋																																																																																																																																									(2.2) 
 

Where, (𝑅) and (𝑋) are real resistance and imaginary reactance of an electrical circuit 
respectively. The unit of Z is Ohms. From equation (2.2), the magnitude the impedance (Z) as 
well as the phase angle (𝜃) could be determined. 

 

|𝑍| = 	7𝑅" + 𝑋"	𝑎𝑛𝑑	𝜃 = 	 tan#$ =
𝑋
𝑅>																																																																																										(2.3) 

 
The phase angle (𝜃) describes the nature of the system. For example, if (𝜃) = 0, the 

system is a pure resistor, if (𝜃) = −90, the system is a pure capacitor, and if (𝜃) = +90, it is 
a pure inductor.    

 
As for the imaginary reactance, the system could be capacitive or inductive. The 

capacitive and inductive impedance could further be expressed as: 
 

𝑋% =	
−1
𝜔𝐶 	𝑎𝑛𝑑	𝑋& = 	𝜔𝐿																																																																																																																		(2.4) 
 
Where, (𝜔 = 2𝜋𝑓) is the angular frequency and (𝑓) is the frequency. For an AC circuit 

consisting of a series resistor, capacitor and inductor, the total impedance (𝑍) could be 
expressed as: 
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𝑍 = 𝑅 + 𝑗𝑋	
'(	'!#	'"HIIIIIJ 	𝑍 = 𝑅 + 𝑗(𝑋& − 𝑋%) ⟺ 𝑍 = 𝑅 + 𝑗 =𝜔𝐿 −	

1
𝜔𝐶>																												(2.5)	 

 
The admittance (𝑌) is the reciprocal of the impedance (𝑍). 
 

𝑌 = 	
1
𝑍 = 	

1
𝑅 + 𝑗𝑋 = 	

𝑅
𝑅" + 𝑋" − 𝑗

𝑋
𝑅" + 𝑋" = 	𝐺 + 	𝑗𝐵																																																													(2.6) 

 
Where, (𝐺) and (𝐵) are the conductance and susceptance of the dielectric. 
 
An important parameter of an ideal capacitor is the quality factor (𝑄), defined as the 

ratio of the capacitive reactance (𝑋%)  to the series resistance (𝑅).  
 

𝑄 =	
𝑋%
𝑅 																																																																																																																																																	(2.7) 

 
The dissipation factor (𝐷) also known as loss tangent (tan 𝛿) is the reciprocal of (𝑄). 
 

𝐷 =	
1
𝑄 = 	

𝑅
𝑋%
																																																																																																																																					(2.8)	 

  
2.2.2 Leakage Current Conduction Mechanisms 
 

The term “leakage current” refers to an unwanted flow of current within a dielectric 
material that increases power consumption as well as deteriorating the performance of the 
device. The leakage current in dielectrics may strongly depend on the thickness of the 
dielectric, material composition or trap density of the films [8]. Such factors can be explained 
by the current conduction mechanisms that governs the current transport in dielectric thin 
films. These current conduction mechanisms are classified into two groups namely: the 
electrode-limited and the bulk-limited conduction mechanisms [1][8][9].  

 
The electrode-limited conduction mechanism depends on the structure of the 

electrode-dielectric interface. In these mechanisms, parameters such as the barrier height at 
the electrode-dielectric interface and effective mass of the oxide could be extracted. The bulk-
limited conduction mechanism on the other hand, depends on the electronic structure of the 
bulk material itself. In these mechanisms, parameters such as trap density, trap levels, trap 
spacing, dielectric relaxation time and carrier drift mobility could be extracted [1][10]. 

 
The electrode-limited conduction mechanism is the Schottky emission (SE), Fowler 

Nordheim (FN), Direct tunneling (DT) and Thermionic field emission conduction mechanisms 
while the bulk-limited conduction mechanism is the Poole-Frenkel (PF), Hopping conduction, 
Ohmic conduction, Space-charge-limited conduction, Ionic conduction and Grain boundary-
limited conduction mechanism. Amongst the various conduction mechanisms, the so-called 
SE, FN, PF (for thin film) and DT (for ultra-thin film, < 3 nm) conduction mechanisms have been 
considered as dominant conduction mechanisms for good insulators [12][13].   
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Figure 2- 3. Classifications of conduction mechanisms [1]. 

 
2.2.2.1 Schottky Emission (SE) Conduction mechanism 
 

The Schottky emission (SE) conduction mechanism occurs due to thermal activation 
of the electrons. The electrons in the metal have sufficient energy to overcome the energy 
barrier at the metal-dielectric interface and diffuse to the dielectric as illustrated in Figure 2-
4. Such type of conduction mechanism mostly occurs in oxides at relatively high temperatures 
[1][10]–[15]. 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 2- 4. Energy band diagram of Schottky emission (SE) in metal-insulator-metal (MIM) 

structures. 
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The expression of the Schottky emission is given by [10][15]: 
 

𝐽*+ = 𝐴∗𝑇"	𝑒𝑥𝑝 [
−𝑞]𝜙- − 7𝑞𝐸 4𝜋𝜀.𝜀!⁄ a

𝐾/𝑇
c																																																																																	(2.9) 

 
Where, 

 

𝐴∗ =
4𝜋𝑞𝑘"𝑚∗

ℎ0 =	
120𝑚∗

𝑚!
																																																																																																													(2.10) 

 
(𝐽*+) is the Schottky emission current density, (𝐴∗) is the effective Richardson constant, (𝑚!) 
and (𝑚∗) are the free electron and effective mass respectively, (𝑇) is the temperature, (𝑞) is 
the electronic charge, (𝜙-) is the Schottky barrier height, (𝐸) is the electric field across the 
dielectric, (𝐾/) is the Boltzmann’s constant, (ℎ) is the Planck’s constant and finally, both (𝜀!) 
and (𝜀.) are the permittivity in vacuum and the dielectric constant of the material 
respectively. 
 
2.2.2.2 Fowler Nordheim (FN) Tunneling Conduction mechanism 
 

 The Fowler Nordheim (FN) tunneling occurs when an electron penetrates through the 
triangular potential barrier into the conduction band of the dielectric due to an applied 
electric field. The FN tunneling effect is similar to that of direct tunneling (DT). The only 
difference is that the FN tunneling effect occur at oxide with thicker films while the DT effect 
occur at thin oxides (< 3 nm). The FN tunneling conduction mechanism is dominant when the 
current-voltage characteristics is measured at very low temperatures. Figure 2-5 and Figure 
2-6 show the energy band diagram of FN and DT conduction mechanism in metal-insulator-
metal (MIM) structures respectively.  

 
 
 
 
 
 
 
 

 
 

 
 
 
 

Figure 2- 5. Energy band diagram of Fowler Nordhiem (FN) in metal-insulator-metal (MIM) 
structures. 
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Figure 2- 6. Energy band diagram of Direct tunneling (DT) in metal-insulator-metal (MIM) 
structures. 

 
The current equation of Fowler Nordheim (FN) is given as [1]: 

 

𝐽12 =	
𝑞0𝐸"

8𝜋ℎ𝑞𝜙-
𝑒𝑥𝑝 [

−8𝜋(2𝑞𝑚3
∗ )$ "4

3ℎ𝐸 𝜙-
0
"4 c																																																																														(2.11) 

 
Where (𝑚3

∗ ) is the tunneling effective mass in the dielectric while other notations have 
been previously defined.  
 

Whereas, the current equation of Direct tunneling (DT) is given as [13][16]: 
   

𝐽53 ≈ 𝑒𝑥𝑝 f
8𝜋72𝑞
3ℎ

(𝑚∗𝜙-)
$
"4 	. 𝑘	. 𝑡!6,89g																																																																																(2.12) 

 
Where (𝑘) is the relative dielectric constant of the oxide and (𝑡!6,89) is the equivalent 

oxide thickness (EOT). According to Yeo et al.[16], the direct tunneling current (𝐽53) strongly 
depend on the dielectric constant (𝑘), barrier height (𝜙-) and tunneling effective mass (𝑚3

∗ ). 
 
N.B the parameters (𝑚∗) and (𝜙-), could further be determined from the intercept of the SE 
plot (	ln(𝐽 𝑇")⁄  versus √𝐸 ) and the slope of FN plot (	ln(𝐽 𝐸")⁄  versus 1/𝐸 ) assuming (𝑚!6

∗ =
	𝑚3

∗ ) [14].  
 

The intercept from SE plot is given by: 
 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = ln =120
𝑚!6
∗

𝑚!
> −	

𝑞𝜙-
𝐾/𝑇

									 																																																																																			(3.17) 

 
While the slope of the FN plot can be expressed as: 
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𝑠𝑙𝑜𝑝𝑒 = 	−6.83	 ×	10:r
𝑚3
∗

𝑚!
𝜙-0																																																																																																		(3.18) 

 
2.2.2.3 Poole-Frenkel (PF) Conduction mechanism 
 

The Poole Frenkel (PF) conduction occurs when electrons are trapped and excited into 
conduction band of the dielectric. This type of conduction mechanism is similar to that of 
Schottky emission because it involves thermal excitation of trapped electrons. The trapped 
electrons can be released from their trapping centres by an electric field. This electric field 
reduces the Coulomb potential energy of the electrons and increases the probability of the 
electrons to be thermally excited out of the trapping centres and jump into the conduction 
band of the dielectric. Figure 2-7 illustrate the energy band diagram of the PF conduction 
mechanism. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2- 7. Energy band diagram of Poole Frenkel (PF) emission in metal-insulator-metal 
(MIM) structures. 

 
The current equation of Poole Frenkel (PF) emission is given as [13][17]: 

 

𝐽;1 = 𝑞𝜇𝑁<𝐸	. 𝑒𝑥𝑝 [
−𝑞]𝜙3 − 7𝑞𝐸 𝜋𝜀=𝜀!⁄ a

𝐾/𝑇
c																																																																												(2.13) 

 
Where (𝜇) is the electronic drift mobility, (𝑁<) is the density of states in the conduction 

band, 	(𝜙3) is the trap energy level. 
 

It is important to note that the current transport in dielectrics strongly depends on the 
composition of the dielectric material, thickness of the dielectric, traps and trap levels in the 
dielectric and the materials used as electrodes as well as their work functions. Based on that, 
it has been shown that the current transport in dielectrics is governed by one or two 
conduction mechanisms [1][8][9][12]. The Schottky emission (SE) and Poole-Frenkel (PF) 
conduction mechanisms are dominant at high temperature and low electric field while the 
Fowler Nordhiem (FN) conduction mechanism is dominant at low temperature and high 
electric field. 

qfb 
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2.3 Metal Oxide Semiconductor (MOS) Operation 
 

Metal oxide semiconductor (MOS) capacitor is a three-component structure that 
consist of metal gate, dielectric and a semiconductor. A MOS capacitor is considered as one 
of the main components of the modern CMOS technologies. The performance of a Metal 
oxide semiconductor field effect transistor (MOSFET) strongly relies on the performance of 
the MOS capacitor as it is the core component of the MOSFET.  A MOSFET is a typical MOS 
capacitor with two metal-semiconductor junctions at two ends as illustrated in Figure 2-8. 

 
 

 
 

 
 
 
 
 
 
  

 
 
 
 

 
Figure 2- 8. A schematic of a metal oxide semiconductor field effect transistor (MOSFET). 

The principles of operation of a MOS capacitor can be studied by using the energy-
band diagrams. A MOS capacitor is said to be ideal if the following conditions are satisfied 
[17]: 
 

a) When there is an equilibrium between the metal work function fm and the 
semiconductor work function fs (i.e., fm = fs). In this case, the energy levels must be 
flat in the absence of the applied voltage. 
 

b) Furthermore, there should exist no charge in the oxide and at oxide-semiconductor 
interface. 

Figure 2-9 show an illustration of an energy-band diagram of an unbiased ideal MOS 
capacitor. 
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Figure 2- 9. Energy band diagram of an ideal MOS capacitor employing n-type 
semiconductor at equilibrium (Vapp=0). (1) qfm: fm is the metal work function, (2) qci: ci is 
the electron affinity of the insulator, (3) qc: c is the electron affinity of the semiconductor, 

(4) Eg/2: Eg is the band gap of the semiconductor, (5) qfn: fn is the Fermi potential with 
respect to the conduction band edge, (6) qψBn: ψBn is the Fermi potential with respect to the 

mid-gap edge. 

 
As seen in Figure 2-9, all the energy levels are flat due to absence of applied voltage 

(Vapp = 0). When a positive or negative voltage is applied to the MOS capacitor, one of the 
three types of operation occur at the semiconductor-insulator interface. Such type of 
operations are known as accumulation, depletion and Inversion [17][18]. 

 
2.3.1 Accumulation 
 

Considering an n-type semiconductor, when a positive voltage (Vg > 0) is applied to 
the gate of the MOS capacitor, a downward bending of the conduction band edge (Ec) occurs 
near the semiconductor-insulator interface. As the bending edges towards to the fermi 
energy level (Ef), electrons (majority carriers) are trapped and accumulated at the 
semiconductor-insulator interface as shown in Figure 2-10. Such type of operation is called 
an accumulation. 
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Figure 2- 10. Schematic of an energy-band diagram of a MOS capacitor operating in an 

accumulation regime. 

 
2.3.2 Depletion 
 

When a small negative voltage (Vg < 0) is applied to the gate of a MOS capacitor, an 
upward band bending at the semiconductor-insulator interface occur causing the majority 
carrier to deplete. Such type of operation is called the depletion regime as illustrated in Figure 
2-11. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2- 11. Schematic of an energy-band diagram of a MOS capacitor operating in a 
depletion regime. 
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2.3.3 Inversion regime 
 

When a large negative voltage is applied (Vg << 0) to the gate of a MOS capacitor, the 
upward band bending increases more causing the intrinsic energy Ei to traverse the Ef which 
further inverts the semiconductor from n-type to p-type. In this case, the holes (minority 
carriers) density at the semiconductor-insulator interface is larger than the electrons 
(majority carriers) leading to an inversion as shown in Figure 2-12. Such type of operation is 
called an inversion [19].  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2- 12. Schematic of an energy-band diagram of a MOS capacitor operating in an 
inversion regime. 

 

2.4 Metal Oxide Semiconductor Field Effect Transistor (MOSFTET) 
 

A MOSFET is a type of MOS capacitor with two metal-semiconductor junctions at two 
ends as previously shown in Figure 2-9. These junctions are the “source” and “drain” 
electrodes, typically made of metals such as aluminium (Al), gold (Au), silver (Ag), copper (Cu), 
etc. The gate electrode is located between the source and drain electrodes, separated from 
the channel by a thin layer of oxide film (insulator).  

 
MOSFETs can be categorized according to the type of its channel carriers and 

according to the state of the transistor with zero gate bias. For the channel carriers, the 
MOSFETs can be an n-channel or p-channel MOSFETs. In the n-channel MOSFETs, the 
electrons are the majority carriers and are excited by a more positive gate voltage, while in 
the p-channel, the holes are the majority carriers and are excited with more negative gate. 
For the state of the transistor with zero gate bias, the MOSFETs operates in two modes: 
enhancement or depletion mode. 
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The enhancement mode MOSFETs are the “normally off” by default and requires 
biasing at the gate terminal for the transistor to turn on. In other words, when there is a 
sufficient applied gate voltage, current conduction takes place between the source and drain 
terminal which causes the transistor to switch on. The voltage at which the transistor switches 
on is called the threshold voltage (VT) or turn-on voltage (Von). When VG (also known as the 
gate-source voltage, VGS) is greater than the VT, the corresponding drain current increases and 
thus the transistor switches on. However, when VGS is less than VT, the current in the channel 
does not completely reduce to zero as there is a finite conduction that takes place in the 
channel. This finite conduction is referred to as subthreshold conduction and it occurs at the 
transistor’s weak inversion or depletion region also called the subthreshold region [20]. An 
important parameter of the subthreshold region is the subthreshold swing, defined as the 
amount of VGS needed to increase the drain-source current (IDS) level by an order of 
magnitude. The subthreshold swing can be obtained from the inverse slope of the IDS-VGS 
transfer characteristics curve [21]. 

 

𝑆𝑆 =
𝜕𝑉>?

𝜕(𝑙𝑜𝑔$@𝐼5*)
																																																																																																																												(2.14) 

 
The depletion mode on the other hand, are “normally on” devices that requires 

biasing at the gate terminal to turn off the transistor. In this case, the current conduction 
between the source and drain terminal is at its maximum level without biasing the VGS. By 
biasing the VGS, the transistor switches off and hence, no current conduction between the 
source and drain terminal. In other words, biasing the VGS will deplete the carrier charges and 
the transistor switches off. Figure 2-13 show a typical transfer characteristic curve of a 
transistor operating in enhancement and depletion mode. 

 
 
                                                                                                                                          

 
 
 
 
 

    
 

 
 
 
 
 

Figure 2- 13. Transfer characteristics (a) enhancement mode and (b) depletion mode 
MOSFETs for an n-type semiconductor. 

 
Thin film transistors (TFTs) are typically MOSFETs, and consist of a dielectric layer, 

semiconductor layer, source and drain electrodes, and gate electrodes. The dielectric is 
sandwiched between the gate electrode and the semiconductor. The source and drain 
electrodes are typically made of metals (Al, Au, Ag, Ni etc.) and are deposited directly on the 
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semiconductor or at the opposite side of the semiconductor depending on the type of TFTs 
structure. The most used TFTs structures are shown in Figure 2-14. The operational concepts 
of these TFTs are based on the FET principles and the performance of these TFTs are governed 
by two important geometric parameters namely transistor’s channel length (L) and width (W). 
The channel length of TFT is distance between the source and drain electrode while the 
channel width is the distance over which the source and drain electrodes run parallel to each 
other. 

 
 

 
 
Figure 2- 14. Schematics showing some of the most conventional TFT structures, according to 

the position of the gate electrode and to the distribution of the electrodes relatively to the 
semiconductor [22].   

 
The electrical characteristics of the TFT can be derived from its current-voltage 

relationship at the linear regime using gradual channel approximation [23]. 
 

𝐼5 = 𝜇𝐶!6
𝑊
𝐿 =𝑉>* − 𝑉3 −

𝑉5*
2 >𝑉5*, 𝑓𝑜𝑟	𝑉>* − 𝑉3 ≥		𝑉5* ≥ 0																																			(2.15) 

 
Where (𝑊) and (𝐿) are the channel width and length respectively, (𝐶!6) is the gate 

dielectric geometric capacitance, (𝜇) the charge carrier (hole or electron) mobility, (𝑉>*) the 
gate-source voltage, (𝑉3) the threshold voltage and (𝑉5*) the drain-source voltage. The 
current-voltage relationship at the saturation regime is: 

 

𝐼5 =
𝜇𝐶!6
2

𝑊
𝐿
(𝑉> − 𝑉3)",				𝑓𝑜𝑟	𝑉5* ≥ (𝑉>* − 𝑉3) ≥ 0																																																										(2.16) 

 
From the transfer and output characteristics curves of a TFT, parameters such as 

mobility (𝜇), current modulation ratio (𝐼5AB 𝐼5
ACC⁄ ), subthreshold swing (𝑆𝑆) and turn-on 

voltage (𝑉!B)  could be extracted. 
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2.4.1 Mobility (𝜇) 
 

The mobility (𝜇) is one of the main parameters that defines the performance of a TFT. 
It is associated with the efficiency of carrier transport in a material, affecting directly the 
maximum 𝐼5 and operating frequencies of the devices [22]. The 𝜇 of a given TFT is affected 
by several scattering mechanisms such as lattice vibrations, ionized impurities, grain 
boundaries and other structural defects [24]. Since the movement of carriers is constrained 
to a narrow region close to 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 [25]. It is worth mentioning that the 𝜇 of a 
TFT is modulated by 𝑉> , which makes scattering mechanisms less relevant for biasing 
conditions. The 𝜇 of a TFT can be extracted using different methodologies [22]. The widely 
used expression for 𝜇 extraction is obtained by given equations [26].   

 

𝜇D=B =	
𝐿

𝑊𝐶!6
	 .
1
𝑉5
	 .
𝜕𝐼5
𝜕𝑉>

																																																																																																																		(2.17) 

 
For the linear region and 
 

𝜇?EF =	
𝐿

𝑊𝐶!6
	.		
𝜕"𝐼5
𝜕𝑉>"

																																																																																																																						(2.18) 

 
For the saturation region. 
 

2.4.2 Current modulation ratio  
 

The current modulation ratio (𝐼5AB 𝐼5
ACC⁄ ) is the ratio between the maximum to the 

minimum drain current (𝐼5). The minimum 𝐼5 is associated with the noise level of the 
measurement equipment or the gate leakage current ((𝐼>), while the maximum 𝐼5 depends 
on the semiconductor material itself and on the effectiveness of capacitive injection by the 
field effect. In TFTs, a large 𝐼5AB 𝐼5

ACC⁄  typically above 106, is required for their successful 
implementation in devices. Figure 2-15 show a schematic of an output and transfer 
characteristics of an n-type oxide TFT. 
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Figure 2- 15. Typical a) Output and b) transfer characteristics of a n-type oxide TFT [22]. 

 
2.4.3 Threshold/Turn on Voltage  

 
The threshold/turn on voltage (𝑉3/𝑉!B) is the 𝑉>  required for the transistor to turn 

on. An accumulation layer or conductive channel is formed closed to the 
dielectric/semiconductor interface between the source and drain electrodes (channel region).  
For an n-type TFT, regardless of the polarity of the 𝑉3  (i.e., whether positive or negative), the 
devices operate as enhancement or depletion mode. Both types are essential for circuit 
fabrications, however, enhancement mode is preferable as it does not require any 𝑉>  to turn 
off the transistor, contributing to the simplicity of the circuit design as well as minimizing 
power dissipation. 𝑉3  can be determined using different methodologies, such as linear 
extrapolation of the 𝐼5 − 𝑉>  plot (for low 𝑉5) or of the 𝐼5

$/" − 𝑉>  plot (for high 𝑉5). The 
concept of 𝑉!B is often used in literature, simply corresponding to the 𝑉>  at which 𝐼5 starts to 
increase as seen in a log 𝐼5 − 𝑉>  plot, or in other words, the 𝑉>  necessary to fully turn-off the 
transistor [27]. 
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2.4.4 Subthreshold swing (SS) 
 

The subthreshold swing (SS) is defined as the amount VG needed to increase the ID 
level by an order of magnitude. The equation used to determine the subthreshold swing is 
already given in equation (2.14). A typical SS value should be far less than 1, (i.e., 0.10 – 0.30 
V/dec), and small values results 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: 

 

𝑁**HE6 =	𝐶!6	. =
𝑆𝑆

2.3𝑒𝐾/𝑇
−	

1
𝑒">																																																																																																			(2.19) 

 
Where (𝐶!6) is the geometric capacitance of the dielectric, (𝑒) is the elementary 

charge, (𝐾/) is the Boltzmann constant, and T is the temperature [28]. 
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3 Experimental: Deposition and Characterization 
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3.1 Introduction 
 

In this chapter, the deposition and the characterization techniques used for thin film 
deposition are discussed. For the deposition, spray pyrolysis was used for deposition of thin 
films on substrates while thermal evaporation was employed for the deposition of top 
electrodes on the spray-coated films. The characterization of the spray-coated films was 
carried out using range of techniques including ellipsometry, x-ray diffraction (XRD), atomic 
force microscopy (AFM), ultraviolet-visible (UV-Vis) spectroscopy, impedance spectroscopy, 
fourier transform infrared (FTIR) spectroscopy and I – V measurements. 

3.2 Experiment 
 

3.2.1 Spray Pyrolysis 
 

In the spray pyrolysis technique, films are typically deposited by an aerosol solution of 
the precursor which is spray coated onto pre-heated substrate where the constituents 
undergo chemical reaction to form a chemical compound [1].  

 
Viguie and Spitz [2] described the four stages of reaction that may occur in the 

deposition process. In the first stage, the droplets reach the hot surface while the solvent 
evaporates leaving behind solids that further react in solid state. In the second stage, the 
solvents evaporate before the droplets approaches the hot surface and the dry solid impinges 
on the surface by decomposition. In the third process, the solvents are vaporized as the 
droplets approach the hot surface, the solid then melt and vaporizes, and the vapour diffuses 
to the hot surface to undergo heterogeneous reaction (typical CVD process). The last stage 
involves the entire reaction to take place in a vapour state [1]. The most important 
parameters in all the stages mentioned are the substrate temperature, solution concentration 
and solution flow rate, carrier gas flow rate, nozzle-to-substrate distance and droplet radius 
[1].  

 
The substrate temperature is the most important parameter of spray pyrolysis 

technique because it determines the film morphology and the properties of the deposited 
material [3]. By increasing the substrate temperature, the films morphology changes from a 
cracked to porous microstructure. The properties of the films can also be influenced by 
varying the substrate temperature. For instance, it has already been reported in the literature 
[4] that the zinc oxide (ZnO) films deposited at 490 °C from aqueous solution of zinc acetate 
(ZnC4H6O4), showed better crystallinity and thicker films than the one deposited at 420 °C. 
Another instance is that of terbia-doped yttria-stabilized zirconia thin films [5], where It was 
reported that the surface morphology was influenced by increasing substrate temperature 
resulting from a dense to a highly porous structure. 

 
The solution concentration is considered as second most important parameter when 

employing spray pyrolysis technique. Usually, a metal salt precursor is dissolved in a solvent 
at solution concentration between 0.001 – 0.1 M which when deposited, leads to formation 
of thin films [1]. The thickness of the films can be controlled by varying the molarity of the 
solution concentration. 
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The carrier gas flow rate is another important parameter employed for spray pyrolysis 
technique. Here, a non-reactive gas such as noble gases are required to transport the 
solutions onto the substrate. It can also determine the growth rate of the film thickness. By 
increasing the carrier gas flow rate, the formation of films on the substrate becomes rapid. 
The carrier gas flow rate can be controlled by regulating the pressure pump.  

 
The nozzle-to-substrate distance is critical in spray pyrolysis technique as it 

determines the formation of film thickness on the substrate. The formation of the film 
thickness also depends on the substrate temperature, volume of the solution and solution 
concentration.  

 
Finally, the droplet radius is obtained from the droplet as it strikes the pre-heated 

substrate. The process undergoes chemical reactions that further results to the formation of 
thin film onto the substrate. An ideal deposition condition is when the droplets approach the 
substrate just as the solvent is completely removed.  
 

For many years, spray pyrolysis technique have been utilized mainly for deposition of 
oxides (especially transparent conductors such as SnOx) on glass [1][3]. This method can be 
used to grow high quality dense films, porous films and even multi-layered films of any 
composition [3]. The film properties depend on the choice of precursor and solvent, spray 
rate, atmosphere, carrier gas, droplet size, substrate temperature and also cooling rate after 
deposition [6]. The substrate temperature plays an important role in producing high quality 
films. The substrate temperature is expected to be at least +50 °C of the decomposition 
temperature of the precursor. The idea of choosing a suitable substrate temperature is to 
prevent the occurrence of an undesirable phenomenon such as Leidenfrost effect. Leidenfrost 
effect [7] is a physical phenomenon that occur when a droplet splashes onto a very hot 
surface such that the temperature of that surface is much higher than that of the boiling point 
of the droplet. This generates an undesirable insulating vapour layer between the droplet and 
the hot surface thereby slowing down the evaporation process of the droplet [7]. A typical 
water boiling graph curve at 1 atmosphere is shown in Figure 3-1 to illustrate the Leidenfrost 
phenomenon.  
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Figure 3- 1. A typical water boiling graph curve at 1 atmosphere [8]. 

 
The graph explains five stages of water boiling points between point A and E. In stage 

1, also known as the natural convection boiling stage, there was no formation of water 
bubbles on the heating surface until after a few degrees above the saturation temperature 
(usually about 2 to 5 °C for water) as indicated at point A. In stage 2, there was formation of 
water bubbles between points A and C (nucleate boiling stage). At point A, the water bubbles 
start forming at various preferential sites on the heating surface. As the heating rate 
increases, the water bubbles keep increasing until the water boiling curves reaches point B. 
Again, with further increase in heating rate, more water bubbles are formed and the water 
boiling curve reaches point C where the maximum (critical) heat flux is obtained. When the 
heating rate further increases beyond point C, the heat flux starts to decrease due to the 
formation of vapour films on the heating surface that further act as an insulation due to low 
thermal conductivity relative to that of the liquid. This stage is also called the transition boiling 
stage and the point D which correspond to the minimum heat flux is called the Leidenfrost 
point. Beyond point D, the heater surface is completely covered by a continuous stable vapour 
film.  

  
To that point, to avoid occurrence of such unwanted phenomenon, a moderate 

substrate temperature must be chosen. The decomposition temperature can be determined 
by running thermal analysis on the precursor. 

 
Spray pyrolysis method offers several advantages compared to other methods of 

deposition because it is relatively very easy to adopt, it is cost-efficient compared to the 
vacuum-based techniques (MBE, ALD, MOCVD, sputtering etc.), uniform films can be 
deposited over large area, easy to dope materials, easy to control film growth rate and no 
vacuum chamber is required for the deposition. The parameters needed to adopt this 
technique includes the airbrush/atomizer, temperature controller, non-reactive carrier gas, 
pressure controller and substrate heater. Figure 3-2 illustrate the set-up of spray pyrolysis 
technique while Figure 3-3 show an image of a number of different substrates during spray 
coating process. 
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Figure 3- 2. Spray Pyrolysis technique for thin-film deposition [9]. 

 

 
 

Figure 3- 3. An image showing variety of substrates during spray coating process on a 
preheated surface. 

 
Table 3-1 presents examples of metal oxide thin films deposited by spray pyrolysis in 

recent years. 
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Table 3- 1. Selected previous works carried out by spray pyrolysis technique (Al2O3: aluminium 
(III) oxide, Al (NO3).9H2O: aluminium nitrate nonahydrate, Al (C5H7O2)3: aluminium 
acetylacetonate, AlCl3: aluminium (III) chloride, 2-ME: 2-methoxyethanol, MeOH: methanol, 
DMF: dimethylformamide, DIW: deionized water, EtOH: ethanol, Acac: acetylacetone, HfO2: 
hafnium oxide, HfCl4: hafnium (IV) chloride, ZrO2: zirconium oxide, Zr (C5H7O2)4: zirconium 
acetylacetonate, ZnO: zinc oxide, Zn (OAc). 2H2O: zinc acetate dilhydrate, In2O3: indium oxide, 
In (NO3)3. H2O: indium (III) nitrate hydrate, In (C2H3O2)3: indium (III) acetate, SnO2: tin oxide, 
Sn (CH3CO2)2: tin (II) acetate, La2O3: lanthanum oxide, La (NO3)3.6H2O: lanthanum (III) nitrate 
hexahydrate). 

Films Precursor Solvent Deposition 
temperature 

(°C) 

Ref 

Al2O3 Al (NO3).9H2O, 
Al (C5H7O2)3, 

AlCl3, 
 

2-ME & Acac, 
MeOH, MeOH & DMF, 

MeOH & Acac 

350 
400, 440 

420 

[10] 
[11][12] 

[13] 

HfO2 HfCl4 MeOH & EtOH 450 [14] 
ZrO2 Zr (C5H7O2)4 MeOH 400 [15][16][17] 
ZnO Zn (OAc). 2H2O MeOH 

2-ME 
400, 500 

350 
[18][19][20] 

[21][22] 
[23] 

In2O3 In (NO3)3. H2O 
In (C2H3O2)3 

DIW 250 
350-450 

[24][21] 
[25] 

SnO2 Sn (CH3CO2)2 DIW 350-450 [25] 
La2O3 La (NO3)3.6H2O 2-ME 

MeOH 
350 
500 

[23] 
[22] 

 
3.2.2 TGA/ DSC 

 
The simultaneous thermal analysis generally refers to the simultaneous application of 

both thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) on a 
sample in a single instrument. The TGA measures the change in mass as a function of 
temperature or time of a sample while the DSC measures the amount of heat that is absorbed 
or released by the sample as a function of temperature or time. This measurement is carried 
out simultaneously by the STA. From the TGA curve, information about the decomposition 
profile of the sample could be revealed while from the DSC curve, information about the 
phase transition of the sample could also be revealed as illustrated in Figure 3-4. 

 
In this thesis, the thermal analysis on tantalum chloride, aluminium acetylacetonate, 

hafnium chloride, titanium chloride, zirconium acetylacetonate and silicon chloride were ran 
using the simultaneous thermal analyser NETZSCH STA 449 F3 Jupiter® system, with alumina 
(Al2O3) crucible. All measurements were conducted in the range between 40 – 700 °C at a 
constant heating rate of 10 K/min under nitrogen atmosphere. 
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Figure 3- 4. Schematic of a typical TGA/DSC curve of titanium chloride liquid. 

 
3.2.3 Thermal Evaporation  

 
Thermal evaporation is among the oldest thin film deposition techniques specifically 

employed for deposition of metal and metal alloys. The process mainly consists of 
evaporation from the source and condensation at the substrate surface in a vacuum chamber 
(10-6 mbar). The principle of its operation requires a generated vapour by boiling or subliming 
a source material. This vapour is further transported onto the substrate where it will 
condense to produce solid film onto the substrate [26]. This technique can use two types of 
sources i.e. the resistive and electron beam source [27].  Figure 3-5 show a schematic of a 
typical electron beam source thermal evaporation system. 
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Figure 3- 5. A Schematic of a typical electron beam source thermal evaporation system [28]. 

 
In this thesis, thermal evaporation method was used for the deposition of top 

electrode contacts on the MIM and TFT devices. Aluminium metals were deposited through 
shadow masks, under high vacuum (10-6 mbar). 

 

3.3  Characterization 
 

3.3.1 Single Wavelength Ellipsometry 
 

Ellipsometry is a powerful characterisation technique adopted for measurement of 
film thickness and optical parameters such as refractive index, angle of incidence and 
wavelength of the light source. Its principle is based on polarization of light interacting with 
the surface of the substrate by means of reflection, refraction and transmission of light. This 
means of interactions causes the change in the polarisation along with some other optical 
properties in the incident light beam. Figure 3-6 illustrate a single wavelength ellipsometry 
setup. It consists of a light source that produces a non-linear polarised light beam. This light 
beam is further linearized by a linear polariser and transmit to a compensator where it is 
elliptically polarised before hitting the surface of the sample. The polarised light on the film 
(still linearly polarised) is reflected off to the analyser and detected by a photodetector for 
data processing.   
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Figure 3- 6. Single wavelength ellipsometer setup [29]. 

 
The mathematical expression for describing the change of polarisation is given by the 

equation [30]. 
 

𝜌 = 	
𝑅;
𝑅*

=	 tan(Ψ)𝑒=∆ 																																																																																																																							(3.1) 

 
Where, (𝜌) is the change in polarisation, (𝑅;) is the component oscillating in the plane 

of the incident,	(𝑅*) is the oscillating component perpendicular to the plane of the incidence, 
(tan(Ψ)) is the amplitude ratio of the reflection and (∆) is the phase shift. 
In general, the ratio r is a function of several parameters [30]. 
 
𝜌	 = 	𝜌	(𝑑, 𝑁@, 𝑁$, 𝑁", 𝜙, 𝜆)																																																																																																														(3.2) 
 

Where (𝑑) is the thickness of the film, 𝑁@, 𝑁$, and 𝑁" are the refractive indices of the 
ambient film, and substrate respectively, 𝜙 is the angle of incidence, and 𝜆 is the wavelength 
of the source. 

 
In this thesis, a single wavelength ellipsometer (Rudolph AutoEL II) was used to 

estimate the thickness and the refractive index of the deposited metal oxides films. Rudolpg 
AutoEL II uses HeNe laser (632.8 nm) as a light source.  

 
3.3.2 X-ray Diffraction (XRD) 

 
The X-ray Diffraction (XRD) is a powerful technique for investigation of structural 

properties of solids. These structural properties can be investigated in terms of the crystal 
structure of a material, the preferred orientations (textured) and other parameters such as 
average grain size, crystallinity, strain, and crystal defects. The diffraction peak is produced 
by constructive interference of a monochromatic beam of X-rays scattered at specific angles 
from each set of lattice planes in a sample. The peak intensities are determined by the 
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distribution of atoms within the lattice [31]. Figure 3-7 show a schematic diagram of x-ray 
diffraction from a periodic atom structure. 

 
 
 

 
 
 
 
 
 
 
 

 
 

Figure 3- 7. Schematic of X-ray Diffraction from a periodic atomic structure. 

 
The general relationship between wavelength of the incident X-rays, angle of 

incidence and spacing between crystal lattice planes of atoms is known as Bragg’s Law, 
expressed as: 
 
𝑛	. 𝜆 = 2𝑑JKD 	. sin 𝜃 																																																																																																																												(3.3) 
 
Where, (𝑛) is the diffraction order, (𝜆) is the wavelength of the incident X-rays, (𝑑JKD) is the 
interplanar spacing of the crystal and (𝜃) is angle of incidence.  
 

The diffraction peaks obtained from the XRD spectrum graph, can be analysed using 
the Scherrer’s equation [32] to determine the average crystallite size < 𝑑 > of the atomic 
structure. 

 

< 𝑑 >	=
𝐾	. 𝜆

𝛽L 	. cos 𝜃
																																																																																																																												(3.4) 

 
Where, (𝐾) is the so-called Scherrer constant and is typically taken as 0.9, (𝜆) is the 

wavelength of the incident X-rays, (𝛽L) is the full width at the half maximum of the peak’s 
intensity and  (𝜃) is the Bragg angle. It is important to mention that the < 𝑑 > depends on 
the broadening of the XRD diffraction peak.  
 

The equipment used to measure the XRD patterns of a material is the X-ray 
diffractometer. The X-ray diffractometer consists of three basic components: An X-ray tube, 
a sample holder and a detector. In the X-ray tube, current is applied to heat the filament that 
produces electrons. These electrons are accelerated towards a target by applying a voltage. 
The accelerated electrons bombard the target material and generates the X-rays. The X-rays 
are further directed onto the sample in a collimated way.  The detector and the sample rotate 
in a circular path as the intensity of the X-ray is recorded at each point on the sample. 
Although, in some instruments, it is the X-ray tube that rotate while the sample is fixed. As 
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the geometry of incident X-rays impinges the sample, the Bragg’s law [33] is satisfied causing 
constructive interference that appear as a peak in the intensity [31]. The detector then 
records and process this X-ray signal by converting the signal into a count rate that serve as 
an output to a device such as a computer. Figure 3-8 describes a typical X-ray diffractometer 
measurement using Bragg’s geometry configuration. 

  
 

 
 
 

Figure 3- 8. Schematic of X-ray Diffractometer measurement [34]. 

 
Another geometry configuration suitable for measuring thin films is the grazing 

incidence x-ray diffraction (GIXRD). In GIXRD, the incident beam is fixed at a small angle 
(between 0.2 and 5 deg)  [35] while the detector rotates across the sample (fixed) in a circular 
path for data collection as illustrated in Figure 3-9.  

 

 
  

 

Figure 3- 9. Schematic of X-ray Diffractometer measurement [34]. 

 
Where, (ω) is the angle of incidence, defined as the angle between the X-ray source 

and the sample and (2θ) is the diffraction angle, defined as the angle between the incident 
beam and the detector.  
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One of the benefits of using smaller angle of incidence in GIXRD is to prevent high 
absorption of x-rays through the sample that may further caused signal loss and damage. 
Figure 3-10 show an illustration of GIXRD at high and low incident angle. 

 
 
 
 
 
 
 
 
 

 
Figure 3- 10. Illustration of GIXRD at (a) high incident angle and, (b) at low incident angle 

[35]. 

 
At high incident angle (ω$ > 5@), the incident x-ray is absorbed by the substrate as 

shown in Figure 3-10(a). The x-ray spot size narrows and may lead to x-ray penetration 
through the sample that may cause signal loss or damage to the sample. However, at low 
incident angle (ω" < 5@), the absorption of x-rays is focussed on the bulk sample and does 
not extend to the substrate as shown in Figure 3-10(b). In this case, the x-ray spot size widens 
and less penetration through the sample resulting to higher signal and reduced background 
noise.     
 

In this thesis, the grazing incidence x-ray diffraction measurements were performed 
using a Rigaku Ultima+ diffractometer, with CuKa radiation operating at 40 kV and 30 mA. 

 
 

3.3.3 Atomic Force Microscopy (AFM) 
 

The atomic force microscopy (AFM) is a powerful tool that provides information on 
surface morphology of thin films in terms of surface roughness at nano level. The surface 
roughness of the films is obtained by calculating the root mean square (RMS) of the AFM 
images. 

 
The working principle of this technique is based on interaction force between the 

probe and the surface of the sample. There are basically six components that describe the 
working principle of this technique. These components include a photodetector, a light 
source, feedback loop, a cantilever, a probe and a sample. The probe is mounted at the apex 
of flexible cantilever which is usually made of Si or Si3N4. The light source is focussed on the 
rear side of the cantilever and reflects off to the four-quadrant photodiode. The photodiode 
detects and measure the bending of the cantilever as the tip is scanned over the surface of 
the sample. This bending is caused by the interaction force between the tip and the surface 
of the sample. The detected signals are further transmitted to the feedback electronics where 
it is processed and converted into a voltage and further extends to the piezo. The piezo allows 
free movement of the positions of the cantilever while the sample is fixed or vice-versa. This 
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depends on the actual type of the AFM configuration. Figure 3-11 illustrate the schematic of 
AFM setup. 
 

 
 

Figure 3- 11. A schematic of AFM setup [36]. 

 
There are basically two major scanning modes of AFM operation [37], namely the 

contact mode and tapping mode. In the contact mode (also known as repulsive force), the tip 
is always in contact with the sample surface during measurement while in the tapping mode 
(also known as attractive force), the tip is not in contact with the sample’s surface however, 
it oscillates in a very close proximity to the sample’s surface. The contact mode has an 
advantage of obtaining very high-resolution images of the surface of the sample [37]. 
However, with constant contact between the tip and the surface of the sample, the surface 
of the sample could damage due to high lateral force exerted on the sample. 
 

In this thesis, AFM images were taken in contact mode under ambient conditions using 
a MultiMode probe microscope (MM-SPM) fitted to a Nanoscope IIIa controller unit 
employing a silicon tip of radius < 10 nm. 
 

3.3.4 Ultraviolet Visible (UV-Vis) spectroscopy 
 
The UV-Vis is a technique for the investigation of the optical properties of films. In this 

technique, measurements of the samples are taken in %transmittance spectra in a 
wavelength range between 190 and 1000 nm on fused silica substrate. From these 
measurements, parameters such as optical band gap (EG) and Urbarch tail energy (EU) [38] of 
the material could be obtained.  

 
The EG is defined as the energy difference between the conduction band and the 

valence band in the energy band diagram and it can be extrapolated from the Tauc plot [39]. 
Generally, the EG can be calculated by the given mathematical expression [38]:  
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(𝛼ℎ𝑣)B = 𝛽(ℎ𝑣 − 𝐸>)																																																																																																																						(3.5) 
 
Where, 𝛼 is absorption coefficient, ℎ is the Planck constant, 𝑣 is the frequency of 

wavelength, 𝛽 is a constant linked to the disorder degree of the structure and 𝑛 is an exponent 
index taken as ½ or 2 for direct and indirect transition EG respectively. The Tauc plot can be 
obtained from the graph of (𝛼ℎ𝑣)B versus photon energy (ℎ𝑣) as illustrated in Figure 3-12.  

 

 
Figure 3- 12. The extrapolation of a linear curve of a Tauc plot to determine the direct EG of 

ZnO thin films. 

The EU on the other hand, is an exponential tail that appears along the absorption 
coefficient curve near optical band edge in the absorption coefficient versus photon energy 
plot. EU characterizes local defects which create localized states in the EG. it is associated with 
disordered degree in amorphous materials which leads to extension of density of states in 
band tails [40]. EU can be obtained by the given equation [38]:   

 
𝛼 = 	𝛼@𝑒𝑥𝑝 �ℎ𝑣 𝐸M� �																																																																																																																									(3.6) 

 
Where,(𝛼@) is a constant and (𝐸M) can be determined from the inverse slope of 𝑙𝑛𝛼 

versus (ℎ𝑣) plot as illustrated in Figure 3-13. 
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Figure 3- 13. The EU plot of ZnO thin films. 

 
The optical path of a UV-Vis lambda 35 spectrometer is described in Figure 3-14. It has 

two independent radiation sources (deuterium lamp and halogen lamp source) that generates 
the wavelength range of the spectrometer. The radiation from the halogen lamp is used for 
operation in the visible region while the radiation from the deuterium source is used for 
operation in ultraviolet region. For operation in visible region, the radiation from the halogen 
lamp is transmitted to the mirror M1 and reflects off to mirror M2. Because the operation is 
in visible region, the radiation from the deuterium lamp is blocked by mirror M1. 
Subsequently, for operation in ultraviolet region, the radiation from the deuterium lamp 
passes through mirror M1 and extends to mirror M2 for further reflection. The reflected light 
on mirror M2 is transmitted to the grating (monochromator) via optical filter on the filter 
wheel assembly. The radiation at the monochromator further reflects off to the mirror M3 
and again reflects off to the beam splitter. The beam splitter splits the radiation into two, 
transmitting only 50 % of each to mirror M4 and mirror M5. Both mirror M4 and mirror M5 
are focused on the sample and the reference cell respectively. Finally, the beam extends to 
the detector via the convex lens for data processing.  
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Figure 3- 14. Optical path of a UV-Vis spectrometer [41]. 

 
In this thesis, the UV Vis lambda 35 spectrometer was used to investigate the optical 

properties of deposited thin films.  
 

3.3.5 Impedance spectroscopy  
 

The impedance spectroscopy is a characterization technique employed to investigate 
the dielectric properties of films in MIM structure. In this technique, characterization on MIM 
devices on glass/ITO substrates were conducted in the probe station under high vacuum (10-

2 mbar) using the Wayne Kerr 6500B impedance analyser. The impedance analyser 
characterises the component using range of AC functions over range of frequencies (1 kHz – 
10 MHz). These AC functions include capacitance, inductance, resistance, reactance, 
conductance, susceptance, dissipation factor, quality factor, impedance, admittance and 
phase angle. The impedance spectrometer displays two simultaneous measurements of 
selected AC functions which can be exported to the computer via USB or GPIB for data 
processing. The mathematical expression of a geometric capacitance (𝐶!6) of a MIM 
capacitor is given as: 
 

𝐶!6 =
1

2𝜋𝑓. 𝐴																																																																																																																																							(3.7) 

 
Where, (𝑓) is the frequency and (𝐴) is the area of the top electrode in cm2. Figure 3-

15 show an example of a geometric capacitance as a function of frequency of Ta2O5 films. 
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Figure 3- 15. An example of geometric capacitance as a function of frequency of Ta2O5 films. 

 
The dielectric constant (𝑘) is related to the geometric capacitance and can 

mathematically be expressed as: 
 

𝑘 =
𝐶!6	.		𝑡
𝜀!	. 𝐴

																																																																																																																																											(3.8) 

 
Where, (𝑡) is thickness of the film and (𝜀!) = 8.85	 ×	10#$" 	𝐹 𝑚⁄  is the permittivity 

of free space. 
 

3.3.6 Fourier Transform Infrared Spectroscopy (FTIR) 
 

FTIR is an infrared spectroscopy technique used for the identification of chemical 
bonds including solids, liquid and gases in infrared region. This identification of chemical 
bonds is achieved through means of interactions between the infrared radiation and the 
matter. In traditional IR spectroscopy, when light interacts with matter, the matter absorbs 
the light, and the absorption causes vibration within the atoms or molecules of that matter. 
This vibration occurs at a specific frequency corresponding to a chemical bond in the atoms. 
The FTIR differs from traditional IR spectroscopy as it offers the advantage of simultaneous 
measurements of all infrared frequencies rather than individually.  

 
The working principle of the FTIR is based on optical interferometry [42]. Figure 3-16 

show a schematic of interferometer used in FTIR. In the optical interferometry, a beam splitter 
takes an incoming infrared beam and splits it into two optical beams. One of the beams 
reflects to a flat optical fixed mirror and the other reflects to the other flat optical movable 
mirror that is very few millimetres away from the beam splitter. The two beams are further 
reflected from their respective mirrors and recombined. It is important to note that as one 
path of the beam travels in fixed length, the other path is constantly changing (in length) due 
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Beam Splitter 

Detector 

IR Source 

Scanning Mirror Path 2 

to the movement of the mirror. Consequently, the signal that exits the interferometry is a 
signal comprising of two beams interfering with each other. This resulting signal is called an 
interferogram, which is a unique type of signal comprising of encoded infrared frequencies. 
In other words, as the interferogram is measured, so also the infrared frequencies 
simultaneously. Finally, the resulting interferogram signals are converted into frequency 
spectrum by a computer using a well-known mathematical technique called Fourier 
transformation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Figure 3- 16. Schematic of interferometer used in FTIR [43]. 

 
3.3.7 I – V measurement 

 
The I – V measurement is used to investigate the electrical properties of thin films. In 

this technique, characterization on MIM devices on glass/ITO substrates were conducted in 
the probe station under high vacuum (10-2 mbar) using B5100 Parameter analyser. From this 
technique, parameters such as current density – electric field (J – E) characteristics and 
dielectric strength of the MIM device could be extracted. Additionally, the current conduction 
mechanism could also be investigated from the J – E characteristics to further reveal the 
nature of the current leakage in the dielectric. A more detailed review on conduction 
mechanism has already been discussed in chapter 2 of this thesis.  

 
 
 
 

Computer 
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4 Tantalum Aluminate Ta1-xAlxOy Thin Films 
 

In this chapter, the deposition and characterization of Tantalum Aluminate (Ta1-xAlxOy) 
thin films as a function of the Ta to Al atomic ratio (in the precursor solution) and their 
implementation as gate dielectrics in TFTs employing ZnO semiconducting channels are 
investigated. The films were deposited by spray coating in ambient atmosphere and 
characterized by UV-Vis spectroscopy, GIXRD, AFM, Impedance spectroscopy, I – V and field 
effect measurements. The results showed amorphous Ta1-xAlxOy films with low surface 
roughness (< 1 nm), with dielectric constant that ranges between 7 and 24, and optical 
bandgap between 4.9 and 8.8 eV. The leakage current density at 2 MV/cm showed decrease 
between 10-3 and 10-8 A/cm2 with increasing Al atomic ratio. Finally, the ZnO-based TFTs on 
Ta50Al50Ox high-k gate dielectrics showed excellent performance such as high electron mobility 
of 16 cm2/Vs, high on/off current modulation ratio of 105, threshold voltage of -3.2 V, 
subthreshold swing of 0.56 V/dec, interface trap density of 7.7 x 1012 cm-2, low operation 
voltage of 4 V and negligible hysteresis. 
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4.1 Introduction 
 

The continuous scaling of MOSFETs have attracted interest in realization of potential 
high k (k > 3.9) metal oxides as alternative candidates to replace the conventional silicon 
dioxide (SiO2) gate dielectric. Among these high k metal oxides, the transition metal oxide 
Tantalum oxide (Ta2O5), have been given much consideration due to its promising application 
as a storage capacitor in memories [1]–[7].  

 
Ta2O5 exhibit high dielectric constant of (k > 20) depending on its manufacturing 

processes, high refractive index (n = 2.18 at λ = 550 nm) [8]. It is highly transparent in visible 
spectrum (400 – 700 nm) and exhibit a wide energy gap 4.4 eV [9]. Such properties of Ta2O5 
made it suitable to be utilized in other areas of application such as in optoelectronics [10], 
silicon solar cells [11] and thin-film transistor (TFT) applications [12]. 

 
Ta2O5 films have already been deposited by several techniques including RF sputtering 

[13], atomic layer deposition (ALD) [14][15], metal organic chemical vapour deposition 
(MOCVD) [2], pulsed laser deposition (PLD) [3], spin and dip coating [16] and ultrasonic spray 
pyrolysis [7].  

 
Its atomic structure can exist in amorphous or crystalline phase depending on the 

deposition conditions. It has been reported that as-deposited tantalum oxide films at 
moderate temperatures (< 600 °C) are amorphous. Salaun et al. [14], reported that as-
deposited Ta2O5 films deposited by ALD were amorphous even after annealed at 600 °C. 
Similarly, Kukli et al.[15], reported that Ta2O5 films grown by ALD were found to be amorphous 
after deposition at 300 °C. Furthermore, Nowak et al. [17], also reported that sputtered Ta2O5 
films at 300 °C were amorphous. However, in the listed references, Ta2O5 films crystallizes 
after post-deposition treatment above 600 °C. There are several reports on the atomic 
structure of Ta2O5 films [3][7][13][17][18][21]–[24]. 

 
Amorphous high-k metal oxides are preferable than the crystalline metal oxides. This 

is due to the absence of grain boundaries that act as diffusion pathways that promotes current 
leakage within the dielectrics and as a result, leads to poor performance of the device [23]. 
Additionally, amorphous metal oxides have better quality interface with the semiconductor 
than the crystalline ones because of its smoother surfaces that results to better interface 
properties [23][24].  

 
The crystallinity of Ta2O5 occurs in two phases namely: low temperature phase (L- 

Ta2O5) and high temperature phase (H- Ta2O5) [26][27]. The transition point between them is 
~1360 °C, it is slow and reversible. However, the exact crystal structure of these phases are 
yet to be fully known due to difficulty in growing stable crystals of Ta2O5 even when stabilized 
with other metal oxides [27]–[30]. Recent works on the crystal structure of L-Ta2O5 suggested 
an orthorhombic arrangement form (β-Ta2O5) and a less common phase consisting of 
hexagonal	 (δ-Ta2O5) unit cell [31]–[35]. An orthorhombic and hexagonal crystal structure 
Ta2O5 is shown in Figure 4-1 and Figure 4-2 respectively. 
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Figure 4- 1. Unit cell of β-Ta2O5 (space group Pccm). Ta: purple and O: dark grey. The unit cell 
boundaries are displayed as dashed lines [27]. 

 

 
 

Figure 4- 2. Crystal structure of δ-Ta2O5. Light balls correspond to Ta atoms while dark circles 
correspond to O atoms [35]. 

 
There have been few reports on solution processed Ta2O5 gate dielectrics mostly 

deposited by spin coating using tantalum (V) ethoxide. Table 4-1 summarize the properties of 
Ta2O5 gate dielectrics and their TFT characteristics. 
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Table 4- 1. Selected previous work on Ta2O5 gate dielectric and their TFT characteristics (Tdep: deposition temperature, k: dielectric constant, Jleak: 
leakage current density, µ : electron mobility, SS: subthreshold swing, Ion/off: current modulation ratio, Vth: threshold voltage). 

Deposition Techniques Tdep (°C) k Jleak 
(A/cm2) 

Semiconductor µ 
(cm2/Vs) 

SS 
(V/dec) 

Ion/off Vth 
(V) 

Ref 

Sputtering 400 12.7 - IGZO 6.4 0.17 104 1.1 [36] 
Electron beam - 21 - P3HT 0.02 - 101 0.26 [37] 

Sputtering RT -  ZnO 1.35 0.5 106  [38] 
Sputtering RT -  ZnO 60.4 0.23 107  [39] 

Electron beam 400 25 - IGZO 1.36 2.56 105 2.32 [40] 
ALD  16.8 10-5 @ 20 V ZnO 0.1 2.15 105 -0.3 [41] 

Sputtering RT 26 10-7 @ 1.6 
MV/cm 

IZO 17 0.14 107 1.6 [42] 

Sputtering RT 16.5 10-7 @ -4 V HD 70.1 - 103 - [43] 
Sputtering - - - P-OFET 0.45 - 102 0.56 [44] 
Sputtering 150 - 10-5 @ 20 V IGZO 2.3 0.09 105 0.4 [45] 

Electron beam RT 29.5 10-5 @ 2V IGZO 61.5 0.61 105 0.25 [46] 
Dip coating UV 

184 nm 
28 - - - - -  [47] 

Spin coating 200 26 10-7 @ 3 V CdS 2.97 - 103 1 [48] 
Spin coating 400 27 10-5 @ 3 V - - - - - [49] 
Spin coating 300 - - In2O3 23.1 0.14 105 0.84 [50] 
Sputtering 120 - 10-7 @ 1 V DPPDTT-PMMA 0.22 0.12 103 -0.55 [51] 



Chapter 4: Tantalum Aluminate Ta1-xAlxOy Thin Films 

 81 

Tepehan et al. [18], reported on the optical properties of dip coated Ta2O5 films for 
electrochromic applications. Their results showed amorphous Ta2O5 films with high optical 
transmittance, high refractive index 1.706 at 500 nm, and wide bandgap of 3.75 eV. 

 
Heo et al. [48], investigated a CdS-based TFT employing solution processed Ta2O5 gate 

dielectric. Their results showed that Ta2O5 exhibited a dielectric constant of 26, bandgap of 
4.67 eV and leakage current density of 10-7 A/cm2 at 3 V. The performance of CdS – based 
TFTs showed low voltage operation of 3 V, current modulation ratio of 104 and electron 
mobility of 2.97 cm2/Vs. 

 
Park et al. [50], reported that spin coated tantalum pentoxide films were found to be 

amorphous and exhibited excellent performance as gate dielectric for indium – based TFTs 
such as low voltage operation of 3.5 V, high current modulation ratio of 105 and electron 
mobility of 23.1 cm2/Vs. 

 
Frunza et al. [49], investigated a Ta2O5-based high-k dielectric thin films from solution 

processed at low temperatures.  Ta2O5 films annealed at 400 °C exhibited a dielectric constant 
of 27 and a leakage current density of 10-5 A/cm2 at 3V. 

 
To this point, there are no reports on solution processed Ta2O5 gate dielectric 

deposited by spray pyrolysis which is one of the objectives of this chapter. 
 
Despite its high dielectric constant (k ~	20), there is issue with conduction and valence 

band offsets when integrated in TFTs especially when employing wide bandgap materials such 
as ZnO (Eg ~	3.4 eV) as active channel. There is a trade-off between dielectric constant (k) and 
bandgap of metal oxide dielectrics. Figure 4-3 show the relationship between optical bandgap 
and dielectric constant of some metal oxides. 
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Figure 4- 3. Bandgap and dielectric constant of selected metal oxides [52]. 

 
The optical bandgap varies inversely with the dielectric constant (k), which means 

oxides with wide bandgap exhibit low dielectric constant while oxides with high dielectric 
constant exhibit narrower optical bandgap. According to Robertson’s criteria [53], a high-k 
oxide must act as an insulator, by having a band offsets of at least 1 eV between the oxide 
dielectric and the semiconductor in order to minimise carrier injection into oxide bands. For 
this reason, Ta2O5 does not satisfy the criterion due to its low bandgap (Eg ~	4.4 eV). An 
alternative solution is to incorporate a wide bandgap metal oxide such as Al2O3.  Figure 4-4 
show some calculated conduction band offsets (CBO) of metal oxides with the values 
normalised to the valence band maximum (VBM) of ZnO. 
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Figure 4- 4. Calculated band offsets of selected dielectrics. The values are normalised to the 

VBM of ZnO. The dotted line indicates the minimum of 1 eV for CBO [23]. 

 
Aluminium oxide (Al2O3) is another well-studied transition metal oxide that exhibit a 

wide bandgap (Eg ~	 9 eV) and higher dielectric constant (k ~	 9) than conventional SiO2 
[54][55]. Its films are highly transparent in visible spectrum and has high refractive index (n ~	
1.7). Additionally, it is thermodynamically stable at high temperatures and forms a good 
interface with silicon. These remarkable characteristics made it a suitable gate dielectric for 
implementation in TFTs [54].  

 
Al2O3 thin films are amorphous when deposited at moderate temperature (< 600 °C) 

[55]. However, above  600 °C, Al2O3 thin films exhibit several crystalline phases, e.g., a-Al2O3, 
g-Al2O3, or q-Al2O3 [56]. The a-Al2O3 is the most stable crystalline Al2O3 while the others are 
metastable. According to Trunov et al. [57], crystalline Al2O3 films undergo phase transitions 
at 910 K with increasing temperature, starting from g-Al2O3 to  q-Al2O3 and finally a-Al2O3. 
Figure 4-5 show the crystalline structure of a-Al2O3 films. 
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Figure 4- 5. The crystalline structure of a-Al2O3. Blue balls: Al atoms, Red balls: O atoms [58]. 

 
Al2O3 films have also been deposited by several deposition techniques including 

sputtering [59]–[61], spin coating [62][63], atomic layer deposition (ALD) [64]–[66], pulsed 
laser deposition (PLD) [67] and spray pyrolysis [54][55][68]. There are several reports on 
solution processed Al2O3 gate dielectrics and their implementation in TFTs. Table 4-2 present 
a review of solution processed Al2O3 gate dielectric. The vast majority of the works were 
deposited by spin coating technique using aluminium nitrate nonahydrate [Al(NO3)3 . 9H2O] 
and 2-methoxyethanol (2-ME) as the solvent. 
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Table 4- 2. Selected previous work on solution processed Al2O3 gate dielectric and their TFT characteristics.  

 
 

Deposition 
technique 

Tdep (°C) k Jleak 

(A/cm2) 
Semiconductor µ 

(cm2/Vs) 
SS  

(V/dec) 
Ion/off Vth 

(V) 
ref 

Spin coating 400 - - ZTO 17.36 & 39.18 0.14  106 & 105 1.67 [69] 

Spin coating 350 7 - IGZO 30 0.14 106 1.72 [70] 
Spin coating 300 - - IBO 11.3 0.17 105 0.6 [71] 
Spin coating 180 8.81 - IGZO 69.2 0.86 108 1.3 [72] 
Spin coating 170 7 10-8 @ 3V P-OFT 2.7 0.107 106 -0.9 [73] 

Spray pyrolysis 440 7.5 20 n @ 1 MV/cm ZnO 10 1 105 - [74] 
Spin coating 350 7.4 10n @ 7 V NiOx 25 0.7 105 - [75] 
Spin coating 350 7 0.4n @ 1 MV/cm IWO 15.3 0.068 107 0.15 [76] 
Spin coating 200 7.2 10-6 @ -4 V P-OFT 0.65 0.45 103 -0.6 [77] 
Spin coating 200 7.5 10-7 @ 5V P-OFT 0.51 - 104 -2.1 [78] 
Spin coating 250 5.8 - In2O3 23.1 0.35 105 - [79] 
Spin coating 250 - 10-8 @ 2MV/cm NiOx 4.4 0.25 105 -1.3 [80] 

Spray pyrolysis 350 7.07 94 n@ 1MV/cm IGZO 5.5 - 105 -0.8 [81] 
Spin coating 350 7.1 10-5 @ 1 MV/cm GZTO 1.3 0.3 105 0.8 [62] 
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Wang et al. [82], investigated a gallium oxide based TFTs employing Al2O3 gate 
dielectric using spin coating. Their results showed low voltage operation of 4 V, current 
modulation ratio of 104, subthreshold swing of 0.13 V/dec and high electron mobility of 40.87 
cm2/Vs. 

 
Similarly, Xu et al. [83], investigated an indium oxide based TFTs employing Al2O3 gate 

dielectric using spin coating. Al2O3 films were processed at different annealing temperatures 
between 200 °C and 500 °C, which showed a decreasing dielectric constant (from 15.2 for 200 
°C to 8.7 for 500 °C) and leakage current density at 1 MV/cm (from 1.4 x 10-6 to 4.1 x 10-7 
A/cm2). Further implementation of Al2O3 after annealing at 300 °C as gate dielectric for In2O3 
and InZnO-based TFTs showed a low voltage operation of 4 V (for both cases), current 
modulation ratio of 105 (for both cases), subthreshold swing (0.22 V/dec for In2O3 and 0.17 
V/dec for InZnO-based TFTs) and high electron mobility (57.21 cm2/Vs for In2O3 and 10.13 
cm2/Vs for InZnO-based TFTs). 

 
Tan et al. [84], investigated the annealing effects on the properties of spin coated 

alumina thin films using aluminium chloride. The samples were processed at different 
annealing temperatures between 250 °C and 550 °C. Their results showed that Al2O3 films 
annealed at 550 °C exhibited the lowest leakage current density of 2.69 x 10-9 A/cm2 at 3V. 
The indium-titanium-zinc oxide (ITZO) based TFTs employing annealed 550 °C Al2O3 gate 
dielectric showed a low voltage operation of 5 V, high current modulation ratio of 106, 
subthreshold swing of 0.22 V/dec and high electron mobility of 23.7 cm2/Vs. 

 
Wang et al. [85], investigated a spin coated Al2O3 films processed at different 

annealing temperatures between 220 °C and 300 °C. Their results showed a leakage current 
density of approximately 10-6 A/cm2 at 3V regardless of the annealing conditions. They further 
investigated its implementation as gate dielectric after annealing at 260 °C for IGZO-based 
TFTs and their results showed a low voltage operation of 3 V, current modulation ratio of 104, 
subthreshold swing of 0.186 V/dec and electron mobility of 2.26 cm2/Vs. 

 
Adamopoulos et al. [54], investigated a spray coated Al2O3 films using blends of 

aluminium (III) acetylacetonate [Al(C5H7O2)3] and methanol. Their results showed a dielectric 
constant of 9.2 and leakage current density of 10-6 A/cm2 at 1.8 MV/cm. Further investigation 
on the ZnO – based TFTs employing Al2O3 gate dielectric showed a low voltage operation of 4 
V, current modulation ratio of 105 and electron mobility of 7 cm2/Vs. 

 
Evidently, Al2O3 gate dielectric exhibits promising characteristics for high performance 

TFT applications due to its amorphous nature, low leakage current density (Jleak < 100 nA/cm2 
at 1 MV/cm) and high dielectric constant (k ~	7) depending on the deposition conditions.  

 
However, with the low bandgap of Ta2O5 (4.4 eV) and dielectric constant of Al2O3 (7), 

the combination of the two oxides will produce an optimised properties of the gate dielectric 
for better implementation in TFTs. Such combination yields tantalum aluminate (Ta1-xAlxOy) 
films, that can exhibit a high dielectric constant (k > Al2O3)  and wide energy bandgap (Eg > 
Ta2O5) and also satisfy the band offset conditions [53].  
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There are few reports on solution processed metal aluminate gate dielectrics. Table 
4-3 present a review on solution processed metal aluminate gate dielectrics and their 
properties. These works were deposited by mainly spin coating and spray pyrolysis. 
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Table 4- 3. Selected previous work on solution processed metal aluminate gate dielectric and their TFT characteristics (LAO: lanthanum aluminate, 
HAO: hafnium aluminate, TAO: titanium aluminate, NAO: niobium aluminate, ZAO: zirconium aluminate, Ta-AO: tantalum aluminate).  

Deposition 
Technique 

Dielectric Tdep (°C) K Eg Jleak (A/cm2) Semiconductor µ 
(cm2/Vs) 

SS (V/dec) Ion/off Ref 

Spray pyrolysis LAO 440 16 6.18 <6 x 10-9 @ 3 MV/cm ZnO 12 0.65 106 [74] 

Spin coating HAO 600 11.3 - - ITZO 13.5 0.087 107 [86] 

Spin coating LAO 350 10.5 - 1 x 10-8 @ 2 MV/cm IZO 17 0.38 105 [87] 

Spray pyrolysis TAO 420 13 4.5 <5 x 10-9 @ 3 MV/cm ZnO 10 0.55 106 [68] 

Spray pyrolysis NAO 400 13.5 5.15 <10 x 10-9 @ 1 MV/cm ZnO 1 - 105 [88] 

Spin coating ZAO 500 10 - 10-8@ 1 MV/cm - - - - [89] 

Spray pyrolysis Ta-AO 250 15 4.53 10-7 @ 1.2 MV/cm - - - - [7] 

Spin coating ZAO 350 11.8 - - IZO 53 0.12 106 [90] 

Spin coating ZAO 150 7.35 - 10-9 @ 2 MV/cm IGZO 7.71 0.153 109 [91] 
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In this chapter, the properties of Ta1-xAlxOy films and their implementation as gate 
dielectric for ZnO-based TFTs are investigated. The films were deposited by spray pyrolysis 
in ambient air using a conventional airbrush and by varying the tantalum (Ta) to aluminium 
(Al) atomic ratio, by physical blending of the soluble precursors in alcohol-based precursors 
[68]. 

 

4.2 Precursors 
 

The precursors used were tantalum (V) chloride [(TaCl5), 99.99%], aluminium 
acetylacetonate [(Al(C5H7O2)3, 99%] and zinc acetate dilhydrate [(Zn(O2C2H3)2. 2H2O), 99.9%]. 
The tantalum and zinc precursors were purchased from Alfa Aesar while the aluminium 
precursor from Sigma Aldrich. All precursors were used without any further purification. 

 
The tantalum aluminate solutions were prepared by the blends of methanol and 

ethanol (ratio 1:3) solution of TaCl5 and methanol solution of Al(C5H7O2)3. Both solutions were 
prepared at a total concentration of 0.1 M.  

 
Additionally, 1 mL of Acetylacetone (Acac) was added to the tantalum solution to 

increase the thickness of the deposited films. The solutions were kept under continuous 
stirring for at least an hour prior to the deposition to ensure complete dissolution. 

 
The tantalum (Ta) to aluminium (Al) atomic ratio was controlled by simple blending of 

the amount of each of the precursor’s solution. 
 
Finally, for the deposition of zinc oxide, zinc acetate dilhydrate [(Zn(O2C2H3)2. 2H2O), 

99.9%] was dissolved in methanol at a concentration of 0.1 M [92].    
 

4.2.1 Thermal Properties of Precursors 
 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
measurements were conducted on all precursors to determine their decomposition 
temperatures that plays an important role in the film’s deposition.   

 
All measurements were carried out using a simultaneous thermal analyser NRTZSCH 

STA 449 F3 Jupiter®. The measurements were carried out under a N2 atmosphere at constant 
heating rate of 10 K/min in the temperature range between 40 – 700 °C. 

 
Figure 4-6 illustrate the TGA and DSC measurements of a 4 mg TaCl5 powder.  
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Figure 4- 6. Thermogravimetric analysis (black line) and differential scanning calorimetry 

(blue line) of 4 mg TaCl5 powder.  

 
The TGA curve showed three stages of mass loss; in stage 1, the continuous rapid 

decrease of the mass loss from 63 – 228 °C was due to the dehydration of TaCl5 (absorbed 
water molecules from the atmosphere during the process of mounting the sample onto the 
TGA holder). In stage 2, the sharp decrease of mass loss from 240 – 368 °C was due to the 
decomposition of some chloride matrix [93]. 
	

𝑇𝑎𝐶𝑙N →	𝑇𝑎𝐶𝑙" +
3
2𝐶𝑙"																																																																																																																			(4.1) 

 
In stage 3, the mass loss from 470 – 520 °C was due to decomposition of tantalum 

dichloride with Ta metal as final product above 520 °C. 
	
𝑇𝑎𝐶𝑙" → 	𝑇𝑎 + 𝐶𝑙"																																																																																																																													(4.2) 

 
The DSC curve on the other hand showed some peaks which were related to either 

released (exothermic) or absorbed (endothermic) heat energy. The weak endothermic peak 
observed at 127 °C is due to the sublimation of TaCl5 powder which reaches maximum at 182 
°C. These peaks were close to the ones observed by Kim et. al [94], (150 °C and 180 °C). The 
strong endothermic peak observed at 326 °C shows the evidence of the decomposed amount 
of chloride matrix mentioned in the stage 2 of the TGA curve. Finally, the weak exothermic 
peak observed at 496 °C shows the evidence of the decomposed TaCl2 and the formation of 
Ta metal as the final product.  

 
Figure 4-7 illustrate the TGA and DSC of a 9 mg Al(acac)3 powder.  
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Figure 4- 7. Thermogravimetric analysis (black line) and differential scanning calorimetry 

(blue line) of 9 mg Al(acac)3 powder. 

 
The TGA curve shown in Figure 4-7 showed almost a negligible mass loss up to 174 °C, 

however, the sharp endothermic peak of the DSC observed at 195 °C is due to sublimation of 
heated Al(acac)3 powder. It has already been reported by Kovarik et al. [95], that heated 
Al(acac)3 powder sublimes between 150 and 225 °C without decomposition. The major mass 
loss observed at about 320 °C is attributed to the complete decomposition of Al(acac)3 

precursor and the formation of amorphous Al2O3. 
 

4.3 Thin Film Deposition & Characterisation 
 

Aerosols of 0.1 M solutions containing TaCl5 in methanol and ethanol (1:3) and 
Al(C5H7O2)3 solution in methanol were spray coated at 500 °C on different substrates 
employing a pneumatic airbrush, held at a vertical distance of about 30 cm. The tantalum-
aluminate composites (Ta1-xAlxOy) were deposited by blending TaCl5 and Al(C5H7O2)3 solutions 
so that the desired [Al] to [Ta] ratio in the solution could be obtained. Aerosols of the blends 
were spray coated for 10 s spray and interrupted for another 50 s to allow the vapours to 
settle onto the sample. The cycle was repeated until films of typical thickness of >	50 nm were 
obtained.  

 
Furthermore, the films were characterized by some range of techniques. The optical 

properties of Ta1-xAlxOy films on fused silica were studied by the UV-Vis spectroscopy. The 
structural and morphological properties on silicon were studied by grazing incidence x-ray 
diffraction (GIXRD) and atomic force microscopy (AFM) respectively. Also, metal-insulator-
metal (MIM) devices were fabricated by employing Al metal contacts that were thermally 
evaporated under high vacuum (10-6 mbar) through a shadow mask onto the glass/ITO/Ta1-
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xAlxOy stacks. Finally, the dielectric and electrical properties on Ta1-xAlxOy films were studied 
by impedance spectroscopy (dielectric) and current – voltage (I – V) and TFT measurements.  

 
Figure 4-8 show a schematic of a MIM stack of glass/ITO/ Ta1-xAlxOy/Al gate dielectric.  
 
 
 
 
 
  

 
 

Figure 4- 8. A schematic of a metal-insulator-metal (MIM) stack of glass/ITO/ Ta1-xAlxOy/Al 
gate dielectric. 

 

4.4 UV-Vis Spectroscopy 
 

The optical properties of Ta1-xAlxOy films were studied by UV-Vis spectroscopy. The 
measurements were recorded in transmission mode in the wavelength range between 190 
and 1000 nm. Figure 4-9 show the transmittance (T%) spectra of Ta1-xAlxOy films with different 
[Al] to [Ta] ratios. 

 
Figure 4- 9. Transmittance (%T) spectra of Ta1-xAlxOy films for different [Al] to [Ta] ratios. 

 
The average %T in visible region (400 – 700 nm) is in the range between 70 % and 80 

% indicating highly transparent Ta1-xAlxOy films. The optical bandgaps were calculated from 
the linearly extrapolated Taucs plot [96] that are shown in Figure 4-10. 
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Figure 4- 10. Tauc plots of as-deposited Ta1-xAlxOy films with different [Al] to [Ta] ratios.  

 
The evolution of the bandgaps as a function of [Al]/ [Al + Ta] atomic ratio is shown in 

Figure 4-11. 
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Figure 4- 11. Optical bandgap of Ta1-xAlxOy films as a function of the [Al]/ [Al+Ta] atomic 
ratio. The solid line is a guide to the eye.  

 
The optical bandgap increases with increasing [Al]/ [Al + Ta] atomic ratio. In Figure 4-

10, one can observe the Tauc plot of AlOx appearing as a flat line due to inability of the UV-
Vis spectrometer to characterize wide bandgap (Eg > 6.5 eV) materials such as AlOx films. As a 
result, the optical bandgap of AlOx was taken as 8.8 eV as widely reported in the literature 
[53][97]–[99]. The optical bandgap (Figure 4-11) varies between 4.9 eV for TaOx and 8.8 eV 
for AlOx. Such trend was expected for ternary oxides where wide bandgap dielectrics such as 
AlOx combine with low bandgap oxides such as TaOx. Afouxenidis et al. [68], and Esro et al. 
[74], reported similar trends on titanium aluminate and lanthanum aluminate films 
respectively. In comparison with the previously reported bandgap [7][9][18][48] of TaOx, the 
calculated bandgap (Eg ~	4.9 eV) emerged as the highest ever recorded and promising for 
future implementation in TFTs.  

 
Furthermore, the Urbach tail energy (Eu) was investigated to determine the material 

disorder in Ta1-xAlxOy films. The Eu plots of Ta1-xAlxOy films with different [Al] to [Ta] ratios are 
shown in Figure 4-12 while the calculated values as a function of [Al]/ [Al + Ta] atomic ratio is 
shown in Figure 4-13. 
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Figure 4- 12. Absorption coefficient spectra of Ta1-xAlxOy films with different [Al] to [Ta] 

ratios. 

 
Figure 4- 13.  Urbach tail energy, Eu of Ta1-xAlxOy films as function of the [Al]/ [Al + Ta] atomic 

ratio. The solid line is a guide to the eye.  
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The Eu increases with increasing [Al]/ [Al + Ta] atomic ratio. Generally, the Eu identifies 
localized states extended in the optical bandgap of poor crystalline materials through means 
of defects or disorder. For a non-crystalline material, it has already been reported that 
amorphous AlOx films exhibit high Eu value of about 1000 meV [68][74][88]. As a result, with 
the increasing content of [Al], the Eu values are expected to increase and contribute to the 
disordering of Ta1-xAlxOy films. 

 

4.5 Structural/Surface Properties 
 

The structural properties of Ta1-xAlxOy films were studied by grazing incidence x-ray 
diffraction (GIXRD) and the surface morphologies by atomic force microscopy (AFM). 

 
4.5.1 Grazing Incidence X-Ray Diffraction (GIXRD) 
 

To investigate the structure of Ta1-xAlxOy films, grazing incidence XRD (GIXRD) 
experiments were carried out using a Rigaku Ultima⁺ diffractometer with Cu Kα radiation 
operating at 40 kV, 30 mA. Figure 4-14 show the GIXRD patterns of Ta1-xAlxOy films. 

 
Figure 4- 14. GIXRD patterns of selected Ta1-xAlxOy films deposited by spray pyrolysis on 

silicon substrates. 

 
The absence of diffraction peaks from the GIXRD patterns of Ta1-xAlxOy indicates 

amorphous films. The amorphous nature of the selected Ta1-xAlxOy films were expected 
considering the fact that both TaOx and AlOx films are amorphous in nature at moderate 
temperatures ( < 500 °C) [14][15][17][54][68][74].   
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4.5.2 Atomic Force Microscopy 
 

The surface morphologies of Ta1-xAlxOy films were investigated by atomic force 
microscopy (AFM). 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. The images presented are the raw images after 
they have been flattened out. 

 
In Figure 4-15, the AFM images of Ta1-xAlxOy films on silicon substrates are illustrated. 
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Figure 4- 15. AFM friction and topography images of Ta1-xAlxOy films on silicon substrates. 
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The topographical images of Ta1-xAlxOy films showed smooth and low surface 
roughness as evidenced from the root mean square (RRMS < 1 nm) measurements shown in 
Figure 4-15 (inset). Such smooth dielectrics providing good interface properties between the 
dielectric and the semiconducting channel are promising for the implementation of Ta1-xAlxOy 

films in TFTs.   
 

4.6 Electrical Properties 
 

The dielectric properties of the Ta1-xAlxOy films were investigated by impedance 
spectroscopy and I – V measurements. 

 
4.6.1 Impedance Spectroscopy 
 

The impedance dispersions of the Ta1-xAlxOy films were measured with MIM 
(glass/ITO/ Ta1-xAlxOy/Al), using a Wayne Kerr 6550B Precision impedance analyser in the 
frequency range of 1 kHz – 10 MHz applying 50 mV AC voltage. The static dielectric constant 
dispersions of Ta1-xAlxOy films are shown in Figure 4-16. 

 

 
Figure 4- 16. Static dielectric constant dispersions of Ta1-xAlxOy films in the frequency range 

of 1kHz – 4 MHz. 

 
The static dielectric constant of Ta1-xAlxOy films were calculated at 1 kHz and the values 

were further plotted in Figure 4-17 as a function of [Al]/ [Al + Ta] atomic ratio. The appearance 
of the band at the high frequency side of the dispersion (TaOx, Ta60Al40Ox and Ta40Al60Ox) was 
probably due to parasitic inductance caused by the analyser, cables or probe station adaptors.   
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Figure 4- 17. Static dielectric constant of Ta1-xAlxOy films as a function of [Al]/ [Al + Ta] 

atomic ratio calculated at 1 kHz. The solid line is guide to the eye. 

 
The static dielectric constant shows a decrease with increasing [Al]/ ([Al] + [Ta] atomic 

ratio and varies between 24 for TaOx and 7 for AlOx. Such trend was expected for high-k metal 
oxides composites when combining the low and high-k dielectrics. Afouxenidis et al. [68], 
reported similar trend for titanium aluminate gate dielectric films. Esro et al. [74], also 
reported similar trends for lanthanum aluminate gate dielectrics. Furthermore, the stability 
of Ta1-xAlxOy films were investigated by the Nyquist plots shown in Figure 4-18.  
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Figure 4- 18 Nyquist plots and equivalent circuit (inset) of (a) TaOx (b) Ta70Al30Ox (c) 
Ta60Al40Ox (d) Ta50Al50Ox (e) Ta40Al60Ox and (e) AlOx devices. 

 
The Nyquist plots reveal the stable Ta1-xAlxOy dielectrics as seen in Figure 4-18(a)-(f). 
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4.6.2 I – V characterization 
 

The current – voltage measurements of Ta1-xAlxOy films were conducted on MIM 
devices (glass/ITO/Ta1-xAlxOy/Al), using the Agilent B1500A semiconductor parameter 
analyser. All measurements were conducted under dark conditions at room temperature (300 
K). Figure 4-19 show the leakage current density (J) versus electric field (MV/cm) of Ta1-xAlxOy 

films. 

 
Figure 4- 19. Leakage current density (J) of Ta1-xAlxOy MIMs with different [Al] to [Ta] 

ratios. 
 
Figure 4-20 depict the leakage current densities recorded at electric field of 1 and 2 

MV/cm as a function of [Al]/ [Al +Ta] atomic ratio. 

 
Figure 4- 20. Leakage current density (J) of Ta1-xAlxOy films at 1 and 2 MV/cm as a function of 

[Al]/ [Al + Ta] atomic ratio. 
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The leakage current density decreases with increasing [Al]/ [Al + Ta] atomic ratio as 
expected. Such decrease can be associated with the wide bandgap (Eg ~	8.8 eV) of AlOx films 
that complements the low bandgap of TaOx. Afouxenidis et al. [88], and Esro et al. [74], 
reported similar trends in their work on Ti1-xAlxOy and La1-xAlxOy films respectively. Figure 4-
21 show the relationship between the leakage current density and the optical bandgap of Ta1-

xAlxOy films. 

 
Figure 4- 21. Leakage current density (J) versus optical bandgap of Ta1-xAlxOy films with 

different [Al] to [Ta] ratios. 

 
Evidently, it can be seen that the leakage current density drastically reduces with 

increasing optical bandgap of Ta1-xAlxOy films. Such decrease could potentially be promising 
for implementation in TFTs as will later be investigated.    
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hopping, Ohmic, space-charge-limited, ionic and grain boundary-limited conduction 
mechanism [100]–[105].  

 
In electrode-limited, parameters such as effective mass of electron and barrier hight 

could be determined while in bulk limited parameters such as trap density, trap levels, trap 
spacing, and carrier drift mobility could be determined. More detailed review on current 
conduction mechanisms have previously been discussed in chapter 2 of this thesis. 

 
The current conduction in insulators have been widely reported to be governed by 

one of the three mechanisms: SE (electrode-limited), FN (electrode-limited) and PF (bulk-
limited) [101].  

 
Figure 4-22 – Figure 4-24 show the SE, FN and PF plots of Ta1-xAlxOy films respectively.  
 

 
Figure 4- 22. Schottky emission plots of (a) TaOx (b) Ta70Al30Ox (c) Ta60Al40Ox (d) Ta50Al50Ox (e) 

Ta40Al60Ox and (e) AlOx films. 
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Figure 4- 23. Fowler-Nordheim plots of (a) TaOx (b) Ta70Al30Ox (c) Ta60Al40Ox (d) Ta50Al50Ox (e) 

Ta40Al60Ox and (e) AlOx films. 

 
Figure 4- 24. Poole-Frenkel plots of (a) TaOx (b) Ta70Al30Ox (c) Ta60Al40Ox (d) Ta50Al50Ox (e) 

Ta40Al60Ox and (e) AlOx films. 
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At high electric field, the SE plots shown in Figure 4-22, exhibited linear characteristics, 
indicating that SE could potentially govern the charge transport in Ta1-xAlxOy films since the 
characterization was performed at room temperature (300 K). At room temperature, there is 
sufficient energy for the electrons to be thermally excited and overcome the potential barrier 
at the metal-dielectric interface that further diffuses into the dielectric. 

 
Similarly, the linear part (at high electric field) of the FN plots shown in Figure 4-23, 

show the dominant conduction mechanism for all Ta1-xAlxOy films. In FN mechanism, electrons 
penetrate the potential barrier height due to large electric field applied at the metal-dielectric 
interface. An electric field of 2 MV/cm was used to characterize the Ta1-xAlxOy films.  

 
Also, the linear part (at high electric field) of the PF plots shown in Figure 4-24, show 

dominant conduction mechanism for all Ta1-xAlxOy films. This is due to trapped electrons at 
the dielectric that further require large electric field to excite the electron out of its trapping 
centres and jump into the dielectric conduction band. According to Robertson et al. [106], 
oxide dielectrics have a high density of charge carrier trap levels. These trap levels are 
significant to the conduction of the dielectrics which explains the conduction in Ta1-xAlxOy 

films.    
  
In all cases, the above-mentioned mechanisms (SE, FN, and PF) show nonlinear 

behaviour at the low electric field. Based on the findings, one cannot safely decide on the 
dominant conduction mechanisms in Ta1-xAlxOy films. Similar observation was made for 
solution-processed SiO2 films reported by Esro et al. [107], where both FN and PF plots 
showed linear behaviour at high electric field  indicating dominant conduction mechanisms.  

 
Further analysis on the effective mass of electron and barrier height of Ta1-xAlxOy films 

is calculated from equation 3.17 and 3.18.  
 
The calculated effective mass of electron and barrier height of Ta1-xAlxOy films as a 

function of [Al]/ [Al + Ta] atomic ratio is shown in Figure 4-25. 
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Figure 4- 25. (a) effective mass of the electron and (b) barrier height of Ta1-xAlxOy films as a 

function of [Al]/ [Al + Ta] atomic ratio. 

 
The effective mass of electron (𝑚∗) varies between 0.03𝑚! for TaOx and 0.02𝑚! for 

AlOx, however, the non-pure Ta1-xAlxOy film (i.e., x = 0.3 - 0.6) show decreasing trend as a 
function of [Al]/ [Al + Ta] atomic ratio as shown in Figure 4-25(a). The barrier height (𝜙-) plot 
on the other hand, increases and reaches maximum (1.16 eV) for Ta50Al50Ox films as shown in 
Figure 4-25(b). The 𝜙- value varies between 1.02 eV for TaOx and 1.01 eV for AlOx. it is 
important to note that a reliable dielectric should exhibit a low effective electron mass and a 
high barrier to prevent transport of charges within the dielectric. Such parameters play a 
significant role in leakage current of Ta1-xAlxOy films. 
 
4.6.3 Field Effect Measurement 
 

The implementation of the Ta1-xAlxOy films as gate dielectrics for ZnO – based TFTs 
were investigated by employing the bottom-gate top-contact (BG – TC) TFT architecture. ZnO 
semiconducting channels were sequentially deposited onto spray coated Ta1-xAlxOy films and 
Al source and drain (S/D) contacts were thermally evaporated onto the ZnO films through 
shadow masks, under high vacuum (10-6 mbar).  

 
Figure 4-26 show a schematic of the BG – TC ZnO – based TFT architecture while Figure 

4-27 to Figure 4-32 show a representative set of transfer and output characteristics obtained 
from a ZnO TFT (L = 50 um, W = 1000 um) based on a >	50 nm thick Ta1-xAlxOy gate dielectric. 
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Figure 4- 26. A schematic of deposited BG – TC ZnO – based TFT architecture employing Ta1-

xAlxOy gate dielectric. 

 

 
Figure 4- 27. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing TaOx 

gate dielectric. 

0 1 2 3 4 5 6 7 8
0.0

0.2

0.4

0.6

0.8

1.0

-2 -1 0 1 2 3 4 5 6 7 8
10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

VGS (V)

 

I D
S (A

)

0

3

6

9

12

15

18

21

24

27

30
ID

S,SAT 1/2 (m
A) 1/2

TaOx

L : 50 µm
W : 1000 µm
µsat : ~10 cm2/Vs 
VD : 0.8, 8 V 

(a)

Vth ~3.2 V

I D
S (m

A)

VDS (V)

TaOx

VGS : -2 to 8 V
DVG : 1 V

(b)

ZnO 

Ta1-xAlxOy 

ITO 

Glass 

Al Al 

Gate 



Chapter 4: Tantalum Aluminate Ta1-xAlxOy Thin Films 

 109 

 
Figure 4- 28. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing 

Ta70Al30Oy gate dielectric. 

 

 
Figure 4- 29. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing 

Ta60Al40Ox gate dielectric. 
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Figure 4- 30. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing 

Ta50Al50Ox gate dielectric. 

 

 
Figure 4- 31. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing 

Ta40Al60Ox gate dielectric. 
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Figure 4- 32. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing as-

deposited AlOx gate dielectric. 

 
For better interpretation of the results, Figure 4-33 show the evolution of the 

properties of the ZnO – based TFTs employing Ta1-xAlxOy gate dielectric in terms of electron 
mobility (µ), current modulation ratio (Ion/off), threshold voltage (Vth), subthreshold swing (SS) 
and interface trap density (Dit) as a function of [Al]/ [Al + Ta] atomic ratio. 
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Figure 4- 33. (a) Electron mobility (left axis) and current modulation ratio (right axis), (b) 
Threshold voltage (Vth), (c) Subthreshold swing (SS) and (d) Interface trap density of ZnO – 

based TFTs employing Ta1-xAlxOy gate dielectric. 

The dependence of the electron mobility (µ) and the current modulation ratio (Ion/off) 
as a function of the [Al] / [Al + Ta] TFTs is shown in Figure 4-33(a). The highest µ recorded was 
~16 cm2/Vs for ZnO – based TFT employing Ta50Al50Ox gate dielectric. Interestingly, the µ 
showed slight improvement compared to the device fabricated with pure TaOx (µ ~	 10 
cm2/Vs) and AlOx (µ ~	13 cm2/Vs). The Ion/off value of ~105 was obtained for ZnO – based TFT 
employing Ta50Al50Ox gate dielectric. Additionally, TFTs with tantalum-rich compositions 
showed improved Ion/off by an order of magnitude (from 104 to 105) compared to the 
aluminium-rich ones. Afouxenidis [88] reported similar observations when he fabricated ZnO 
– based TFT employing stoichiometric niobium aluminate gate dielectric.  

 
The dependence of Vth as a function of the [Al] / [Al + Ta] TFTs is shown in Figure 4-

33(b). The results show decreasing trend up to negative Vth (from 3.2 V for TaOx to -15 V for 
AlOx) with increasing [Al]/ [Al + Ta] atomic ratio. Such decrease may probably be associated 
with the decreased dielectric constant of Ta1-xAlxOy films (Figure 4-17) as a function of [Al]/ [Al 
+ Ta] atomic ratio. The higher the dielectric constant the positive the Vth and vice-versa.  

 
The dependence of SS as a function of the [Al] / [Al + Ta] TFTs is shown in Figure 4-

33(c). The SS values increased from 0.45 V/dec for TaOx to 1.4 V/dec for AlOx as a function of 
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V/dec and 0.549 V/dec for stochiometric La1-xAlxOy and Ti1-xAlxOy gate dielectric respectively, 
which clearly agrees with the value obtained for Ta50Al50Ox gate dielectric (SS ~	0.56 V/dec). 
On that basis, such increase can be attributed to the low dielectric constant of AlOx (k ~	7).  

 
The dependence of Dit as a function of the [Al] / [Al + Ta] TFTs is shown in Figure 4-

33(d). The Dit dependence was averaged around ~1013 cm-2 and such values are quite 
acceptable for an oxide/oxide interface or an interface using high-k materials [108]. 

   

4.7 Conclusion 
 

In conclusion, the properties of solution processed Ta1-xAlxOy films as a function [Al]/ 
[Al + Ta] atomic ratio was investigated. The optical bandgap values were varied between 4.9 
– 8.8 eV with increasing [Al]/ [Al + Ta] atomic ratio. The Ta50Al50Ox films exhibited an optical 
bandgap of 5.4 eV, which satisfies the band offset conditions and suitable for implementation 
in TFTs. Ta1-xAlxOy films were found to be amorphous and the surface morphology of the films 
showed low surface roughness with RRMS < 1 nm. The static dielectric constant was varied 
between 24 and 7 with increasing Al content. The Ta50Al50Ox films exhibited a dielectric 
constant of 13, which is reasonably enough for future TFTs application. The I – V 
measurements decreased with increasing [Al]/ [Al + Ta] atomic ratio. A current density of 15 
nA/cm2 at 1 MV/cm was obtained for Ta50Al50Ox films.  

 
Further investigation on the origin of the charge transport in Ta1-xAlxOy films showed 

that it could not be dominated by Schottky emission, Fowler Nordhiem and Poole-Frenkel 
mechanism, because all mechanisms exhibited linear behaviour at high electric fields. 
However, other potential mechanisms could be investigated for future study. Analysis on the 
effective mass of electron and barrier height showed that Ta50Al50Ox films exhibited the 
effective electron mass of 0.02mo and highest barrier height of 1.16 eV. Such parameters play 
a significant role for the leakage current in Ta1-xAlxOy films. 

 
Finally, Ta1-xAlxOy films with different [Al] to [Ta] ratios were implemented as gate 

dielectric for ZnO – based TFTs. Based on the results, the performance of ZnO – based TFTs 
employing Ta50Al50Ox gate dielectric exhibited the best properties in terms of highest electron 
mobility of ~16 cm2/Vs, high on/off current modulation ratio 105, threshold voltage of -3.2 V, 
subthreshold swing of 0.56 V/dec, interface trap density of 7.7 x 1012 cm-2, low operation 
voltage of 4 V and negligible hysteresis. 
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5 Hafnium Titanate Hf1-xTixOy Thin Films 
 

This chapter discusses the deposition and characterization of Hafnium Titanate (Hf1-

xTixOy) thin films as a function of the Hf to Ti atomic ratio and their implementation as gate 
dielectrics in TFTs employing ZnO semiconducting channels. Hf1-xTixOy thin films were 
deposited by spray pyrolysis in air and were characterized by range of techniques including 
UV-Vis spectroscopy, FTIR, XRD, AFM, Impedance spectroscopy, current – voltage and field 
effect measurements. The structure of Hf1-xTixOy films were found to be amorphous except for 
HfOx and TiOx films while the morphology showed a surface roughness of about 1 nm.  The 
optical bandgap, dielectric constant and current density at 1 MV/cm of as-deposited Hf1-xTixOy 

films varies between 3.7 eV and 5.8 eV, 14 and 60 and 10-7 A/cm2 and 10 A/cm2 respectively. 
Further investigation on the conduction mechanism showed that the Poole Frenkel conduction 
mechanism dominates the current transport in Hf1-xTixOy films. Finally, the performance of Hf1-

xTixOy as gate dielectrics for ZnO – based TFTs showed high electron mobility of 7 cm2/Vs, high 
current modulation ratio (>106), threshold voltage of 0.6 V, subthreshold swing of 0.17 V/dec 
and low operation voltage (3 V).  

 
The Hf1-xTixOy films were further annealed at 800 °C for 30 minutes in air to investigate 

the effects of post-deposition annealing. Analyses showed the formation of stochiometric 
orthorhombic phase Hf1-xTixOy films with a surface roughness of 1.95 nm, bandgap of 4.35 eV, 
dielectric constant of 38 and a current density of 5 mA/cm2 at 1 MV/cm. Finally, the 
stochiometric Hf1-xTixOy films showed dominant conduction governed by Fowler-Nordhiem 
mechanism having the parameters of 0.003 mo and 0.49 eV representing the effective mass 
of the electron and the barrier heigh at the interface respectively.  
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5.1 Introduction 
 

Hafnium (IV) oxide (HfO2) and Titanium oxide (TiO2) are among the most researched 
high-k metal oxides as alternatives to SiO2 gate dielectric due to their high dielectric constant 
(kHfO2, TiO2 > kSiO2 ~	3.9).  

 
HfO2 has a high dielectric constant of between 14 – 25 depending on its deposition 

method. It is of a high refractive index (n ~	1.9 at λ = 550 nm), high transparency in visible 
spectrum (400 – 700 nm) and exhibit a wide energy gap ~5.7 eV. Additionally, HfO2 films are 
thermodynamically and chemically stable with oxide semiconductors [1]. These remarkable 
properties makes HfO2 suitable for integration in electronic devices such as in memories, 
capacitors, optoelectronics [2], silicon solar cells [3] and thin-film transistors (TFTs) [4]. 

 
HfO2 thin films can exist in one of the three polymorphs [5]: monoclinic, tetragonal 

and cubic phase. At room temperature, HfO2 films crystallizes into monoclinic phase and can 
be transformed into tetragonal and cubic phase at 1726 °C and above 2596 °C respectively 
[6]. Among the three phases, the monoclinic phase is regarded as the most stable and exhibit 
a dielectric constant of ~22 while other metastable structures such as tetragonal and cubic 
exhibit a dielectric constant of ~30 [7]. In Figure 5-1, the unit cell of the polymorphs of HfO2 
films is shown. 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 5- 1. The unit cells of three phases of HfO2, showing the small atomic 

displacements, and presentation of the coordination environments during the 
transformation between the phases. The dark yellow circles represents Hf atoms while the 

red ones represents O atoms [5]. 
 

HfO2 thin films have been deposited by several techniques including the vacuum-
based such as atomic layer deposition (ALD) [8], chemical vapour deposition (CVD) [9][10], 
magnetron sputtering [11]–[13], pulsed laser deposition (PLD) [14], molecular beam epitaxy 
(MBE) [15] and from solutions such as  spin coating [1][16]–[22] and spray pyrolysis [23]–[29]. 

 
One of the major issues of HfO2 is that it crystallizes at relatively low temperatures 

(<450 °C) and produces grain boundaries [18][30]. The latter leads to increased gate leakage 
current which may further result to high off-state current, low on/off current ratios and 
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increased power consumption [31]. Additionally, grain boundaries affect uniformity of the 
crystalline high-k oxides films and may induce variations in device-to-device performance.  

 
There are several reports on solution processed HfO2 gate dielectric for TFTs 

applications. Table 5-1 present some selected works on properties of solution processed HfO2 
gate dielectrics mostly deposited by spin coating process using hafnium chloride (HfCl4) as the 
precursor.  

 
Esro et al. [29], investigated a high-mobility ZnO thin film transistors based on 

solution-processed hafnium oxide gate dielectric deposited by spray pyrolysis using hafnium 
chloride (HfCl4). They reported a monoclinic HfO2 structure, dielectric constant of 18.8, wide 
bandgap of 5.7 eV, and low leakage current (<74 nA/cm2 at 6 V).  Furthermore, ZnO-based 
TFTs employing HfO2 gate dielectrics showed excellent characteristics such as low voltage 
operation of 6 V, high current modulation ratio (107), and high electron mobility of 40 cm2/Vs. 

 
Similarly, Chung et al. [16], investigated a spin coated HfO2 films that exhibited a high 

dielectric constant of ~10.23 and low leakage current density of ~10-9 A/cm2 at 4 MV/cm. 
Furthermore, the In2O3-based TFTs showed low voltage operation of 10 V, high current 
modulation ratio of 106, subthreshold swing of 0.18 V/dec, and high electron mobility of 3.67 
cm2/Vs. 

 
Also, Zhang et al. [17], reported a spin coated HfO2 films that showed a dielectric 

constant of 12.4, wide bandgap of 5.82 eV, and very low leakage current of 1 nA/cm2 at 4.5 
MV/cm, with IZO-based TFT performance such as low voltage operation of 3 V, high current 
modulation ratio of 109, subthreshold swing of 0.38 V/dec, and high electron mobility of 36.9 
cm2/Vs.
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Table 5- 1. Selected previous work on solution processed HfO2 gate dielectric and their TFT characteristics. (Tdep: deposition temperature, k: 
dielectric constant, Jleak: leakage current density, µ : electron mobility, SS: subthreshold swing, Ion/off: current modulation ratio, Vth: threshold 
voltage). 

Deposition 
technique 

Tdep (°C) k Jleak (A/cm2) Semiconductor µ 
(cm2/Vs) 

SS (V/dec) Ion/off Vth (V) ref 

Spin coating 350 10.23 10-9 @ 4 
MV/cm 

In2O3 3.67 0.18 106 - [16] 

Spin coating 300 14.2 5.8 x 10-8 @ 
100 MV/cm 

- - - - - [19] 

Spin coating 500 25 5 x 10-7 @ 4 V P-OFTs 0.36 0.37 4 x 104 -1.1 [20] 

Spin coating 300 14 - ZTO 1.05 0.15 - 1.18 [32] 

Spin coating 500 12.4 10-9 @ 4.5 
MV/cm 

IZO 36.9 0.38 109 1.8 [17] 

Spray pyrolysis 450 18.8 74 x 10-9 @ 6V ZnO 40 - 107 2 [29] 

Spin coating 500 13.1 10-7 @ 2.5 
MV/cm 

HIZO 3.64 1.1 2.94 x 104 0.51 [22] 

Spin coating 500 18.5 10-6 @ 3 
MV/cm 

ZnO 1.6 - 107 0.0015 [1] 

Spin coating 400 12.4 2.8 x 10-8 @ 1 
MV/cm 

ZnO 1.17 - 106 5.87 [18] 

Spin coating 230 - - ZTO 3.84 0.117 - 0.84 [21] 
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TiO2 on the other hand, is another well-studied high-k oxide due to its high dielectric 
constant k ~	60 – 80. TiO2 films are highly transparent in visible region (400 – 800 nm) and 
has high refractive index (n ~	2 at λ = 550 nm). It has been used in many applications such as 
optical filters [33], gas sensors [34], ceramic membranes [35], waveguides [36], 
photocatalysts [37], and antireflection coatings [38]. 

 
TiO2 exhibits a crystalline structure at low deposition temperature (<450 °C) and can 

exist in any of the three polymorphs: anatase, rutile and brookite and are strongly dependent 
on the growth conditions [39]–[42]. The anatase and brookite phases are metastable while 
rutile is regarded as the most thermodynamically stable. The transformation of anatase to 
rutile phase have been reported to undergo above 600 °C and can be influenced by some 
parameters such as particle size, impurities, heating rate, volume of the samples etc [42]–
[44]. Figure 5-2 show the unit cell of the polymorphs of TiO2. 

 

 
Figure 5- 2. The unit cells of three polymorphs of TiO2. (a) anatase, (b) rutile, and (c) 

brookite. The green spheres represent Ti atoms and the small red spheres represents O 
atoms [45]. 

 
Despite its promising properties, TiO2 is a low band gap (Eg ~	3.8 eV) material. Such 

low bandgap limits its application as gate dielectrics for TFTs especially when wide band gap 
semiconductor such as ZnO (Eg ~	3.3 eV) is employed as active channel. Such low bandgap 
can be improved by incorporation of another wide bandgap oxide such as HfO2 to produce 
hafnium titanate (HfTiO4) films.  

 
HfTiO4 or HTO is a potential multicomponent oxide alternative to the conventional 

SiO2 gate dielectric due to its high dielectric constant and wide bandgap. The former is 
presumed to be greater than the HfO2 (kHTO > kHfO2) while the latter is greater than TiO2 (Eg-HTO 
> Eg-TiO2 eV).  

 
HTO films exhibit a dielectric constant between 15 – 50 and a bandgap between 3.5 – 

4.5 eV depending on the composition and manufacturing process [46]–[52]. Its atomic 
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structure is amorphous due to addition of Ti content that further deteriorates crystallinity of 
HfO2 [53]. However, upon annealing above 700 °C, HTO films exhibit an orthorhombic-like 
crystalline structure. 

 
For instance, Chen et al. [46], reported an orthorhombic HTO phase after annealing 

between 700 – 1000 °C deposited by CVD. Similarly, Popovici et al. [51], also reported an 
orthorhombic phase HTO films after annealing at 700 °C.  In other literatures, Triyoso et al. 
[47], Wang et al. [48], and Jin et al. [49], all reported an amorphous structure for as-deposited 
HTO films by different techniques. 

 
HTO films have been deposited by mainly costly vacuum-based techniques. Table 5-

2 present some selected works on properties of HTO films deposited by vacuum-based 
techniques.  
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Table 5- 2. Selected previous works on properties of HTO gate dielectric.  

 
 
 
 
 

Deposition Techniques Tdep (°C) k Eg (eV) Jleak (A/cm2) Ref 

CVD 250 50 - - [46] 

ALD 300 38  1 @ 5 V [47] 

ALD 300 - 3.4 0.001 @ 0.5 V [52] 

Sputtering RT 31.3 4.58 0.001 @ 3V [48] 

Sputtering RT 15.04 – 26.12 4. 03 – 4.21 10-6 @ 1 V [49] 

CVD 400 50 - 10-5 @ 1 MV/cm [54] 

Sputtering 600 45.9 - 3.1 x 10-6 @ -1 V [50] 

ALD 300 36 - 10 @ 5 V [51] 
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To this point, most of the reports suggested that an orthorhombic HTO phase could 
be obtained upon annealing at 700 °C or higher. Furthermore, the reported dielectric 
constant was obtained between 15.04 – 50 and the lowest current density obtained was 10-6 
A/cm2 at 1 V deposited by sputtering technique. In this chapter and for the first time, HTO 
thin films will be deposited by a solution processed technique and its properties as gate 
dielectric for ZnO-based TFTs will also be investigated.   

 
The properties of Hf1-xTixOy films such as optical, structural, surface, dielectric and 

electrical properties of Hf1-xTixOy films are studied as well as their implementation as gate 
dielectrics in ZnO – based TFTs.  

 

5.2 Precursors 
 

Hafnium (IV) chloride (HfCl4, 99.9%), titanium (IV) chloride (TiCl4,) and zinc acetate 
dilhydrate (Zn(O2C2H3)2. 2H2O, 99.9%) precursors were purchased from Alfa Aesar and used 
without any further purification. The hafnium titanate solutions were prepared from the 
mixture of the blends of the hafnium chloride in 2,4 pentanedione and methanol (1:2) and 
titanium chloride in absolute ethanol at a total concentration of 0.1 M. The atomic ratio of 
the hafnium (Hf) to titanium (Ti) was controlled by simple blending of the amount of each of 
the precursor’s solution. 

 
Finally, the zinc oxide solution was prepared by dissolving zinc acetate dilhydrate 

(Zn(O2C2H3)2. 2H2O, 99.9%) in methanol at a concentration of 0.1 M [29]. 
    

5.2.1 Thermal Properties of Precursors 
 

The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
measurements of the precursors were investigated to determine their decomposition 
profiles. The measurements were taken under N2 atmosphere at a constant heating rate of 
10 K/min in the temperature range between 40 – 700 °C, by employing a simultaneous 
thermal analyser NRTZSCH STA 449 F3 Jupiter® equipment.  

 
Figure 5-3 and Figure 5-4 illustrate the TGA and DSC measurements of hafnium (IV) 

chloride and titanium (IV) chloride respectively.  
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 Figure 5- 3. TGA (black line) DSC (blue line) of 19 mg hafnium chloride powder.  

 
Figure 5- 4. TGA (black line) and DSC (blue line) of 84 mg titanium chloride liquid.  

 
As shown in Figure 5-3, there was a progressive mass loss of about 16 % from 100 – 

270 °C which can be related to loss of water molecules absorbed from the atmosphere and 
beginning of sublimation of HfCl4 powder. The three sharp peaks of the DSC were the 
corresponding endothermic reactions for the mass loss observed between 100 – 270 °C.  From 
272 – 390 °C the sublimation reaches its maximum at an endothermic peak of 304 °C while 
some chloride matrixes are decomposed. Finally, after 450 °C, the complete decomposition 
of the precursor occurs leading to the formation of a monoclinic HfO2 films as the final 
product. These findings were in agreement with the ones reported by Barraud et al.[55],for 
partially hydrated HfCl4 precursor.  

100 200 300 400 500 600 700
0

10
20
30
40
50
60
70
80
90

100

 

Temperature (oC)

M
as

s 
lo

ss
 (%

)

-0.4

-0.2

0.0

0.2

0.4

H
eat flow

 (m
V/m

g) 
Exothermic

Endothermic

100 200 300 400 500 600 700

50

60

70

80

90

100

 

Temperature (oC)

M
as

s 
lo

ss
 (%

)

-0.2

0.0

0.2

0.4

0.6

Exothermic

Endothermic

H
eat flow

 (m
V/m

g)



Chapter 5: Hafnium Titanate Hf1-xTixOy Thin Films 

 132 

Similarly, the TGA shown in Figure 5-4, shows a pronounced mass loss of about 48 % 
that was related to the decomposition of the precursor leaving behind Ti or TiN cation as the 
final product as evidenced by the strong endothermic peak centred about 145 °C.  

 

5.3 Thin Film Deposition & Characterization 
 

The solutions of Hafnium (IV) chloride (HfCl4) in 2,4 pentanedione and methanol (1:2) 
and Titanium (IV) chloride (TiCl4) in ethanol were spray coated at 500 °C on different 
substrates using a pneumatic airbrush, held at a vertical distance of about 30 cm. The 
hafnium-titanate films were deposited by blending HfCl4 and TiCl4 solutions so that the 
desired [Ti] to [Hf] ratio in the solution could be obtained. Aerosols of the precursor’s blends 
were spray coated for 10 s spray and interrupted for another 50 s to allow the vapours to 
settle onto the sample. The cycle was repeated until films of typical thickness between 60 - 
80 nm were obtained.  

 
For the characterization, the optical properties of the as-deposited Hf1-xTixOy films on 

fused silica were studied by the UV-Vis spectroscopy. Fourier transform infrared spectroscopy 
(FTIR) measurements on potassium bromide (KBr) were studied to investigate the chemical 
bonding between the metal and the oxide. The structural and morphological properties on 
silicon were investigated by grazing incidence x-ray diffraction (GIXRD) and atomic force 
microscopy (AFM) respectively. Furthermore, metal-insulator-metal (MIM) devices were 
fabricated by employing Al metal contacts that were thermally evaporated under high 
vacuum (10-6 mbar) through a shadow mask onto the glass/ITO/Hf1-xTixOy stacks (Figure 5-5). 
Finally, the dielectric and electrical properties on MIMs were studied by impedance 
spectroscopy and I – V measurements respectively while the performance of the TFTs were 
characterized by the field effect measurements. 

 
 
 
  
 

 
 

 
Figure 5- 5. A schematic of a metal-insulator-metal (MIM) stack of glass/ITO/ Hf1-xTixOy/Al 

gate dielectric. 
 

5.4 UV-Vis Spectroscopy 
 

The optical properties of as-deposited Hf1-xTixOy films were investigated by the UV-Vis 
spectroscopy measurements in the transmission spectra between 190 and 1000 nm 
wavelength range. The transmittance (%T) spectra of the as-deposited Hf1-xTixOy films with 
different [Ti] to [Hf] ratios are shown in Figure 5-6. 
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Figure 5- 6. Transmittance %T spectra of as-deposited Hf1-xTixOy films for different [Ti] to [Hf] 

ratios.  
 

The average %T in visible region (400 – 700 nm) operates in the range between 70 % 
and 80 %, indicating high transparent as-deposited Hf1-xTixOy films. From the Tauc [56] plots, 
the optical bandgap of as-deposited Hf1-xTixOy films were calculated as shown in Figure 5-7.  
 

 
Figure 5- 7. Tauc plots of as-deposited Hf1-xTixOy films with different [Ti] to [Hf] ratios.  

 
The linear extrapolation along the photon energy axis of Tauc plot shown in Figure 5-

7 estimates the optical bandgap of as-deposited Hf1-xTixOy films with different [Ti] to [Hf] 
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ratios. The Tauc gaps were further illustrated as a function of [Ti]/ [Ti + Hf] atomic ratio in 
Figure 5-8. 

 
Figure 5- 8. Optical bandgap of as-deposited Hf1-xTixOy films as a function of the [Ti]/ [Ti + Hf] 

atomic ratio. The solid line is a guide to the eye.  
 
The optical bandgap varies between 5.8 eV for HfOx and 3.8 eV for TiOx with increasing 

[Ti4+]/ [Ti4+ + Hf4+] atomic ratio. Similar trend was observed in our previous study on Ta1-xAlxOy 

films (chapter 4) and such trend was expected for wide bandgap oxides combining with low 
bandgap ones as already reported by Afouxenidis et al. [57], and Esro et al. [58], for Ti1-xAlxOy 

and La1-xAlxOy films respectively. 
 
Furthermore, the Urbach tail energy (Eu) of as-deposited Hf1-xTixOy films as function of 

[Ti4+]/ [Ti4+ + Hf4+] atomic ratio was investigated to expose material disorder. Generally, Eu 
characterizes the extent of the absorption edge smearing due to disordering caused by the 
structural features as well as induced external factors [59].  The structural disordering maybe 
caused by oxygen vacancies or dislocations while the induced external factors may probably 
be caused by non-stoichiometry or doping [59]. Figure 5-9 and Figure 5-10 show absorption 
coefficient spectra of as-deposited Hf1-xTixOy films with different [Ti] to [Hf] ratios and the 
calculated Eu values plotted as a function of [Ti] / [Ti + Hf] atomic ratio respectively. 
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Figure 5- 9. Absorption coefficient spectra of as-deposited Hf1-xTixOy films with different [Ti] 

to [Hf] ratios. 

  
Figure 5- 10. Urbarch tail energy (Eu) of as-deposited Hf1-xTixOy films as a function of the [Ti]/ 

[Ti + Hf] atomic ratio. The solid line is a guide to the eye. 

 HfOx

 Hf75Ti25Ox

 Hf50Ti50Ox

 Hf25Ti75Ox

 TiOx

3.5 4.0 4.5 5.0 5.5 6.0 6.5

6

7

8

9

10

11

12

13

ln
 a

 

 

 

Photon energy (eV)

0 25 50 75 100

150

200

250

300

350

U
rb

ar
ch

 ta
il 

en
er

gy
, E

u 
(m

eV
)

[Ti4+]/[Ti4+ + Hf4+] (%)

 

 



Chapter 5: Hafnium Titanate Hf1-xTixOy Thin Films 

 136 

In Figure 5-9, the shaded region illustrates the tail of the absorption coefficient edge 
while fitted lines are the slope that determines the Eu of as-deposited Hf1-xTixOy films. The 
calculated Eu values varies between 156 meV for HfOx and 315 meV for TiOx as a function of 
[Ti]/ [Ti + Hf] atomic ratio. The Hf50Ti50Oy films shows an Eu of 199 meV, which is close to the 
value (250 meV) reported by Mazur et al. [60], for magnetron sputtered hafnium titanate 
films. 

 

5.5 Fourier Transform Infrared Spectroscopy (FTIR) 
 

Figure 5-11 illustrate the FTIR transmission spectra of as-deposited Hf1-xTixOy films 
deposited on KBr substrates with different [Ti] to [Hf] ratios. 

 
Figure 5- 11. Absorbance spectra of as-deposited Hf1-xTixOy films with different [Ti] to [Hf] 

ratios. 
 
As shown in Figure 5-11, the absorbance peaks between 400 cm-1 and 700 cm-1 

conforms the characteristics feature of monoclinic HfO2 and tetragonal TiO2 films. 
Contributions to the bands are associated to Hf-O and Ti-O vibrations. Cartier et al. [61], 
reported that the characteristics peaks of 512 and 635 cm-1 are associated to Hf-O vibrations. 
Arhin et al. [62], also reported the characteristics peaks of Ti-O vibrations lie between 414 
and 800 cm-1. Ba-abbad et al. [63], similarly reported that the peaks between 450 and 800 cm-

1 are due to Ti-O vibrations.  
 
It is safe to say that the characteristic peaks centred at 474 and 615 cm-1 are in good 

agreement with the ones mentioned in the literatures. One can observe that the 
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stochiometric Hf1-xTixOy films exhibited a weak absorbance band and may probably be due to 
poor crystallinity of the films as will be investigated later by the GIXRD. 

 

5.6 Structural and Surface Properties 
 

The atomic structure of the as-deposited Hf1-xTixOy films were investigated by the 
grazing incidence x-ray diffraction (GIXRD) while the surface morphologies by the atomic force 
microscopy (AFM). 

 
5.6.1 Grazing Incidence X-Ray Diffraction (GIXRD) 

 
Figure 5.12 illustrate the GIXRD patterns of as-deposited Hf1-xTixOy films.  

 
Figure 5- 12.  GIXRD patterns of as-deposited Hf1-xTixOy films deposited by spray pyrolysis on 

silicon substrates. 
 
From Figure 5-12, one can observe the diffraction peaks for as-deposited HfOx and 

TiOx films. According to the standard XRD pattern database, such peaks confirm the presence 
of monoclinic phase (ICCD 43 – 1017 and 65 – 1142, space group P 1 21/c) HfOx films and 
tetragonal phase [ICCD 21 – 1272, space group (I 41/amd)] anatase TiOx films. Further analysis 
on the diffraction peaks were carried out to determine the average crystallite size (< 𝑑 >) 
using Debye – Scherrer formula [64]. 
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Where, (𝐾) is the constant factor, usually taken as 0.9, (𝜆) is the wavelength of the 
incident X-rays in nm, (𝛽L) is the full width at the half maximum of the peak’s intensity in 
radians and  (𝜃) is the Bragg angle in degrees. 

 
 For HfOx films, the analysis on diffraction peak (111) at ~31° yields an average 

crystallite size of 8.2 nm and lattice parameters a = 5.1156 Å, b = 5.1722 Å, c = 2.2948 Å and 
beta 99.180°. These parameters are similar to the ones reported by Esro et al. [29], for 
monoclinic HfOx films deposited by spray pyrolysis. Similarly for TiOx, the analysis on 
diffraction peak (101) at ~25° yields an average crystallite size of 10 nm and lattice 
parameters a = 3.7534 Å and c = 9.4736 Å, which were close to the values reported by 
Afouxenidis et al. [57], for Ti1-xAlxOy films also deposited by spray pyrolysis.  

 
However, as-deposited Hf1-xTixOy films showed no diffraction peak indicating 

amorphous films. The absence of diffraction peaks suggested that the crystallization 
temperature of HfOx films increased with addition of Ti content. Triyoso et al. [53], Jin et al. 
[49], Popovici et al. [51], and Zhang et al. [54], all reported that as-deposited hafnium titanate 
films were amorphous. Such amorphous phase may probably be connected to the weak 
absorbance peak observed in the FTIR (Figure 5-11). Amorphous Hf1-xTixOy films are preferable 
for TFTs integration compared to crystalline ones because it prevents flow of electron within 
the gate dielectric thus reduces leakage current.  

 
5.6.2 Atomic Force Microscopy (AFM) 

 
The AFM images of as-deposited Hf1-xTixOy films on silicon were taken in contact mode 

and the images presented are the raw images after they have been flattened out as illustrated 
in Figure 5.13.  
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Figure 5- 13. AFM topography images (RMS roughness inset) of as-deposited Hf1-xTixOy with 
different [Ti] to [Hf] ratios.  

 
From Figure 5-13, the topographical images showed surface roughness of ~1 nm with 

increasing [Ti] content, which is reasonably good enough for high-performance 
optoelectronics devices. Interestingly, the Hf50Ti50Oy films shows negligible grain-like 
structure compared to other samples, which may further explain its amorphous nature as 
already observed in the GIXRD (Figure 5-12). A possible reason for that may be associated to 
the crystallinity of as-deposited HfOx and TiOx films at moderate temperature (< 500 °C). Since 
the as-deposited Hf1-xTixOy films were deposited at same temperature, there may be some 
existence of nano-crystalline structures in the films that may not be detected by the GIXRD 
equipment used in this chapter. 

 

5.7 Electrical Properties 
 

The dielectric constant and the leakage current density are the most important 
parameters of evaluating the performance of Hf1-xTixOy films as gate dielectric. In this study, 
the dielectric constant is calculated from the impedance spectroscopy dispersions in the 
frequency range of 1 kHz – 50 MHz while the leakage current density is from the I – V 
measurements.  
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5.7.1 Impedance Spectroscopy 
 

The static dielectric dispersions of the as-deposited Hf1-xTixOy films are shown in Figure 
5-14. 

 
Figure 5- 14. Static dielectric constant dispersions of as-deposited Hf1-xTixOy films in the 

frequency range between 1 kHz and 50 MHz.  
 
It can be observed that apart from the HfOx films, the dispersions of other Hf1-xTixOy 

films shows that the dielectric constant values are higher at low frequency side (<10 kHz) than 
at high frequency side. Zhang et al.[65], explained that such behaviour can be attributed to 
the dielectric polarization. 

 
In Figure 5-15, the calculated static dielectric constant at 1 kHz is further plotted as a 

function of [Ti]/ [Ti + Hf] atomic ratio. 
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Figure 5- 15. Static dielectric constant of as-deposited Hf1-xTixOy films as a function of [Ti]/ [Ti 

+ Hf] atomic ratio calculated at 1 kHz. The solid line is a guide to the eye. 
 
With the addition of the Ti content, the static dielectric constant increases linearly as 

a function of [Ti]/ [Ti + Hf] atomic ratio and varies between 14 and 60. Such trend was 
consistent with the previous work on Ta1-xAlxOy (chapter 4) and other related works [57][58]. 
It is important to mention that the stochiometric Hf1-xTixOy films exhibited a static dielectric 
constant of 30, which agrees with the value 31.3 reported by Wang et al.[48], for sputtered 
Hf1-xTixOy films. 

 
The stability of as-deposited Hf1-xTixOy films were investigated by the Nyquist plots 

shown in Figure 5-16. 
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Figure 5- 16. Nyquist plots and equivalent circuit (inset) of as-deposited (a) HfOx (b) 
Hf75Ti25Ox (c) Hf50Ti50Ox (d) Hf25Ti75Ox and (e) TiOx capacitors. 
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The parabolic behaviour of the Nyquist plots starting from origin describes the stability 
of the as-deposited films. Here, the stability occurs for Hf rich films (𝑥	 ≤ 	0.5) and supported 
by the equivalent circuit exhibiting a large shunt and low series resistance as shown in the 
inset of Figure 5-16 (a-c). The non-stability in Ti4+ (𝑥	 > 0.5) rich MIMs may be probably due 
to high leakage current which will be investigated by the I – V characterization. 

  
5.7.2 I – V Characterization 

 
The I – V measurements provide insight on the electrical behaviour of the as-deposited 

Hf1-xTixOy films under applied field. In Figure 5-17, the leakage current density (J) (at 1 MV/cm) 
as a function of [Ti]/ [Ti + Hf] atomic ratio is shown. 

 
Figure 5- 17. Leakage current density (J) of as-deposited Hf1-xTixOy films at 1 MV/cm as a 

function of [Ti]/ [Ti + Hf] atomic ratio. The solid line is a guide to the eye. 
 
As seen in Figure 5-17, the leakage current shows a drastic increase from ~10-7 A/cm2 

for HfOx to 10 A/cm2 for TiOx with increasing [Ti]/ [Ti + Hf] atomic ratio. Such increase was 
expected due to the increased Ti content that exhibited poor insulating properties. As 
evidently confirmed by the bandgap plot shown in Figure 5-8, Hf1-xTixOy films exhibited a lower 
bandgap than HfOx, which can result to a reduced barrier height for electron injection into 
the oxide bands, resulting to an increase in the leakage current density.  

 
Further investigation on the current conduction in Hf1-xTixOy films were investigated 

by Schottky emission (SE), Fowler-Nordheim (FN) and Poole-Frenkel (PF) conduction 
mechanism [66]. In Figure 5-18 – Figure 5-20, the SE, FN & PF conduction mechanism plots of 
as-deposited Hf1-xTixOy films are shown respectively. 
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Figure 5- 18. Schottky emission plots of (a) HfOx (b) Hf75Ti25Ox (c) Hf50Ti50Ox (d) Hf25Ti75Ox and 
(e) TiOx films. 

 
 

Figure 5- 19. Fowler-Nordheim plots of (a) HfOx (b) Hf75Ti25Ox (c) Hf50Ti50Ox (d) Hf25Ti75Ox and 
(e) TiOx films. 
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Figure 5- 20. Poole-Frenkel plots of (a) HfOx (b) Hf75Ti25Ox (c) Hf50Ti50Ox (d) Hf25Ti75Ox and (e) 
TiOx films. 

 
In the SE plots shown in Figure 5-18, only Hf25Ti75Oy films exhibited a non-linear 

behaviour over wide range of E1/2 and could therefore not be considered as dominant 
conduction mechanism that governs the current transport in the oxide. Similarly, in the FN 
plots shown in Figure 5-19, the linearity occurs for HfOx and Hf75Ti25Oy films, indicating not 
dominant conduction mechanism for other Hf1-xTixOy films. Finally, the PF plots shown in 
Figure 5-20 shows linearity over wide range of E1/2 and therefore could be considered as 
dominant conduction mechanism for all Hf1-xTixOy films. This means that there are trapped 
electrons at the bulk of Hf1-xTixOy films, thus explains the leakage current in the films. Zhang 
et al.[54], reported that PF mechanism dominates electron transport in Hf1-xTixOy films 
deposited by CVD. Their investigations suggested that PF mechanism is dominant in Hf1-xTixOy 

films when the voltages are larger than 0.5 V. it can be concluded that PF mechanism is the 
dominant conduction mechanism in Hf1-xTixOy films because all samples were characterized 
at high electric fields and exhibited linearity at high electric field.    

 
5.7.3 Field Effect Measurement 

 
To investigate the applicability of as-deposited Hf1-xTixOy as gate dielectric, ZnO – 

based TFTs were investigated by employing the bottom-gate top-contact (BG – TC) TFT 
architecture as illustrated in Figure 5-21.  
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Figure 5- 21. BG – TC ZnO-based TFT architecture employing Hf1-xTixOy gate dielectric. 

 
Figure 5-22 and Figure 5-23 show a representative set of transfer and output 

characteristics obtained from ZnO TFT (L = 20 um, W = 1000 um) based on a ~80 nm thick Hf1-

xTixOy gate dielectrics. 
 

 
Figure 5- 22. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing as-

deposited HfOx gate dielectric. 
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Figure 5- 23. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing as-

deposited stoichiometric Hf1-xTixOy gate dielectric. 
 
As shown in Figure 5-22(a) and (b), ZnO – based TFT employing as-deposited HfOx gate 

dielectrics exhibited excellent characteristics such as low voltage operation (4 V), high current 
modulation ratio (Ion/off ~	106), threshold voltage (Vth ~	-1.6 V) negligible hysteresis and high 
electron mobility (µsat) of ~13 cm2/Vs. Additionally, the subthreshold swing (SS) and interface 
trap density (Dit) values were calculated from the transfer curve and found to be ~0.29 V/dec 
and ~2.9 x 1012 cm-2 respectively. 

 
Similarly, the ZnO – based TFT employing as-deposited Hf50Ti50Ox gate dielectrics 

shown in Figure 5-23(a) and (b) also showed promising characteristics such as low voltage 
operation (3 V), Ion/off ~107, Vth ~0.6 V and electron mobility of ~7 cm2/Vs. The SS and Dit 
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leakage current of Hf50Ti50Ox gate dielectrics as evidently seen by its large hysteresis 
characteristics shown in Figure 5-23(a) and (b). 
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ΔEVB = -0.3 eV 

ΔECB = 1.9 eV 

 1 eV 

ΔECB = 1.2 eV ΔECB = 0.9 eV 

ΔEvB = 0.7 eV 

there was no working device on other TFTs employing different compositions of Hf1-xTixOy 

gate dielectric especially TiOx dielectric. The latter was expected due to influence of negative 
band offsets between TiOx and ZnO that plays crucial role in the performance of the TFTs [57]. 
In Figure 5-24, the energy band diagram of ZnO, HfO2, Hf50Ti50Ox and TiO2 as well as their 
estimated conduction and valence band offsets on ZnO is illustrated. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 5- 24. Band diagrams of ZnO, HfO2, Hf50Ti50Ox and TiO2 and estimated conduction and 

valence band offsets on ZnO. 

 
The conduction band minimum (ECB) of ZnO was taken as the electron affinity (χe) of 

ZnO (4.2 eV) [67] while the work function i.e., the position of the Fermi energy level (EF) has 
been previously estimated to be 5.2 eV according to Zhang et al.[68], and Zheng et al.[69],. 
Similarly, the conduction band minimum (ECB) and the valence band maximum (EVB) of the 
other oxides were estimated based on their calculated energy bandgaps. The calculated 
bandgap of HfO2, Hf50Ti50Ox and TiOx were 5.8, 4.4 and 3.8 eV respectively. The band 
alignment diagram was constructed with the assumption that the position of the Fermi energy 
level of the oxides are positioned in the middle of their calculated bandgaps and on same 
level with that of the ZnO. As seen in the band diagram, the calculated conduction band 
offsets (ΔECB) of HfO2, stoichiometric Hf50Ti50Ox and TiO2 were 1.9, 1.2 and 0.9 eV respectively. 
These findings evidently suggests that TiO2 does not satisfy the band offsets criterion. 

 

5.8        Conclusion 
 

To summarise on the properties of as-deposited Hf1-xTixOy films with different [Ti] to 
[Hf] ratios, The optical bandgap decreased from 5.8 – 3.8 eV with increasing [Ti4+]/ [Ti4+ + Hf4+] 
atomic ratio. Such decrease was attributed to the low bandgap of TiOx films. Furthermore, 
the Eu varies between 156 and 315 meV with increasing [Ti4+]/ [Ti4+ + Hf4+] atomic ratio.  
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The structure of as-deposited Hf1-xTixOy films were found to be amorphous except for 
the HfOx and TiOx that are naturally crystalline at moderate temperatures. HfOx films 
exhibited a monoclinic phase while TiOx exhibited a tetragonal anatase phase as confirmed 
by the GIXRD. Its AFM images showed RMS of about 1 nm which demonstrated smooth films.  

 
The static dielectric constant of as-deposited Hf1-xTixOy films was calculated at 1 kHz 

and varies between 14 and 60 with increasing Ti content. The leakage current density 
recorded at 1 MV/cm also varies between 107 and 10 A/cm2. Such high leakages were further 
investigated by the SE, FN and PF conduction mechanism and it was observed that the PF 
mechanism dominates the charge transport in Hf1-xTixOy films. 

 
Particularly, the stoichiometric Hf1-xTixOy films exhibited promising properties such as 

optical bandgap of 4.4 eV, Urbach energy of 173 meV, amorphous phase, RMS of 1.2 nm, 
static dielectric constant of 30 and leakage current density of 0.3 A/cm2 at 1 MV/cm. 

 
Finally, the performance of ZnO–based TFTs employing stochiometric Hf1-xTixOy gate 

dielectric showed promising characteristics such as low voltage operation (3 V), Ion/off ~107, 
Vth ~0.6 V, SS~0.17 V/dec, Dit~2.1 x 1012 cm-2 and µsat of ~7 cm2/Vs.   
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5.9 Effects of Post-deposition Annealing of Hf1-xTixOy Films   
 

The as-deposited Hf1-xTixOy thin films were further annealed at 800 °C for 30 minutes 
in air. In this study, focus was given to the composites of Hf1-xTixOy thin films since both as-
deposited HfOx and TiOx exhibit crystalline phase at substrate temperature of 500 °C. 

 

5.10 UV-Vis Spectroscopy 
 
In Figure 5-26, the Tauc plots of Hf1-xTixOy films is shown after annealing at 800 oC for 

30 mins in air. 
 

 
 

Figure 5- 25. Tauc plots of Hf1-xTixOy films with different [Ti] to [Hf] ratios after 
annealing at 800 °C for 30 mins in air.  

 
The optical bandgap of the annealed Hf1-xTixOy films as a function of [Ti]/ [Ti + Hf] 

atomic ratio is illustrated in Figure 5-26. 
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Figure 5- 26. Optical bandgap of Hf1-xTixOy films as a function of the [Ti]/ [Ti +Hf] atomic ratio 

after annealing at 800 °C for 30 mins in air. 
  
The Eg appears to be decreasing with increasing [Ti]/ [Ti + Hf] atomic ratio. The Eg of 

the annealed Hf1-xTixOy films decreases from 4.4 eV for Hf75Ti25Oy to 4.1 eV for Hf25Ti75Ox films. 
These values were slightly lower than the ones previously obtained for as-deposited Hf1-xTixOy 

films, which can be attributed to effect of the annealing conditions. One possible reason for 
such decrease may probably be related to the phase transformation of the films i.e., from 
amorphous to crystalline phase as will be later be investigated by the GIXRD characterization.  

 
Figure 5-27 illustrate the calculated Urbach energy values of annealed Hf1-xTixOy films 

as a function of [Ti]/ [Ti + Hf] atomic ratio.   
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Figure 5- 27. Urbarch tail energy (Eu) of Hf1-xTixOy films as a function of the [Ti]/ [Ti + Hf] 

atomic ratio after annealing at 800 °C for 30 mins in air.  
 
The calculated Eu values were found to be 338, 223 and 475 meV for Hf75Ti25Oy, 

Hf50Ti50Ox and Hf25Ti75Ox respectively. In comparison with as-deposited ones previously 
shown in Figure 5-10, one can observe the slight increase in the degree of disorder in Hf1-

xTixOy films which may probably be due to oxygen vacancies caused by the defect of the TiOx 
films. As already known that Eu is associated with degree of disorder in crystalline and 
amorphous materials [70]. This degree of disorder appears as defects to the materials that 
induces localized states extended to the bandgap of the material. Defects such as oxygen 
vacancies and interstitial, change in bond lengths and bond angle between atoms in crystal 
structure play a significant role in the structure of material.  

 

5.11 Structural and Surface Properties 
 

5.11.1 GIXRD 
 

The GIXRD patterns of annealed Hf1-xTixOy films is shown in Figure 5-28. 
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Figure 5- 28. GIXRD patterns of annealed Hf1-xTixOy films with different [Ti] to [Hf] ratios. 

 
The annealed Hf1-xTixOy films shows diffraction peaks indicating a transformation of 

structure from amorphous to crystalline phase. For Hf75Ti25Ox films, the exhibited diffraction 
peaks were the reflection of both m-HfOx and a-TiOx and r-TiOx films. Based on the existence 
of both phases, it is safe to say that annealed Hf75Ti25Oy films did not form stochiometric Hf1-

xTixOy films rather, it could be considered as more of m-HfOx films. Similarly, the diffraction 
peaks observed for annealed Hf25Ti75Ox films were the reflection of tetragonal TiOx and m-
HfOx films, thus, does not form stoichiometric Hf1-xTixOy films. The TiOx films undergo phase 
transitions from a-TiOx to r-TiOx. Finally, the diffraction peaks observed for annealed 
Hf50Ti50Oy films, were the reflection of an orthorhombic Hf1-xTixOy with the space group (Pbcn). 
This observation agrees with the report in literatures. Popovic et al [51], reported a sharp 
peak of O-HfTiO4 films deposited by ALD after annealing at ~700 °C. Also, Chen et al. [46], 
reported an O-HfTiO4 films deposited by CVD after annealing between 700 - 1000 °C. 
Comparing both observations with that of the present study, one can confirm the formation 
of the stoichiometric Hf1-xTixOy films. Further analysis on the diffraction peak (111) at ~30.6° 
yields an average crystallite size of 8.2 nm and the lattice parameters a = 4.82861 Å, b = 
5.29627 Å and c = 5.0425 Å. The lattice parameters were calculated by the following Miller 
indices equation: 
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Where, h, k and l are the integers denoting the Miller indices, d is the interplanar 

spacing between the planes of the atoms and a, b and c are the lattice parameters in Å. 
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5.11.2 AFM 
 
Figure 5-29 show the AFM images of annealed Hf1-xTixOy films. 
 
 
  
  
 
 
 

 
 
 

 

 

Figure 5- 29. AFM topography images (RMS roughness inset) of Hf1-xTixOy films with different 
[Ti] to [Hf] ratios after annealing at 800 °C for 30 mins in air. 

 
The AFM images of annealed Hf1-xTixOy films shows a pronounced grain-like structures 

compared to the as-deposited ones. The surface roughness varies between 2.15 nm for 
Hf75Ti25Ox and 1.18 nm for Hf25Ti75Oy, indicating rougher films. Such increase in roughness was 
due to crystallization or grain growth caused by the effect of annealed Hf1-xTixOy films. Zhang 
et al. [71], reported that the surface roughness of hafnium titanate films increases after 
annealing at 700 °C deposited by CVD. 

 

5.12 Electrical Properties 
 

5.12.1 Impedance spectroscopy 
 
Figure 5-30 show the dielectric constant dispersion of annealed Hf1-xTixOy films.  
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Figure 5- 30. Static dielectric constant dispersions of Hf1-xTixOy films in the frequency range of 

1 kHz – 50 MHz after annealing at 800 °C for 30 mins in air.  
 
The dispersions of annealed Hf1-xTixOy films over the range of frequencies shows rapid 

decrease for stochiometric Hf1-xTixOy films. This may be caused by the crystallization of Hf1-

xTixOy films that further exhibit grain boundaries and creates diffusion pathways for leakage 
current. In Figure 5-31, the annealed k values estimated at 1 kHz were further plotted as a 
function of [Ti]/ [Ti + Hf] atomic ratio. 

 

 
Figure 5- 31. Static dielectric constant of Hf1-xTixOy films as a function of [Ti]/ [Ti + Hf] atomic 

ratio after annealing at 800 °C for 30 mins in air.  
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The stochiometric Hf1-xTixOy films exhibited the highest dielectric constant value of 38 
and is very close to the value 36, reported by Popovici et al. [51], for Hf1-xTixOy films deposited 
by ALD and annealed at 500 °C. Furthermore, the stability of annealed Hf1-xTixOy films were 
investigated by Nyquist plots as shown in Figure 5-32. 

 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 5- 32. Nyquist plots and equivalent circuit (inset) of annealed (a) Hf75Ti25Ox (b) 
Hf50Ti50Ox and (c) Hf25Ti75Ox films. 
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Hf1-xTixOy films exhibited stability as evidently seen by the parabolic behaviour of the 
plots starting from the origin. However, the sample with Hf25Ti75Oy films, despite exhibiting 
parabolic behaviour, however, did not start from the origin and thus not a stable system. 
Additionally, the equivalent circuit shown in the inset of the sample shows poor capacitive 
properties such as low shunt and low series resistance. 

  
5.12.2 I – V measurements 

 
In Figure 5-33, the leakage current density (at 1 MV/cm) of Hf1-xTixOy films is 

shown.  

 
Figure 5- 33. Leakage current density (J) of Hf1-xTixOy films at 1 MV/cm as a function of [Ti]/ 

[Ti + Hf] atomic ratio after annealing at 800 °C for 30 mins in air.  
 
The leakage current of annealed films at 1 MV/cm varies linearly between 6 x 10-5 

A/cm2 for Hf75Ti25Ox and 10 A/cm2 for Hf25Ti75Oy films as shown in Figure 5-33. The 
stoichiometric Hf1-xTixOy films exhibited a value of 5 mA/cm2 at 1 MV/cm. Popovici et at. [51], 
reported a current density of 10 A/cm2 at 5 V for Hf1-xTixOy films deposited by ALD after 
annealing at 500 °C. Figure 5-35 illustrate the annealed stochiometric Hf1-xTixOy films I – V 
measurement. 
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Figure 5- 34. Leakage current density versus voltage of stochiometric Hf1-xTixOy films 

after annealing at 800 °C for 30 mins in air. 
 
As shown in Figure 5-34, the leakage current density at 5 V is 3 mA/cm2 and it is slightly 

lower than the value reported by Popovici et al. [51], at same voltage.  
 
To further interpret the nature of the leakage current, the Schottky emission (SE), 

Fowler-Nordhiem (FN) and Poole-Frenkel conduction mechanisms were investigated.   
 
In Figures 5-35 – Figure 5-37 the SE, FN & PF plots of annealed Hf1-xTixOy films are 

shown. 
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Figure 5- 35. Schottky plots of annealed (a) Hf75Ti25Ox (b) Hf50Ti50Ox and (c) Hf25Ti75Ox films. 

Figure 5- 36. Fowler-Nordheim plots of annealed (a) Hf75Ti25Ox (b) Hf50Ti50Ox and (c) 
Hf25Ti75Ox films. 
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Figure 5- 37. Poole-Frenkel plots of annealed (a) Hf75Ti25Ox (b) Hf50Ti50Ox and (c) Hf25Ti75Ox 
films. 

 
At high electric fields, the SE and PE (Figures 5-35 & 5-37) plots shows linear behaviour 
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annealed Hf1-xTixOy films and as result, one cannot simply decide on the dominant conduction 
mechanism. However, further investigation based on temperature dependence may clarify 
the actual conduction mechanism which is out of the scope of this study.  

 
The FN plot on the other hand, suggests that only stochiometric Hf1-xTixOy films 

exhibited linearity at both high and low electric field, indicating an interface process as shown 
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films.  
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475 meV were obtained. In this case, the Urbach values were slightly higher than the as-
deposited ones which may probably be due to the oxygen vacancies caused by the defect of 
TiOx films. 

 
The effect of the post-deposition annealing on the structure of Hf1-xTixOy films 

revealed the stoichiometry of Hf50Ti50Ox films which exhibits an orthorhombic phase with 
average crystallite size of 8.2 nm and lattice parameters a = 4.82861 Å, b = 5.29627 Å and c = 
5.0425 Å. The effect on the surface morphology showed increased roughness due to the 
crystallization of the Hf1-xTixOy films.  

 
As for the dielectric properties, the stochiometric Hf1-xTixOy films exhibited a static 

dielectric constant of 38 and a current density of 5 mA/cm2 at 1 MV/cm. Further investigation 
on the dominant conduction mechanism revealed that the Schottky emission and Poole-
Frenkel mechanism could not be dominant in governing the charge transport of Hf1-xTixOy 
films as both mechanisms showed linearity over the extended electric fields. However, in the 
Fowler-Nordhiem plots, only stochiometric Hf1-xTixOy showed linear behaviour both at high 
and low electric fields indicating an interface process. Finally further analysis on the effective 
mass of electron and barrier height of the stochiometric Hf1-xTixOy films exhibited the values 
of 0.003 mo and 0.49 eV respectively. The low barrier height value is a characteristic feature 
of excessive leakage current in stochiometric Hf1-xTixOy films and as result, no working TFT 
device could be achieved. 
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6 Zirconium Silicate Zr1-xSixOy Thin Films 
 

Zirconium Silicate (Zr1-xSixOy) is one of the emerging high-k metal oxide as alternative 
to the conventional SiO2 as gate dielectrics for TFTs application. There were several reports on 
the properties of Zr1-xSixOy films that have been deposited by mostly costly vacuum-based 
techniques. In this chapter, the properties of Zr1-xSixOy films as a function of [Si] to [Zr] ratios 
were investigated by a simple and low-cost spray pyrolysis technique. The samples were 
deposited on different substrate for characterization, and it was observed that its optical 
bandgap varies between 5.8 and 8 eV with increasing Si content. The structure of Zr1-xSixOy 
films were amorphous except for pure ZrOx that showed the presence of both cubic and 
tetragonal phase. The latter demonstrate the natural state of ZrO2 films at low deposition 
temperature. AFM images were taken and Zr1-xSixOy films showed decreasing surface 
roughness with increasing Si content. The RMS values vary between 6.59 and 0.31 nm as a 
function of [Si]/ [Si + Zr] atomic ratio. As a gate dielectric, Zr1-xSixOy films exhibited a high 
dielectric constant that varies between 23 and 4.2. Its leakage current density was measured 
at 1 MV/cm and it was observed that stochiometric Zr1-xSixOy films (J ~ 10-7 A/cm2) exhibited 
the lowest leakage current density at 1 MV/cm. Further analysis on the current transport in 
Zr1-xSixOy films showed that the current transport is dominated by Poole-Frenkel mechanism. 
Finally, the performance of the ZnO-based TFTs employing stochiometric Zr1-xSixOy films 
showed high electron mobility of 57 cm2/Vs, current modulation ratio of 106, threshold voltage 
of 0.1 V, subthreshold swing of 0.28 V/dec, interface trap density of 5 x 1012 cm-2, low voltage 
operation of 4 V and negligible hysteresis. 
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6.1 Introduction 
 

For many years, the fabrication of metal oxide field effect transistors (MOSFETs) has 
mostly been dominated by the conventional silicon (Si) based technologies due to the 
abundance of Si in the earth crust. Silicon dioxide (SiO2) has been the most reliable metal 
oxide employed as gate dielectric for MOSFETs due to its thermal stability and excellent 
quality interface on Si. It has a wide energy gap of 10 eV and high dielectric strength of 10 
MV/cm [1]. Despite its extraordinary properties, its low dielectric constant (k ~	3.9) is a 
concern for future generation of MOSFETs. The problem with tunneling current that leads to 
high power consumption causes degradation in the reliability of the devices and such issues 
must be addressed. The emergence of high-k metal oxides as alternatives to SiO2 have shown 
promising attributes since it  can decrease the tunneling current by increasing the layer 
thickness of the oxides, while maintaining same capacitance or equivalent SiO2 thickness [2]. 
Among the various high-k metal oxides, zirconium oxide (ZrO2) emerged as one of the most 
extensively studied oxide as alternative to SiO2 due to its high dielectric constant, good 
thermal stability and wide band gap. 

  
ZrO2 exhibit excellent optical and dielectric characteristics as a gate dielectric. It is 

highly transparent in visible spectrum (400 – 700 nm), it has a high refractive index (n ~ 2.1 
at 𝜆 = 550	𝑛𝑚) and has a wide energy gap ~5.7 eV. Also, ZrO2 has a high dielectric constant 
of 25 and all these properties are strongly dependent on the deposition technique.  

  
ZrO2 films have been used in different areas of electronic applications including 

storage capacitors in dynamic random access memories (DRAMs) [1][2], optical filters [3] and 
thin-film transistor (TFT) applications [4]–[15].  

 
Depending on the deposition conditions, ZrO2 thin films can exist in three polymorphs 

[16]; monoclinic, tetragonal and cubic phase. These polymorphs are strongly dependent on 
the deposition temperature. The monoclinic phase ZrO2 can be thermodynamically stable 
between room temperature and 1170 °C, tetragonal phase between 1170 and 2370 °C and 
the cubic phase above 2370 °C. Additionally, both tetragonal and cubic phase ZrO2 can be 
stabilised at room temperature through the means of doping by materials such as Y2O3, Al2O3 
and CeO2 etc. The stabilisation of the tetragonal and cubic phase ZrO2 strongly depend on the 
concentration of the dopant. It is important to mention that different polymorphs of ZrO2 thin 
films may exhibit different dielectric properties [16][17]. For instance, it has already been 
reported by Zhou et al. [18], that amorphous and monoclinic phase ZrO2 exhibit a dielectric 
constant of ~27 while the tetragonal and cubic phase exhibit 35 – 50. Sayan et al. [19], also 
reported that tetragonal phase ZrO2 exhibit higher dielectric constant, wider bandgap and 
lower leakage current than the amorphous and monoclinic phase. Figure 6-1 illustrate 
different polymorphs of ZrO2 thin films.   
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Figure 6- 1. The three polymorphs of ZrO2: (a) cubic, (b) tetragonal and (c) monoclinic [20]. 

 
ZrO2 films have already been manufactured by several deposition techniques such as 

pulsed laser deposition (PLD) [21], sputtering [22]–[24], electron beam evaporation [25], spin 
coating [26]–[32] and spray pyrolysis [17][31]. 

 
For thin film deposition, it has already been reported that ZrO2 thin films exhibits 

crystalline phase at moderate temperatures (< 550 °C) in solution processable techniques 
[17]. As a gate dielectric for TFTs, table 6-1, summarizes some selected reports on solution 
processed ZrO2 gate dielectric, which has mostly been deposited by spin coating technique 
using various zirconium precursors. 
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Table 6- 1. Selected previous work on solution processed ZrO2 gate dielectric and their TFT characteristics (Tdep: deposition temperature, k: 
dielectric constant, Jleak: leakage current density, µ : electron mobility, SS: subthreshold swing, Ion/off: current modulation ratio, Vth: threshold 
voltage).  

Deposition 
technique 

Tdep 

(°C) 

k Jleak 

(A/cm2) 
Semiconductor µ 

(cm2/Vs) 
SS 

(V/dec) 
Ion/off Vth (V) ref 

Spray pyrolysis 400 22.7 3.56 x 10-6 @ 1V ZTO 4.61 0.25 106 0.03 [4] 

Spin coating 300 - - RIZO 2.54 - 106 0.65 [5] 
Spin coating UV 22.6 10-9 @ 4 MV/cm T-OSC 0.4 - 106 - [8] 
Spin coating 200 14.4 - In2O3 18.7 0.26 - 0.09 [9] 
Spin coating 300 - - IZTO 15.42 0.087 109 - [10] 
Spin coating - 8.71 4.68 x 10-9 @ 1 MV/cm IGZO 4.2 - 106 - [11] 
Spin coating 300 10 5 x 10-8 @ 1 MV/cm P-OFT 3.7 0.65 106 -2.7 [34] 

Spin coating 400 17.3 4.5 x 10-8 @ 1 MV/cm SnO 2.5 0.88 103 - [35] 
Spin coating 250 - - LIZO 12 - 106 0.19 [12] 
Spin coating 350 16.5 - ITZO 0.04 1.05 103 -0.75 [13] 
Spin coating 350 25 - OTFT 2.38  104 -3.3 [14] 
Spin coating 350 - - IGZO 0.123 - 106 6.25 [15] 
Spin coating UV 10.57 10-7 @ 2 V P-OFT 0.73 0.15 105 -1.35 [36] 
Spin coating 250 - - LIO 59.8 0.18 108 2.02 [37] 
Spin coating 250 - - IZTO 2.65 0.133 108 0.44 [6] 
Spin coating 300 - - ZnO 20 - - - [7] 
Spin coating 300 21.8 2.8 x 10-4 @ 2 V - - - - - [38] 
Spin coating 300 17.6 10-5 @ 0.8 MV/cm IGZO 0.2 0.34 103 0.3 [26] 
Spin coating 250 13 4.8 x 10-5 @ 2 MV/cm IZO 75 - 105 0.22 [27] 

Spin coating 300 12.5 1 x 10-9 @ 2 MV/cm In2O3 29.5 0.39 104 -0.27 [28] 
Spin coating 200 21.8 - ITZO 9.8 2.3 103 -1.5 [29] 
Spin coating 300 20.5 100 x 10-9 @ 1 V IGZO 0.8 - 104 0.1 [30] 
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Spin coating 350 14.8 7.7 x 10-9 @ 2 MV/cm IZO 7.21 0.257 106 3.22 [31] 

Spin coating UV 8.79 10-6 @ 7.5 MV/cm ZnO 0.45 0.25 105 0.1 [32] 
Spray pyrolysis 400 14 - ZnO 0.18 - - - [33] 
Spray pyrolysis 400 14 <0.5 x 10-6 @ 6 V LZO 85 - 106 - [17] 
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Despite the extraordinary properties of ZrO2 as a gate dielectric, there is a bottleneck 
of film crystallization at low temperatures that may lead to excessive gate leakage current. 
Such low crystallization temperature can be increased by incorporation of another metal 
oxide that exhibits an amorphous structure. There are potential candidates to address such 
issue such as Al2O3 and SiO2. In this chapter, SiO2 was chosen due to its high crystallization 
temperature (> 800 °C) and high dielectric strength. The incorporation of SiO2 into ZrO2 (in 
solutions) yields the formation of zirconium silicate (Zr1-xSixOy or ZSO) thin films.  

 
ZSO is a potential candidate as alternative to the conventional SiO2 gate dielectric due 

to its higher dielectric constant than SiO2 and wider bandgap than ZrO2. It is 
thermodynamically stable when in contact with the semiconductor. There are very few up-
to-date reports on properties of ZSO thin films deposited mainly by vacuum-based techniques 
such as CVD-based and sputtering. In fact, there is no single report on solution processed ZSO 
thin films. Table 6-2 show some reports on properties of ZSO films and are mostly deposited 
by the vacuum-based techniques. 

 
Table 6- 2. Review on selected reports on ZSO gate dielectrics.  

 
Table 6-2 shows that, ZSO thin films could be obtained at low deposition 

temperature (< 550 °C) and exhibit high dielectric constant between 7.5 – 15 and a low 
current leakage density of ~10-8 A/cm2 at 1 V.  

 
In this chapter, the properties of Zr1-xSixOy thin films and their implementation in ZnO 

– based TFTs will be investigated. Zr1-xSixOy thin films will be characterized by the UV-Vis 
spectroscopy, FTIR, XRD, AFM, impedance spectroscopy, I – V measurements and field effect 
measurements for implementation in TFTs.  The films were deposited by spray pyrolysis in an 
ambient air using a conventional airbrush and by varying the zirconium (Zr) to silicon (Si) 
atomic ratio, by physical blending of the soluble precursors in alcohol-based precursors [46].  

  

6.2 Precursors  
 

Zirconium (IV) acetylacetonate (Zr(acac)4, 97%), silicon (IV) chloride (SiCl4) and zinc 
acetate dilhydrate (Zn(O2C2H3)2. 2H2O, 99.9%) were used as precursors. The Zr(acac)4 and SiCl4 

Deposition 
techniques 

Tdep (°C) k Jleak (A/cm2) Ref 

MOCVD 550 10.5 – 15 5 x 10-9 @ -3 V [39] 

MOCVD 550 15 5 x 10-9 @ -3 V [40] 

Sputtering 500 9.5 1 x 10-6 @ 1 V [41] 
Sputtering 500 - 1000 - 10-9 - 10-6 @ -1 V [42] 

ALD 162 3.8 – 11.1 - [43] 

ALD 300 7.5 – 13 10-3 @ 4 V [44] 

ALD 270 10 1 x 10-8 @ 1 V [45] 
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precursors were purchased from Sigma Aldrich while Zn(O2C2H3)2. 2H2O precursor was 
purchased from Alfa Aesar. All precursors were used without any further purification. 

 
The zirconium and silicon precursors were dissolved in methanol and 2,4 

pentanedione respectively at a total concentration of 0.1 M, for the deposition of zirconium 
silicate films.  

 
The zirconium (Zr) to silicon (Si) atomic ratio was controlled by simple blending of the 

amount of each of the precursor’s solution. 
 
Finally, zinc acetate dilhydrate (Zn(O2C2H3)2. 2H2O) precursor was dissolved in 

methanol at a concentration of 0.1 M for the deposition of zinc oxide films [47].    
 

6.3 Thermal Properties of Precursor 
 

The decomposition profile of the precursors was investigated by the 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements. 
The measurements were carried out under a N2 atmosphere at constant heating rate of 10 
K/min in the temperature range between 40 – 700 °C, using a simultaneous thermal analyser 
NRTZSCH STA 449 F3 Jupiter® equipment. 

 
Figure 6-2 and Figure 6-3 illustrate the TGA and DSC measurements of zirconium 

acetylacetonate and silicon chloride respectively. 
 

 

Figure 6- 2. TGA (black line) and DSC (blue line) of 6 mg zirconium acetylacetonate powder.  
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Figure 6- 3. TGA (black line) and DSC (blue line) of 10 mg silicon chloride solution.  

 
The TGA curve in Figure 6-2 shows about ~40 % of the mass of zirconium 

acetylacetonate [Zr(acac)4] powder was lost between 160 and 287 °C, followed by the 
progressive mass loss of ~31 % between 300 and 540 °C. In the first mass loss, the DSC curve 
shows a sharp endothermic peak centred at ~195 °C and is attributed to loss in water 
molecules and degradation of acetylacetonate ligand while in the second mass loss, the DSC 
curve shows a weak exothermic peak centred at ~496 °C and is due to the complete 
decomposition of acetylacetonate ligands and formation of crystalline ZrO2 films as the final 
product. This finding is in good agreement with that of Perez-Tavares et al. [48].  

 
Similarly, in Figure 6-3, there was a mass loss of 3 % and 51 % observed between 40 – 

95 °C and 102 – 227 °C respectively. The former is due to dehydration of water molecules 
absorbed by the atmosphere while the latter may be due to decomposition of the chloride 
part of the precursor and formation of amorphous SiO2 films as evidenced from the two 
endothermic peaks of the DSC curve centred at 87 (weak) and 182 °C (strong) respectively. 
Furthermore, the mass loss observed between 270 – 637 °C was 18.5 %, supported by the 
exothermic peak centred at 515 °C can be attributed to the beginning of the crystallization of 
SiO2 films. 

6.4  Thin Film Deposition & Characterization 
 

The deposition process is similar to the ones described in the previous chapters (4&5). 
The blends of zirconium (IV) acetylacetonate [Zr(acac)4] in methanol and Silicon (IV) chloride 
(SiCl4) in 2,4 pentanedione were spray coated at 550 °C onto different substrates to obtain 
the desired zirconium-silicates (Zr1-xSixOy) films, until films of typical thickness between 60 – 
80 nm were obtained.  
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The obtained Zr1-xSixOy films were characterized by series of techniques including UV-
Vis spectroscopy, XRD, AFM, FTIR, impedance spectroscopy and I – V measurements to 
measure their optical bandgap, realize the structure of the films, surface roughness, chemical 
bonding between the metal and the oxide, dielectric constant and leakage current density 
respectively. 

 
 
 
  
 

 
 

 
Figure 6- 4. A schematic of a metal-insulator-metal (MIM) stack of glass/ITO/ Zr1-xSixOy/Al 

gate dielectric. 

 

6.5 UV-Vis Spectroscopy 
 

The transmittance (T%) spectra of Zr1-xSixOy films are shown in Figure 6-5. These 
spectra were used to investigate the optical properties of the Zr1-xSixOy films using the UV-Vis 
spectroscopy. 

 
Figure 6- 5. Transmittance T% of spray coated Zr1-xSixOy films with different [Si 4+] to [Zr 4+] 

ratios deposited by spray pyrolysis on fused silica substrates. 
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shown in Figure 6-5. The optical bandgap of Zr1-xSixOy films was derived from the Tauc plots 
[49] and are shown in Figure 6-6.  

 
Figure 6- 6. Tauc plots of spray coated Zr1-xSixOy films with different [Si] to [Zr] ratios. 

 

It is important to mention that the Tauc plot of spray coated SiOx film was not included 
due to equipment inability to characterize wide bandgap materials greater than 6.5 eV. 
However, in the recent work reported by Esro et al. [50], they calculated the optical bandgap 
of SiOx as 8.11 eV using the spectroscopic ellipsometry model developed by Forouhi – 
Bloomer [55][56] and modified by Jellison and Modine [53]. On the basis of their work, the 
optical bandgap of SiOx was taken as 8 eV and is consistent with the ones reported in the 
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literatures [58]–[60]. In Figure 6-7, the calculated optical bandgaps as a function of [Si]/[Si + 
Zr] atomic ratio are shown. 

 
Figure 6- 7. Optical bandgap of Zr1-xSixOy films as a function of the [Si]/ [Si + Zr] atomic ratio. 

The solid line is a guide to the eye. 

 
The optical bandgap increases drastically from 5.8 eV for ZrOx to 8 eV for SiOx with 

increasing [Si] content as shown in Figure 6-8. In comparison with that of previous studies 
(Ta1-xAlxOy and Hf1-xTixOy), such trend was expected due to the wide bandgap of SiOx 

complementing the low bandgap of ZrOx.  
 
Furthermore, the Urbach tail energy (Eu) analysis was investigated to expose the 

degree of disorder in Zr1-xSixOy films. Figure 6-8 show the Eu plots of Zr1-xSixOy films.  
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Figure 6- 8. Urbach plots of Zr1-xSixOy films with different [Si] to [Zr] ratios.  

 
Figure 6- 9. Urbach tail energy (Eu) of Zr1-xSixOy films as a function of [Si]/ [Si + Zr] atomic 

ratio. The solid line is a guide to the eye. 
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The calculated Eu values from the inverse slope of Figure 6-8 is further plotted in Figure 
6-9 as a function of [Si]/ [Si + Zr] atomic ratio. 

 
The Eu values increases with increasing Si content and reaches maximum (540 meV) 

for Zr50Si50Ox films. Such high Eu may probably be associated with the formation of amorphous 
stochiometric Zr1-xSixOy films. 

 

6.6 Fourier Transform Infrared Spectroscopy (FTIR) 
 

The FTIR measurements were performed to identify the chemical bonding of Zr1-

xSixOy films. In Figure 6-10, the FTIR absorbance spectra of Zr1-xSixOy films deposited on KBr 
substrates with different [Si] to [Zr] ratios are shown. 

 
Figure 6- 10. FTIR spectra of as-deposited Zr1-xSixOy films with different [Si 4+] to [Zr 4+] ratios. 

 
For the ZrOx spectrum, the dominant characteristic absorbance peak centred at 433 

cm-1 is due to Zr-O stretching mode [57]. For the SiOx spectrum, the characteristic peaks 
centred at 455 cm-1, 800 cm-1, 1060 cm-1 and 1200 cm-1 are due to out of plane deformation 
Si-O, Si-O bending, Si-O stretching and Si-O-Si stretching respectively [50]. Finally, the Zr1-

xSixOy spectrum showed some broad peaks centred at 930 cm-1 and 977 cm-1 and are due to 
stretching modes of Zr-O-Si [5][7]. These broad peaks are characteristics of poor crystalline 
materials and could explain the high Eu value of Zr50Si50Oy films seen in Figure 6-9. 
 

6.7 Structural and Surface Properties 
 

The grazing incidence x-ray diffraction (GIXRD) and the atomic force microscopy (AFM) 
measurements were conducted to investigate the structural and surface properties of Zr1-

xSixOy films. 
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6.7.1 Grazing Incidence X-Ray Diffraction (GIXRD) 
 

The GIXRD patterns of Zr1-xSixOy films are illustrated In Figure 6-11. 

  
Figure 6- 11. GIXRD patterns of Zr1-xSixOy films deposited by spray pyrolysis on silicon 

substrates. 

The GIXRD patterns shows diffraction peaks on ZrOx films that are attributed to the 
presence of either cubic (JCPDS CAS number 27 – 0997) or tetragonal (JCPDS CAS number 80 
– 0965) phase ZrO2. The diffraction peaks of (111), (200), (202) and (311) planes reveal the 
presence of the c-ZrO2 while (011), (110), (112) and (121) for t-ZrO2.  These observations have 
also been reported by Basahel et al. [59], when they synthesized ZrO2 films with different 
precursors.  

 
Further indexing on the diffraction peak at ~30.4 ° was calculated using Debye – 

Scherrer formular [60] and the average crystallite size <d> of 4 nm and lattice constant of a = 
5.0662 Å were obtained for c-ZrO2 while 4 nm and a = 3.6194 Å and c = 4.9660 Å for t-ZrO2.  

 
However, the GIXRD patterns of Zr1-xSixOy films showed no diffraction peaks, indicating 

amorphous films. This finding correlates well with that of Rittersma et al. [44] , and Zhong et 
al. [43], for as-deposited zirconium silicate films and even after annealing at 500 °C. 
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6.7.2 Atomic Force Microscopy (AFM) 
 

To assess the interface quality of the Zr1-xSixOy films, the AFM measurements on silicon 
substrates were performed and the images presented are the raw images after they have 
been flattened out. Figure 6-12 show the AFM images of spray coated Zr1-xSixOy films. 

 
 

 
 
 
 

 
 
 

 
 

 

 

Figure 6- 12. AFM topography images (RMS roughness inset) of Zr1-xSixOy films with different 
[Si] to [Zr] ratios on silicon substrates. 

 
The surface roughness of Zr1-xSixOy films varies from 6.59 nm for ZrOx and 0.31 nm for 

SiOx with different [Si] to [Zr] ratios as shown in the images (inset) presented in Figure 6-12. 
In Figure 6-13, the RMS values are plotted as a function of [Si4+]/ [Si4+ + Zr4+] atomic ratio.  

 

100nm

100nm

 50.44 nm

 0.00 nm

ZrO
x                      

R
RMS

: 6.59 nm 

100nm

 49.83 nm

 0.00 nm

Zr
75

Si
25

O
x      

R
RMS

: 5.57 nm 

 25.09 nm

 0.00 nm

Zr
50

Si
50

O
x
                        

R
RMS

: 0.56 nm 

100nm

 68.42 nm

 0.00 nm

Zr
25

Si
75

O
x
                                                             

R
RMS

: 0.54 nm 

100nm

 4.20 nm

 0.00 nm

SiO
x
                  

R
RMS

: 0.31 nm 



Chapter 6: Zirconium Silicate Zr1-xSixOy Thin Films 

 184 

 
Figure 6- 13. RMS values of Zr1-xSixOy films as a function of [Si]/ [Si + Zr] atomic ratio. 

 
As evidence from the graph, the RMS values decreases with the addition of [Si] 

content. Such decrease is important for Zr1-xSixOy films as it demonstrate smoothness and 
quality interface for future implementation as gate dielectric in TFTs.   

  

6.8 Electrical Properties 
 

One of the most important parameters of a dielectric material is its dielectric constant 
and leakage current density. The performance of Zr1-xSixOy films as gate dielectric was 
investigated by impedance spectroscopy and I – V characterizations. 

 
6.8.1 Impedance Spectroscopy 

 
The static dielectric constant dispersion of Zr1-xSixOy films obtained from the 

impedance analysis is shown in Figure 6-14. 
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Figure 6- 14. Static dielectric constant dispersions of Zr1-xSixOy films in the frequency range of 

1 kHz – 50 MHz.  

 
The dispersions of Zr1-xSixOy films indicated that dielectric constant values are higher 

at low frequencies (1 kHz) compared to the high frequencies (>100 kHz). The change in the 
dispersion behaviour from high dielectric constant at low frequencies to low dielectric 
constant at high frequencies may be attributed to the dielectric polarization. This observation 
has also been reported by Zhang et al. [61], in their work on frequency dispersion analysis of 
thin dielectric MOS capacitor. In Figure 6-15, the calculated dielectric constant at 30 kHz were 
further plotted as a function of [Si4+]/ [Si4+ + Zr4+] atomic ratio.   

103 104 105 106 107 108
0

4

8

12

16

20

24

28

 

 

St
at

ic
 d

ie
le

ct
ric

 c
on

st
an

t, 
k

Frequency (Hz)

 ZrOx

 Zr75Si25Ox

 Zr50Si50Ox

 Zr25Si75Ox

 SiOx



Chapter 6: Zirconium Silicate Zr1-xSixOy Thin Films 

 186 

 
Figure 6- 15. Static dielectric constant of Zr1-xSixOy films (at 30 kHz) as a function of [Si]/ [Si + 

Zr] atomic ratio. The solid line is a guide to the eye. 

 
As seen in Figure 6-15, the k value varies between 23 for ZrOx and 4.2 for SiOx. it is 

obvious that such trend was expected for high k metal oxides combining with the low k ones. 
Particularly, the stochiometric Zr50Si50Ox films exhibited a dielectric constant of 12 and it is in 
good agreement with the reported values in literatures as already illustrated in Table 6-2.  

 
Another important parameter that a good dielectric should exhibit, is the stability in a 

MIM stack. The stability of Zr1-xSixOy films were investigated by the Nyquist plots that are 
shown in Figure 6-16. 
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Figure 6- 16. Nyquist plots and equivalent circuit (inset) of (a) ZrOx (b) Zr75Si25Ox (c) Zr50Si50Ox 
(d) Zr25Si75Ox and (e) SiOx films. 
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The stability of a Nyquist plot should exhibit a parabolic behaviour, starting from the 
origin and without any diffusion. As seen in the plots Zr1-xSixOy films were stable in MIM stacks. 
Furthermore, the equivalent circuits in the inset of Figure 6-16 are the evidence of an 
excellent capacitive properties such as large shunt and low series resistance.  

 
In relation to the trade-off between the static dielectric constant and optical bandgap 

of high-k dielectrics, Figure 6-17, demonstrate the relationship between the calculated static 
dielectric constant and optical bandgap of Zr1-xSixOy films. 

 
Figure 6- 17. Static dielectric constant versus optical bandgap of Zr1-xSixOy films. The solid line 

is a guide to the eye. 

 
As already seen in Figure 6-17, the optical bandgap of Zr1-xSixOy films varies inversely 

with its static dielectric constant and such trend agrees with the trade-off between the optical 
bandgap and static dielectric constant of a number of other both solution and vacuum 
processed gate dielectrics [2][47][62]–[64].    

  
6.8.2 I – V Characterization 

 
The I – V measurements characterize the electrical properties Zr1-xSixOy films, using the 

Agilent B1500A semiconductor parameter analyser. The leakage current density (J) of Zr1-

xSixOy films recorded at 1 MV/cm as a function of [Si]/ [Si + Zr] atomic ratio is shown in Figure 
6-18.  
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Figure 6- 18. J @ 1 MV/cm of Zr1-xSixOy films as a function of [Si]/ [Si + Zr] atomic ratio. The 

solid line is guide to the eye. 

 
Interestingly, the stochiometric Zr1-xSixOy films exhibited the lowest leakage current 

density (10-7 A/cm2) at 1 MV/cm. This is a significant achievement compared to the values 
reported in the literatures, where they obtained their leakage currents at very low voltages. 
For instance, Rittersma et al. [44], obtained a leakage current density of 10-3 A/cm2 at 4 V for 
stochiometric Zr1-xSixOy films deposited by ALD. Wilk et al. [41], similarly obtained a leakage 
current density of 10-6 A/cm2 at 1 V for sputtered Zr1-xSixOy films. Also, Chung et al. [45], 
obtained a leakage current density of 10-8 A/cm2 at 1 V for Zr1-xSixOy films deposited by ALD. 

 
Furthermore, to elucidate the origin of leakage current in Zr1-xSixOy films, the Schottky 

emission (SE), Fowler-Nordheim (FN) and Poole-Frenkel (PF) conduction mechanism [65] 
were investigated. Figures 6-19 to 6-21 show the SE, FN & PF plots of Zr1-xSixOy films. 
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Figure 6- 19. Schottky emission plots of (a) ZrOx (b) Zr75Si25Ox (c) Zr50Si50Ox (d) Zr25Si75Ox and 

(e) SiOx films. 

 

 

Figure 6- 20. Fowler-Nordheim plots of (a) ZrOx (b) Zr75Si25Ox (c) Zr50Si50Ox (d) Zr25Si75Ox and 
(e) SiOx films. 
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Figure 6- 21. Poole-Frenkel plots of (a) ZrOx (b) Zr75Si25Ox (c) Zr50Si50Ox (d) Zr25Si75Ox and (e) 

SiOx films. 

 
Analysing the SE plots shown in Figure 6-19(a-e), all Zr1-xSixOy films exhibited linear 

behaviour at high electric fields except for SiOx films. The former could potentially dominate 
the conduction in Zr1-xSixOy films while the latter could not.  Similarly, in the FN plots shown 
in Figure 6-20(a-e), the ZrOx films exhibited linear behaviour at low electric fields, however, 
other Zr1-xSixOy films, except for stochiometric Zr1-xSixOy films, exhibited linear behaviour at 
high electric fields. Finally, the PF plots shown in Figure 6-21(a-e) varies linearly at high electric 
fields in all cases and as result could also be considered as dominant conduction in Zr1-xSixOy 
films. 

 
Comparing the plots (SE, FN and PF), one can simply conclude that the PF conduction 

mechanism is the most dominant mechanism in Zr1-xSixOy films considering the fact that all 
the plots vary linearly over wide range of electric field. Paskaleva et al. [39], already reported 
that the leakage current in Zr1-xSixOy films deposited by MOCVD is dominated by PF 
conduction at high voltages while the trap-assisted tunneling at low voltages. The former 
justifies the findings for the stochiometric Zr1-xSixOy films while the latter was not investigated 
because it is not within the scope of the present study. Generally, in the PF mechanism, 
trapped electrons are released from their trapping centres by high electric field to excite them 
into the conduction band and thus, such is the case for the Zr1-xSixOy films.  
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The schematic of the ZnO-based TFT employing Zr1-xSixOy gate dielectric is shown in Figure 6-
22. 

 
 
 
 
  
 

 
 
 

Figure 6- 22. BG – TC ZnO-based TFT architecture employing Zr1-xSixOy gate dielectric. 

 
The performance of the ZnO – based TFTs employing as-deposited Zr1-xSixOy gate 

dielectrics were assessed by their transfer and output characteristics. From the transfer 
characteristic plots, the saturation mobility (µ), subthreshold swing (SS) and current 
modulation ratio (Ion/off) could be determined while the output characteristics plot will show 
the voltage operation of the TFT. 

 
In Figures 6-23 – 6-27, the transfer and output characteristic plots of ZnO – based TFTs 

employing Zr1-xSixOy gate dielectrics is shown, using the channel length and width of 100 µm 
and 2000 µm respectively. It is important to mention that the deposition of SiOx films as gate 
dielectric were unsuccessful due to the film thickness (<15 nm) that requires very large 
volume of precursor solution to be deposited. As a result, the ZnO films were spray coated 
onto commercially available SiO2 substrate for the TFT investigation. As for the TFT samples 
deposited on the ITO substrate, the thickness of the gate dielectrics was between 50 and 80 
nm.  
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Figure 6- 23. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing ZrOx 

gate dielectric. 

 
Figure 6- 24. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing 

Zr75Si25Ox gate dielectric. 
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Figure 6- 25. (a) Transfer and (b) output characteristics of ZnO – based TFTs employing 

Zr50Si50Ox gate dielectric. 

 
Figure 6- 26. (a) Transfer and (b) output characteristics of ZnO – based TFTs Zr25Si75Ox gate 

dielectric. 
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Figure 6- 27. (a) Transfer and (b) output characteristics of ZnO – based TFTs SiOx gate 

dielectric. 

As can be seen, all the TFTs exhibited low voltage operation of 4 V (except for SiOx, 
which is a low-k gate dielectric) and negligible hysteresis. To further elaborate on the 
performance of the ZnO – based TFTs employing Zr1-xSixOy gate dielectrics, Figure 6-28(a-e) 
show the dependence of the properties in terms of electron mobility (µ), current modulation 
ratio (Ion/off), threshold voltage (Vth), subthreshold swing (SS) and interface trap density as a 
function of [Si]/ [Si + Zr] atomic ratio.   
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Figure 6- 28. (a) Electron mobility (b) Current modulation ratio, (c) Threshold voltage, (d) 
Subthreshold swing (SS) and (e) Interface trap density of ZnO – based TFTs employing spray 

coated stoichiometric Zr1-xSixOy gate dielectric. 

 
Analysing Figure 6-28(a), one can see that the ZnO – based TFTs employing Zr-rich gate 

dielectrics exhibited higher mobilities than the Si-rich ones. Interestingly, there wasn’t any 
significant change in the µ (58 cm2/Vs) of the TFTs between ZrOx and stochiometric Zr1-xSixOy 
gate dielectric. The Ion/off plot (Figure 6-28b) however, shows slight improvement on the order 
of magnitude from 105 to 106.  

 
The SS values also varies between 0.44 V/dec and 18 V/dec with increasing [Si]/ [Si + 

Zr] atomic ratio as seen in Figure 6-28 (c). As already known the SS values determines how 
quickly the gate voltage increases by an order of magnitude which is significant to the Ion/off. 
The lower the SS the faster the switching speed and is significant to the performance of the 
TFT.  

 
The interface trap density (Dit) values were averaged 1013 cm-2 with increasing [Si]/ [Si 

+ Zr] atomic ratio as seen in Figure 6-28(d). Martin et al. [66], reported the Dit value of 1013 
and 2 x 1013 cm-2 for ZnO/dielectric and 1ZO/dielectric. They concluded that such values are 
quite acceptable for an oxide/oxide interface or an interface using high-k materials.  

 
Finally, the Vth fluctuates between -4 V for ZrOx and -16 V for SiOx with increasing [Si]/ 

[Si + Zr] atomic ratio as seen in Figure 6-28(e). The negative Vth only occur for both pure ZrOx 
and SiOx gate dielectric. The reason for such occurrence especially for ZrOx gate dielectric was 
not understood, however a much more negative threshold voltage for SiOx gate dielectric may 
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be probably due to its low dielectric constant that further increases the interface trap density. 
Huang et al. [67], reported that the interface traps influence the polarity change in the Vth of 
an n-channel and p-channel TFTs. The Dit of SiOx exhibited the highest among other Zr1-xSixOy 

gate dielectrics, thus explains the reason for such -Vth in ZnO-based TFT employing SiOx gate 
dielectric. 

 

6.9 Conclusion 
 

The properties of Zr1-xSixOy films with different [Si] to [Zr] ratios were investigated by 
spray pyrolysis. It was observed that the optical bandgap and Urbach tail energy of Zr1-xSixOy 

films vary between 5.8 and 8 eV and 200 and 540 meV respectively as a function of [Si]/ [Si + 
Zr] atomic ratio. All spray coated Zr1-xSixOy films were amorphous except for ZrOx films that 
showed presence of both cubic and tetragonal phase. The former and the latter yields an 
average crystallite size of 4 nm however, different lattice constant values (a = 5.0662 Å for c-
ZrO2 and a = 3.6194 Å and c = 4.9960 Å for t-ZrO2). The topographical images of Zr1-xSixOy films 
were taken and the surface roughness varies between 6.59 and 0.31 nm as a function of [Si]/ 
[Si + Zr] atomic ratio. The dielectric constant of Zr1-xSixOy films were calculated and the values 
were in the range between 23 and 4 as a function of [Si]/ [Si + Zr] atomic ratio. The leakage 
current density at 1 MV/cm were measured and values 3 x 10-5 – 10-4 A/cm2 were obtained. 
Further investigations on the conduction mechanism showed that the current transport was 
dominated by Poole – Frenkel mechanism.  

 
Particularly, the stochiometric Zr1-xSixOy films exhibited some promising properties as 

gate dielectric for future implementation in TFTs. Such properties include wide optical 
bandgap of 6.1 eV, Urbach energy of 537 meV, it is amorphous, low surface roughness of 0.56 
nm, high dielectric constant of 12 and low leakage current density of 10-7 A/cm2 at 1 MV/cm. 

 
Finally, the performance of ZnO – based TFTs employing Zr1-xSixOy gate dielectric 

showed some electronic characteristics as a function [Si]/ [Si + Zr] atomic ratio.  The electron 
mobility varies between 58 and 13 cm2/Vs, the current modulation ratio was varied between 
105 and 102, with the highest recorded as 107 for Zr75Si25Ox gate dielectric, the subthreshold 
swing values were varied between 0.44 and 18 V/dec, the interface trap density values were 
varied between 1013 and 1.6 x 1013 cm-2 and finally the threshold voltage fluctuated between 
-4 and -16 V.  All the transistors operated at the voltage of 4 V except for SiOx gate dielectric 
that operated at 40 V due to its low dielectric constant. 

 
Amongst all the transistors, the stochiometric Zr1-xSixOy gate dielectric exhibited the 

best performance in terms of mobility of 57 cm2/Vs even though it didn’t show any significant 
change compared to pure ZrOx gate dielectric, current modulation ratio of 106 which 
improved by an order of magnitude compared to pure ZrOx gate dielectric, threshold voltage 
of 0.1 V, low subthreshold swing of 0.28 V/dec and interface trap density of 5 x 1012 cm-2. 
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7.1 Summary 
 

The physical properties of solution processed metal oxide gate dielectrics and their 
implementations in ZnO – based TFTs have been investigated. The metal oxide films were 
deposited by a simple and low-cost effective spray coating technique at moderate 
temperatures (< 550 oC). Several characterization techniques including ultraviolet-visible (UV-
Vis) spectroscopy, Fourier-transform infrared spectroscopy (FTIR), grazing incidence x-ray 
diffraction (GIXRD), atomic force microscopy (AFM), impedance spectroscopy, I – V and field 
effect measurements were investigated. 

The thesis presented here was organised in two parts. The first part entails the 
theoretical aspect of the thesis while the second part entails the experimental chapters 
including the summary, conclusion and recommendations for future work. 

The first part constitutes the introduction of metal oxide based TFTs (chapter 1), 
theory and operational characteristics of dielectrics (chapter 2) and experiment (chapter 3) 
while the second part constitutes the experimental chapters such as tantalum aluminate 
(chapter 4), hafnium titanate (chapter 5) and zirconium silicate thin films (chapter 6).  

For tantalum aluminate thin films, it was observed that the optical bandgap increases 
with addition of Al content. It varies between 4.9 eV for TaOx and 8.8 eV for AlOx and the 
stochiometric Ta1-xAlxOy exhibited a bandgap of 5.4 eV. Additionally, it was observed that the 
Urbach energy varies from 375 – 1000 meV with the 40 % Al content exhibiting the lowest 
value of 288 meV. The latter was presumed to be probably the beginning of the formation of 
the stochiometric Ta1-xAlxOy films. For the structure and surface properties investigation, Ta1-

xAlxOy films were amorphous and smooth with surface roughness of < 1 nm. The static 
dielectric constant of Ta1-xAlxOy films were investigated and it was observed that the values 
vary linearly between 24 and 7 due to the low dielectric constant of AlOx (7) combining with 
high dielectric constant of TaOx (24). Additionally, the Nyquist plots of Ta1-xAlxOy films reveals 
the stability of the films in a MIM stack and was supported by the equivalent circuits provided 
in the inset of the plots, indicating excellent capacitive properties such as large shunt and low 
series resistance. The leakage current densities of Ta1-xAlxOy films at 1 and 2 MV/cm showed 
a decreasing trend with addition of Al content. Typical values between 10-6 – 10-10 A/cm2 and 
10-3 – 10-9 A/cm2 were obtained both at 1 and 2 MV/cm respectively. Further information 
regarding the nature of the leakage current findings, suggested that the current transport in 
Ta1-xAlxOy films may be dominated by Schottky emission (SE), Fowler Nordhiem (FN) and Poole 
Frenkel (PF) mechanism, however, more investigation is needed to determine the actual 
conduction mechanism such as the temperature dependence of the films. The effective 
electron mass and potential barrier height of Ta1-xAlxOy films were calculated from the slope 
of the FN and intercept of the SE plots. The values vary between 0.03 – 0.02 mo and 1.02 – 
1.01 eV for the effective electron mass and barrier height respectively. The stochiometric Ta1-

xAlxOy films exhibited the maximum barrier height value of 1.16 eV, suggesting a good 
insulating device. Finally, the performance of ZnO – based TFTs employing stochiometric Ta1-

xAlxOy gate dielectric showed promising characteristics such high electron mobility of 16 
cm2/Vs, high current modulation ratio of 105, threshold voltage (Vth) of 3.2 V, subthreshold 
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swing (SS) of 0.56 V/dec, interface trap density (Dit) of 7.7 x 1012 cm-2, low operation voltage 
of 4 V and negligible hysteresis. 

For hafnium titanate thin films, the properties were investigated in two parts. The first 
part of the investigation was based on as-deposited films while the second part was based on 
effect of post-deposition annealing of the films.  

For the as-deposited films, the optical bandgap of Hf1-xTixOy films varies between 5.8 
and 3.8 eV while its Urbach energy varies between 156 and 315 meV with increasing Ti 
content. The structure of Hf1-xTixOy films were amorphous with addition of Ti content except 
for pure HfOx and TiOx films that exhibited a monoclinic and tetragonal anatase phase 
respectively. The AFM images taken in contact mode showed a surface roughness of about 1 
nm that demonstrate quality and smooth surface of Hf1-xTixOy films. As a gate dielectric, Hf1-

xTixOy films exhibited a static dielectric constant between 14 and 60 and a current density at 
1 MV/cm between 6 x 10-7 and 10 A/cm2 with increasing Ti content. For the stability, only Hf 
rich samples including stochiometric Hf1-xTixOy films were stable as illustrated by the Nyquist 
plots. The non-stabilities of the Ti rich samples were attributed to the increasing leakage 
current due to low bandgap of Hf1-xTixOy films. The conduction mechanism of Hf1-xTixOy films 
were found to be dominated by Poole Frenkel mechanism suggesting a bulk process. It is 
important to mention that stochiometric Hf1-xTixOy films exhibited a bandgap of 4.4 eV, 
Urbach energy of 199 meV, static dielectric constant of 30 and leakage current density of 0.3 
A/cm2 at 1 MV/cm. The ZnO – based TFTs employing stochiometric Hf1-xTixOy gate dielectric 
showed an electron mobility of 7 cm2/Vs, current modulation ratio of 107, Vth of 0.6 V, SS of 
0.17 V/dec, Dit of 2.1 x 1012 cm-2, low operation voltage of 3 V and huge hysteresis. 

While for the effect of post-deposition annealing Hf1-xTixOy films, the composite films 
were annealed at 800 °C for 30 minutes in air since both pure HfOx and TiOx already exhibited 
crystalline phase. As result, the optical bandgaps were 4.4, 4.36 and 4.1 eV for Hf75Ti25Ox, 

Hf50Ti50Ox and Hf25Ti75Ox films respectively. Their Urbach energy values were 338, 223 and 
475 meV respectively. The bandgap values were slightly lower than the as-deposited ones 
while the Urbach energy were slightly higher than the as-deposited ones. The former was 
expected considering the annealing effect of Hf1-xTixOy films while the latter was unexpected 
and may be due to oxygen vacancies caused by the defect of the TiOx films. The GIXRD 
investigation revealed the formation of a stochiometric Hf50Ti50Ox films that was confirmed to 
be an orthorhombic-like structure and it is consistent with the reported structure of Hf1-xTixOy 

films in the literatures. However, the non-stochiometric samples were also crystalline and 
were found to be mixture of HfO2 + TiO2 instead. Their surface properties were found to be 
rougher than the as-deposited ones due to the crystallization of the films caused by the 
annealing effect, which results to the RMS values of 2.15, 1.95 and 1.18 nm for Hf75Ti25Ox, 
stochiometric Hf50Ti50Ox and Hf25Ti75Ox films respectively. Their impedance studies showed a 
static dielectric constant of 20, 38 and 35 while their I – V measurements showed a current 
density (at 1 MV/cm) of 6 x 10-5, 5 x 10-3 and 10 A/cm2 respectively. The Nyquist plots showed 
stable system for only Hf75Ti25Ox and stochiometric Hf50Ti50Ox films. Further investigation on 
the conduction mechanism suggested not dominant conduction in SE and PF plots as both 
mechanisms demonstrated linearity over extended electric fields. However, in the FN plots 
only stochiometric Hf50Ti50Ox showed linear behaviour over wide electric field suggesting an 
interface process and as a result, the effective mass of electron and barrier height of the films 
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were found to be 0.003 mo and 0.49 eV. Such low barrier height value explains the excessive 
leakage current in stochiometric Hf1-xTixOy films, thus no working TFT device was achieved. 

Finally for zirconium silicate thin films, the optical properties of the films showed a 
bandgap that varies between 5.8 and 8 eV with increasing Si content. Their Urbach values 
fluctuates between 220 and 300 meV and reaches maximum at 540 meV for stochiometric 
Zr1-xSixOy films. Such maximum value is a characteristic feature of disordered material caused 
by addition of Si content. It is however important to mention that the Urbach energy of SiOx 
was not calculated due to inability of the UV-Vis spectrometer to characterize wide bandgap 
materials greater than 6.5 eV. The GIXRD investigation revealed that only pure ZrOx films 
exhibited diffraction peaks that were the reflection of either tetragonal or cubic phase ZrOx 
films. The morphology of Zr1-xSixOy films showed a decreasing surface roughness that varies 
between 6.59 and 0.31 nm with addition of Si content. As gate dielectrics, Zr1-xSixOy films 
showed a decreasing static dielectric constant from 23 – 4.2, stable in all cases as confirmed 
by the Nyquist plots and leakage current density (at 1 MV/cm) from 3 x 10-5 – 10-4 A/cm2 with 
the stochiometric Zr1-xSixOy exhibiting the lowest value of 10-7 A/cm2. Further investigations 
on the conduction mechanism suggested that Poole Frenkel is the dominant mechanism, 
suggesting a bulk process. For the TFTs, the ZnO – based TFTs employing stochiometric Zr1-

xSixOy gate dielectric exhibited the best properties such as high electron mobility of 57 cm2/Vs, 
current modulation ratio of 106, SS of 0.28 V/dec, Dit of 5 x 1012 cm-2, Vth of 0.1 V, low 
operation voltage of 4 V and negligible hysteresis.   

By comparison, tantalum aluminate, hafnium titanate and zirconium silicate thin films 
demonstrated similar trends in some aspect of results. For instance, the optical bandgap and 
the static dielectric constant plots as a function of different ratios have already illustrated that 
when a high-k oxide combines with low-k one, a linear or an exponential trend is expected to 
occur either increasingly or decreasingly depending on the combination of the materials. 
However, it is equally important to mention that even with such similarities, different 
materials exhibit different properties. 

In the tantalum aluminate chapter, the optical bandgap value (5.4 eV) was higher than 
the one (4.53 eV) reported Rico-Fuentes et al. [1], for stochiometric tantalum aluminate films 
deposited by ultrasonic spray pyrolysis technique. They further reported a dielectric constant 
of 15, which is close to the value 13 reported in this study. Also, their leakage current density 
at 1.2 MV/cm was in order of 10-7 A/cm2 while 10-8 A/cm2 was obtained for this study. These 
findings demonstrated significant improvement on Rico-Fuentes et al. [1], work for tantalum 
aluminate films. For the TFTs, this is the first ever investigated TFT device employing 
stochiometric tantalum aluminate gate dielectric and it has already demonstrated excellent 
performance for future integration into variety of electronic applications. 

The hafnium titanate chapter emerged as the first ever solution processed one. In 
comparison with the ones deposited by the vacuum-based techniques, the optical bandgap 
of as-deposited stochiometric hafnium titanate film was found to be 4.4 eV which was in good 
agreement with value reported by Wang et al. [2], for sputtered hafnium titanate films. 
Further to their investigations, they reported a dielectric constant of 31.3, which is also in 
good agreement with the value 30 reported in this study. However, they reported a leakage 
current density of 1 mA/cm2 at 3 V while 0.3 A/cm2 at 1 MV/cm was measured for this study. 
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The measurement of the leakage current density at 3 V, was found to be 8 mA/cm2, suggesting 
slight improvement on their achievement. 

Finally the optical bandgap of stochiometric zirconium silicate films were found to be 
6.1 eV which was slightly higher than the value 5.9 eV reported by Hays et al. [3], for RF 
sputtered zirconium silicate films. The calculated static dielectric constant of stochiometric 
zirconium silicate films was 12 and is in good agreement with the values reported by both 
Zhong et al. [4], (12.5) and Rittersma et al. [5], (13), for zirconium silicate films deposited by 
ALD respectively. The latter further reported a leakage current density of 1 mA/cm2 at 4 V 
while for stochiometric zirconium silicate films it was 10-7 A/cm2 at 1 MV/cm and 10-8 A/cm2 
at 4 V. This observation shows remarkable improvement on the electrical properties of 
zirconium silicate films as compared to the work carried out by Rittersma et al. [5]. 

 

7.2 Conclusion 
 

To conclude on the investigated chapters, the deposition of high-k metal oxide gate 
dielectric as alternatives to conventional SiO2 has been tremendously achieved. One of the 
most important criteria of choosing a suitable dielectric material is that it must be of a high 
dielectric constant typically between 10 and 30 and have a wide bandgap typically above 5 
eV. High-k oxides with higher dielectric constant (> 30) can lead to fringe fields from the gate 
to the drain or source while very low dielectric constant (< 10) can lead to tunneling current 
thereby causing degradation in the performance of a TFT device. Additionally, wide bandgap 
dielectric metal oxides (> 5 eV) must act as an insulator by having a conduction and valence 
band offset of at least 1 eV to prevent carrier injection into the oxide bands of the dielectrics. 
Furthermore, a dielectric metal oxide must have an excellent quality interface between the 
oxide and the semiconductor and must be thermodynamically and chemically stable with the 
semiconductor to prevent reaction between the two layers. 

  
 In this thesis, the stochiometric tantalum aluminate, hafnium titanate and zirconium 

silicate thin films were all of interest and have practically satisfied most of these above-
mentioned conditions especially when in contact with the ZnO (Eg ~	3.2 eV) semiconducting 
channel.  

 
For instance, the stochiometric tantalum aluminate films exhibited a high dielectric 

constant of 13 and a wide bandgap of 5.4 eV. The dielectric constant was within the 
acceptable range of choosing a suitable dielectric metal oxide as well as its bandgap. The 
conduction band offset of the latter was calculated as 1.7 eV while the valence band offset 
was 0.5 eV. These values were obtained from the calculated bandgap value of stochiometric 
tantalum aluminate films with the assumption that their bandgaps are located at the middle 
of the fermi energy level of the ZnO as already illustrated in chapter 5. The surface roughness 
of the films was < 1 nm indicating smooth films and showed quality interface with ZnO. 
Furthermore, the interface trap density of the TFT was calculated as 1012 cm-2 which is quite 
acceptable for oxide/semiconductor interface. Additionally, tantalum aluminate films were 
thermodynamically and chemically stable when in contact with ZnO. 
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Also, the stochiometric hafnium titanate films exhibited a high dielectric constant of 
30 and bandgap of 4.4 eV. Despite satisfying the high-k condition, the narrow bandgap when 
in contact with ZnO is a concern as it does not satisfy the band offset condition. Further 
investigation on their calculated conduction and valence band offsets showed 1.2 eV and 0 
eV respectively. However, the films exhibited smooth surface roughness of 1 nm, indicating 
quality interface with interface trap density of 1012 cm-2 and it is thermodynamically and 
chemically stable when in contact with ZnO films.  

 
Finally, the calculated dielectric constant and bandgap of stochiometric zirconium 

silicate films were 12 and 6.1 eV respectively. The calculated conduction and valence band 
offsets when in contact with ZnO were 2 eV and 0.8 eV respectively. The surface roughness 
of stochiometric zirconium silicate films were calculated as 0.56 nm, indicating smooth 
surface and quality interface, interface trap density of 1012 cm-2 and it is thermodynamically 
and chemically stable with ZnO.  

 
Based on the achieved results, one can conclude that only the stochiometric hafnium 

titanate films did not satisfy the conduction band offset condition due to its narrow bandgap 
when in contact with ZnO. The combination of oxides of hafnium and titanium hugely 
contributed to such narrow bandgap and can be improved by introducing small amount of 
titanium content (< 1 %) serving as dopant instead of composite, however, the material 
properties may entirely be different from the ones obtained for the stochiometric hafnium 
titanate films.  

 

7.3 Further Work 
 

Based on the promising results obtained, further work is essential and necessary 
improvements must be considered to improve the performance of the devices under 
investigation. As already seen in the conduction mechanisms of tantalum aluminate films, no 
dominant mechanism can be identified as all investigated mechanisms (SE, FN and PF) 
showed dominant conduction in all cases. However, such issues can be addressed by 
investigation based on temperatures to identify the actual conduction mechanism. Also, the 
field effect measurements of ZnO – based TFTs employing stochiometric tantalum aluminate 
gate dielectric showed excellent characteristics and such characteristics needs to be studied 
under bias stress measurement to further investigate the stability and reliability of the TFT 
device in terms of Vth shift, mobility and on current deterioration. 

 
For the as-deposited stochiometric hafnium titanate films, the I – V measurements 

showed an excessive leakage current of the films dominated by PF conduction mechanism. 
Such leakage current issues can be addressed by depositing a thin layer of aluminium oxide 
film on the stochiometric hafnium titanate films to reduce the effect of the leakage current 
of the films. As already known aluminium oxide is one of the best dielectric films in terms of 
suppressing leakage current of devices because of it is amorphous structure and wide 
bandgap (8 eV).  
 

Finally, for the zirconium silicate films, since the TFT devices were fabricated with Al 
S/D metals, it is also important to investigate the performance of the ZnO – based TFTs on 
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different work functions of S/D metals such as Au, Ca and Cu and to compare with the work 
function of Al metal. Additionally, the electron transport as a function of transistor channel 
length (L) as well as channel resistance at different gate voltages can equally be investigated 
for future study. The former will reveal how electron mobility depend on the channel length 
while the latter will reveal the effect of the channel resistance as a function of gate voltage 
for different work functions of S/D metals. 

 
For wider research direction, multicomponent dielectrics such as hafnium silicate, 

hafnium aluminate, zirconium aluminate and tantalum silicate can equally be investigated for 
future study as alternatives to conventional SiO2 gate dielectric. Such materials exhibit a 
higher dielectric constant than SiO2 and wide bandgap (> 5 eV) for future integration into TFT 
applications. The ZnO or In2O3 semiconducting channel can be employed as the 
semiconducting channel with different metal work functions of source and drain contacts 
such as Al, Cu, or Au. Such results can be comparable to the ones obtained in this thesis.  
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