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The era of the Internet of Things (IoT) calls for advancements in device level to 

fulfill the diversified applications. Titanium dioxide (TiO2), belongs to the family of 

metal oxides, has attracted extensive research interests in the fields of IoT devices such 

as optical sensor, solar cell, thin film transistor (TFT), and memristive device due to its 

high transparency to visible light, large refractive index, low-cost growth method, great 

chemical, and mechanical stability.  

In this dissertation, the possibility of TiO2 as the functional electronic material 

was explored rigorously. First, TiO2-based TFTs with unprecedented electrical 

performance were achieved by the high-temperature oxygen annealing of TiO2 channel 

and the utilization of ZrO2 as the high-k gate dielectric, revitalizing the traditional image 

of TiO2 as the channel material in TFT applications.  

Next, the effects of annealing ambient on TiO2 TFT performance were studied. 

The O2-annealed TiO2 TFTs exhibit enhanced performances compared to N2-annealed 

TiO2 TFTs, suggesting the importance of passivation effects of oxygen gas on TFT 

performance. Then, the effects of annealing temperature of TiO2 TFT performance were 

examined. The conductivity of the TiO2 channels were found to transition from 

insulating to semiconducting at 300 ºC, highlighting the important role of crystallinity 

in the electrical properties of TiO2. After that, the impact of ZrO2 dielectrics thickness 

was also systematically investigated. It is found that the ZrO2 possesses an outstanding 

thickness scalability and TiO2 TFTs exhibit enhanced performance with the reduced 

ZrO2 dielectric thickness. 
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Through these studies, an optimized fabrication process was developed based on 

a 300 ºC O2-annealed TiO2 channel and a 10 nm ZrO2 gate dielectric. The resulting 

TFTs exhibited a high device performance under an ultra-low voltage of 1 V. These 

one-volt TiO2 TFTs with much-reduced thermal budget show a great potential in 

emerging IoT applications, such as foldable displays and wearable sensors.  

Apart from the fabrication process optimization, a post-fabrication superacid 

treatment was also tentatively applied in TiO2 TFTs.  The current drivability was found 

to enhance by nearly two folds for TiO2 TFTs with offset regions after the treatment, 

bringing out new possibility to future IoT device applications.  

Finally, the possibilities of TiO2 in other device applications, such as buffer 

layers in solar cells and gate dielectrics in transistors, were also explored. The successful 

implementation of TiO2 in other device structure suggests the versatility of TiO2 films 

as functional electronic materials in IoT devices. 
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INTRODUCTION  

1.1 The Internet of Things  

The ñInternet of Thingsò (IoTs) is an increasingly hot topic, which has changed 

the way people live and work. The concept of IoTs has become relevant to real world 

recently due to the significant growth of mobile devices, data communication and cloud 

computing since it was first proposed in 1999 [1]. By definition, the IoTs means the 

network of physical objects (ñthingsò) with embedded electronic devices, software and 

other technologies connecting and exchanging information with other devices and 

systems over the Internet. Figure 1.1 (a) demonstrates the concept of IoT, the area of 

which covers transportation, communication, health care, energy production and so on 

[2]. Smart living environment including buildings, transport, energy, heath, cities, 

which are underpinned by the development of IoT devices, has provided people with a 

much-improved quality life [1, 3]. 

The successful implantation of IoTs requires significant advancements in 

electronic and optoelectronic devices to fulfill the diversified needs in the fields of 

health care, human interactivity, E-textiles, energy storage and generation, displays and 

computation [4]. Figure 1.1 (b) demonstrates the examples of next-generation electronic 

and optoelectronic devices for IoT applications [4]. The ever-growing appetite for 

portable and wearable electronics demands that the devices powered by batteries are 

fabricated on flexible substrates. The realization of these IoT devices with diversified 

functionality necessitates significant technological innovations from both material 
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engineering and electronic device perspectives, since both optimization in device 

architecture and usage of novel materials are crucial for achieving these high-

performance IoT devices [4].  

 

Figure 1.1 (a) Concept of Internet of Things (IoT). Reprinted with permission. 

Copyright, Ameer Nasrallah, via Wikimedia Commons [2]. (b) Examples 

of next-generation electronic and optoelectronic devices for IoT 

applications. Reprinted with permission. Copyright, 2012 IEEE [4].  

1.2 Metal-oxide: promising material for IoT devices  

Among many material platforms, metal oxides are a very promising class of 

material for the emerging IoT devices [5, 6]. First, the conductivity of metal oxide can 

be effectively modulated from insulating, semiconducting, to metallic by either 

extrinsically using external impurities or intrinsically by oxide/metal cation vacancies 

and/or interstitials, thus having  a great potential to be applied in a variety of applications 

[5]. For example, many metal oxides such as Al2O3, HfO2, and ZrO2 [7], owing to their 

excellent insulating properties and much higher dielectric constant (k) compared to 

SiO2, have been widely adopted as the gate dielectric in the complementary metal-

oxide-semiconductor (CMOS) industry. Transparent semiconductor oxides are also 
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actively investigated as new semiconductor platforms: for example, indium-gallium-

zinc-oxide (InGaZnO) has been reported as an excellent candidate to replace amorphous 

Si (a-Si) and polycrystalline Si (poly-Si) as the channel material in  the thin film 

transistors for display application [8, 9]; gallium oxide (Ga2O3) is also considered to be 

a viable candidate for power transistor applications due to its large bandgap, which has 

been rigorously explored recently [10, 11]. Transparent conducting oxides (TCOs), such 

as degenerately doped indium tin oxide (ITO), are also a standard choice for the 

transparent electrodes in the fields of solar cells, displays, light emitting diodes [12]. 

Thus, the wide conductivity range of the metal oxide has enabled its wide usage in the 

emerging IoT applications.  

Second, resistive switching behavior has been reported in a number of metal 

oxides due to the electron-lattice and electron-electron quantum interactions, showing a 

great promise to be used in emerging applications such as non-volatile memory and 

neuromorphic computing [13]. The reason for the resistive switching behavior is usually 

explained by the ionic drift in these oxide films, which results in defects, mostly oxygen 

vacancies, and their migration within the oxides [5, 13]. Due to the universal resistive 

switching behavior and inherent versatility, metal oxides are particularly appealing as 

the building blocks in future IoT devices with new functionality.  

Last, metal oxides could be prepared by a variety of methods [5, 14]. Due to the 

large electronegativity of oxygen, stable chemical bonds can be formed between oxygen 

and almost all metal elements, leading to binary (e.g. Al 2O3, HfO2, and ZrO2 etc) and 

complex oxides (HfZrO, SrTiO3, and PbTiO3 etc) [5]. These metal oxides could also be 

derived by a variety of methods, including sol-gel, sputtering, pulsed laser deposition 

(PLD), molecular beam epitaxy (MBE), metalorganic chemical vapor deposition 
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(MOCVD), atomic layer deposition (ALD) and so on [14]. Among these growth 

methods, ALD features the advantages of excellent uniformity, precise control of 

thickness and great reproducibility , therefore the ALD-derived metal oxide thin films 

are widely used in CMOS industry. In this dissertation, our TiO2 thin films are derived 

by ALD growth method and the detailed introduction of the ALD growth technique will 

be included in next section. The low cost and abundance in supply of these metal oxides 

offer the possibility of large-scale production for future IoT devices.  

1.3 Atomic layer deposition  

Atomic layer deposition (ALD), owing to its self-saturating nature, is a promising 

deposition method capable of deriving a variety of thin films with an atomic layer 

thickness control [15, 16]. Figure 1.2 shows the schematic of ALD process, where a 

sequential alternating pulses of chemical precursors (precursor A and B) can be 

observed [15]. During ALD growth, one precursor (A) is first pulsed into a chamber 

with a designated pulse time, allowing the precursor to react with substrate via a self-

limiting surface process and leaving a monolayer at the surface. Then, the excess 

precursor and/or the reaction by-products are removed by an inert gas, such as N2 or Ar.  

After that, the other precursor (B) is pulsed, reacting with the monolayer precursor A 

followed by the excess precursor and/or the reaction by-products removal. This forms 

one cycle of ALD growth, resulting in a monolayer of the desired material [15, 16]. 

These steps are repeated until the desired thickness is reached. This ALD growth process 

is usually conducted at a temperature lower than 350 °C, making it compatible with 

most substrates [15]. Due to the layer-by-layer growth nature and the low growth 

temperature, ALD growth technique features many advantages including high 

conformality, excellent uniformity, precise control in film thickness and composition, 
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and CMOS-compatibility over other deposition techniques such as chemical vapor 

deposition and sputtering. For ALD growth of metal oxides, precursor A and B are 

typically organometallic precursors (e.g. tetrakis-dimethylamido-zirconium 

(TDMAZr) , tetrakis-dimethylamido-titanium (TDMAT), etc) and oxidant (e.g. water, 

oxygen plasma, etc), respectively.  

 

Figure 1.2  Schematic of ALD process: (a) functionalized substrate; (b) precursor A 

pulse; (c) excess precursor and by-products removal; (e) precursor B 

pulses; (e) excess precursor and by-products removal; (f) repeat of step 

(b)-(e) until the desired thickness is obtained. Reprinted with permission. 

Copyright, 2014, Materials Today [15]. 

1.4 Titanium dioxide market and application 

Titanium dioxide (TiO2), belongs to the family of metal oxides, has many 

appealing merits such as high transparency to visible light, large refractive index, high 

photocatalytic activity, low-cost growth method, and great chemical and mechanical 

stability [17] . So far, the most successful TiO2 application in industry is the pigment in 
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the fields of paints and coatings, mainly benefiting from the high refractive index of 

TiO2 [18, 19].  

Figure 1.3 (a) exhibits the global TiO2 market share by application in the year 

2020, where the paints and coatings as the dominant application field of TiO2 can be 

clearly observed [18]. The global TiO2 market size is estimated to be USD 20.9 billion 

in 2021 and is expected to expand with a compound annual growth rate (CAGR) of 

5.9% in the period between 2021 and 2026 [18]. Figure 1.3 (b) further shows the 

predication of United States TiO2 market by application from year 2018 to 2025 [18, 

19]. Although the TiO2 market in the United States is expected to steadily increase with 

time, the dominant share will still be the paints and coatings while the more 

scientifically relevant application of TiO2, such as functional electronic material in IoT 

applications, share only a very small amount of the market.  

On the other hand, the small TiO2 market for the IoT applications could also 

indicate a great opportunity and a large market potential of the TiO2-based IoT devices, 

considering that the low cost of TiO2 and the large demand of IoT devices, on the 

condition that TiO2 could enable high-performance IoT devices. The limited 

applications of TiO2 so far could be due to the fact the properties of TiO2, especially its 

electronic properties, have not yet been fully understood and high-performance TiO2-

based electronic and optoelectronic devices are still lacking. In this regard, a thorough 

research study on TiO2 as the functional electronic material is in great demand to open 

up more possibilities of TiO2 for the future IoT applications, where encouraging results 

of high-performance TiO2-based IoT devices should be provided. From this point of 

view, this dissertation is of great importance, serving as a stimulus for TiO2 to be applied 
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in emerging IoT applications with high-performance transistors and solar cells using 

TiO2 thin films demonstrated.  

 

Figure 1.3 (a) Global TiO2 market share by application in year 2020; (b) United States 

TiO2 market by application from year 2018 to 2025 (in billion US dollars). 

Data from [18, 19]. 

1.5 Properties of titanium dioxide  

1.5.1 Structural properties  

There are at least 11 crystalline forms of TiO2 reported in literatures, including 

anatase, rutile, brookite, TiO2 (B), hollandite-like TiO2 (H), columbite-like TiO2 (II), 

ramsdellite-like TiO2 (R), baddeleyite-like, TiO2 (OI), cotunnite-like TiO2 (OII), and 

fluorite-like cubic phases [20, 21]. Among them, anatase, rutile and brookite phases can 
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be found in naturally-occurring TiO2, though brookite phase is less observed. Other 

crystalline phases can be obtained in laboratory under controlled conditions [20-22]. 

 

Figure 1.4 Crystal structures of TiO2 rutile, brookite and anatase polymorphs. 

Reprinted with permission. Copyright, 2017, The Author(s) [22]. 

Figure 1.4 shows the crystal structures of TiO2 rutile, brookite and anatase 

polymorphs [22]. Anatase and rutile TiO2 show tetragonal structures while the brookite 

exhibits an orthorhombic crystalline structure [23]. Anatase TiO2 contains chains of 

edge-sharing octahedral in one orientation while both rutile and brookite contain these 

octahedral chains in two orientations. More specifically, in the anatase structure, each 

octahedral shares edges among four of eight neighbors, while the others share corners. 
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For the rutile structure, each octahedral structure shares eight corners and two edges. 

Both corners and edges are connected in the brookite structure [20].  

It is generally believed that rutile phase is the stable crystal structure for bulk 

TiO2 and anatase phase could be more favored in the TiO2 derived from the wet 

chemistry syntheses such as hydrolysis methods [20, 23], in contrast to that the pure 

brookite TiO2 is very difficult to obtain [22, 24]. The phase transition of TiO2 with 

different morphologies (thin films, nanoparticles, etc.) has also been investigated in 

literatures [23, 25-29].  For instance, N.Barati et al. [25] reported that TiO2 thin films 

prepared by solïgel dip coating were crystallized into anatase phase at temperature 

range between 400 and 800 °C, and into the anataseïrutile mixture at 1000 °C, and 

further into the rutile phase at 1200 °C. A.S Bakri et al. [23] showed that their TiO2 thin 

films, which were also prepared by solïgel dip coating, became anatase phase below 

600°C and transformed to rutile phase above 800°C. Hwu et al. [26] reported that the 

anatase nanoparticles were more stable than rutile when the particle size was small up 

to 50 nm and the phase transitions occurred at 700°C. Barnard et al. [27-29] performed 

a number of theoretical studies to explain the size-dependent stability of the polymorphs 

in TiO2 nanoparticles, highlighting the importance of the surface states of TiO2 

nanoparticles. Overall, it is believed that the TiO2 starting polymorphs, chemical 

composition, growth method and annealing temperature affect the surface energies and 

stresses of TiO2 and thus, play vital important roles in the final formation of the TiO2 

crystal structure. This is the reason for the inconsistencies on the anatase-rutile phase 

transition temperature among literatures [23, 25-29].   

For examining the crystal phase of TiO2 materials, X-ray diffraction (XRD) is 

an effective method, where different crystal structures exhibit distinct diffraction peaks, 
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thus easily identifying the TiO2 crystal phase [21]. Raman spectroscopy could also be 

used as an alternative to examine the crystal phase in solid states due to the different 

Raman vibrations signals arising from different crystal phases [30].  

In this dissertation, amorphous TiO2 and anatase polycrystalline TiO2 thin films 

are mainly explored as functional electronic materials in device applications. The 

methods of obtaining rutile phases of TiO2 films will also be briefly introduced in the 

Chapter 8 of this dissertation. The possibility of rutile TiO2 films in device applications 

will be the future work of this dissertation.   

1.5.2 Defects in titanium dioxide 

Defects in TiO2 are believed to play an important role in device applications. 

For example, oxygen defects are reported to be the reason for resistive switching 

behavior of TiO2 films [31]. These defects could also result in a tuning of TiO2 

electronic and optical property and cause the surface modification, which can be used 

in photocatalytic and energy applications [32, 33]. The defects in TiO2 can be 

categorized into point defects, line defects, interfacial defects and bulk defects based on 

the dimension of the defective structure [20]. 

Point defects consists of interstitial defects, vacancy defects and substitution 

defects. Interstitial defect is a lattice site, where no atom should be present in the perfect 

lattice, is occupied by an atom, whether a foreign atom or an internal atom. Both Ti 

interstitials and O interstitials have been reported in TiO2 [34-36]. Vacancy defect in 

TiO2 occurs when a lattice site is empty, which should have been occupied by either 

titanium or oxygen. Oxygen vacancies are generally believed to work as shallow donors, 

generating two free electrons and thus giving rise to n-type semiconductor behavior of 

TiO2 [37, 38]. Titanium vacancies have also been reported in an oxidized p-type TiO2 
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single crystal [39]. Substitution defects are caused by the substitution of oxygen or 

titanium sites in the TiO2 lattice by a foreign atom. A number of foreign atoms have 

been demonstrated in the doped TiO2, including Nb [40], Ta [41], P [42], Fe [43], Cr 

[44], N [45], F [46] etc. These point defects could be detected by the X-ray 

photoelectron spectroscopy (XPS), a surface-sensitive spectroscopic technique, which 

is widely used to identify the surface element, chemical states, overall electronic 

structure, and density of states in a material [47].      

Line defects can be edge-type, an additional plane of atoms inserted into the 

perfect lattice structure, or screw-type, a shearing of the crystal parallel to the slip 

direction. These line defects in TiO2 can be generated via mechanical method [48], 

imperfect oriented attachment [49], quenching [50], or mismatch between TiO2 film and 

the support [51]. 

Interfacial defects in TiO2 is caused by the interfaces between grains, crystals, 

different orientations, different phases, or different materials, manifesting themselves 

as the grain boundaries [52, 53]. Bulk defects are usually identified as foreign inclusions 

[54] or large voids in the TiO2 bulk [55].  

In this dissertation, the point defects in our TiO2 thin films, especially the 

oxygen-related defects, are examined by XPS while the bulk defects such as voids are 

examined by high-resolution transmission electron microscopy (TEM). The interfacial 

defects in our TiO2 thin films are expected to exist due to the amorphous and 

polycrystalline nature, as identified by X-ray diffraction (XRD) and atomic force 

microscopy (AFM).  
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1.5.3 Optical properties  

TiO2 is an indirect semiconductor with a large band gap, with typical value 

ranging 3.0 eV to 3.8 eV [20], and a large refractive index, up to 2.73 for the rutile phase 

[56]. The large refractive index, resulted its enlarged optical path length, has enabled its 

wide usage as the white pigment in coating applications due to a minimum thickness 

requirement for TiO2 thin films to be white and opaque [20]. The wide band gap of TiO2 

also dictates that TiO2 is transparent to visible and infrared radiation while very 

absorbing to UV light. These optical properties have enabled TiO2 to be used as 

transparent buffer layer in solar cell, active layer in UV photodetector, or additive to the 

sunscreen products. The bandgap and its associated absorption can also be effectively 

tuned by doping technique. For instance, nitrogen-doped TiO2 has been shown to exhibit 

strong optical absorption and photocatalytic activity to visible light [45], making it an 

excellent candidate for photocatalysts. 

The optical bandgap of TiO2 films can be extracted by the absorption spectrum 

via Tauc plot [57]. However, the reported values are found to be greatly different among 

literatures, which is explained by the different material preparations, different extraction 

techniques and different surface morphologies of TiO2 [58]. In addition, the reported 

optical bandgap may also be inconsistent with the electronic bandgap from the ñab initio 

calculationsò, which may be due to the ideal model in the calculation [59, 60]. Further 

research is still ongoing on this topic to provide ñdigital printò of band structure of TiO2 

[58-60].  

In this dissertation, the optical properties of TiO2 films including refractive 

index and absorption coefficient are examined by spectroscopic ellipsometry. The 

optical bandgap of our TiO2 film is also derived by Tauc plot, which shows a slightly 
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different value compared to that derived by oxygen plasmon loss spectrum features in 

XPS spectrum, which may be due to the different extraction methods.  

1.5.4 Electrical properties 

The electrical properties of TiO2 could depend on a number of factors, such as 

active defects, crystal polymorph, surface morphologies, film thickness or particle sizes, 

etc [20, 61-63]. For example, electrical conductivity can be enhanced by introducing 

oxygen vacancies in the reduced TiO2 crystal [63]. Anatase TiO2 is also reported to have 

a higher electrical conductivity compared to its rutile phase counterpart, which can be 

more promising for semiconductor-based devices [61, 62]. Surface morphology such as 

thin films, nanoparticles, nanowires, nanotubes would also affect the carrier transport 

behavior in TiO2, thus leading to the modifications of TiO2 electrical properties [20]. 

Compared to other nanostructures, TiO2 thin films would be more promising for 

electronic and optoelectronic devices due to its large-area applicability and CMOS-

compatibility. 

In order to broadly apply TiO2 films in electronic and optoelectronic devices, 

semiconducting behaviors is more desirable compared to insulating or metallic 

counterparts, where the electrical conductivity can be effectively modulated by the 

application of external electric field. The semiconducting TiO2 films are the basic of the 

TiO2-based electronic and optoelectronic devices, if these TiO2 films are used in device 

active region.  

In this dissertation, the electrical properties of TiO2 thin films are studied in 

details. The main focus of this dissertation is achieving high-performance TiO2-based 

thin film transistors, where TiO2 functions as a semiconducting channel material. 
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Insulating TiO2 thin films, which could function as gate dielectric in other material 

systems, are also briefly studied.  

1.6 Scope of dissertation 

This work rigorously explores the possibility of TiO2 as the functional electronic 

material in device applications, focusing on achieving high-performance TiO2-based 

thin film transistors (TFTs), where TiO2 functions as a semiconducting channel 

material. The study of TiO2-based TFTs deepens the understanding of TiO2 material 

properties and thus gives important insights for other device application. As shown in 

this dissertation, TiO2 could also be a promising material as a buffer layer in 

CuIn(Ga)Se2 solar cells and as a gate dielectric in GaN-based transistors. Accordingly, 

the dissertation has been organized as follows:  

Chapter 2 demonstrates TiO2-based TFTs with world-record electrical 

performances. These TiO2 TFTs for the first time exhibit device performance 

comparable to most InGaZnO TFTs, revitalizing the traditional image of TiO2 for TFT 

channel usage. Three key aspects in the device fabrication process are identified, 

contributing to the realization of the champion devices, namely, oxygen ambient and 

high temperature annealing process for TiO2 channel, and the usage of ZrO2 dielectrics. 

 Chapter 3-5 investigate the respective function of these three key aspects in the 

fabrication process resulting in the champion TiO2 TFTs. Chapter 3 compares the 

electrical performance of O2-annealed TiO2 TFTs to that of N2-annealed TiO2 TFTs, 

suggesting the importance of passivating oxygen-related defects in TiO2 thin films. 

Chapter 4 studies the effect of annealing temperature of TiO2 thin films on TFT 

performances, highlighting the important role of crystallinity in the electrical properties 

of TiO2. Chapter 5 investigates the impact of ZrO2 dielectrics thickness on TiO2 TFT 
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performance, showing that TiO2 TFT performance can be improved by reducing ZrO2 

dielectric thickness. 

Chapter 6 first exhibits high performance one-volt TiO2 TFTs with an optimized 

low-temperature fabrication process based on a 300 ºC O2-annealed TiO2 channel and a 

10 nm ZrO2 gate dielectric. These one-volt TiO2 TFTs with much-reduced thermal 

budget show a great potential in emerging IoT applications, such as foldable displays 

and wearable sensors, where a battery-powered operation is required. Then, a post-

fabrication superacid treatment is introduced.  It is found that the current drivability can 

be enhanced by nearly two folds for TiO2 TFTs with offset regions after superacid 

treatment. This treatment may bring out new possibility to future IoT device 

applications.  

Chapter 7 shows that our TiO2 thin film can also be used in other device 

applications, such as the buffer layer in CuIn(Ga)Se2 solar cells and as the gate 

dielectrics in GaN-based transistors, suggesting the versatility of TiO2 as functional 

electronic materials in IoT device applications. 

Finally, Chapter 8 concludes this dissertation and points out to some future 

research directions.  
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TI O2 THIN FILM TRANSISTORS WITH RECORD ELECTRICAL  

PEFORMANCE  

2.1 Thin film transistors  

The ubiquitous display products, such as smart phones, tablets, laptops, screen 

monitors and televisions, have stimulated great demands of thin film transistors (TFTs). 

The operation of display depends on active matrixes of TFTs to address and drive each 

individual pixel within the display. Most TFTs in commercial product are made of 

hydrogenated amorphous silicon (a-Si:H) and a small portion of the market is made of 

polycrystalline silicon [64]. Despite the success of Si thin films, active search for new 

channel material with better TFT performance has commanding interest due to some 

shortcomings of Si-based TFTs.  

Amorphous Si TFTs have the mobility in the range 0.5-1 cm2ĀV-1Ās-1, despite its 

suitability as switches in liquid crystal display (LCD), their low on-currents arising from 

the small carrier mobility cannot meet the requirements of drive TFTs in organic light 

emitting diodes (OLED) displays [6, 64] . Polycrystalline Si TFTs with very high carrier 

mobility of 30 to 300 cm2ĀV-1Ās-1 seems to solve the problems. However, the much 

increased cost, higher leakage current, large subthreshold slope, and poor uniformity 

have limited the polycrystalline Si TFTs for large-area display applications. 

Furthermore, due to low bandgap of Si (1.12 eV) and high density of gap states in Si 

films, both amorphous Si and polycrystalline Si TFTs suffer from the light bias-stress 

instability issue, which necessitates a light-blocking layer in display products [6]. In 
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addition, emerging flexible displays also demands new materials to fulfill their added 

functionality of being foldable, bendable and rollable [64].   

Metal oxide semiconductors, especially indium-gallium-zinc-oxide (InGaZnO), 

have garnered considerable attention as more promising candidates compared to the 

amorphous or polycrystalline Si counterparts since its first demonstration in 2004 [8, 

9]. These metal oxide TFTs exhibit many advantages such as low process temperature, 

large electron mobility, low operation voltage, large allowance in the choice of gate 

insulator, simple electrode structure and low off current, excellent uniformity and 

surface flatness, and ease of fabrication [65].  As matter of fact, active-matrix displays 

and circuits based on InGaZnO TFTs have been developed and commercialized by 

several companies including Toppan, LG, and Samsung [65]. Furthermore, these metal 

oxide TFTs also show great promises for emerging applications with new functionalities 

such as radio-frequency identification, electronic skin, biosensor, and neuromorphic 

computing device [5, 64].   

For the TFT channel material, InGaZnO has been at the center of mainstream 

research work in the metal oxides. However, the composition of InGaZnO has a 

profound effect on its transport behavior, and therefore, the preparation of high-mobility 

InGaZnO channel usually requires careful control over its composition, complicating 

the fabrication process [66]. In addition, In and Ga, which are rare-earth elements, add 

to the production costs of TFTs, thus constraining these TFTs in cost-effective 

applications. In this context, economically and ecologically sustainable development 

necessitates the exploration of alternative Ga and In-free metal oxides. 

Titanium oxide (TiO2), due to its great chemical and mechanical stability, non-

toxicity, low-cost growth method, and earth abundance, could be a potential material 
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solution for cost-effective TFT applications. Although TiO2 possesses promising 

material merits, the reported TiO2-based TFTs in literature typically exhibit inferior 

electrical performance [67-78], such as a reduced on/off current ratio (Ion/Ioff) and a 

larger subthreshold swing (SS), compared to that of the InGaZnO counterpart. In this 

chapter, TiO2 TFTs with record electrical performance are demonstrated, the device 

characteristic of which is comparable to most InGaZnO TFTs, revitalizing the TiO2 

material image for TFT channel usage. 

2.2 Fabrication process  

Figures 2.1 shows the fabrication process for the TiO2 TFTs with record 

electrical performance. The device fabrication started from Si/SiO2 substrate, where 

SiO2 acted as an insulating layer. Ultrathin body (~15 nm) TiO2 was first deposited as 

channel layer by thermal ALD at 150°C. During ALD growth, Tetrakis-dimethylamido-

titanium (TDMAT) and H2O are used as Ti precursor and reactant, respectively. The 

sample was then annealed at 500°C for 30 minutes in O2 ambient to achieve 

crystallization. Next, device mesa isolations were formed by fluorine-based inductively 

coupled plasma (ICP) etching. Then, 250 nm Al was deposited for source/drain Ohmic 

contacts by e-beam evaporation at a chamber pressure below 2.5 × 10-8 Torr with a 

deposition rate of 0.5 nm/sec. This was followed by ZrO2 gate dielectric deposition by 

plasma-enhanced atomic layer deposition (PE-ALD) at 130 °C, where oxygen plasma 

and Tetrakis-dimethylamido-zirconium (TDMAZr) were used as the oxidant and the Zr 

source, respectively. Finally, Ni /Au (170/80 nm) metal stack was evaporated as the gate 

contact at a chamber pressure below 2.5 × 10-8 Torr with a deposition rate of 0.25/0.5 

nm/sec, respectively.  
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Figure 2.1.  Fabrication process of TiO2 thin film transistors: (i) deposition and post-

deposition annealing of TiO2 channel; (ii) mesa formation by ICP etching; 

(iii) source/drain contact formation; (iv) deposition of ZrO2 dielectrics; (v) 

gate metal formation. 

The fabricated devices are in a top-gate configuration and the demonstrated 

TFTs have the device dimension: a gate width (WG) of 70 µm, a gate-source spacing 
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(LGS) of 0 µm, gate-drain spacing (LGD) of 1.5 µm and a gate length (LG) of 2.7 µm. It 

is of particular interest to note that the gate and source are overlapped to reduce source 

parasitic resistance, which could result in an improved saturation current [79]. The 

device current-voltage (I-V) measurements were performed using an Agilent B1500A 

semiconductor parameter analyzer at room temperature, which is coupled with a probe 

station for on-wafer testing. 

2.3 Electrical performance of TiO2 TFTs 

Figure 2.2 (a) shows the output characteristics of the fabricated TiO2 TFT, where 

the gate-source voltage (VGS) is biased from -2 V to 7 V with a step of 1 V. The TiO2 

TFT exhibits an n-type transistor characteristic with a record on-current density (Ion) of 

16.7 mA/mm and with clear pinch-off and current saturation behaviors. Figure 2.2 (b) 

shows the transfer curves of the device under drain-source biases (VDS) of 0.5 and 20 

V. The transistor demonstrates a record on/off current ratio (Ion/Ioff) of 1.2×109, and a 

record subthreshold swing (SS) of 101 mV/dec over two current decades (IDS: 10-8~10-

6 mA/mm) under VDS = 20 V. The electron saturation mobility (µsat) of 5 cm2ĀV-1Ās-1 is 

extracted by: 

                                                     ‘
ϳ

                                         (2.1), 

where Cox is the geometrical capacitance of the gate dielectric. The threshold voltage 

(Vth) of 0.67 V is obtained by linear fitting of I
1/2 

DS-VGS under VDS = 20 V, indicating an 

enhancement operation mode. The extracted µsat and Vth are shown in the inset of Figure 

2.2 (b).  
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Figure 2.2 (a) The output characteristics and (b) the transfer characteristics under VDS 

=0.5 and 20 V of the transistor (Inset: extracted µsat and Vth under VDS =20 

V). 

Table 2.1 compares the performances of TiO2 TFTs including electron mobility 

(µ), on/off current ratio (Ion/Ioff) and subthreshold swing (SS) in this work and other 

works of published literature by different growth methods and gate dielectric. Clearly, 

significantly outstanding performance in Ion/Ioff and SS is observed. To our best of 

knowledge, our TiO2 thin film transistors (TFTs) stand out as champion devices with a 

record high on-current density (Ion) of 16.7 mA/mm, a record high on/off current ratio 

(Ion/Ioff) of 1.2×109, and a record low subthreshold swing (SS) of 101 mV/dec. The 

electron mobility is also close the best reported value in Refs.[75, 78]. The high device 

performance indicates the high quality of both the TiO2 channel and the 

channel/dielectric interface. 
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Table 2.1 Comparisons of electrical performances of fabricated and previously 

reported TiO2 transistors (PLD: Pulsed laser deposition, MOCVD: Metal 

organic chemical vapor deposition). 

Ref Deposition 

Method 

TiO2 phase Gate 

Dielectric 

µ 

(cm2ĀV-1Ās-1) 

Ion/Ioff SS 

(mV/dec) 

[67] Single 

crystal  

 

Rutile LaAlO3 0.08 104 >1000 

[68] PLD 

 

Anatase LaAlO3 0.3 105 >1000 

[69] MOCVD 

 

Amorphous SiO2 0.063 2.7×105 1470 

[70] Colloidal 

solution 

 

Polycrystall

ine 

SiO2 0.12 4×103 2100 

[71] PE-ALD 

 

- SiO2 0.095 1.1×108 >1000 

[72] PE-ALD 

 

Anatase SiO2 1.64 4.7×105 1860 

[73] Spray 

pyrolysis 

Anatase SiO2 0.05 <103 >1000 

[74] DC 

sputtering 

 

Amorphous SiO2 0.69 2.0×107 2450 

[75] RF 

sputtering 

 

Anatase SiO2 10.7 104 >1000 

[76] RF 

sputtering 

 

Anatase SiO2 0.0402 4.1×104 >1000 

[80] PLD 

 

Anatase Y2O3 0.9 >104 >1000 

[81] 

 

DC 

sputtering 

 

Anatase SiO2 1.02 106 3600 

[78] PLD Anatase SiO2 10 

 

>106 - 

This 

work  

ALD  

 

Anatase ZrO 2 5 1.2×109 101 
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2.4 Preliminary  investigation  

As stated before, the steep SS in TFTs suggests a possible high-quality 

channel/dielectric interface with low interface state traps (Dit). The high Ion/Ioff, owing 

to high Ion, can be attributed to a relatively high µsat compared with other works, 

indicating a high quality TiO2 channel. In this section, some preliminary investigations 

were performed to unravel the underlying reason leading to the record device 

performances. 

  In order to shed light on the interface quality between the oxide and the TiO2 

channel, we carried out C-V measurements to obtain information of Dit, which can be 

extracted by ñHi-Lo frequencyò method according to equation [82]: 

                                       Ὀ ὅ ὅ Ⱦήρ ρ                      (2.2),  

where CHF is the capacitance measured at high frequency (1 MHz), CLF is the 

capacitance measured at low frequency (10 kHz). The gate-source capacitances as a 

function of VGS were measured at 1 MHz and 10 kHz as shown in Figure 2.3 (a). The 

extracted Dit of 1.6×1011 cm-2ĀeV-1 indicates a high-quality channel/ dielectric interface, 

which results in the steep SS. 

 To study the TiO2 channel material quality, Raman spectra of TiO2 thin film 

before and after O2 annealing were taken, which is shown in Figure 2.3 (b). The as-

deposited TiO2 film only shows Si Raman lines at 520 cm-1 from the substrate, an 

indication of the amorphous phase. After O2 annealing, the Raman lines at 147, 398, 

and 640 cm-1 can be observed, which are assigned respectively as Eg, B1g, and Eg modes 

of anatase phase TiO2 [83].  
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Figure 2.3 (a) The gate-source capacitance at 1MHz and 10 kHz for Dit extraction. (b) 

Raman spectra of as-deposited and O2-annealed TiO2 thin films. 

The chemical components of as-deposited and O2-annealed TiO2 thin films were 

analyzed by X-ray photoelectron spectroscopy (XPS). Figures 4 (a) and (b) respectively 

show the Ti 2p spectra and O 1s spectra. The Ti 2p3/2 spectrum shift to higher binding 

energy by 0.3 eV with a smaller full width at half maximum (FWHM) (from 1.15 eV to 

1.01 eV). The shift and narrowing of Ti 2p3/2 spectrum can be attributed to the TiO2 

crystallization after O2 annealing, consistent with the Raman result. No obvious Ti3+ 

peaks and oxygen vacancies peaks can be observed in Ti 2p spectra and O 1s spectra, 

indicating non-detectable oxygen vacancies in the as-deposited and O2-annealed TiO2 

films. The atomic ratio of O/Ti is approximately the ideal value of 2 for both films, 

suggesting that TiO2 are near fully oxidized. The insignificant shift of O 1s spectra could 

be explained by the same chemical environment of O atoms. The XPS results are 
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consistent with the previously reported literature: Ti spectrum shift to high binding 

energy whereas O spectrum remain at the same positions after high temperature O2 

annealing, possibly due to the reduced oxygen vacancies as mentioned in Ref.[84]. 

 

Figure 2.4 The X-ray photoelectron spectroscopy (XPS) of as-deposited and O2-

annealed TiO2 thin films: (a) Ti 2p spectra and (b) O 1s spectra. 

It has been reported that high temperature annealing in the O2 ambient will 

reduce the oxygen vacancies in TiO2 [78, 84]. These positive charged oxygen vacancies 

would serve as charging traps in the TiO2 channel, which could decrease the electron 

mobility due to the enhanced Coulomb scattering. Additionally, the oxygen vacancies 

at the interface of TiO2/ZrO2 could act as interface traps, leading to the degradation of 

SS. Thus, the lack of detectable oxygen vacancies in TiO2 after O2 annealing could result 
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in a high mobility and steep SS presented in this work. It needs to be clarified that no 

detectable oxygen vacancies should not be misconstrued as no oxygen vacancies exist 

in the TiO2 films. It is believed that high temperature O2 annealing diminishes most 

oxygen vacancies in our TiO2 films, leading to the residual oxygen vacancies 

concentration below XPS detection limitation (~ 0.1%). These low concentration 

oxygen vacancies could form a conduction band tail by creating atomic network 

disorder and function as acceptors instead of donors, as referenced in Ref.[78]. This can 

be corroborated by the enhancement-mode of the presented TiO2 TFTs, which indicates 

that the acceptor level exists and needs to be filled by injected electrons at a positive 

gate bias. 

2.5 Summary  

In summary, ultrathin-body (~15 nm) TiO2 TFTs with an exceptional electrical 

performance via O2 annealing were demonstrated in this chapter. To our best 

knowledge, the transistor in this work demonstrated a record high Ion of 16.7 mA/mm, 

a record high Ion/Ioff of 1.2×109 and a record low SS of 101 mV/dec, thus revitalizing the 

TiO2 material image for TFT channel usage. Preliminary investigations suggest that the 

record device performance can be attributed to the anatase TiO2 polycrystalline nature 

without detectable oxygen vacancies in the channel and at channel/dielectric interface 

after O2 annealing. Three key aspects in the device fabrication process can be identified, 

contributing to the realization of the champion devices, namely, oxygen ambient and 

high temperature during annealing process for TiO2 channel, and the usage of ZrO2 

dielectrics. In the following chapters, the respective function of these three aspects in 

fabricate process are investigated in details.  
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EFFECT OF ANNEALING AMBIENT  ON TIO 2 TFT PERFORMANCE  

3.1 Introduction     

In Chapter 2, TiO2 TFTs with a record electrical performance were demonstrated 

based on the high-temperature O2-annelaed TiO2 channel and the ZrO2 gate dielectric. 

Our preliminary investigations suggest that the record device performance can be 

attributed to the anatase TiO2 polycrystalline nature without detectable oxygen 

vacancies in the channel and at the channel/dielectric interface after O2 annealing.  

In this chapter, we investigated the effects of annealing ambient during TiO2 

channel annealing on TFT performance in detail. Two sets of TiO2 TFTs with O2/N2 

pre-annealed TiO2 channels were fabricated and characterized. These TFTs were 

realized by the same fabrication process expect the pre-annealing process ambient. 

Detailed device analysis and systematical material characterizations were carried out to 

unravel the annealing ambient effects. It was found that the O2-annealed TiO2 TFTs 

exhibit improved performances compared to N2-annealed TiO2 TFT, including 

increased mobility (µ), higher on/off current ratio (Ion/Ioff) and lower subthreshold swing 

(SS). Material characterization show that both N2-annealed and O2-annealed TiO2 thin 

films are in anatase polycrystalline phase and the electron concentration is reduced in 

the O2-annealed film. The reduced electron concentration, resulting from the passivation 

on oxygen vacancies in TiO2 channel, leads to the positive shift of threshold voltage 

(Vth) and the improved µ in O2-annealed TFTs. Additionally, the passivated oxygen 

vacancies at channel/oxide interface could also result in an improved SS. Thus, the 

Chapter 3 
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passivation effects from oxygen gas during TiO2 annealing could be one of reasons why 

the record TiO2 TFTs can be achieved in Chapter 2.  

3.2 Experimental detail 

Two sets of TFTs were fabricated using the same fabrication process as 

described in Chapter 2 and the only difference is the pre-annealing process ambient for 

the TiO2 channel. Briefly, an ultrathin TiO2 film of 15 nm was deposited on Si/SiO2 

substrate by thermal atomic layer deposition (ALD) at 150°C with Tetrakis-

dimethylamido-titanium (TDMAT) and H2O as Ti and O source, respectively. The 

sample was split into two chips and followed by annealing at 500°C for 30 minutes, 

respectively in O2 ambient and in N2 ambient. The chips were then subjected to the same 

device fabrication process. Device mesa isolations were first formed by CF4/Ar 

inductively coupled plasma (ICP) etching. After that, Aluminum (250 nm) was 

deposited as source/drain Ohmic contacts. Next, a 20-nm-thick ZrO2 gate dielectric was 

deposited by O2 plasma-enhanced ALD. Finally, Ni (180 nm) /Au (70 nm) metal stack 

was evaporated as the gate contact.  

The current voltage (IïV) measurements of two chips were carried out at room 

temperature using an Agilent B1500A semiconductor parameter analyzer. The 

capacitance-voltage (C-V) measurements were also performed at room temperature 

using the Agilent B1500A at 100 kHz and 10 kHz. The gate width (WG), gate-source 

spacing (LGS), gate-drain spacing (LGD) and gate length (LG) of the representative TFTs 

are 70, 1.5, 3, and 10 µm, respectively. 
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3.3 Device performance analysis  

3.3.1 TFT performance with O2-annealed and N2-annealed TiO2 channel  

Figures 3.1 (a) and (b) respectively show I-V output characteristics with the 

same gate-overdrive voltage (VGS-Vth) of the representative O2 pre-annealed and N2 pre-

annealed TFTs. Both TFTs exhibit typical n-type field effect transistor behaviors with 

excellent pinch-off and pronounced current saturation characteristics. The O2 pre-

annealed TFT shows a higher on-current than that of N2 pre-annealed TFT under the 

same VGS-Vth, which is mainly due to a higher mobility in O2-treated TiO2 TFTs.  

Figures 3.1 (c) presents the transfer curves of the same O2 pre-annealed and N2 

pre-annealed TFTs under drain-source biases (VDS) of 0.5 and 20 V, from which the 

different operation modes of TFTs are observed. The presented E-mode TFT (O2 pre-

annealed TFT) demonstrates an Ion/Ioff of 1.4×108 and a SS of 142 mV/dec over four 

current decades (IDS: 10-12~10-8 A) under VDS = 20 V. Whereas, D-mode TFT (N2 pre-

annealed TFT) shows an Ion/Ioff of 4.3×107 and a SS of 286 mV/dec. The electron 

saturation mobility (µsat) can be extracted according to Equation (2.1) in Chapter 2. The 

threshold voltage (Vth) can be obtained by linear fitting of I
1/2 

DS-VGS under VDS = 20 V. 

For O2 pre-annealed TFT, the extracted µsat and Vth are 2.5 cm2ĀV-1Ās-1 and 1 V, 

respectively. Whereas, the N2 pre-annealed TFT demonstrates a µsat of 0.9 cm2ĀV-1Ās-1 

and a Vth of -1 V. The results of extracted µsat and Vth for O2 pre-annealed and N2 pre-

annealed TFTs are shown in Figure 3.1 (d).  

Hence, the O2 pre-annealed TFTs demonstrated an improved device 

performance with a higher Ion/Ioff, an enhanced µsat and a lower SS compared to N2 pre-

annealed TFTs. 
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Figure 3.1 The output characteristics of (a) representative O2 pre-annealed (E-mode) 

TFT and (b) representative N2 pre-annealed (D-mode) TFT.  (c) The 

transfer characteristics under VDS = 0.5 and 20 V of the same O2 pre-

annealed (E-mode) TFT and N2 pre-annealed (D-mode) TFT and (d) the 

extracted µsat and Vth under VDS = 20 V of the two-modes TFTs. 
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3.3.2 Channel charge density estimation  

The turn-on voltage (Von), defined as the value of VGS at which the IDS start to 

increase sharply in transfer curves, can be used to estimate the charge density (N) in the 

channel material by [85]: 

 ὔ        (3.1), 

where q is the elementary charge and t is the channel thickness. For the presented O2 

pre-annealed TFT, the estimated No is + 2×1017 cm-3 with Von of + 0.1 V. Whereas, the 

estimated Nn is ï 6×1018 cm-3 with Von of ï 2.7 V for the presented N2 pre-annealed 

TFT. The negative charge corresponding to the delocalized electrons results from 

shallow donors in the channel material, which requires a negative voltage to deplete 

these delocalized electrons and turn off the current. On the contrary, the positive charge 

is attributed to deep traps in the channel, which demands a positive voltage to fill these 

deep traps by injecting electrons from source and turn on the current.  

Thus, it is believed that more delocalized electrons arising from shallow donors 

are induced by N2 pre-annealing than O2 pre-annealing, leading to the different 

operation modes of TFTs. According to previous report, oxygen vacancies can act as 

shallow donors and result in the increased electron concentration in TiO2
 [69, 71, 72, 

74, 75, 81]. In this regard, it stands to reason that the O2 pre-annealing ambient could 

reduce the delocalized electrons in TiO2 films by passivating oxygen vacancies whereas 

the N2 pre-annealing ambient only densify the TiO2 films without annihilation of oxygen 

vacancies. 
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3.3.3 Capacitance-voltage measurement  

The interface quality between the oxide and the TiO2 channel of these O2/N2 

pre-annealed TFTs were investigated by C-V measurements. The information of 

interface state traps (Dit) can be extracted by ñHi-Lo frequencyò method by according 

to Equation (2.2) in Chapter 2. 

 Figures 3.2 (a) and (b) respectively demonstrate the gate-source capacitances as 

a function of VGS for O2 and N2 pre-annealed TFT measured at 100 kHz and 10 kHz. 

The obvious discrepancy between CHF and CLF in the N2 pre-annealed TFT indicates 

that more Dit are present at N2- annealed TiO2/oxide interface. The extracted Dit values 

are 1.3×1011 cm-2ĀeV-1 for O2 pre-annealed TFTs and 5.3×1012 cm-2ĀeV-1 for N2 pre-

annealed TFTs, explaining the superior SS performance in the O2 pre-annealed TFT.  

These Dit can be ascribed to the oxygen vacancies at the TiO2/oxide [86]. Thus, 

the passivation effects of O2 pre-annealing could decrease the oxygen vacancies on the 

top surface of TiO2 film and result in the reduction of Dit at the interface. It should be 

noted that the Dit for E- and D-mode TFT differ by one order, which is consistent with 

N differences (also one order) extracted from Von. 
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Figure 3.2 The gate-source capacitance at 100 kHz and 10 kHz of (a) representative 

O2 pre-annealed (E-mode) TFT and (b) representative N2 pre-annealed (D-

mode) TFT. 

3.3.4 Effects of TFT dimension 

To further confirm the effects of the pre-annealing ambient, electrical 

performance of five measured TFTs on O2- and N2-annealed chips with different device 

dimensions are summarized in Table 3.1.  It is noted that the gate width (WG) of 70 µm 

is kept the same while the gate-source spacing (LGS), gate-drain spacing (LGD) and gate 

length (LG) are varied.  It can be observed that all the O2 pre-annealed TFTs exhibit an 

improved device performance compared to N2 pre-annealed TFTs with higher Ion/Ioff 

and smaller SS, confirming the device performance enhancement due to the O2 

passivation effects. It is also worth noting that O2 pre-annealed TFTs exhibit positive 

Vth values whereas N2 pre-annealed TFTs show negative Vth values. Although two TFTs 
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in the O2-annealed chip (Type 1 and 2) show a negative Von, such a small negative value 

(-0.1 V) indicates the negligible amount of delocalized electrons arising from oxygen 

vacancies compared to N2-annealed chip. The rest three O2 pre-annealed TFTs present 

positive Von values, suggesting the lack of oxygen vacancies as shallow donors. 

It needs to be mentioned that the device geometries mostly influence the on-

current and Ion/Ioff for such TFTs with large gate lengths. The switching behavior such 

as Von and SS is mainly determined by gate metal work function, oxide thickness, the 

carrier density of the channel material and the interface traps between the channel and 

gate dielectric. Figure 3.3 (a) shows the schematic of two typical N2 pre-annealed TFTs 

with the same gate length but different gate-to-source/drain spacing. The corresponding 

typical transfer curves are shown in Figure 3.3 (b). The two devices exhibit very similar 

switching behavior and the TFT with reduced spacing features a higher on-current due 

to the lower parasitic resistance. This indicates that the gate-to-source/drain spacing 

mainly influence the on-current and thus on-off ratio of the devices; however, the 

Von/Vth is not significantly affected by this metric.   
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Table 3.1 Device dimensions and electrical characteristics of the measured TFTs on 

O2- and N2-annealed chips. 

Annealing 

ambient 

Device 

Type 

LG 

(µm) 

LGS 

(µm) 

LGD 

(µm) 

Von 

(V) 

Vth 

(V) 

Ion/Ioff SS 

(mV/dec) 

 

 

 

O2-

annealed 

(E-mode) 

1 

 

3 3 5 -0.1 0.6 6.6×108 134 

2 

 

3 1.5 3 -0.1 0.6 2.5×108 133 

3 

 

5 3 5 0.1 0.7 5.8×107 145 

4 

 

5 1.5 3 0.1 0.9 2.7×108 138 

5 

 

10 1.5 3 0.1 1 1.4×108 142 

 

 

 

N2-

annealed 

(E-mode) 

1 

 

3 3 5 -3.2 -1.7 6.4×107 254 

2 

 

3 1.5 3 -2.9 -1 2.3×108 310 

3 

 

5 3 5 -2.6 -1.5 2.8×107 230 

4 

 

5 1.5 3 -2.5 -1.5 3.3×107 243 

5 

 

10 1.5 3 -2.7 -1 4.3×107 286 

 

 

Each device type was measured with 2-4 devices and the transfer curves are 

similar among these devices.  Figure 3.4 (a) exhibits the transfer curves of three N2 pre-

annealed TFTs with the same device type (Type 1 in Figure 3.3 (a)), demonstrating the 

similar switching behavior.  It should be noted that similar Von and Vth are also observed 

among devices with different gate lengths. This is due to that all TFTs are long-channel 

devices with smallest gate length of 3 µm, leading to weak dependence of Von/Vth on 

gate length. Due to the similarity of the Von/Vth among devices with different 

geometrical values, we summarize the Von/Vth of all measured N2/O2-annealed TFTs to 
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unravel the dependency of Von/Vth on annealing ambient. Figures 3.4 (b) and (c) 

respectively show the statistical results of Von and Vth from 19 N2-annealed TFTs and 

16 O2-annealed TFTs. Distinct Von and Vth values can be observed in N2- and O2-

annealed TFTs. All measured O2-annealed TFTs exhibit positive Vth in contrast to that 

all N2-annealed TFTs feature negative Vth, with the value of 0.72 V ± 0.33 V for O2-

annealed TFTs and -1.30 V ± 0.45 V for N2-annealed TFTs, manifesting the varying the 

annealing ambient can be an effective method to tune the threshold voltage for 

enhancement-/depletion-mode TFTs for O2-/N2-annealed TFTs.  

 

Figure 3.3 (a) The schematic of two N2-annealed TFTs with same gate length and 

different gate-to-source/drain spacing; (b) the measured transfer curves of 

typical devices with same gate length and different gate-to-source/drain 

spacing, exhibiting very similar switching behavior. 
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Figure 3.4 (a) The transfer curves of three N2-annealed TFTs with the same device 

dimensions (Type 1 in Figure 3.2) and the statistical results of (b) the Von 

and (c)Vth based on 19 N2-annealed TFTs and 16 O2-annealed TFTs. 

3.4 Material Characteristics  

3.4.1 Grazing incidence X-ray diffraction and Raman spectrum  

The effects of annealing ambient on TiO2 material quality were examined by 

grazing incidence X-ray diffraction (GI-XRD) spectrum and Raman spectrum. Figure 

3.5 (a) exhibits GI-XRD spectrum of O2- and N2-annealed TiO2 thin films. Distinct 

diffraction peaks can be observed at 24.85°, 37.45° and 47.6°, respectively 

corresponding to the (101), (004) and (200) facets of anatase phase TiO2 [87]. The 

location of these peaks indicates the anatase polycrystalline nature of O2- and N2-

annealed TiO2 thin films. The full width at half maximum (FWHM) of dominant 

orientation (101) facet are 0.32° and 0.31° respectively for O2- and N2-annealed TiO2 

thin films, indicating insignificant effects of TiO2 crystal size due to annealing ambient. 

Raman spectrum of O2- and N2-annealed TiO2 thin films are illustrated in Figure 3.5 

(b). Both films show the Raman lines at 147, 398 and 640 cm-1, respectively assigned 
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as Eg, B1g and Eg modes of anatase phase TiO2 [83], which are consistent with XRD 

results. The nearly identical Raman spectrum of O2- and N2-annealed TiO2 thin films 

suggest a similar phonon momentum distribution and trivial differences in crystal size 

[83, 88]. XRD reveals the average structural information of material and Raman 

spectrum indicates the crystallinity in material microstructures [88]. The negligible 

differences in both XRD and Raman spectrum suggest the insignificant effects on TiO2 

crystal quality resulting from annealing ambient. 

 

Figure 3.5 (a) Grazing incidence X-ray diffraction (GI-XRD) spectrum and (b) 

Raman spectrum of O2-annealed and N2-annealed TiO2 thin films. 
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3.4.2 Atomic force microscopy 

The surface morphology and roughness of O2- and N2-annealed TiO2 films were 

examined by an atomic force microscope in the tapping mode (Dimension-3100 V 

SPM). Both O2- and N2-annealed TiO2 films exhibit relatively smooth surfaces in Figure 

3.6, with root-mean-square (RMS) roughness of 0.23 nm and 0.22 nm, respectively. The 

low RMS is beneficial to suppressing surface-roughness-induced leakage current and 

diminishing the surface-roughness-related charge trap at the interface, explaining the 

high device performance of both O2- and N2-annealed TiO2 TFTs. 

 

Figure 3.6 The atomic force microscope (AFM) image of (a) O2-annealed, and (b) N2-

annealed TiO2 thin films 

The trivial material quality differences between O2- and N2-annealed TiO2 films 

are expected since annealing temperature is the determinant factor for TiO2 morphology 

and crystal quality [23, 89]. Both films were annealed at the same temperature of 500 

°C and the same duration of 30 mins, which could result in the similar crystal size and 

morphology.   
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3.4.3 X-ray photoelectron spectroscopy 

In order to shed light on the effects of annealing ambient, the chemical states of 

O2- and N2- annealed TiO2 thin films were characterized by X-ray photoelectron 

spectroscopy (XPS). All of the spectra were calibrated with respect to C 1s peak (285 

eV) as a reference to eliminate the charging effects during measurements.  

Figure 3.7 (a) shows the survey spectra of both films, from which no N signal 

was detected, indicating no detectable N element diffused to TiO2 film during N2 

annealing. Figures 3.7 (b) and (c) respectively illustrate the Ti 2p spectra, O 1s spectra 

of O2- and N2-annealed films. There are no detectable differences in FWHM of Ti 2p3/2 

spectrum and O-Ti bonding spectrum between the two films, with the same value of 

0.94 eV (Ti 2p3/2 spectrum) and 1.11 eV (O-Ti bonding spectrum) in both films. This 

indicates the same crystal phase and quality of O2- and N2-annealed films, which is in 

line with the XRD and Raman spectrum results. Compared to the O2-annealed film, both 

Ti 2p3/2 spectrum and O-Ti bonding spectrum in N2-annealed film shift to a higher 

binding energy (BE) respectively by 0.2 eV and 0.15 eV. This can be because, higher 

electron concentration resulting from the ionized oxygen vacancies is induced by N2 

annealing, which makes the films more electrically conductive and moves the spectrum 

towards the higher BE. Figure 3.7 (d) shows the valence band edge spectra, from which 

the band offsets between the valence band maximum (EV,max) and the Fermi level (EF) 

can be deduced. The extracted band offsets between EV,max and EF (EFV = EF ï EV,max) 

are 0.29 eV in the O2-annealed film and 0.3 eV in the N2-annealed film, indicating 

higher electron concentration in N2-annealed film. 
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Figure 3.7 X-ray photoelectron spectroscopy (XPS) characteristic of O2- and N2-

annealed TiO2 thin films: (a) Survey, (b) Ti 2p spectra, (c) O 1s spectra, 

and (d) valence band edge spectra. 
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3.4.4 Band alignment 

In order to obtain the band alignment of O2- and N2-annealed films, bandgap 

information of two films are needed. Spectroscopic ellipsometry (SE) measurements 

were carried out to examine the optical properties and determine the optical bandgap of 

O2- and N2-annealed TiO2 films.  

Figure 3.8 (a) shows the Tauc plots from SE measurements of the O2- and N2-

annealed TiO2 films, from which the Tauc band gap can be determined by extrapolating 

linear region (the onset of absorption) of the plot [90]. The extracted band gaps of the 

two films are in the same value of 3.4 eV, which agrees well with the bandgap in 

Ref.[90, 91]. The same bandgap of the O2- and N2-annealed TiO2 films could be 

explained by the same crystal phase and quality of the two films, which are evidenced 

by XRD, Raman and XPS results.  

Figure 3.8 (b) illustrates the band alignment of O2- and N2-annealed TiO2 films 

resulting from the XPS and SE analysis, where the band offsets between the conduction 

band minimum (EC,min) and the EF are derived. The extracted ECF (ECF = EF ï EC,min) are 

0.5 eV in the O2-annealed film and 0.4 eV in the N2-annealed film. 
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Figure 3.8 (a) Tauc plots of O2- and N2-annealed TiO2 thin films from spectroscopic 

ellipsometry (SE) measurements for bandgap extraction and (b) band 

alignment resulting from XPS and SE measurements of O2- and N2-

annealed TiO2 thin films. 

3.5 Possible mechanism 

According to semiconductor physics theory, the electron concentration can be 

determined by:  

                                    ὔ ὔÅØÐ              (3.2),                                             

where NC is the effective density of states function in the conduction band. Due to the 

same crystal phase and quality of O2- and N2-annealed TiO2 films, it is reasonable to 

assume that NC is the same value in two films. From the device performance analysis, 

the estimated values of charge concentration are 2×1017 cm-3 (O2-annealed film) and 

6×1018 cm-3 (N2-annealed film), corresponds to a EC and EF difference of 0.09 eV by 



 44 

Equation (3.2), in line with the 0.1 eV shift shown in the Figure 3.8 (b). Thus, it is 

believed that the annealing ambient could modify the electron concentration without 

significant impacts on crystal quality. The material characterization indicates an 

increased electron concentration in N2-annealed film compared to O2-annealed 

counterparts, which is consistent with device performance analysis. These extra 

electrons are believed to arise from shallow donors of ionized oxygen vacancies. The 

O2 ambient could passivate these oxygen vacancies and thus reduce the delocalized 

electrons while N2 ambient only densify the TiO2 films without passivation effects. 

3.6 Potential application 

This controlled annealing process can be used as a supplementary method to 

realize both E/D-mode TFTs, with a proper integrated method, such as externally 

connecting the D- and E-mode TFTs on different substrates via wire bonding [92], 

adding selective mode-determining masks on the TiO2 channel for O2/N2 treatment [93], 

or selective transferring of O2/N2-treated TiO2 films onto the same substrate [94], thus 

providing more flexibilities in device fabrication and logic circuit applications. 

Table 3.2 benchmarks the electrical performance of our E/D TFTs with that of 

the reported E/D TFTs consisting of other oxide channel materials and those being 

implemented in the depleted-load inverters. Compared to those TFTs, our E/D-mode 

TiO2-based TFTs present promising electrical performances such as a steep SS, a high 

Ion/Ioff and a symmetric Vth, manifesting a great potential to be applied in future logic 

circuit if combined with proper integration methods.  
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Table 3.2 Benchmark of electrical performance of E/D-Mode TiO2 TFTs in this 

work with the reported oxide-based E/D-mode TFT. 

 Ref  

(Year) 

Channel 

Material  

µ 

(cm2ĀV-1Ās-1) 

Vth 

(V) 

Ion/Ioff SS 

(mV/dec) 

 

 

 

  

 

 

 

D-mode 

TFT 

[95] 

(2012) 

SiInZnO 3 5 107 650 

[96] 

(2015) 

SiZnSnO 18.4 -5 7.2×108 900 

[97] 

(2016) 

In2O3 0.5 -2.8 107 ~2000 

[98] 

(2016) 

InGaZnO 10.34 -5.2 1.9×107 475 

[92] 

(2016) 

InGaZnO 1.7 -0.3 105 300 

[99] 

(2017) 

SiZnSnO 31.8 -2.2 3.7×108 1300 

[93] 

(2018) 

InGaZnO 8.5 -1.4 7.9×106 380 

[100] 

(2019) 

SiInZnO 1.5 -3.81 2.1×106 2730 

This 

work 

TiO 2 0.9 -1 4.3×107 286 

 

 

 

 

 

 

 

 

E-mode 

TFT 

[95] 

(2012) 

InGaZnO 12.2 6.6 107 710 

[96] 

(2015) 

ZnSnO 23.6 1.17 7.5×107 670 

[97] 

(2016) 

In2O3 2.0 0.7 107 ~1000 

[98] 

(2016) 

InGaZnO 9.59 15.2 2.3×106 707 

[92] 

(2016) 

InGaZnO 13.1 0.5 108 70 

[99] 

(2017) 

SiZnSnO 21 2.8 1.5×108 1000 

[93] 

(2018) 

InGaZnO 8.3 1.4 5.2×106 280 

[100] 

(2019) 

SiInZnO 15.158 -1.78 7.7×107 590 

This 

work 

TiO 2 2.5 1 1.4×108 142 
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3.7 Summary  

In summary, we investigated the effects of TiO2 annealing ambient on TFT 

performance in detail. The O2-annealed TiO2 TFTs demonstrate enhanced performances 

compared to N2-annealed TiO2 TFT, with an increased mobility (µ), a higher on/off 

current ratio (Ion/Ioff) and a lower subthreshold swing (SS). This can be attributed to the 

passivation effects of O2 annealing, leading to less oxygen vacancies at the channel and 

channel/oxide interface and thus a higher mobility and a lower SS. The O2 annealing 

could deliver an approach of improving oxide-based TFT performance, where the 

oxygen vacancies play important roles in the electrical performances.  

Furthermore, high-performance E/D-mode TiO2-based TFTs were demonstrated 

via O2/N2 pre-annealing of TiO2 thin film prior to device fabrication process. This 

controlled O2/N2 annealing technology could be used as a supplementary method to 

realize E/D-mode TFTs, thus providing more flexibilities in device fabrication and logic 

circuit applications. 
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EFFECT OF ANNEALING TEMPERATURE ON TIO 2 TFT PERFORMANCE  

4.1 Introduction  

In last chapter, we studied the effects of annealing ambient on TiO2 TFT 

performance, pointing out to the importance of the passivation effects of oxygen gas on 

oxygen vacancies in TiO2 channel. On the other hand, the annealing temperature of TiO2 

films could also play a vital important role on TFT performance, which is expected to 

change the crystallinity of TiO2 films, as evidenced by the crystallinity transition of 

TiO2 films upon 500 ºC oxygen annealing in Chapter 2.  

In this chapter, we studied the effects of annealing temperature on TiO2 TFT 

performance. First, 15 nm TiO2 films were deposited on Si/SiO2 substrates by oxygen-

plasma-enhanced atomic layer deposition (PE-ALD) at 150°C. During PE-ALD growth, 

Tetrakis-dimethylamido-titanium (TDMAT) and oxygen plasma are used as Ti 

precursor and reactant, respectively. After the PE-ALD deposition of TiO2 films, some 

samples were annealed at varied temperatures in oxygen-containing ambient to 

minimize the introduction of oxygen vacancy. The annealing duration is 30 mins for 

200 ºC, 300 ºC, 400 ºC and 500 ºC O2-annealing and is 10 mins for 800 ºC O2-annealing. 

The as-deposited and O2-annealed TiO2 films were then subjected to the same device 

fabrication process as described in Chapter 2. The resulting TiO2 TFTs have the device 

dimension of gate width (W) of 70 ɛm, gate length (L) of 3 ɛm and gate-source/drain 

spacing (LGS/LGD) of 1.5 ɛm. It is noted that a thinner ZrO2 dielectric of 10 nm were 

used for TiO2 TFTs in this chapter, which is smaller than that of 20 nm in Chapter 2 and 

Chapter 4 
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3. The effect of ZrO2 dielectric thickness on TiO2 TFT performance will be discussed 

in detail in next chapter.   

A series of material characterizations were performed to disclose the effect of 

annealing temperature on TiO2 films, including grazing incidence X-ray diffraction (GI-

XRD), X-ray photoelectron spectroscopy (XPS), and spectroscopic ellipsometry (SE) 

measurements. It is found that TiO2 films transform from amorphous to anatase 

polycrystalline at 300 ºC while keeping the nearly ideal stoichiometry due to the 

passivation effects of oxygen annealing, which is coincident with the conductivity 

transition from insulator to semiconductor in TiO2 TFT performance. Finally, the 

multiple-trapping-and-release (MTR) model is proposed to explain the charge transport 

behavior of these stoichiometric TiO2 films, the suitability of which is verified by the 

mobility differences of TiO2 films under different annealing temperatures.   

4.2 Electrical performance of TiO2 TFTs with different -temperature-annealed 

TiO 2 channel  

Figure 4.1 (a) shows the transfer curves under VDS = 10 V for TiO2 TFTs with 

15 nm as-deposited and O2-annealed TiO2 channels, which were annealed at 200 ºC, 

300 ºC, 400 ºC, 500ºC, and 800 ºC, respectively. It can be observed that the TFTs with 

as-deposited and 200 ºC-annealed TiO2 channel show no appreciate current, indicating 

that these TiO2 films are rather insulating. However, when annealing temperature is 

above 300 ºC, excellent n-type transistor behaviors can be observed in these TFTs, 

indicating that the TiO2 films have transformed into a semiconducting material. It is also 

noted that the turn on voltage (Von) is also negative shifted with the increased annealing 

temperature, suggesting an increased electron concentration in TiO2 films with the 

elevated annealing temperature. The Ion/Ioff of TiO2 TFTs is continuously increased from 
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9.96×107 to 1.59×109 when the annealing temperature of TiO2 channel is increased from 

300 ºC to 800 ºC. The enhanced Ion/Ioff of TiO2 TFTs with the higher-temperature-

annealed TiO2 channel can be explained by the higher electron mobility companied by 

the negatively shifted Von, which will be discussed in detail later. All TiO 2 TFTs show 

similar low value of ~90 mV/dec, suggesting high quality interfaces between channel 

and dielectric regardless of annealing temperature. This could be attributed to the 

passivation effects of oxygen gas during annealing, leading to less oxygen-related traps 

at the channel/oxide interfaces.  

 

Figure 4.1 Transfer curves under VDS = 10 V for TiO2 TFTs with 15 nm as-deposited 

and O2-annealed TiO2 channels annealed at 200 ºC, 300 ºC, 400 ºC, 500ºC, 

and 800 ºC. (b) The extracted saturation field-effect-mobility (ɛsat) and 

threshold voltage (Vth) of the 300 ºC, 400 ºC, 500ºC, and 800 ºC-annealed 

TFTs from the linear extrapolation of I
1/2 

DS-VGS under VDS = 10 V. 
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Figure 4.1 (b) shows the I
1/2 

DS-VGS plots of the corresponding 300 ºC, 400 ºC, 500 

ºC and 800 ºC-annealed TFTs, from which saturation field-effect-mobility (ɛsat) and 

threshold voltage (Vth) are extracted. When the annealing temperature is increased from 

300 ºC to 800 ºC, ɛsat is monotonically increased from 0.45 cm2ĀV-1Ās-1 to 7.03 cm2ĀV-

1Ās-1 while Vth is continuously negatively shifted from -0.57 V to -1.45 V, consistent 

with the case in Von. Table 4.1 compares the electrical performance of TiO2 TFTs with 

15 nm as-deposited and O2-annealed TiO2 channels at 200 ºC, 300 ºC, 400 ºC, 500ºC, 

and 800 ºC, including Vth, Von, ɛ, Ion/Ioff, and SS, where the significant role of annealing 

temperature of TiO2 in TFT performance can be observed.  

Table 4.1 Comparison of electrical performance of TiO2 TFTs with 15 nm as-

deposited and O2-annealed TiO2 channels that are annealed at 200 ºC, 300 

ºC, 400 ºC, 500ºC, and 800 ºC. 

TiO2 Channel Vth 

(V) 

Von 

(V) 

µ 

(cm2ĀV-1Ās-1) 

Ion/Ioff SS 

(mV/dec) 

As-deposited 

 

No measurable currents 

200 ºC-annealed 

 

No measurable currents 

300 ºC-annealed 

 

-0.56 -0.57 0.45 9.96×107 91 

400 ºC-annealed 

 

-0.81 -1.12 0.92 2.48×108 94 

500 ºC-annealed 

 

-1.24 -1.60 1.41 4.41×108 94 

800 ºC-annealed 

 

-1.45 -2.43 7.03 1.59×109 95 
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4.3 Material characterization  

4.3.1 Grazing incidence X-ray diffraction  

The crystallinity of TiO2 film annealed at different temperatures were 

investigated by grazing incidence X-ray diffraction (GI-XRD). Figure 4.2 (a) shows the 

GI-XRD spectra of the as-deposited and the O2-annealed TiO2 films annealed at 200 ºC, 

300 ºC, 400 ºC, 500ºC, and 800 ºC. The as-deposited and 200 °C-annealed films show 

an amorphous nature without any detectable peaks. On the contrary, when annealing 

temperature is above 300 °C, all TiO2 films exhibit anatase polycrystalline natures, with 

peaks at 24.8°,37.4°, and 47.6° corresponding to the (101), (004) and (200) of anatase 

phase. All  films show the most intensive peaks from (101) facets, indicating a preferred 

growth orientation during O2 annealing. As the annealing temperature is increased, 

higher intensity of the (101) peak can be observed in the TiO2 film, indicating a better 

film quality due to the higher annealing temperature.  

The crystalline quality was further evaluated by the DebyeïScherrer formula:  

                                                      ŭ=0.9ɚ/FWHMĬcosɗ                          (4.1),   

where the FWHM is the full width half maximum of (101) peak. Figure 4.2 (b) shows 

the average crystallize size (ŭ) along (101) orientation of the poly-TiO2 films annealed 

at 300 ºC, 400 ºC, 500ºC, and 800 ºC.  An increased ŭ value can be observed with the 

elevated annealing temperatures. The average grain sizes (ŭ) of the 300 ÁC, 400 ºC, 

500ºC, and 800 ºC-annealed TiO2 along (101) orientation are 24.6 nm, 26.0 nm, 27.1 

nm and 29.4 nm respectively, with the corresponding FWHM of 0.32º (300 °C-

annealed), 0.31º (400 °C-annealed), 0.30º (500 °C-annealed), and 0.27º (800 °C-

annealed). The improved film quality with larger grain size can be explained by the 

higher annealing temperature, which is well expected. 
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Figure 4.2 (a) Grazing incidence X-ray diffraction (GI-XRD) spectra of as-deposited 

and O2-annealed TiO2 films annealed at 200 ºC, 300 ºC, 400 ºC, 500ºC, 

and 800 ºC. (b) Crystallize size of poly-TiO2 films derived from the full 

width half maximum (FWHM) of (101) facet. 

4.3.2 X-ray photoemission spectroscopy 

The chemical states of all the TiO2 films were examined by X-ray photoemission 

spectroscopy (XPS). The Ti 2p3/2 peaks show a FWHM narrowing from 1.08 eV to 0.98 

eV when annealing temperature is above 300 °C in Figure 4.3 (a), which can be 

explained by the different structure arrangements upon the crystallinity transformation, 

consistent with GI-XRD results. There is also a positive shift of ~ 0.2 eV in Ti 2p3/2 

peaks when the annealing temperature is increased from 200 °C to 300 °C, while no 

further shift in Ti 2p3/2 peak position can be found when the annealing temperature is 

further increased. This positive shift in Ti 2p3/2 peak can be explained by the Fermi level 
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shift of TiO2 due to the increased free electrons in conduction band, which is in 

agreement with the TFT measurements.  

On the other hand, no oxygen deficiency peaks can be observed in all the films 

and only O-H and O-Ti peaks can be identified in Figure 4.3 (b). The ratio of O-H to O-

M peaks are almost identical in the range of 0.11-0.12 in all the films, indicating that 

the O-H peaks are mainly from the moistures in the environments that are adsorbed on 

the TiO2 surfaces, and not from the chemical state differences within the TiO2 itself. All 

the films show nearly ideal O/Ti atomic ratios of 2 within the XPS detection limits. The 

nearly ideal stoichiometry in all the TiO2 films can be attributed to the strong oxidization 

of oxygen plasma during ALD growth and the passivation effects of oxygen gas during 

annealing process. 

Thus, from XRD and XPS results, it is believed that the crystallinity 

transformation rather than chemical states of TiO2 cause the free electron concentration 

differences in conduction band, resulting in the distinct TFT behavior, which will be 

discussed in the following section regarding the transport mechanism. 
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Figure 4.3 The X-ray photoelectron spectroscopy (XPS) of as-deposited and O2-

annealed TiO2 films annealed at 200 ºC, 300 ºC, 400 ºC, 500ºC, and 800 

ºC: (a) Ti 2p3/2 spectrum and (b) O 1s spectrum. 

4.3.3 Spectroscopic ellipsometry  

The optical properties of the as-deposited and the O2-annealed TiO2 films with 

different annealing temperatures were examined by spectroscopic ellipsometry 

measurements using the Cauchy-model, based on the TiO2 films grown on the Si 

accompanying wafer. Figure 4.4 (a) and (b) respectively show the refractive index (n) 

and extinction coefficient (k) of the as-deposited and the O2-annealed TiO2 films. It can 

be observed that the refractive index is increased when annealing temperature is above 

300 °C, suggesting the formation of a denser film, which can be explained by the 

crystallinity transition from amorphous to anatase polycrystalline at 300 °C. On the 

other hand, as shown in Figure 4.4 (b), the as-deposited and 200 °C-annealed TiO2 films 
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show an earlier absorption with a less steep increase in the extinction coefficient when 

the photon energies are near band edge compared to that of TiO2 films annealed at 300 

°C and above. This could be an indicator for disorder in the TiO2, where in-gap states 

could cause the earlier absorption with lagging behavior [101]. This may be due to the 

fact that the amorphous phase has the less structural order than polycrystalline phase, 

possibly leading to these in-gap states.  
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Figure 4.4  (a) Refractive index (n) and (b) extinction coefficient (k) of as-deposited 

and O2-annealed TiO2 films annealed at 200 ºC, 300 ºC, 400 ºC, 500ºC, 

and 800 ºC from spectroscopic ellipsometry measurement (Inset of Figure 

4.4 (b): zoomed-in figure of the selected area). 
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4.3.4 Band alignment  

The band alignment of TiO2 films can be obtained if  the bandgap (Eg) 

information and the valence band maximum (VBM) position are known. Figure 4.5 (a) 

shows the Tauc plots of TiO2 films with different annealing temperatures from SE 

measurements for Eg extraction. The as-deposited and 200 °C-annealed TiO2 films show 

a smaller Eg of 3.2 eV compared to that of 3.4 eV for TiO2 films annealed at 300 °C and 

above, consistent with the earlier absorption of the extinction coefficient in Figure 4.4 

(b). The VBM position of TiO2 films with reference to Fermi level can be obtained from 

XPS, as shown in Figure 4.5 (b). Both as-deposited and 200 °C-annealed TiO2 films 

show similar VBM of 2.6 eV while films annealed at 300 °C and above show similar 

VBM of 2.9 eV. The distinct value of Eg and VBM between the polycrystalline-TiO2 

and amorphous-TiO2 suggest different electronic structures of the TiO2 films with 

different crystallinity. However, the differences in TiO2 films with the same 

crystallinity, for examples, the as-deposited and the 200 °C-annealed TiO2 films, may 

not be significant enough to be detected by our measurement, with an average system 

error of 0.1 eV.  

Figure 4.5 (c) exhibits the extracted band alignment of polycrystalline-TiO2 and 

amorphous-TiO2, where the difference between the conduction band minimum (EC,min) 

and the Fermi level,  ECF (ECF = EF ï EC,min) , can be observed. The amorphous-TiO2 

shows a larger ECF value of 0.6 eV compared to that of 0.5 eV in the anatase 

polycrystalline-TiO2, potentially explaining the observation that amorphous-TiO2 

shows insulating behavior while polycrystalline-TiO2 exhibits semiconducting 

behavior. It is noted that the derived results are highly simplified without considering 

the electronic structure differences. More rigorous methods such as density functional 
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theory (DFT) calculation should be conducted in the future to confirm this simplified 

model.  

 

Figure 4.5  (a) Tauc plots of TiO2 films with different annealing temperature from 

spectroscopic ellipsometry (SE) measurements for bandgap extraction; (b) 

Valence band maximum position with reference to Fermi level from X-ray 

photoemission spectroscopy (XPS); and (c) derived band alignment of 

polycrystalline-TiO2 and amorphous-TiO2. 

4.4 Possible carrier transport mechanism  

The multiple-trapping-and-release (MTR) model was proposed to explain the 

carrier transport behavior in our TiO2 films, as shown in Figure 4.6. According to MTR 

model, in the semiconductors with structural disorder, such as poly-Si, poly-ZnO, a-

Si:H, most electrons are trapped in the localized states within the bandgap, and only a 

small fraction of the trapped charge near the conduction band can be thermally released 

and contribute to the charge transport [101-107]. When these electrons reach the 
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delocalized states in the conduction band, they can be described as free electrons with a 

band mobility ɛBand. According to this theory, the field effect mobility can be calculated 

as the band mobility reduced by the ratio of the free carrier concentration to those 

trapped in the trap states [101]: 

    ‘ ‘  (4.2). 

 

 

Figure 4.6 Schematic view of the transport mechanism based on multiple-trapping-

and-release (MTR) model. 
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Therefore, the field effect mobility can be improved as less electrons are trapped 

in the bandgap and achieve its maximum value of the band mobility when a perfect 

crystal with periodic structure is obtained. The localized defect states in the band gap 

can be due to the interruption of the periodic lattice structure. As a result, the trap state 

density in the band gap would be greatly reduced by increasing the structure order of 

the material. 

By applying the MTR theory, the distinct TFT behavior with amorphous and 

polycrystalline TiO2 channel can be explained, which is schematically shown in Figure 

4.6. The amorphous-TiO2 (a-TiO2) has the least structural order, which would induce a 

large amount of trap states in the bandgap. Thus, most electrons are trapped in the deep 

level states within the bandgap, which can not be thermally activated, resulting in the 

limited conductivity in TFTs. When TiO2 is transformed to polycrystalline phase, the 

structural order is greatly improved, resulting in a reduced trap state density, especially 

for the deep state. As a result, a significantly increased number of electrons can be 

thermally generated into the conduction band, contributing to the charge transport and 

greatly improve the conductivity of TiO2. 

The performance differences of TiO2 TFTs with the annealing temperature 

above 300 °C can be attributed to the effects of TiO2 grain size on the charge transport. 

It is well known that the grain boundaries in polycrystalline material act as defect states 

for charge transport [101, 104, 106, 107]. The relative percentage of the grain 

boundaries in a polycrystalline material will be reduced as the grain size is increased, 

leading to the decreased defect states in the bandgap. According to the XRD, the average 

grain size of TiO2 film becomes larger when annealing temperature is increased, 

resulting in less defect states in the band gap and increased number of delocalized 
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electrons in the conduction band. These increased free electrons explain the negative 

Vth shift of TiO2 TFTs with higher-temperature-annealed channel. The ɛFE in TFTs is 

also found to increase with a higher annealing temperature, which could be explained 

by less electrons trapped in localized states, agreeing well with the Equation (4.2) by 

MTR model. The proportional relationship between ɛFE and Qfree in TiO2 TFT 

performance suggests the applicability of the MTR theory on the charge transport in the 

TiO2 TFTs. 

 

 

Figure 4.7 The proportional relationship between field effect mobility (ɛFE) and 

channel charge density (Qfree) in TiO2 TFT performance with the TiO2 

annealing temperature above 300 °C. 
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4.5 Summary  

In this chapter, we studied the effects of annealing temperature on TiO2 TFT 

performance. The as-deposited TiO2 films were annealed in oxygen-containing ambient 

with temperatures ranging from 200 ºC to 800 ºC. Then, TFTs with the as-deposited 

TiO2 and the different-temperature-annealed TiO2 channel were fabricated and 

measured. A conductivity transition of TiO2 channel from insulator to semiconductor 

were observed. The results from GI-XRD and XPS measurements suggest that these 

TiO2 films have transformed from amorphous to polycrystalline at 300 ºC while keeping 

nearly ideal stoichiometry due to passivation of oxygen annealing. Simplified band 

diagram of amorphous-TiO2 and polycrystalline-TiO2 were derived from SE and XPS 

measurements. The amorphous-TiO2 showed a larger ECF value compared to that in the 

anatase polycrystalline-TiO2, potentially explaining the observation of the conductivity 

transition. The multiple-trapping-and-release (MTR) model was proposed to explain the 

carrier transport behavior in the TiO2 films, which agrees well with our experimental 

TFT data, suggesting its applicability in explaining the charge transport in the TiO2 

films. The results in this chapter highlights the important role of crystallinity in the 

electrical properties of TiO2 films and also suggests a minimum processing temperature 

of 300 ºC for TiO2 films to be used as active channel in TFT application.  
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EFFECT OF ZRO2 DIELECTRIC THICKNESS ON TIO 2 TFT 

PERFORMANCE  

5.1 Introduction  

In the last two chapters, most of the attention has been focused on the TiO2 

channel and its material properties upon annealing condition such as annealing ambient 

and temperature. On the other hand, to successfully achieve high-performance TFTs, 

the requirements of a channel material with high carrier mobility, a gate dielectric with 

large capacitance, and a high-quality channel/dielectric interface should all be met. In 

this context, the gate dielectric also plays a vital important role in TFT performance, the 

effect of which on TFT performance should be investigated in detail.  

Theoretically speaking, a reduced dielectric thickness could unequivocally 

enhance device performance, originating from an improved electrostatic control of the 

gate [108, 109]. However, in practice, dielectric thickness scaling in the nanometer 

regime can be a challenge, which poses stringent demands on the dielectric quality. The 

challenges for dielectric thickness scaling could be summarized as follows: (1) The 

leakage current exponentially increases as the dielectric thickness reduces, thereby 

impairing the overall device performance [110, 111]. (2) The oxide charges in the gate 

dielectric may be varied by thickness, causing instability of the threshold voltage (Vth) 

and degradation of the channel mobility (ɛeff) in devices [112, 113]. (3) The interface 

chemistry and the interface trap of the dielectric/channel junction might also be 

Chapter 5 
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dependent on the dielectric thickness for aggressive thickness scaling, leading to the 

modification of the electrical characteristics of TFTs [112, 114]. 

 In this chapter, in-depth investigations on the impact of the ZrO2 gate dielectric 

thickness on TiO2 TFTs were carried out. Exhaustive electrical measurements on TFTs, 

metal-insulator-metal (MIM), and metal-oxide-semiconductor (MOS) capacitors were 

carried out using three different ZrO2 thicknesses, 5 nm, 10 nm, and 20 nm. It is found 

that ZrO2 possesses outstanding thickness scalability, providing reliable dielectric 

functions under an ultrathin physical thickness of 5 nm, while further reduction in ZrO2 

thickness would lead to dielectric breakdown in TFTs. Improved electrical performance, 

including higher Ion/Ioff and lower SS can be observed with the decreased ZrO2 thickness 

in TFTs, while the ɛeff and Vth values are maintained, suggesting the lack of oxide 

charges in the ZrO2 and indicating high dielectric quality. The measurement results from 

MIM and MOS suggest the presence of a low-permittivity (low-Ů) interfacial layer, 

which takes up a significant portion of the stack with the reduced ZrO2 bulk thickness. 

Furthermore, atomic force microscope (AFM) and X-ray photoelectron 

spectroscopy (XPS) measurements are performed to evaluate the ZrO2 dielectrics from 

a material point of view.  It is believed that the smooth surfaces of ZrO2 on top of TiO2, 

the well-structured ZrO2 without detectable oxygen-related defects, and the large 

conduction band offset between ZrO2 and TiO2 are the underlying physical reasons for 

the excellent ZrO2 thickness scalability. 

5.2 TFT, MIM, and MOS device fabrication 

The ZrO2/TiO2-based TFT, ZrO2-based MIM, and ZrO2/TiO2-based MOS are 

concurrently fabricated on the same substrate with the same ZrO2 thickness. The TFT 

fabrication process is the same as that described in Chapter 2. For MOS fabrication, the 
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Al was deposited as cathode metal onto TiO2 mesa, which is formed at the same step as 

the source/drain formation in TFTs. The Ni /Au metal stack was deposited as the anode 

metal after the ZrO2 deposition, which is simultaneously formed at the gate step for the 

TFTs. Similarly, for MIM structure, Al was deposited onto the Si/SiO2 substrate after 

TiO2 mesa step, which would function as cathode metal. The Ni /Au metal stack was 

evaporated as the anode metal after the ZrO2 deposition. The concurrent fabrication of 

TFT, MOS, and MIM on the same sample could minimize the inconsistency, thus 

ensuring more accurate information extracted from the different device architectures. 

For investigating the effects of ZrO2 thickness, three samples all containing the TFT, 

MOS, and MIM were fabricated simultaneously, and the only difference among samples 

is the ZrO2 gate dielectric thickness. The devices (TFT, MOS, and MIM) with ZrO2 

thicknesses of 5 nm, 10 nm, and 20 nm are denoted as Sample A, B, and C, respectively. 

The fabricated TiO2 TFTs, with Sample A-C having different ZrO2 thicknesses, 

are all in a top-gate configuration with the identical device dimensions: a gate width 

(W) of 70 ɛm, a gate length (L) of 3 ɛm, and a gate-source/drain overlap (LGS,OV/LGD,OV) 

of 1.5 ɛm. The ZrO2-based MIM structures have an anode/cathode width (W) of 70 ɛm, 

an anode length (Lanode) of 10 ɛm, and a cathode length (Lcathode) of 70 ɛm. The 

ZrO2/TiO2-based MOS structures have an anode/cathode width (W) of 70 ɛm, an anode 

length (Lanode) of 12 ɛm, cathode length (Lcathode) of 70 ɛm, and an anode/cathode offset 

spacing (Loffset) of 1 ɛm. 
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5.3 Device performance analysis  

5.3.1 Effect of ZrO2 thickness on TFT performance  

The double-sweep transfer curves and gate leakage currents (IGS) of the TFTs in 

all the samples, under a drain-source bias (VDS) of 2 V, are shown in Figure 5.1 (a)-(c). 

All the TFTs exhibit exceptional switching characteristics, including a high Ion/Ioff great 

than 108, a low subthreshold swing (SS) below 100 mV/dec, and a negligible hysteresis 

window.  

A clear enhancement in TFT performance can be observed as the ZrO2 thickness 

is reduced. Specifically, the SS is monotonically reduced from 92 mV/dec to 72 mV/dec, 

and the Ion/Ioff is continuously increased from 2.4×108 to 7.7×108 when the ZrO2 

thickness is scaled down from 20 nm to 5 nm. Negligible hysteresis in all the TFTs 

suggests the lack of mobile oxide charges and the low density of slow interface trap 

regardless of the ZrO2 thickness, indicating the high quality of ZrO2 dielectrics [115]. 

The low IGS with flat curvature in all the samples indicates excellent insulating 

properties of ZrO2 even with an ultrathin thickness of 5 nm, while further reduction in 

ZrO2 thickness would lead to a breakdown of the TFTs, as shown in Figure 5.2, 

indicating some physical limitations for the ultrathin ZrO2 dielectrics.  

Figures 5.1 (d)-(f) show the corresponding output characteristics of the same set 

of TFTs, where current saturation and pinch-off are observed within a 2-volt range. The 

linear I-V characteristics at low VDS range suggest an Ohmic contact between TiO2 and 

Al, the barrier of which is small enough that electrons from Al can easily be injected 

into TiO2 for current conduction. The enhanced current drivability of TFTs are also 

clearly exhibited with the reduced ZrO2 thickness. 
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Figure 5.1 The double-sweep transfer curves and gate leakage currents of (a) Sample 

A (5 nm ZrO2), (b) Sample B (10 nm ZrO2), and (c) Sample C (20 nm 

ZrO2) under VDS = 2 V, where the subthreshold swing (SS) are extracted 

over current range from 10-12 A to 10-10 A. The corresponding output 

characteristics of the same TFTs: (d) Sample A, (e) Sample B, and (f) 

Sample C. 
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Figure 5.2 Transfer curves and gate leakages of TiO2 TFTs with 4 nm ZrO2 dielectrics 

under VDS = 2 V, showing dielectric breakdown for the TFTs with 4 nm 

ZrO2 dielectrics. 

The field-effect-mobility (ɛeff) and threshold voltage (Vth) of TFTs can be 

obtained by linear extrapolation of transfer curves in linear-region operation (VDS = 0.1 

V), as shown in Figure 5.3. The ɛeff of Sample A, B, and C can be extracted from the 

slopes of the linear fitting according to: 

 ʈ   (5.1), 

where COX, the gate dielectric capacitance per unit area, is obtained by C-V 

measurement. The extracted ɛeff is 5.74, 4.10, and 5.45 cm2ĀV-1Ās-1 for Sample A, B, and 

C, respectively. On the other hand, the Vth of Sample A, B, and C, obtained by the x-

intercept of the linear extrapolation, is -0.08, -0.01, and 0.06 V, respectively.  
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Figure 5.3 Transfer curves of the TiO2 TFTs with various ZrO2 thickness, Sample A 

(5 nm ZrO2), B (10 nm ZrO2), and C (20 nm ZrO2), under VDS = 0.1 V for 

field effect mobility (ɛeff) and threshold voltage (Vth) extraction, where the 

same TFTs as shown in Figure 5.1 are used. 

We also performed a statistical study based the multiple TFTs on Sample A, B, 

and C to reveal the effects of ZrO2 thickness on the ɛeff and threshold voltage Vth. 

Figures 5.4 (a)-(c) respectively shows the transfer curves of TiO2 TFTs under VDS = 0.1 

V for 8 devices on Sample A (5 nm ZrO2), 12 devices on Sample B (10 nm ZrO2), and 

9 devices on Sample C (20 nm ZrO2). The ɛeff and Vth of TFTs with different ZrO2 

thickness are extracted from these transfer curves, and the statistical results are shown 

in the Figure 5.5. The extracted ɛeff in the form of Mean ± Standard Deviation is 6.19 ± 

0.96 cm2ĀV-1Ās-1 for Sample A (5 nm ZrO2), 5.46 ± 0.94 cm2ĀV-1Ās-1 on Sample B (10 nm 

ZrO2), and 5.93 ± 0.95 cm2ĀV-1Ās-1 on Sample C (20 nm ZrO2), while the extracted Vth 

is -0.54 ± 0.31 V for Sample A (5 nm ZrO2), -0.46 ± 0.27 V on Sample B (10 nm ZrO2), 

and -0.17 ± 0.33 V on Sample C (20 nm ZrO2). 
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Figure 5.4 Transfer curves of TiO2 TFTs under VDS = 0.1 V for (a) 8 devices on 

Sample A (5 nm ZrO2), (b) 12 devices on Sample B (10 nm ZrO2), and (c) 

9 devices on Sample C (20 nm ZrO2). 

Statistically speaking, the ZrO2 thickness didnôt significantly change the Vth and 

ɛeff, which is important for large-area application and circuit integration. The 

insignificant changes in the Vth and ɛeff suggest the lack of mobile oxide charges in the 

gate dielectric, which is notorious for causing Vth instability and ɛeff degradation in 

devices [112], therefore proving a strong scalability of our PEALD-derived ZrO2 as gate 

dielectrics. It is noted that although our TiO2 TFTs exhibit some device-to-device 

variations, such device variations are comparable to most of other oxide TFTs, which 

should be acceptable for most applications. The slight device variations could be 

attributed to the polycrystalline nature of our TiO2 channel, resulted from the 

nonuniform distributions of grain boundary.        
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Figure 5.5 The statistical results of (a) mobility (ɛeff) and (b) threshold voltage (Vth) 

of TiO2 TFTs with different ZrO2 thickness. 

5.3.2 Effect of ZrO 2 thickness on MIM performance 

The impact of ZrO2 thickness on the leakage current characteristics were 

investigated by the J-V measurement on MIM capacitors with various ZrO2 thickness. 

Figure 5.6 (a) depicts the current density (J) versus applied voltage (V) for all the 

samples. The breakdown voltage (Vbr) can be defined as the voltage value at which the 

leakage current reaches 1 A/cm2. By this definition, the Vbr for Sample A, B, and C are 

3.63 V, 5.38 V, and 9.86 V, respectively. As expected, the Vbr is reduced with the 

decreased ZrO2 thickness. The Vbr of 3.63 V for Sample A, which is comfortably beyond 

the TFT operation range of 2 V, explains the low IGS in the corresponding TFTs. This 

indicates that 5 nm ZrO2 is sufficient for low-voltage application, such as 2 V operation. 

This data is re-plotted as leakage current density (J) versus applied electric field (E) in 
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Figure 5.6 (b), where E equals to the applied voltage divided by the ZrO2 thickness 

Similarly, the breakdown electric field (Ebr) is the value at which the leakage currents 

reach 1 A/cm2, and the extracted Ebr is 7.26 MV/cm, 5.38 MV/cm, and 4.93 MV/cm for 

Sample A, B, and C, respectively. It is interesting to observe that the Ebr is enhanced 

with the reduced ZrO2 thickness, indicating an improved high-electric-field endurance 

for the scaled ZrO2 dielectrics. Similar observations have been reported in other oxide 

dielectrics [116, 117]. 

Poole-Frenkel (P-F) model was adopted to identify the underlying physical 

nature leading to an enhanced electric-field endurance in the scaled ZrO2 dielectrics.  

The P-F emission describes the thermally detrapping process of electrons from the 

localized states into the conduction band of oxide with the electric-field assistance [116, 

118], which is governed by the equation: 

                                             ὐ ὅὉ ÅØÐ ᶮ
ȟ

                    (5.2), 

where ɲ  is the trap energy level, E is the electrical field, ‐ȟ  is the relative optical 

permittivity of the film at high frequency, ‐ is the vacuum permittivity, Ὡ is the 

elementary electron charge, C is the fitting constant, k is the Boltzmann constant, and T 

is the temperature. The P-F plot, logarithm of J divided E versus the square root of the 

field (In(J/E) versus E1/2), of Sample A, B, and C is depicted in Figure 5.7 (a). The 

resulting linearity in this plot suggests the applicability of the P-F model to our ZrO2-

based MIMs. It can be observed that a single slope can be suitably fitted to the P-F plot 

of 5 nm ZrO2, in contrast to that distinctly different slopes under different field regions 

are exhibited in 20 nm ZrO2. The slope of the P-F plot is correlated to relative optical 

permittivity ‐ȟ  of the film, from which the ‐ȟ  of all the samples are derived under 

the electrical field regions showing good linearity in Figure 5.7 (b)-(e). The extracted 
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‐ȟ  is 2.99 for 5 nm ZrO2, 4.88 for 10 nm ZrO2, 10.37 in low electric-field region, 

and 0.28 in high electric-field region for 20 nm ZrO2.  
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Figure 5.6 Leakage current measurements based on metal-insulator-metal (MIM) 

capacitor structure with various ZrO2 thickness, Sample A (5 nm ZrO2), B 

(10 nm ZrO2), and C (20 nm ZrO2): (a) Current density (J) versus applied 

voltage (V) plot, where the breakdown voltage (Vbr) is defined as the 

voltage value at which the leakage currents reach 1 A/cm2; (b) Current 

density (J) versus applied electric field (E) plot, where the E is defined as 

applied voltage (V) normalized by the ZrO2 thickness, and the breakdown 

electric field (Ebr) is the value at which the leakage currents reach 1 A/cm2. 
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Figure 5.7 (a) Poole-Frenkel (P-F) plot (In(J/E) versus E1/2) of MIM capacitors with 

various ZrO2 thickness for Sample A (5 nm ZrO2), B (10 nm ZrO2), and C 

(20 nm ZrO2) for conduction mechanism investigation. (b)-(e) Linear 

fitting of P-F plot for Sample A, B, and C, from which the relative optical 

permittivity ‐ȟ  is derived under different electric field region. (f) 

Possible mechanism for the enhanced electric-field endurance in the scaled 

ZrO2 dielectric. 

It is well known that an interfacial layer often exists when two different materials 

contact each other, which exhibit inferior material properties when compared to the bulk 

material, such as a lower permittivity (Ů) [14]. Therefore, it is believed that the low 

‐ȟ  of 0.28 in the high electric-field region originates from the low-Ů interfacial layer 

at the ZrO2/metal, while the high ‐ȟ  of 10.37 in low electric-field region is attributed 

to the bulk ZrO2 in 20 nm ZrO2 dielectric. As the ZrO2 thickness reduces, the proportion 

and contribution of this low-Ů interfacial layer become larger, which could possibly lead 

to a less detectable distinction between the interfacial layer and the bulk ZrO2 due to the 
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lack of contribution from the bulk ZrO2 in these ultrathin ZrO2 dielectrics. This may be 

the reason why when electric field is limited to 6 MV/cm, one slope can suitably 

describe the features in P-F plot for the 5 nm ZrO2 dielectrics with a much smaller 

extracted ‐ȟ  value. 

Based on the above observations, a possible mechanism is proposed to explain 

the enhanced electric-field endurance in the scaled ZrO2 dielectric, as is shown in Figure 

5.7 (f). The dielectric breakdown is believed to have a strong inhomogeneous nature, 

which can be triggered if the local concentration of the defect is high enough to form a 

conduction path between the electrodes [111]. Therefore, the lack of distinctions 

between bulk ZrO2 and the interfacial layer may lead to a more electrically 

homogeneous film in the scaled ZrO2 dielectrics, resulting in an enhanced electric-field 

endurance. On the other hand, the more pronounced difference between the interfacial 

layer and the bulk ZrO2 in the thicker ZrO2 dielectrics could induce more defect 

formation locally at the interface. The diffusion of these increased defects under high 

electric field could possibly result in the formation of a conducting path, leading to the 

premature breakdown as a result. Overall, the MIM results elucidate the presence a low-

Ů interfacial layer, and such an interfacial layer is believed to play a more important role 

in the scaled ZrO2 dielectrics, leading to the thickness-dependent leakage current 

characteristics.  

5.3.3 Effect of ZrO 2 thickness on MOS performance 

The information of oxide capacitance (Cox) and its associated electric 

permittivity (Ů) can be obtained by capacitance-voltage (C-V) measurement on MOS 

capacitors [119-121]. Figure 5.8 (a)-(c) respectively show the represented C-V curves 

at frequency of 1 kHz for Sample A, B, and C. The small hysteresis between forward 
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and backward sweep indicates the lack of slow interface traps in all the samples, which 

is consistent with our TFT measurement, suggesting a high-quality TiO2/ZrO2 interface 

[121, 122]. The Cox can be extracted from the accumulation region at 2 V in the C-V 

curves when the semiconductor capacitance becomes negligible [119]. Capacitanceï

frequency curve of these MOS capacitors were also measured, as shown in Figure 5.9.  

A weak dependence of oxide capacitance on applied frequency can be observed in all 

the samples, suggesting the stable dielectric performance and the high quality of ZrO2 

dielectrics. 

Figure 5.8 (d) shows the statistical results of Cox as a function of ZrO2 thickness. 

The Cox values, with mean ± stand deviation, are 2.33 ± 0.04 µF/cm2 for Sample A, 1.47 

± 0.01 µF/cm2 for Sample B, and 0.92 ± 0.02 µF/cm2 for Sample C. As anticipated, the 

Cox is greatly increased as the ZrO2 thickness is reduced. The increased Cox can 

effectively accumulate more charges under the same gate bias, thus contributing to a 

higher on-current and steep-switching behavior in TFT performance. The electric 

permittivity (Ů) of ZrO2 can be derived by Cox according to:  

                                                            ‐                                                      (5.3), 

where ‐ is the electric vacuum permittivity, and tox is the physical thickness of ZrO2. 

Figure 5.8 (e) exhibits the statistical results of Ů as a function of ZrO2 thickness. It is 

interesting to note that the derived Ů seems to increase with thicker ZrO2 dielectric. The 

extracted Ů value, in form of mean Ñ stand deviation, gradually increases from 13.17 ± 

0.21 (Sample A) to 16.57 ± 0.06 (Sample B) and 20.65 ± 0.41 (Sample C).  
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Figure 5.8 (a)-(c) Capacitance-voltage (C-V) measurement at frequency of 1 kHz 

based on metal-oxide-semiconductor (MOS) capacitor structure with 

various ZrO2 thickness for Sample A (5 nm ZrO2), B (10 nm ZrO2), and C 

(20 nm ZrO2). (d) The extracted oxide capacitance (Cox) and (e) electric 

permittivity (Ů) as a function of ZrO2 thickness based on statistical 

measurement results. 
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Figure 5.9 Measured capacitance-voltage (C-V) characteristics under various 

frequency ranging from 1 kHz to 100 kHz based on the metal-oxide-

semiconductors (MOS) structures on (a) Sample A (5 nm ZrO2), (b) 

Sample B (10 nm ZrO2), and (c) Sample C (20 nm ZrO2). 

This can be explained by the presence of the low Ů interfacial layer between TiO2 

and ZrO2, similar to the case in MIM capacitors, taking up a greater proportion of the 

total thickness in the scaled ZrO2 dielectrics. Therefore, as the ZrO2 thickness is 

decreased, the increased contribution from the low-Ů interfacial layer could lead to the 

reduction in the extracted Ů value, which can be thought of as the average value of the 

low-Ů interfacial layer and high-Ů bulk ZrO2 dielectrics. Thus, a correlation needs to be 

done for the accurate extraction of Ů value for bulk ZrO2 dielectrics. 
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Figure 5.10 Capacitance equivalent thickness (CET) versus ZrO2 physical thickness 

plot. The slope yields the Ů value of the bulk ZrO2, and the y-axis intercept 

is the quantum-mechanical correction factor. Inset of Figure 5.10: the 

physical origins of this quantum thickness. 

Figure 5.10 depicts the capacitance equivalent thickness (CET) correction for a 

more accurate extraction, where the CET can be calculated from Cox according to: 

                                                           ὅὉὝ
Ȣ 

                                                   (5.4). 

The slope of CET versus ZrO2 physical thickness yields the Ů value of the bulk ZrO2, 

with the extracted value of ~25.9. This large Ů value strongly suggests a high dielectric-

quality of our PEALD-derived ZrO2. The y-axis intercept (~0.77 nm) in Figure 5.10 is 

the quantum-mechanical correction factor, which accounts for the effects from the low-

Ů interfacial layer and also reflects the distance of the charge centroid in the channel 

from the oxide/semiconductor interface. 
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5.3.4 Effect of ZrO 2 thickness on interface trap density 

The interface quality of ZrO2/TiO2 in all the samples was examined by 

conductance-voltage/frequency (G-V/f) measurement on MOS capacitors [82, 123-

126], where the measurement setup and its associated circuit model are shown in the 

Figure 5.11 (a).  The responses of the MOS devices were recorded by biasing high on 

the anode and biasing low on the cathode with a superimposed small ac signal ranging 

from 1 kHz to 1 MHz. Figure 5.11 (b)-(d) show the measured equivalent parallel 

conductance (Gm/ɤ) as a function of applied voltage under different frequency for 

Sample A, B, and C.  

Two features can be commonly observed in the Gm/ɤ-V curves for all the 

samples: (1) At a certain frequency, there exists a peak in the G/ɤ-V curves, and (2) the 

magnitude of the peak increases, and the position of the peak shifts toward a higher 

applied voltage as the applied frequency is increased. These features can be attributed 

to the trapping and detrapping process of the interface states, exchanging the electrons 

between the channel and localized interface states, the behavior of which can be 

described by the following equation [82, 123-125]:          

                                               )Îρ ʖʐ                                          (5.5), 

where Dit is the interface trap density, ʐ is the corresponding trap lifetime constant, ɤ 

is angular frequency (ɤ=2ˊf), and Ὡ is the elementary electron charge. Thus, the Dit 

information can be quantitatively obtained by modelling the experimental G/ɤ-ɤ data 

according to Equation (5.5).  
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Figure 5.11 (a) Schematic of the G-V/f measurement setup on MOS capacitors and its 

associated circuit model. (b)-(d) Measured equivalent parallel conductance 

(G/ɤ) as a function of applied voltage for Sample A (5 nm ZrO2), B (10 

nm ZrO2), and C (20 nm ZrO2). (e)-(g) G/ɤ as a function of ɤ for interface 

trap density (Dit) extraction using the conductance method. Note that the 

symbols are the measurement data and lines are the fitting results. 
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The Dit and its corresponding time constant Űit can be deduced by $
Ȣ
  and ʐ

Ȣ
, where the  is the peak value of , and ʖ  is the 

angular frequency at which the maximum value is obtained. Figures 5.11 (e)-(g) 

demonstrate the extraction process for Sample A, B, and C, where the same data set as 

in Figures 5.11 (b)-(d) has been replotted into the measured Gm/ɤ as a function of 

angular frequency ɤ under different applied voltage. It is noted that the symbols are the 

measurement data, which are well-harmonized with the modelled results marked in 

lines. 

The extracted Dit with its related time constant ʐ can be mapped to the energy 

level (EC-ET) according to the Shockley-Read-Hall statistics [119, 121, 123, 126]: 

                                          ʐ ÅØÐ                                                 (5.6), 

where ɜth is the thermal velocity, ůn is the electron capture cross section, and NC is the 

effective density of states in the TiO2 conduction band. By assuming T=300 K, ɜth=107 

cm/s, ůn=10-14 cm2, and NC=1019 cm-3, the extracted Dit values as a function of energy 

level in all the samples are comparatively shown in Figure 5.12.  

It is observed that the Dit value is reduced with the increased ZrO2 thickness, 

gradually decreasing from (13.2-15.3) ×1012 cm-2ĀeV-1
 for Sample A to (7.98-9.48) 

×1012 cm-2ĀeV-1 for Sample B and (5.50-6.56) ×1012 cm-2ĀeV-1 for Sample C. The 

reduced Dit value can be explained by the fact that longer deposition time is required for 

thicker ZrO2 dielectrics, virtually equivalent to the annealing treatment for the 

ZrO2/TiO2 interface, thereby possibly diminishing some interface traps and resulting in 

a reduced Dit value [86, 122].  
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Figure 5.12 Comparison of the extracted Dit as a function of energy level (EC-ET) for 

Sample A (5 nm ZrO2), B (10 nm ZrO2), and C (20 nm ZrO2). Inset: the 

energy diagram showing the interface traps. 

On the other hand, the Dit values can also be extracted from SS value of the TFTs 

according to the equation:  

                                                    ὛὛ Ὀ ρ                                       (5.7), 

where k is the Boltzmannôs constant, T is the temperature, q is the elementary charge, 

Cox is the oxide capacitance, and Dit is the interface traps.  

We also tried to obtain the Dit information from the SS values of TFTs. First, a 

statistical result of TiO2 TFTs is provided for valid SS values of TFTs with different 

ZrO2 thickness. Figure 5.13 (a) shows the statistical SS values obtained from 8 devices 

on Sample A (5 nm ZrO2), 12 devices on Sample B (10 nm ZrO2), and 9 devices on 

Sample C (20 nm ZrO2). The extracted SS value in the form of Mean ± Standard 
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Deviation is 94.76 ± 10.73 mV/dec for Sample A (5 nm ZrO2), 97.82 ± 7.82 mV/dec on 

Sample B (10 nm ZrO2), and 117.3 ± 10.96 mV/dec on Sample C (20 nm ZrO2). We do 

observe the SS improvement from the reduced ZrO2 thickness, however, such an 

improvement become less obvious when ZrO2 thickness is scaled down from 10 nm to 

5 nm, which can be attributed to the much higher Dit in the 5 nm ZrO2.  
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Figure 5.13 (a) The statistical results of the SS values obtained from 8 devices on 

Sample A (5 nm ZrO2), 12 devices on Sample B (10 nm ZrO2), and 9 

devices on Sample C (20 nm ZrO2).  (b) The estimated Dit value from the 

average SS value. The lines represent the SS value by assuming a constant 

Dit and the measured Cox, while the stars represent the mean SS value of 

TFTs. 
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We further extract the Dit value from the average SS value according to Equation 

5.7 in Figure 5.13 (b), where the lines represent the SS value by assuming a constant Dit 

(from 4×1012 cm-2ĀeV-1 to 1×1013 cm-2ĀeV-1), and the stars represent the mean SS value 

of TFTs. The estimated Dit value from this method is ~ 8×1012 cm-2ĀeV-1
 for Sample A 

(5 nm ZrO2), ~ 6×1012 cm-2ĀeV-1
 on Sample B (10 nm ZrO2), and ~ 5×1012 cm-2ĀeV-1

 on 

Sample C (20 nm ZrO2). 

The Dit value extracted from SS of TFTs matches well with that from the 

conductance measurements, both of which are on the same order and show the 

increasing trend with the reduced ZrO2 thickness, thus suggesting the accuracy of our 

Dit value. 

5.3.5 Summary of device performance with different ZrO 2 thicknesses  

For comparison, Table 5.1 summarizes the extracted electrical parameters from 

the TFT, MIM, and MOS measurements with various ZrO2 dielectric thicknesses. The 

TFTs exhibit an improved electrical performance such as high Ion/Ioff and reduced SS 

with the decreased ZrO2 thickness, while the ɛeff and Vth values of these TFTs are 

maintained. Such an enhancement can mostly be attributed to the increased Cox, 

overtaking the adverse effects from the slightly degraded interface with higher Dit 

values. The low gate leakage in the TFTs with scaled ZrO2 is also a prerequisite for such 

an improvement, which can be attributed to the fact that the operation voltage is well 

below the Vbr, benefiting from the increased Ebr due to a more electrically homogeneous 

film in the scaled ZrO2 dielectrics.  
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Table 5.1 Summary of the extracted electrical parameters from the TFT, MIM, and 

MOS measurements with various ZrO2 dielectric thicknesses. 

 Sample A 

(5 nm ZrO2) 

 

Sample B 

(10 nm ZrO2) 

 

Sample C 

(20 nm ZrO2) 

 

Ion/Ioff 

 

7.7×108 3.0×108 2.4×108 

SS (mV/dec) 

 

72 88 92 

ɛeff (cm2ĀV-1Ās-1) 

 

5.74 4.10 5.45 

Vth (V) 

 

-0.08 -0.01 0.06 

Cox (µF/cm2) 

 

2.33 1.47 0.92 

Vbr (V) 

 

3.63 5.38 9.86 

Ebr (MV/cm) 

 

7.26 5.38 4.93 

Dit (cm-2ĀeV-1) 

 

(13.2-15.3) ×1012 (7.98-9.48) ×1012 (5.50-6.56) ×1012 

 

5.4 Material characterization  

5.4.1 Surface morphology 

The surface morphology of channel/dielectric is of vital importance to TFT 

performance. Thus, it is necessary to examine the impact of ZrO2 thickness on the TiO2 

surface morphology. Figure 5.14 (a)-(d) shows the light microscope (Zeiss Axio) 

images of the TiO2 mesa and the TiO2 mesas with the ZrO2 dielectrics of different 

thickness, where the ZrO2 thickness differences can be indicated from the color changes 

of the mesa structure under white light illumination with same intensity. Figures 5.14 

(e)-(h) respectively exhibit the corresponding atomic force microscope (AFM) image of 

the TiO2 mesa and the TiO2 mesas with the ZrO2 dielectrics of various thickness, where 
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the scan area is 1 ɛm Ĭ 1 ɛm. It is interesting to note that TiO2 mesa exhibit a relatively 

smooth surface with a small root-mean square (RMS) roughness of 0.184 nm, although 

the polycrystalline nature can still be vaguely observed in AFM image. When the ZrO2 

is deposited on the TiO2 mesa, ZrO2 surface exhibits slightly increased RMS values due 

to the atomic scale deposition of the growths following original TiO2 mesa surface 

topography. The ZrO2 remains amorphous at the low growth temperature of 130 ºC, and 

the amorphous nature was indeed confirmed by the X-ray diffraction (not shown). As 

the ZrO2 thickness increases, the RMS value on TiO2 mesa also slightly increases from 

0.285 nm on 5 nm ZrO2 to 0.357 nm on 10 nm ZrO2 and 0.379 nm on 20 nm ZrO2.  

 

Figure 5.14 The microscope image of (a) the TiO2 mesa, (b) the TiO2 mesa with 5 nm 

ZrO2, (c) the TiO2 mesa with 10 nm ZrO2, and (d) the TiO2 mesa with 20 

nm ZrO2; (e)-(h) The corresponding atomic force microscope (AFM) 

image of sample (a)-(d). 

Some possible reasons for the observed morphology change and RMS 

differences of the ZrO2 deposition with different thickness are as follows: (1) The 

morphology changes may be dictated by the growth dynamics of ZrO2 derived by 
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PEALD on the polycrystalline TiO2 films.  It is plausible that the grain boundary on 

TiO2 films may work as the nucleation sites for amorphous ZrO2 film to grow during 

PEALD growth. As such the underlying TiO2 polycrystalline nature become more 

obvious with the ZrO2 deposition. This hypothesis may be further corroborated by the 

finding that a seed layer is needed for a dielectric to be deposited on the 2D materials 

[127]. (2) The slightly increased RMS may be related to the interface tension/stress 

changes between TiO2/ZrO2 upon different ZrO2 thickness, which is due to the atomic 

mismatch of ZrO2 and TiO2. Similar increase in RMS can also be observed when 

growing thicker In2O3 channel on the SiO2 substrates [128]. (3) As longer deposition 

time is needed for thicker ZrO2, an in-situ annealing may also cause some morphology 

changes and lead to the slight RMS increase.  

Further investigations are needed to confirm the possible morphological growth 

mechanism. Nevertheless, all the films show small RMS values lower than 1 nm, which 

is beneficial to suppressing surface-roughness-induced leakage current and diminishing 

the surface-roughness-related charge trap at the interface, explaining the high device 

performance of our TiO2 TFTs with all the ZrO2 thickness. 

5.4.2 X-ray photoelectron spectroscopy and band alignment analysis 

The excellent scalability of ZrO2 suggests high-quality dielectric properties with 

respect to the TiO2 semiconducting channel. In order to obtain further insight from a 

material point of view, X-ray photoelectron spectroscopy (XPS) measurements were 

performed on three samples, specifically, a bulk TiO2 sample, a bulk ZrO2 sample, and 

a ZrO2/TiO2 heterostructure, with the sample details shown in the inset of Figure 5.15 

(a)-(f). The chemical states of TiO2 and ZrO2 were first examined by XPS of the bulk 

samples. Both TiO2 and ZrO2 exhibit nearly ideal stoichiometry within XPS limitations. 
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This can be evidenced by the Ti 2p3/2 peak positioned at 459.11 eV and the Ti 2p1/2 peak 

5.8 eV away, consistent with an oxidation state of Ti4+. Similarly, the Zr 3d5/2 peak 

located at 182.29 eV with a spin-orbit splitting of 2.4 eV from the Zr 3d3/2 peak suggests 

an oxidation state of Zr4+ and a stoichiometric ZrO2 film. This is further confirmed by 

the O 1s spectra of the TiO2 and ZrO2 in Figure 5.16, where only the O-Metal peak and 

O-H group peak can be observed without any detectable oxygen-deficient or non-

stoichiometric metal oxide peak. Given the ideal oxide stoichiometries as measured with 

XPS, the lack of oxygen vacancies in both TiO2 and ZrO2 is believed to be the main 

contributor to the excellent electrical performance in our TFTs, such as the high ɛeff in 

TiO2 and the low leakage current in ZrO2. Charged oxygen vacancies could function as 

charging traps in the TiO2 channel, thereby reducing the ɛeff by enhanced Coulomb 

scattering [86, 129]. On the other hand, these oxygen vacancies may work as oxide 

charges in bulk ZrO2, causing Vth and ɛeff instability and a high leakage current in TFTs 

[112]. Additionally, oxygen vacancies could work as interface traps at the TiO2/ZrO2 

interface, resulting in a degraded SS [86]. In this context, the well-structured ZrO2 and 

TiO2 without detectable oxygen-related defects are greatly beneficial to the realization 

of high-performance TFTs. The stoichiometry in the TiO2 and ZrO2 can be attributed to 

the strong oxidization of oxygen plasma during ALD growth and the passivation effects 

of oxygen gas during the annealing process for TiO2 crystallization. 
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Figure 5.15 (a) Ti 2p core level and (b) valence band maximum (VBM) of the bulk 

TiO2. (c) Zr 3d core level and (d) VBM of the bulk ZrO2. (e) Ti 2p core 

level and (f) Zr 3d core level of the ZrO2/TiO2 heterostructure. Insets: 

sample details for the corresponding XPS spectra. Measured O 1s plasmon 

energy loss spectra of (g) bulk TiO2 and (h) bulk ZrO2 for bandgap 

extraction. (i) Derived band alignment of ZrO2/TiO2 from XPS results. 
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Figure 5.16 XPS O 1s spectrum from (a) bulk TiO2 and (b) bulk ZrO2, where only the 

O-Metal peak and O-H group peak can be observed without any detectable 

oxygen feature related to oxygen near or interaction with vacancies. 

As the dielectric thickness is scaled down, the band alignment of the dielectric 

and semiconductor becomes a critical issue since the carriers in the semiconductor 

channel may easily tunnel into the dielectric if the band offsets are not large enough 

[130]. Therefore, it is of great importance to study the band alignment of ZrO2/TiO2 to 

evaluate the feasibility of ZrO2 as a gate dielectric. The valence band offset (VBO) 

between two materials can be determined by measuring the core-level (CL) to core-level 

separation in a heterostructure and referencing to the core-level (CL) to valence band 

maximum (VBM) energy differences from their individual bulk materials [131-133]. 

The sub-nanometer-thick interfacial layer between two materials is believed to have no 

measurable impact on the band alignment [133]. By this method, the VBO of the TiO2 

and ZrO2 can be obtained by the following equation:  

ЎὉ Ὁ ȟ Ⱦ Ὁ Ὁ ȟ Ⱦ Ὁ Ὁ ȟ Ⱦ

Ὁ ȟ Ⱦ Ⱦ                                                                                                     (5.8), 
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where the VBM is determined by the linear extrapolation of the leading edge in the 

valence band spectrum. A negligible VBO of ~0.01 eV can be obtained between ZrO2 

and TiO2.  

In order to derive the conduction band offset (CBO), the band gap (Eg) 

information is needed, which can be determined from the O 1s plasmon loss spectrum 

features [130-133]. The Eg of TiO2 and ZrO2 are determined to be 3.72 eV and 5.39 eV 

as shown in Figure 5.15 (g) and (h), respectively, consistent with the values in previous 

reports [132]. It is noted that the TiO2 Eg of 3.72 eV derived by O 1s plasmon loss 

spectrum features is slightly higher than that of 3.4 eV determined by the Tauc plots 

obtained from the spectroscopic ellipsometry measurements, which may be due to 

different extraction techniques [20].  

The conduction band offset (CBO) can then be derived from the obtained VBO 

and Eg according to the equation: 

                                              ЎὉ Ὁȟ Ὁȟ ЎὉ                                        (5.9).  

As a result, a large CBO of -1.66 eV can be calculated, where the negative sign means 

the conduction band maximum (CBM) of ZrO2 is on top of that of TiO2. Table 5.2 lists 

all the information from XPS used for determining the band alignment of ZrO2/TiO2. 

Figure 5.15 (i) illustrates the schematic of the ZrO2 and TiO2 band alignment, 

where a clear asymmetric band offset can be observed, resulting from the electronic 

structure of TiO2 and ZrO2. It is believed that the nonbonding O 2p states construct the 

top of the valence band, and the antibonding 4d/3d states of Zr/Ti form the bottom of 

the conduction band in ZrO2 and TiO2 [130, 134]. As a result, the similar O chemical 

states in both ZrO2 and TiO2 lead to the insignificant VBO, in contrast to the 

dissimilarity of Ti and Zr atoms resulting in a large CBO between ZrO2 and TiO2. The 
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negligible VBO implies that ZrO2 cannot provide enough barrier for holes from the 

TiO2. Fortunately, this problem is circumvented due to the n-type nature of TiO2, where 

a high subgap state density near the VBM leads to the absence of free holes for valence-

band transport. On the other hand, the large CBO of 1.66 eV between ZrO2 and TiO2 

can work as a tunneling barrier for electrons in the TiO2 channel, thereby greatly 

suppressing the leakage current, which results in excellent thickness scalability for 

ZrO2. Overall, from a material point of view, both the well-structured ZrO2 without 

detectable oxygen-related defects and the large CBO between ZrO2 and TiO2 are 

believed to be the underlying reasons for the TFT performance enhancement with the 

scaled ZrO2 thickness.  

Table 5.2  Information from XPS spectrum for determining the band alignment of 

ZrO2/TiO2 (N.A: Not Applied). 

(Units eV) Bulk TiO2 

(15 nm) 

 

Bulk ZrO2 

(10 nm) 

 

ZrO2 / TiO2  

(2 nm/ 15 nm) 

 

Ti 2p3/2 peak position  

 

459.11 N.A 458.63 

Zr 3d5/2 peak position 

 

N.A 182.29 182.38 

VBM position 

 

3.28 2.72 N.A 

Ti 2p3/2-VBM  

 

455.83 N.A N.A 

Zr 3d5/2-VBM  

 

N.A 179.57 N.A 

Ti 2p3/2-Zr 3d5/2 

 

N.A N.A 276.25 

Eg  

 

3.72 5.39 N.A 
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5.5 Summary  

In summary, in this chapter, the effects of ZrO2 dielectric thickness on TiO2 TFT 

performance were systematically studied. It is found that the TiO2 TFT performance can 

be enhanced with reduced ZrO2 thickness, including higher Ion/Ioff and lower SS, while 

the ɛeff and Vth values are maintained. The improvement in SS of TiO2 TFT became less 

obvious when ZrO2 thickness is scaled down from 10 nm to 5 nm, which can be 

attributed to the much higher interface trap density (Dit) in the 5 nm ZrO2, resulted from 

the shorter in-situ annealing due to the shorter deposition time for downscaled ZrO2. 

The measurement results from MIM and MOS also suggest the presence of a low-

permittivity (low-Ů) interfacial layer, which takes up a significant portion of the stack 

with the reduced ZrO2 bulk thickness. As a result, the TFT performance enhancement 

with reduced ZrO2 thickness can be explained by the increased oxide capacitance (Cox) 

overwhelming the effect from the slightly degraded interface with higher Dit when these 

ultrathin dielectrics can still maintain a low leakage current.  

Furthermore, atomic force microscope (AFM) and X-ray photoelectron 

spectroscopy (XPS) measurements were performed to evaluate the ZrO2 dielectrics 

from a material point of view.  It is believed that the smooth surfaces of ZrO2 on top of 

TiO2, the well-structured ZrO2 without detectable oxygen-related defects, and the large 

conduction band offset between ZrO2 and TiO2 are the underlying physical reasons for 

the excellent ZrO2 thickness scalability. 
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ONE-VOLT TIO 2 TFT AND SUPERACID TREATMENT  

6.1 Introduction  

In Chapter 3-5, we mainly focus on the fabrication process of TiO2 TFTs. The 

function of three key aspects of the fabrication process were investigated in detail, 

including the annealing ambient and temperature of TiO2 channel and the thickness of 

ZrO2 dielectrics, explaining the reason behind our champion TiO2 TFTs. 

Through these studies, an optimized fabrication process was developed in this 

chapter based on a 300 ºC O2-annealed TiO2 channel and a 10 nm ZrO2 gate dielectric. 

The resulting TFTs exhibited a high device performance including high on/off current 

ratio of 5.4×107 and a low subthreshold swing of 75 mV/dec under an ultra-low voltage 

of 1 V. These one-volt TiO2 TFTs with much-reduced thermal budget show a great 

potential in emerging IoT applications, such as foldable displays and wearable sensors, 

where a battery-powered operation is required. In addition, the channel/dielectric 

interface is systematically studied by transmission electron microscopy (TEM), multi-

frequency (f) C-V and G-V measurements. The good agreement of Dit values from both 

multi-f C-V and G-V measurements validate the extraction procedure and provide a 

protocol for interface investigation. 

Apart from the fabrication process optimization, a post-fabrication superacid 

(SA) treatment was also tentatively applied in TiO2 TFTs in this chapter. The current 

drivability was found to enhance by nearly two folds for TiO2 TFTs with offset regions 

after the treatment. The mechanism is investigated by using an ionic liquid with the 

Chapter 6 
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same anion and solvent for control experiment. It is believed that the protons (H+) from 

SA are doped into the offset region of TiO2 TFTs, forming an electron-double-layer and 

thus boosting the on-current. This post-fabrication treatment may bring out new 

possibility to future IoT devices.  

6.2 One-volt TiO 2 TFT with low -temperature process  

6.2.1 TFT fabrication  

These one-volt TiO2 TFTs were fabricated using a similar fabrication process as 

that described in Chapter 2. The differences are a lower-temperature-annealed TiO2 

channel and a thinner ZrO2 dielectric were adopted here. First, a 15-nm-thick TiO2 film 

was first deposited by oxygen plasma-enhanced atomic layer deposition (PE-ALD) at 

150°C on Si/SiO2 substrate. Then, samples were annealed at 300°C in O2 ambient for 

30 mins. Next, device mesa was formed by fluorine-based ICP etching. After that, 250 

nm Al was deposited as source/drain contacts followed by 10 nm ZrO2 dielectric 

deposited by PE-ALD. Finally, Ni /Au (170/80 nm) metal stack was evaporated as the 

gate contact. The devices are in a top-gate configuration with a gate width of 70 µm, a 

gate length of 3 µm and a gate-drain/source overlap of 1.5 µm. 

6.2.2 TFT performance  

Figure 6.1 (a) exhibits the double-sweep transfer characteristics and the gate 

leakage (IG) curve of the 300 °C-annealed TFT. The TFT exhibits a high Ion/Ioff of 

5.4×107, a low SS of 75 mV/dec (over ID of 10-12~10-10 A), and a negligible hysteresis 

window under VDS of 1 V. The flat IG curvature and low IG values over the VGS span 

suggest an excellent insulating property of the ZrO2 gate dielectric. The threshold 

voltage (Vth) of -0.1 V and a ɛsat of 2.13 cm2ĀV-1Ās-1 are extracted by linear extrapolation 
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of I
1/2 

D -VGS under VDS of 1 V as shown in the inset of Figure 6.1 (a). The output 

characteristics of the same TFT are shown in Figure 6.1 (b), where clear current pinch-

off and saturation are observed.  

Table 6.1 benchmarks the electrical performance of these one-volt TiO2 with 

other reported TiO2-based TFTs and other oxide-based TFTs from published literature, 

including ZnO, InZnO, InGaZnO, SnO2, and ZnSnO.  It can be observed that our TiO2 

TFTs stand out as the state-of-art TFTs based on TiO2 channel. The outstanding 

characteristics such as high on/off ratio (Ion/Ioff) and steep subthreshold swing (SS) in 

TiO2 TFTs is also compared comfortably with other metal oxide TFTs. The ultralow 

operation voltage of one volt shows great promise of our TiO2 TFTs in low-power IoT 

applications, paving the way toward future portable electronics. 
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Figure 6.1 (a) The double-sweep transfer curves and gate leakage currents and (b) 

output characteristics of 300°C -annealed TiO2 TFTs (Inset of Figure 6.1 

(a): I
1/2 

D versus VGS of the TFTs with the extracted ɛsat and linear 

extrapolated Vth). 
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Table 6.1 Benchmark of electrical performance of one-volt TiO2 TFTs. 

Ref (Year) Channel 

Material 

Biasing Condition 

(VGS, VDS) 

µ 

(cm2ĀV-1Ās-1) 

Ion/Ioff SS 

(mV/dec) 

[68] (2008) TiO2 (100 V, 100 V) 0.3 105 >1000 

[72] (2009) TiOx (40 V, 35 V) 1.64 4.7×105 1860 

[76] (2012) TiO2 (50 V, 40 V) 0.0402 4.1×104 >1000 

[81] (2013) TiO2-x (40 V, 10 V) 1.02 106 3600 

[78] (2016) TiO2 (40 V, 0.5 V) 10 106 - 

[135] (2017) Ti0.87O2 (40 V, 1 V) 1.3 105 >1000 

[136] (2018) TiO2 (0 V, 6 V) 3.14 106 - 

[137] (2019) Ta:TiO2 (5 V, 20 V) 4.4 4×108 600 

[17] (2019) TiO2 (7 V, 10 V) 4 1.4×108 112 

[138] (2009) ZnSnO (2 V, 2 V) 28 2×104 - 

[139] (2011) ZnSnO (5 V, 5 V) 18 1.5×103 - 

[140] (2013) InZnO (20 V, 20 V) 7.21 6.5×106 257 

[141] (2013) ZnO (2 V, 2 V) 1.61 106 81 

[142] (2015) InZnO (4 V, 4 V) 10.13 2.9×105 170 

[143] (2018) InGaZnO (10 V, 10 V) 10.3 4.3×107 280 

[144] (2018) InGaZnO (1V, 1V) 6.3 1.2×107 100 

[145] (2018) InGaZnO (1V, 1V) 4.6 8×106 75 

[146] (2019) ZnO (1V, 1V) 36.8 107 69 

[147] (2020) InGaZnO (1V, 1V) 10 106 64 

[148] (2020) InGaZnO (1V, 1V) 2.6 2.1×106 76 

[149] (2020) SnO2 (1 V, 1 V) 17 3.3×104 124 

[150] (2021) InGaZnO (2 V, 2 V) 74 3.2×108 130 

This work TiO 2 (1 V, 1 V) 2.13 5.4×107 75 
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It should be noted that although our TiO2 TFTs show comparable electrical 

performance such as high Ion/Ioff and steep SS with other metal oxide TFTs, the mobility 

of TiO2 channel is much smaller than that of other metal oxides. This may be 

fundamentally determined by the electronic structure of the TiO2 and that of other metal 

oxides. The conduction band of ZnO/InGaZnO are believed to formed by the non-

directional Zn/In s-orbitals in contrast to that directional Ti d-orbitals in TiO2. As a 

result, the overlapping of s-orbital of metal ions may form the efficient percolation 

pathways for electron transport, resulting in high electron mobility, while the highly 

directional d-orbital of Ti ions may not form such a percolation pathway efficiently, 

thus limiting the electron mobility. 

6.2.3 Transmission electron microscopy 

The nearly ideal SS value and non-hysteresis of these one-volt TFTs suggest a 

high-quality channel/dielectric interface. The structural quality of the gate stack is 

examined by the high-resolution transmission electron microscopy (TEM) as shown in 

Figure 6.2 (a) and (b). A highly conformal, smooth and pinhole-free layered structure 

can be observed, which is beneficial for alleviating the interface traps and suppressing 

the surface roughness induced scattering. The TEM examination also suggests the lack 

of bulk defects such as voids in our TiO2 films. The TiO2 layer shows a lattice structure 

with different orientations, consistent with the XRD results in Chapter 4, manifesting 

its polycrystalline nature. 
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Figure 6.2 (a) Cross-sectional TEM image of the gate stack and (b) magnified TEM 

image for the TiO2/ZrO2 interface of the selected region. 

6.2.4 Multi -frequency capacitance-voltage and conductance-voltage 

measurements 

To further shed light on the interface quality of ZrO2/TiO2, systematic multi-

frequency (f) capacitance-voltage (C-V), and conductance-voltage (G-V) measurements 

were carried out to extract the interface trap density (Dit). For measurement setup, C-V 

and G-V responses of the TFTs were recorded by biasing high on the gate terminal, 

biasing low on the source terminal and leaving the drain terminal open with a 

superimposed small ac signal. The information of Dit can be obtained by two methods, 

specifically, ñHi-Lo Frequencyò (C-V measurement) and AC Conductance (G-V 

measurement) [82, 119, 123-125].  

The measured C-V curves show stretched features over the frequency range of 

1 kHz to 1 MHz, as illustrated in Figure 6.3 (a), due to the capture-emission events 

through the interface traps [82, 123, 124]. The Dit can be extracted by ñHi-Lo frequencyò 

method according to Equation (2.1) in the Chapter 2. Alternatively, the Dit can also be 
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extracted from the AC Conductance method as described in Chapter 5. The equivalent 

parallel conductance (Gm/ɤ) as a function of VG is shown in Figure 6.3 (b). 
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Figure 6.3 (a) Multi-f C-V measurement and (b) G-V measurement of the TiO2 TFT 

as a function of gate voltage.   

Figures 6.4 (a) and (b) respectively exhibit the capacitance and conductance as 

a function of angular frequency (ɤ = 2f́), from which Dit is obtained. The extracted Dit 

with its related time constant Űit can be mapped to the energy level (EC-ET) according to 

Equation (5.6) in Chapter 5. The extracted Dit values as a function of energy level 

obtained from both methods are compared in Figure 6.4 (c). It can be observed that the 

Dit values from these two methods are in good agreement, with a low value of ~5×1012 

cm-2ĀeV-1, suggesting a high-quality channel/dielectric interface. The well-agreed Dit 
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values also validate the extraction procedure and provide a protocol for future 

investigation of the interface. 

 

Figure 6.4 (a) Capacitance (C) as a function of angular frequency (ɤ) for ñHi-Lo 

Frequencyò method. Note that the symbols are the measurement data and 

lines are guiding the eyes. (b) Conductance (G/ɤ) as a function of ɤ for 

AC Conductance method. Note that the symbols are the measurement data 

and lines are the fitting results. (c) Comparison of the extracted Dit as a 

function of energy level from two methods.  
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6.3 Ionic doping of TiO2 TFTs using superacid treatment 

6.3.1 Experimental procedures  

The TiO2 TFTs with gate-source/drain offsets were used in this experiment. 

These TFTs were fabricated via a similar process as that described in Chapter 2. The 

channel material, gate dielectric, S/D metal and gate metal are respectively 15 nm 500 

°C O2-annealed TiO2, 10 nm ZrO2, 250 nm Al and 170 nm Ni /80 nm Au. Figure 6.5 (a) 

illustrates the microscope views of TiO2 TFTs. These TiO2 TFTs have the gate width 

(WG), gate-drain offset (LGD), gate-source offset (LGS) and gate length (LG) of TiO2 

TFTs is 70, 1.5, 1.5 and 2.5 ɛm, respectively.  

Two samples with TiO2 TFTs of same dimensions were prepared and measured. 

After the measurement, they were dipped into 0.2 mg/mL bis(trifluoromethance) 

sulfonamide superacid (TFSI, so called óSAô) solution and 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMlm TFSI) solution, 

respectively. The samples were dipped for 20 s at room temperature with air ambient 

and blow dried with N2 right after being removed from solutions. It is noted that two 

solutions are of the same concentration, anion and solvents (1,2-dichloroethene and 1,2-

dichlorobenezen) with the only difference in the cations. The chemical structures of 

TFSI superacid (SA) and EMlm TFSI are shown in Figure 6.5 (b). The electrical 

properties of TiO2 TFTs before and after treatments were measured using an Agilent 

B1500A semiconductor parameter analyzer. 
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Figure 6.5 (a) Microscope view of TiO2 TFTs with offset regions, and (b) chemical 

structure of TFSI (superacid) and EMIm TFSI. 

6.3.2 Electrical performances of TiO2 TFTs upon treatment 

Figures 6.6 show the transfer curves and gate leakage at VDS =10 V for devices 

before and after SA and EMIm TFSI treatment. It is shown that SA-treated TFTs exhibit 

an enhanced on-current in contrast to that a decrease in on-current can be observed in 

the EMlm TFSI-treated TFTs. Both treated-TFTs show similar fast switching behaviors 

with subthreshold swing of ~120-130 mV/dec and with the same level gate leakage of 

~10-12 A as the as-fabricated TFTs, which may be due to that the ZrO2/TiO2 channel 

interface is mostly encapsulated by top-gate metal and less influenced by the post-

treatment. It is also noted a negative shift and increased off-current can be observed in 

SA-treated TFTs, possibly indicating that an ion conduction mechanism exists in 

addition to electron conduction in SA-treated TFTs [151].  
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Figure 6.6 Transfer curves and gate leakage at VDS =10 V for devices before and after 

(a) SA treatment and (b) EMIm TFSI treatment. 

The corresponding output characteristics of two devices are depicted in Figure 

6.7, where the current boost due to SA treatment are obviously demonstrated. The 

Schottky contact behaviors can also be observed in the linear region of both TFTs, 

possibly due to that the Al metals are attacked by treatments arising from the acid nature 

of both solutions. 
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Figure 6.7 Output characteristics for devices before and after (a) SA treatment and (b) 

EMIm TFSI treatment. 

Figure 6.8 shows the statistical results of current changes, which defined as the 

current ratio before and after treatment at VDS = 10 V and VGS = 4 V biasing condition, 

with 13 SA-treated TFTs and 10 EMIm TFSI-treated TFTs of same dimensions. The 

SA-treated TFTs show a nearly 2x current enhancement in contrast to that of a ~20% 

current decrease in EMlm TFSI-treated TFTs. The current drop in the EMlm TFSI-

treated TFTs can be explained by the formation the Schottky barrier between Al S/D 

metal and TiO2, which would hint the electron injection and extraction process. Despite 

that the same Schottky behaviors are also observed in SA-treated TFTs, such current 
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increase after SA treatment indicate a strong current boosting mechanism exists, 

covering the detrimental effects from Schottky contacts. 
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Figure 6.8 Statistical results of current changes based on 13 SA-treated TFTs and 10 

EMIm TFSI-treated TFTs with same dimensions. 

6.3.3 Possible mechanism 

The possible mechanisms of SA and EMIm TFSI treatment on TiO2 TFTs are 

schematically proposed in Figure 6.9. SA is a well-known protonating agent with 

abundant labile hydrogen [152]. It is believed the current enhancements originate from 

the protons in SA solutions. Protons (H+), with small ionic radius of 25 pm, may 

penetrate the ZrO2 in the TFT offset region and accumulate at the ZrO2/TiO2 interface, 

forming an electron-double-layer and n-doping the offset region in TFTs [151]. In 
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contrast, the TFSI anion and EMIm cations, with large ionic radius of 0.9 nm and 0.8 

nm, respectively [153], may be blocked by ZrO2 and thus have less influences on the 

TFT performance. 

 

Figure 6.9 Schematic illustration of the mechanism in (a) SA treatment and (b) EMIm 

TFSI treatment on TiO2 TFTs. 

6.3.4 Capacitance voltage measurement 

Multi -frequency (f) capacitance-voltage measurement of TiO2 TFTs were 

performed to shed light on the reason for current boost upon SA treatment. Figure 6.10 

shows the measured gate-source capacitance (CGS) before and after SA treatment. The 
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CGS after SA treatment shows more pronounced frequency dispersion, indicating a 

possible ion incorporation. Furthermore, the number of accumulated electron can be 

obtained by the integration of the C-V curves according to the equation:  

 Q= CV/q (6.1). 
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Figure 6.10  Multi -f C-V measurement of the TiO2 TFT (a) before and (b) after SA 

treatment.  

Figure 6.11 shows the extracted number of accumulated electron before and after 

SA treatment from C-V measurements. It can be observed that the SA-treated TFTs 

could only accumulate more electrons at low frequency. This may be explained by the 

slow response of protons to high frequency signals due to its ion nature. A doping level 

of 1019/cm3 by SA treatment can be approximated by comparing to the as-fab TFT and 

assuming that the doping area is the offset regions (2Ĭ70Ĭ1.5 ɛm2) and doping depth is 



 109 

TiO2 thickness (15 nm). This derived value also corresponds well to the negative Von 

shift of ~ 0.28 V after SA treatment according to Equation (3.1) in Chapter 3.  

 

Figure 6.11 Number of accumulated electron before and after SA treatment. 

Thus, the C-V measurements suggests that the current boost was due to more 

electrons (~1019/cm3) can be accumulated after the SA treatment. The frequency-

dependence nature of this current boost also indicates the its possible origins from the 

ion incorporation, suggesting the low frequency limitation of the SA treatment. 
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6.3.5 X-ray photoelectron spectroscopy 

In order to obtain further insight on SA treatment from a material point of view, 

X-ray photoelectron spectroscopy (XPS) measurements were performed on a bulk TiO2 

sample and a ZrO2/TiO2 heterostructure. 

Figures 6.12 (a)-(d) respectively show the C 1s core level, Ti 2p core level, O 1s 

core level, and valence band maximum (VBM) of the bulk TiO2 films before and after 

SA treatment. The C-F peaks can be observed in the C 1s spectra after SA treatment, 

indicating that the fluoride-containing TFSI anions are adsorbed at TiO2 surface. No 

changes can be seen in Ti and O spectra, exhibiting that no chemical changes are 

induced by the SA treatment in TiO2 films. The VBM edge is found to shift to a higher 

binding energy after SA treatment, which can be interpreted as Fermi level shifts to 

conduction band, agreeing with higher conductivity after the SA treatment. This may be 

due to that the incorporated protons attract more electrons at the surface, thus causing 

the Fermi level shift. 

Figures 6.13 (a)-(d) respectively show the Zr 3d core level, Ti 2p core level, O 

1s core level, and valence band maximum (VBM) spectrum of the ZrO2/TiO2 

heterostructure before and after SA treatment. Similar C-F peaks can also be observed 

in the C 1s spectra of the ZrO2/TiO2 heterostructure after SA treatment (not shown), 

suggesting the TFSI anions at the surface. No changes can be seen in Zr, Ti and O 

spectra, exhibiting that no chemical changes are induced by SA treatment in the 

ZrO2/TiO2 heterostructure. The VBM edge also shifts to a higher binding energy after 

SA treatment. However, when compared to that in bulk TiO2 sample, the value of this 

shift in the ZrO2/TiO2 heterostructure is much smaller, suggesting the barrier function 

of ZrO2 for ion penetration.   
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Thus, the XPS measurements show that there is no chemical change in the bulk 

TiO2 and the TiO2/ZrO2 heterostructure upon the SA treatment, excluding the possibility 

of the chemical doping of SA treatment. The VBM edge shift to higher binding energies 

in both samples can be related to enhanced conductivity arising from the incorporated 

protons. The smaller VBM shifts in the TiO2/ZrO2 heterostructure may suggest the 

barrier function of the ZrO2 for ion penetration.   

 

Figure 6.12 (a) C 1s core level, (b) Ti 2p core level, (c) O1s core level, and (d) valence 

band maximum (VBM) spectrum of the bulk TiO2 films before and after 

SA treatment. 
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Figure 6.13 (a) Zr 3d core level, (b) Ti 2p core level, (c) O1s core level, and (d) valence 

band maximum (VBM) spectrum of the ZrO2/TiO2 heterostructure before 

and after SA treatment. 

6.4 Summary  

In this chapter, we first demonstrated one-volt TiO2 TFTs with excellent 

electrical performance, including a high Ion/Ioff of 5.4×107, a low SS of 75 mV/dec and 

a ɛsat of 2.13 cm2ĀV-1Ās-1 under an ultra-low voltage of 1 V. These one-volt TiO2 TFTs 

were enabled by an optimized fabrication process using a 300 ºC O2-annealed TiO2 as 

the channel and a 10 nm ZrO2 as the gate dielectric. The outstanding characteristics of 
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these one-volt TiO2 TFTs not only stand out as the state-of-art TiO2 TFTs but also could 

be compared comfortably with other metal oxide TFTs. Furthermore, the much-reduced 

thermal budget and operation voltage compared to the previous reports also demonstrate 

significant progress towards portable and flexible electronics for TiO2 TFTs.  

Apart from the fabrication process optimization, we also tentatively explored a 

post-fabrication superacid (SA) treatment in TiO2 TFTs with offset regions in this 

chapter. The on-current is found to be enhanced by nearly 2x via a quick dip in SA 

solution. It is believed that the protons (H+) from the SA solution were doped into the 

offset region of TiO2 TFTs, forming an electron-double-layer and thus boosting the on-

current. This simple, equipment-free, air-ambient, room-temperature, solution-based 

SA treatment with the enhanced current drivability of TiO2 TFTs could provide more 

functionality and flexibility in future IoT applications.  
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TIO 2 IN OTHER DEVICE APPLICATIONS  

7.1 Introduction  

In previous chapters, we have been focused on the achievement of high-

performance TiO2 TFTs, where the TiO2 functions as a semiconducting channel 

material. In this chapter, the possibility of TiO2 in other device applications is explored, 

demonstrating the versatility of TiO2 as functional electrical materials in IoT devices.  

First, TiO2 is tentatively applied as an intermediate buffer layer in CuIn(Ga)Se2 

solar cells. Thin TiO2 films of 7 nm, derived by thermal ALD (T-ALD) and O2-plasma 

enhanced ALD (PE-ALD), were respectively used as buffer layers in both CuInSe2 

(CIS) solar cells with and without Ga alloying. It is observed that both CIS and CIGS 

solar cells with the PE-ALD-derived TiO2 films show negligible light currents. On the 

other hand, the T-ALD-derived TiO2 enables functional CIS and CIGS solar cells, with 

a higher efficiency in CIS solar cells than that in CIGS solar cells. Material 

characterization indicates that the distinct solar cell performance can be explained by 

the surface chemistry and band alignment of the TiO2/CI(G)S heterojunctions. The 

CI(G)S absorbers are found to be oxidized during TiO2 PE-ALD growth, forming a thin 

interfacial layer possibly with a large bandgap, thus blocking the photo-generated 

electrons. On the other hand, both CIS and CIGS form a type-II band alignment with 

the T-ALD-derived TiO2, with a smaller conduction band notch in the CIS/TiO2 (T-

ALD) heterojunction, thereby decreasing the recombination at the interface and 

improving solar cell performance. The high efficiency of 11.3% in CIS/TiO2 (T-ALD) 

Chapter 7 
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solar cells also suggests that TiO2 can be a promising replacement for the toxic CdS as 

buffer layers. 

Although the PE-ALD TiO2 didnôt enable functional CI(G)S solar cell, these 

PE-ALD TiO2 films were successfully applied as gate dielectrics in GaN high-electron-

mobility-transistors (HEMTs). By using a thin layer of PE-ALD-derived TiO2 (15 nm) 

as the gate dielectric in GaN HEMTs, the resulting devices exhibit a much better gate 

control including higher Ion/Ioff of 3×107 and lower SS of 81.9 mV/dec. The high 

dielectric constant value of 28.5 also suggests that a great promise for TiO2 to be used 

as dielectrics. The high device performance of PE-ALD-derived TiO2 in GaN HEMTs 

may benefit from the oxidized GaN surfaces during TiO2 PE-ALD growth, thereby 

significantly suppressing the leakage current from GaN channel into TiO2 dielectrics.  

7.2 TiO 2 as buffer layers in CuIn(Ga)Se2 solar cells 

7.2.1 Solar cell fabrication 

Thin TiO2 films of 7 nm, derived by two ALD growth mode, thermal ALD (T-

ALD) and O2-plasma enhanced ALD (PE-ALD), were respectively applied as buffer 

layers in both CuInSe2 (CIS) solar cells with and without Ga alloying (CIGS). Both CIS 

and CIGS absorber layers were grown on Mo-coated soda-lime glass substrates by 

three-stage co-evaporation following a method described in Refs.[154, 155]. The CIGS 

samples have the composition of [Ga]/([Ga]+[In]) ~ 0.31 and [Cu]/([Ga]+[In]) ~ 0.83 

[156]. After CIS/CIGS deposition, one set of CIS and CIGS samples were deposited 

with a 7 nm TiO2 layer via T-ALD growth, while the other set of samples were deposited 

with a PE-ALD-derived TiO2 film with the same thickness of 7 nm.  
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For T-ALD-derived TiO2 films, H2O and tetrakis-dimethylamido-titanium 

(TDMAT) were used as the oxidant and the Ti precursor, respectively. The growth 

details of T-ALD mode is shown in Figure 7.1 (a). After placing the samples in the 

growth chamber (Cambridge Nanotech S200 ALD, without load lock) at the 

temperature of 150 ºC, both CIS and CIGS samples were pre-baked for a fix time of 10 

mins before growing TiO2 films. For TiO2 growth, the TDMAT was first pulsed into 

the chamber for 0.1 s, then the chamber was purged by N2 gas for 20 s to remove the 

excess precursor chemicals. Subsequently, H2O vapor was introduced into the chamber 

to react with the precursor chemicals for 0.015 s. This was followed by another 20 s N2 

purge to remove any reaction by-products or unreacted precursor chemicals, forming 

one growth cycle. The growth rate of TiO2 films via T-ALD mode is 0.048 nm/cycle as 

examined by an ellipsometer.  

For PE-ALD-derived TiO2 films, oxygen plasma and TDMAT were used as the 

oxidant and the Ti precursor, respectively. The growth details of PE-ALD mode is 

shown in Figure 7.1 (c). After transferring the samples into the growth chamber (Oxford 

FlexAL II, with load lock) with the temperature of 150 ºC from the load lock at room 

temperature, both CIS and CIGS samples were pre-baked for a fix time of 1 min before 

growing TiO2 films. The TDMAT was first pulsed into the chamber for 0.5 s, then the 

chamber was purged by Ar gas for 6 s to remove the excess precursor chemicals. 

Subsequently, oxygen was introduced into the chamber as plasma state to react with the 

precursor chemicals for 4 s, where the ICP power of oxygen plasma was 400 W. This 

was followed by another 2 s Ar purge to remove any reaction by-products or unreacted 

precursor chemicals, forming one growth cycle. The growth rate of TiO2 films via PE-

ALD mode is 0.061 nm/cycle as examined by an ellipsometer.  
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The thickness of TiO2 films derived by both T-ALD and PE-ALD were designed 

at ~7 nm by controlling the growth cycle. After the TiO2 deposition, these CIGS/CIS 

solar cells were finished with RF-sputtered i-ZnO and Sn-doped In2O3 (ITO) and a Ni-

Al grid. Devices are mechanically scribed to be either 0.4 or 1.0 cm2. Current-voltage 

(J-V) measurements were performed under 100 mW/cm2 AM1.5 illumination at 25°C. 

Quantum efficiency was done at zero voltage bias with 77 Hz chopped monochromatic 

light and white light bias. 

7.2.2 Solar cell performance 

Figure 7.1 (b) exhibits the dark current and light current density-voltage (J-V) 

curves for CIGS and CIS solar cells with T-ALD-derived TiO2 buffer layers. Functional 

solar cell behaviors can be observed in both CIGS and CIS solar cells. The CIS solar 

cells show better device performances including a higher open circuit voltage (VOC) of 

0.433 V, a higher short circuit current density (JSC) of 38.94 mA/cm2 and a higher 

efficiency of 11.3% compared to the CIGS solar cells, with the respective values of 

0.326 V, 31.27 mA/cm2 and 6.2 %. One the other hand, no light current can be observed 

both CIS and CIGS solar cells with PE-ALD-derived TiO2 buffer layers, as shown in 

Figure 7.1 (d). Table 7.1 summarizes the device performances of CIS and CIGS solar 

cells with T-ALD and PE-ALD-derived TiO2 films as buffer layers. It can be observed 

that both the composition of the absorber layer and the growth method of the TiO2 films 

play important roles in solar cell performances.  
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Figure 7.1 (a) The schematic of TiO2 films grown by thermal atomic layer deposition 

(T-ALD) progress and the schematic of CIGS and CIS solar cells with the 

T-ALD-derived TiO2 films as buffer layers, and (b) dark current and light 

current density-voltage (J-V) curves for CIGS and CIS solar cells with T-

ALD-derived TiO2 buffer layers. (c) The schematic of TiO2 films grown 

by plasma-enhanced atomic layer deposition (PE-ALD) progress and the 

schematic of CIGS and CIS solar cells with the PE-ALD-derived TiO2 

films as buffer layers, and (d) dark current and light current density-

voltage (J-V) curves for CIGS and CIS solar cells with PE-ALD-derived 

TiO2 buffer layers. 
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Table 7.1 Device performances of CIS and CIGS solar cells with T-ALD and PE-

ALD-derived TiO2 films as buffer layers.  

Sample detail VOC (V) JSC (mA/cm2) 

 

Fill factor (%) Efficiency (%) 

CIS/TiO2 (T-ALD)  

 

0.433 38.94 67.1 11.3 

CIGS/TiO2 (T-ALD)  

 

0.326 31.27 60.6 6.2 

CIS/TiO2 (PE-ALD)  

 

Negligible light current 

CIGS/TiO2 (PE-ALD)  

 

Negligible light current 

 

7.2.3 Effect of surface chemistry on solar cell performance  

It is believed that JSC will decrease abruptly if there is a barrier more than 0.4 eV 

between the CI(G)S and buffer layer [157]. Since the CIS and CIGS solar cells with the 

PE-ALD-derived TiO2 buffer layers show negligible light current, large bandgap 

barriers are expected to exist in these solar cells. On the other hand, T-ALD-derived 

TiO2 films could enable functional solar cells, suggesting the lack of such barriers.  

The surface chemistry of both CIS and CIGS samples with PE-ALD and T-

ALD-derived TiO2 heterojunctions were examined via X-ray photoelectron 

spectroscopy (XPS) to affirm this hypothesis. Both PE-ALD and T-ALD-derived TiO2 

films have the thickness of ~2 nm in these heterostructures. Figure 7.2 (a) and (b) 

respectively shows the In 3d and Se 3d spectrum from CIS samples with PE-ALD-

derived and T-ALD-derived TiO2 films. The In 3d shows clear broadening features in 

CIS sample with the PE-ALD TiO2 compared to that with T-ALD TiO2. This suggests 

that the In element in CIS substrates is oxidized after PE-ALD TiO2 deposition while 

such an oxidation may not be induced by the T-ALD growth of TiO2. The oxidation of 
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CIS samples with the PE-ALD TiO2 can be further evidenced in Se 3d spectrum in 

Figure 7.2 (b).  New peaks can be observed for CIS samples at binding energy of 56 eV 

and 59 eV with the PE-ALD TiO2 films, which can be attributed to the formation of 

SeOx, thus strongly suggesting that the CIS is oxidized during PE-ALD growth. Similar 

features can also be observed in CIGS samples in Figure 7.2 (c) and (d). The oxidized 

CIS/CIGS can be expected due to that stronger oxidant, oxygen plasma, is used during 

PE-ALD growth. 

 

Figure 7.2 The X-ray photoelectron spectroscopy (XPS) spectrum of CIS samples 

with PE-ALD-derived and T-ALD-derived TiO2 films (~2 nm): (a) In 3d 

and (b) Se 3d. The XPS spectrum of CIGS samples with PE-ALD-derived 

and T-ALD-derived TiO2 films (~2 nm): (c) In 3d and (d) Se 3d 
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This surface chemistry differences may explain the distinct solar cell 

performance for CIS and CIGS solar cells with the PE-ALD and T-ALD-derived TiO2 

films. Both CIS and CIGS substrates are found to be oxidized during TiO2 PE-ALD 

growth, thus forming an oxidized interfacial layer. This oxidized interfacial layer 

possibly with a large bandgap, could form a large barrier between CI(G)S and TiO2, 

thus blocking the photo-generated electrons and resulting in negligible light current. On 

the other hand, TiO2 films grown by more mild T-ALD growth method may not 

significantly change the surface chemistry of CIS and CIGS. As a result, functional solar 

cell performance can be observed in CIS and CIGS solar cells with T-ALD-derived 

TiO2 films.  

7.2.4 Effect of band alignment on solar cell performance 

The improvement of solar cells performance in CIS samples with T-ALD-

derived TiO2 films compared to that of CIGS samples may come from the band 

alignment differences. This argument is based on the fact that the T-ALD-derived TiO2 

did not significantly change the surface chemistry of CIS and CIGS and the band gap 

of CIS is known to increase by Ga alloying [155, 156].  

 The band alignment between CI(G)S and T-ALD-derived TiO2 can be derived 

by method described in the Chapter 5. To obtain the band alignment between two 

materials, both the band gap (Eg) and valence band offset (VBO) of two materials are 

needed. The Eg of TiO2 is found to be 3.2 eV Tauc plots from spectroscopic ellipsometry 

measurements in Chapter 4. The Eg of CIS/CIGS can be extracted from external 

quantum efficiency (EQE) measurement of solar cells [158]. Figure 7.3 (a) shows the 

EQE spectra of the CIS and CIGS solar cells with T-ALD-derived TiO2 buffer layers. 

Figure 7.4 (b) exhibits the extracted Eg of CIS and CIGS, which are obtained by linear 



 122 

extrapolation of  [hɜĬIn(1-EQE)]2 with respect to the photon energy hɜ [158]. The CIGS 

shows a higher Eg of 1.17 eV compared to that of 0.98 eV in CIS.  
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Figure 7.3 (a) External quantum efficiency and (b) relationships between [hɜĬIn(1-

EQE)]2 and photon energy hɜ for CIS and CIGS solar cells with T-ALD-

derived TiO2 buffer layer for bandgap extraction. 

On the other hand, the valence band offset (VBO) between two materials can be 

determined by measuring the core-level (CL) to core-level separation in a 

heterostructure and referencing to the core-level (CL) to valence band maximum (VBM) 

energy differences from their individual bulk materials. Thus, XPS spectra were taken 

on both bulk TiO2 and CI(G)S/TiO2 heterostructures to obtain the information for band 

alignment. It is noted that the XPS information of bulk CI(G)S can be determined from 

the CI(G)S/TiO2 heterostructures. This simplification is enabled because the VBM of 
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the CI(G)S is far from the TiO2 and so the VBM from CI(G)S/TiO2 heterostructures can 

be seen as that in bulk CI(G)S samples.  

 

Figure 7.4 (a) Separation of In 3d5/2 core level and valence band maximum (VBM) of 

the bulk CIS; (b) separation of Ti 2p3/2 core level and VBM of the bulk 

TiO2; (c) separation of Ti 2p3/2 core level and In 3d5/2 core level of the 

CIS/TiO2 heterostructure. (d) Derived band alignment of CIS/TiO2 (T-

ALD) from XPS results. 

Figures 7.4 (a)-(c) show the XPS spectrum that are used to determine the VBM 

offset between CIS and TiO2. Combined with the Eg values of CIS and TiO2, the 

schematic of band alignment between CIS and TiO2 is illustrated in the Figure 7.4 (d). 

The CIS/TiO2 heterostructure shows a type-II band alignment, where the conduction 

band minimum (CBM) of TiO2 is 0.14 eV below that of CIS. Table 7.2 lists all the 

information from XPS used for determining the band alignment of CIS/TiO2 (T-ALD). 
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Table 7.2 Information from XPS spectrum for determining the band alignment 

between CIS and T-ALD derived TiO2 (N.A: Not Applied). 

(Units eV) Bulk TiO2 

 

Bulk CIS CIS / TiO2  

 

Ti 2p3/2 peak position  

 

458.595 N.A 458.905 

In 3d5/2 peak position 

 

N.A 444.955 444.955 

VBM position 

 

2.75 0.7 N.A 

Ti 2p3/2-VBM  

 

455.845 N.A N.A 

In 3d5/2-VBM  

 

N.A 444.255 N.A 

Ti 2p3/2-In 3d5/2 

 

N.A N.A 13.95 

Eg  

 

3.2 0.98 N.A 

Table 7.3 Information from XPS spectrum for determining the band alignment 

between CIGS and T-ALD derived TiO2 (N.A: Not Applied). 

(Units eV) Bulk TiO2 

 

Bulk CIGS CIGS / TiO2  

 

Ti 2p3/2 peak position  

 

458.595 N.A 458.766 

In 3d5/2 peak position 

 

N.A 444.666 444.666 

VBM position 

 

2.75 0.29 N.A 

Ti 2p3/2-VBM  

 

455.845 N.A N.A 

In 3d5/2-VBM  

 

N.A 444.376 N.A 

Ti 2p3/2-In 3d5/2 

 

N.A N.A 14.1 

Eg  

 

3.2 1.17 N.A 
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Figure 7.5 (a) Separation of In 3d5/2 core level and valence band maximum (VBM) of 

the bulk CIGS; (b) separation of Ti 2p3/2 core level and VBM of the bulk 

TiO2; (c) separation of Ti 2p3/2 core level and In 3d5/2 core level of the 

CIGS/TiO2 heterostructure. (d) Derived band alignment of CIGS/TiO2 (T-

ALD) from XPS results. 

Figures 7.5 (a)-(c) show the XPS spectrum that are used to determine the VBM 

offset between CIGS and TiO2. Combined with the Eg values of CIGS and TiO2, the 

schematic of band alignment between CIGS and TiO2 is illustrated in the Figure 7.5 (d). 

The CIGS/TiO2 heterostructure also shows a type-II band alignment, where the 

conduction band minimum (CBM) of TiO2 is 0.61 eV below that of CIGS. Table 7.2 

lists all the information from XPS used for determining the band alignment of 

CIGS/TiO2 (T-ALD). 

As a result, the improvement of solar cells performance in CIS samples with T-

ALD-derived TiO2 films compared to that of CIGS samples can be explained by the 



 126 

band alignment differences. Both CIS and CIGS are found to form a type-II band 

alignment with the T-ALD-derived TiO2. The conduction band offset between the CIS 

and TiO2 of 0.14 eV is smaller than that of 0.61 eV in CIGS/TiO2 heterostructure. This 

reduced notch in the heterojunction is believed to decrease the recombination at the 

interface, thereby improving solar cell performance, which agrees well with previous 

reports [157, 158]. It needs to mention that a type-I band alignment with small 

conduction band barrier is believed to be more favorable for solar cell performance 

[157]. Thus, CIS/TiO2 solar cell performance could be further enhanced by band 

engineering of TiO2, suggesting a strong promise for TiO2 as buffer layer in CIS solar 

cells.  

7.3 TiO 2 as gate dielectric in GaN high-electron-mobility -transistors 

7.3.1 Device fabrication 

Although PE-ALD-derived TiO2 couldnôt enable functional solar cells due to the 

oxidized interfacial layer, these high quality TiO2 films with less oxygen-related defects 

could be a promising dielectric in transistors, where oxygen vacancies could have 

contributed to the gate leakage current [109, 159]. Thus, these PE-ALD TiO2 films were 

tentatively applied as gate dielectrics in GaN high-electron-mobility-transistors 

(HEMTs). 

A InAlN/GaN epitaxy wafer was used in this experiment, which were grown by 

MOCVD on a SiC substrate. Two samples with and without TiO2 were fabricated to 

evaluate the perforamnce of TiO2 as gate dielectric. The device fabrication started with 

the mesa isolation by Cl-based inductively coupled plasma etching. Then, a Ti/Al/Ni/Au 

metal stack was deposited by electron beam evaporation as the source and drain 
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contacts. After this metal depostion, these two samples were annealed by rapid thermal 

annealing at 850ºC for 40 s in forming gas environment to form Ohmic contact. Then, 

a 15 nm TiO2 film was deposited as the gate dielectric by PEALD at 150ºC on one 

sample. Finally, Ni/Au metal stack was evaporated as the gate electrode for both 

samples. The presented transistors feature a gate length of 2 ɛm and a gate-source and 

gate-drain distances of 4 and 6 ɛm, respectively. 

7.3.2 Electrical performance  

Figure 7.6 (a) shows the transfer curves and gate leakage at VDS = 5 V for 

InAlN/GaN high-electron-mobility-transistors (HEMTs) with and without TiO2 gate 

dielectric, where a 15 nm PEALD-derived TiO2 film functions as the gate dielectrics. A 

clear improved gate control, such as higher Ion/Ioff of 3 × 107 and reduced SS of 85 

mV/dec can be observed in Figure 7.6 (a) upon the adoption of TiO2 as the gate 

dielectric. This enhancement mostly origins from the dramatically reduced gate leakage, 

suggesting the feasibility of the PEALD-derived TiO2 as high-quality insulator.  

Figure 7.6 (b) exhibits the measured gate-source capacitance (CGS) of 

InAlN/GaN HEMTs with and without TiO2 gate dielectric at the frquency of 1MHz. The 

dielectric constanct (k) of TiO2 can be extracted from the measured CGS according to 

the Equation:  

   (7.1) 

where the CMISHEMT represents the measured CGS of HMET with TiO2 dielectric, CHEMT 

represents the measured CGS of HMET without TiO2 dielectric, CTiO2 represents oxide 

capacitance of TiO2 dielectric, Ů0 is the vacuum dielectric permittivity and dTiO2 is the 

thickness of TiO2 gate dielectric. The dielectric constant (k) of TiO2 is derived to be 
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~28.5, which is comparable/even higher than traditional high-k materials, such as ZrO2 

and HfO2 (~24). This high k value further suggests that TiO2 could be a promising 

material for dielectric application.  

 

Figure 7.6 (a) Transfer curves and gate leakage at VDS = 5 V for InAlN/GaN high-

electron-mobility-transistors (HEMTs) with and without TiO2 gate 

dielectric, where 15 nm PEALD-derived TiO2 function as gate dielectrics. 

(b) Gate-source capacitance (CGS) of InAlN/GaN HEMTs with and 

without TiO2 gate dielectric measured at the frequency of 1 MHz. 

It needs to mention that the high device performance of PE-ALD-derived TiO2 

in InAlN/GaN HEMTs may benefit from the oxidized GaN surfaces during TiO2 PE-

ALD growth. Similar oxidized interfacial layer such as GaOx is expected between PE-

ALD-derived TiO2 and GaN, as the case in CI(G)S and PE-ALD-derived TiO2.  This 
































































