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Abstract 

Solution-processed thin-film transistors (TFTs) have a high potential to be the key 

components of future portable, battery-powered devices and circuits. TFTs can be realised 

in different form factors from standalone, discrete, low-cost sensors to flexible, large-area 

electronics. However, most of the recently demonstrated solution-processed TFTs typically 

operate at or above 5 V, which is still too high for many applications where operating voltage 

and power consumption are the main concerns. One approach to decrease the operating 

voltage of TFTs is to lower their threshold voltage (Vth) and subthreshold swing (SS) which 

can be fulfilled by increasing gate dielectric capacitance and improving the 

dielectric/semiconductor interface. The high capacitance dielectric can be achieved by 

utilising high dielectric constant (high-κ) materials, thinning the gate dielectric layer, or 

doing both simultaneously. Tantalum pentoxide (Ta2O5) is a highly promising, high-κ metal 

oxide dielectric (κ ~ 26) which is used in capacitors, transistors and memory devices. 

Recently, it has been shown that employing thick Ta2O5 films (d > 100 nm) as a gate 

dielectric does not only improve the characteristics of TFTs but significantly lowers their 

operating voltage. However, due to its relatively medium bandgap (4.4 eV), Ta2O5-based 

TFTs suffer from high leakage currents, particularly when Ta2O5 thickness is reduced below 

20 nanometres. 

Typically, Ta2O5 is deposited by atomic layer deposition (ALD) or RF/DC magnetron 

sputtering. These methods are time-consuming and increase the cost of device fabrication 

due to the need for high-vacuum conditions. In comparison, anodic oxidation (so-called 

anodisation) is a material deposition technique which is a simple, cost-efficient and 

straightforward method to grow high-quality metal oxide layers on the surface of metallic 

substrates in ambient conditions. In this thesis, ultra-thin (d ~ 7 nm), anodic Ta2O5 modified 

with n-octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM) has been used to 

realise ultra-low voltage operation of p-channel DPP-based organic TFTs (OTFTs) and n-

channel a-IGZO-based metal oxide TFTs (MOTFTs). Moreover, it is shown that OTS SAM 

reduces the gate leakage current and improves the TFT dielectric/semiconductor interface. 

First, the morphology and dielectric properties of the anodised Ta2O5 films with and without 

OTS SAM treatment have been analysed. Several anodisation voltages were utilised to 

optimise the thickness of Ta2O5 for each type of TFTs to guarantee their optimal operation. 

The results show that the poly(3,6-di(2-thien-5-yl)-2,5-di (2-octyldodecyl)-pyrrolo[3,4-c] 

pyrrole-1,4-dione) thieno [3,2-b] thiophene)-polymethyl methacrylate (DPPDTT-PMMA) 

TFTs gated with OTS-modified tantalum pentoxide anodised at 3 V (d ~ 7 nm) exhibit the 

best performance. The optimised devices operate at 1 V with saturation field-effect mobility 

larger than 0.2 cm2 V-1 s-1, threshold voltage -0.55 V, subthreshold swing 120 mV/dec, and 

current on/off ratio in excess of 5  103. As a result, the demonstrated DPPDTT-PMMA 

TFTs display a promising performance for applications in ultra-low voltage, organic 

electronics. On the other hand, it is shown that the best performing capacitors and a-IGZO 

TFTs are realised with 10 V anodised (22 ± 2 nm), OTS-treated Ta2O5 dielectric. The 

fabricated Ta2O5/OTS capacitors show good stability in the 100 Hz to 100 kHz and 

capacitance density in excess of 400 nF/cm2. The fabricated TFTs display relatively high 

field-effect mobilities (2.3 cm2 V-1 s-1), threshold voltages around 0.4 V, subthreshold swings 

below 90 mV/dec, and high current on/off ratios well in excess of 105. It is envisaged that 

this approach is a promising alternative to fabricate ultra-low voltage, inexpensive TFTs and 

TFT-arrays for low-cost sensors and low-end, disposable electronics. 



20 
 

Declaration 

No portion of the work referred to in the thesis has been submitted in support of an 

application for another degree or qualification of this or any other university or other institute 

of learning. 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 



21 
 

Copyright Statement 

I. The author of this thesis (including any appendices and/or schedules to this thesis) 

owns certain copyright or related rights in it (the “Copyright”) and s/he has given 

The University of Manchester certain rights to use such Copyright, including for 

administrative purposes.  

II. Copies of this thesis, either in full or in extracts and whether in hard or electronic 

copy, may be made only in accordance with the Copyright, Designs and Patents Act 

1988 (as amended) and regulations issued under it or, where appropriate, in 

accordance with licensing agreements which the University has from time to time. 

This page must form part of any such copies made.  

III. The ownership of certain Copyright, patents, designs, trademarks and other 

intellectual property (the “Intellectual Property”) and any reproductions of copyright 

works in the thesis, for example graphs and tables (“Reproductions”), which may be 

described in this thesis, may not be owned by the author and may be owned by third 

parties. Such Intellectual Property and Reproductions cannot and must not be made 

available for use without the prior written permission of the owner(s) of the relevant 

Intellectual Property and/or Reproductions. 

IV. Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property and/or 

Reproductions described in it may take place is available in the University IP Policy 

(see http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420), in any 

relevant Thesis restriction declarations deposited in the University Library, The 

University Library’s regulations (see 

http://www.library.manchester.ac.uk/about/regulations/) and in The University’s 

policy on Presentation of Theses. 

 

 

 

 

 

 



22 
 

Acknowledgements 

I would like to praise and thank God, the almighty, who has granted countless blessing, 

knowledge, and opportunity to me so that I have been finally able to accomplish this thesis. 

First and foremost, I am extremely grateful to my supervisor, Dr Leszek Majewski, for his 

invaluable advice, continuous support, and patience during my PhD study. His immense 

knowledge and plentiful experience have encouraged me all the time of my academic 

research and daily life. Without his guidance and constant feedback, this PhD would not 

have been achievable. 

I would also like to thank my invaluable friend, Dr Sheida Faraji, for her technical support 

on my study. Additionally, I would like to offer my special thanks to Mr Malachy McGowan 

for his great help, support, and advice regarding the cleanroom facilities. I would like to 

extend my sincere thanks to Dr Alex Walton and Mr Christopher Muryn from the 

Department of Chemistry at the University of Manchester for their help in obtaining data 

using XPS and AFM, respectively. I am deeply grateful to my friends and colleagues for 

their kind support and help with whom I have shared unforgettably pleasant moments during 

my academic life. 

Finally and most importantly, I would like to express my gratitude and dedicate this thesis 

to my family especially my beloved parents and my beloved wife (Behnaz Moradi Bakhtiari) 

for her endless and unconditional love and support. Without her tremendous understanding 

and encouragement in the past few years, it would be impossible for me to complete my 

study. 

 

 

 



23 
 

Chapter 1: Introduction 

1.1 A brief history of transistors 

Nowadays, field-effect transistors (FETs) play a crucial role in the modern electronics 

industry. They are typically operated as a signal amplifier [1] or an electronic switch [2] in 

analog and digital circuits, respectively. The development of silicon-based transistors, 

particularly metal-oxide-semiconductor (MOS) FETs for complementary metal-oxide-

semiconductor integrated circuits (CMOS ICs) (i.e., microprocessors), has taken the 

electronics industry to an entirely new level and significantly changed each and every aspect 

of our day-to-day lives, which cannot be imagined without their valuable role anymore. 

With respect to other types of transistors, e.g., bipolar junction transistors (BJTs), 

MOSFETs have several advantages, such as small dimensions, high performance along with 

low power consumption and dissipation, and high input impedance. This makes them the 

ideal devices for employing in CMOS ICs. Therefore, most of the electronic circuits are now 

manufactured using this class of transistors [3]. Nonetheless, the high performance of 

MOSFETs usually comes with the high cost and high-temperature processing [4], which is 

incompatible with the growing demand for low-cost, low-temperature, large-area processing 

of emerging flexible and stretchable electronics [5]. Responding to these demands requires 

firstly intensive research and development on realising compatible materials and active 

devices discussed in this thesis to achieve the end goal of fabricating large-area flexible and 

stretchable circuits. 

Thin-film transistors (TFTs), which are well known for their important role in modern 

flat panel displays (FPDs), belong to the family of FET devices [6]. TFTs are made by 

stacking thin films that consist of three fundamental materials, namely, a semiconductor, a 

dielectric, and a conductor. Even though TFTs and MOSFETs have been developed 

simultaneously, MOSFETs have dominated the majority of microelectronics research 

interests and industrial production due to their much better performance. However, the 
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demand for low-cost, large-area flat panel displays (FPDs) fuelled research on finding a 

viable substitution for crystalline and polycrystalline silicon that typically require high-

temperature processing. 

In 1979, significantly cheaper amorphous hydrogenated silicon (a-Si:H) was developed 

with few constraints on substrate size, material, and topology and was subsequently 

introduced to thin-film transistors (TFTs) as the active layer, which resulted in an increased 

interest in TFTs [7]. Since then, the use of a-Si:H TFTs has gradually grown, and eventually, 

this type of TFTs has started to dominate the whole liquid crystal display (LCD) industry. 

Nowadays, a-Si:H TFTs along with indium-gallium-zinc oxide (IGZO) and poly-Si TFTs 

are the backbone of both active-matrix liquid crystal displays (AMLCDs) and active-matrix 

organic light-emitting diode (AMOLED) display technologies. 

Despite the crucial role of amorphous hydrogenated silicon (a-Si:H) TFTs in display 

technologies, a-Si:H TFTs suffer from low mobility (typically ≤ 1 cm2 V-1 s-1), as well as 

instability under electrical bias stress and illumination [8]. Although Si is the most common 

material used in electronics due to its advantages such as abundance, low-cost 

manufacturing, ease of doping, and high charge carrier mobility, the focus of TFT research 

has been being shifted to new families of semiconductor materials that can offer more 

beneficial properties, for example, transparency [9], flexibility [10] and recyclability [11] 

along with high carrier transport, low-cost solution-based processability, and mechanical 

stress tolerance, for novel applications. 

In addition, there are many applications for which high-performance (i.e., high switching 

speed, high output current) electronic switches are not needed, such as discrete sensors [12], 

simple displays [13], as well as basic radio-frequency identification (RFID) tags and smart 

cards [14]. These applications are typically realised in various shapes and sizes, and thus 

alternative electronic materials and device manufacturing techniques that are compatible 

with these applications are being developed. From a marketing point of view, the global 
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market size for flexible hybrid circuits is forecasted to go beyond $3 billion in 2030 [15]. 

Also, it is expected that almost 5 billion flexible hybrid electronic circuits will be produced 

by 2030. From the most recent trends in material research, it appears that organic and metal 

oxide semiconductors are the two most promising alternatives to silicon for low-cost, large-

area electronic applications. 

In 1986, Tsumura et al. reported a special type of TFTs that used an organic 

semiconductor (OSC) as the active layer, so-called organic thin-film transistors (OTFTs). 

The demonstrated devices used electrochemically polymerised polythiophene, which 

belongs to the family of conducting (i.e., conjugated) polymers (CPs), as the active layer and 

were operated at 50 V [16]. Accordingly, it has been shown that the thin-film transistor 

design is the structure of choice for low conductivity materials such as OSCs. As a result, 

the TFT design was utilised to realise a wide range of field-effect transistors (FETs) using 

organic semiconductors [17]. Since then, the performance of organic semiconductors has 

continuously improved, and nowadays, OTFTs can compete with or even surpass a-Si:H 

TFTs in a broad range of electronic applications [18]. 

Moreover, TFTs which employs a metal oxide semiconductor (monocrystalline ZnO) as 

the active layer were introduced in the mid-1960s. Subsequently, FETs and TFTs using other 

binary oxide semiconductors (i.e., In2O3 and SnO2) were reported [19][20]. However, oxide 

TFTs disappeared from the literature for a long time until the 1990s when it turned out that 

polycrystalline ZnO (poly-ZnO) could be fabricated on large-area substrates at temperatures 

≤ 300 °C. In the 2000s, ZnO TFTs started to attract increased attention once more with the 

expectation that they could substitute a-Si:H TFTs in FPDs. However, the initial poly-ZnO 

TFTs had several issues to be addressed, namely, relatively low mobility (≤ 3 cm2 V-1 s-1), 

electrical performance instability and normally-on characteristics. Additionally, they suffer 

from nonuniformity properties and challenging fabrication processes similar to poly-Si TFTs 

due to the presence of grain boundaries (GBs) [21], as well as high background electron 
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concentration and low chemical durability against acidic etchants and reducing atmospheres 

compared to a-Si:H TFTs [22]. 

Crystalline indium-gallium-zinc oxide (IGZO) TFTs were first reported in 2003 [23]. 

Subsequently, amorphous IGZO (a-IGZO) TFTs were demonstrated in 2004. Since then, a-

IGZO TFTs have shown promising characteristics in terms of switching speed (greater than 

a-Si:H), resolution, large-area processability and inexpensive manufacturing, which are on 

a par with a-Si:H TFTs [24]. As such, oxide semiconductors, specifically in their amorphous 

state, have started to make a remarkable growth in the display industry. At present, they are 

even challenging silicon in many other conventional applications and are researched for a 

large number of novel and disruptive applications (e.g., flexible electronics) which can 

benefit from their unique features such as high optical transparency, high carrier mobility, 

and even solution processability. However, the key issue for utilising the oxide 

semiconductors on plastic substrates such as polyimide (PI), polyethylene naphthalate 

(PEN), and polyethylene terephthalate (PET) required for flexible applications is their 

processing temperature which should be kept well below 200º C. 

Low-voltage TFTs can operate with much lower gate-source voltages (VGS) (≤ 5 V) and, 

consequently, have potentially lower power consumption. The demand for low-voltage TFTs 

is continuously growing as they have been increasingly being used in energy-efficient and 

(lithium-ion) battery-powered devices. One main parameter of TFTs, which affects their 

operation voltage, is the thickness of the gate dielectric. It turns out that reducing the 

thickness of the gate dielectric can decrease the operating voltage, and thus, this method is 

traditionally used as a method of reducing the operating voltage. SiO2, as a superior 

conventional gate dielectric, is continuously being thinned to realise TFTs with lower 

operating voltages. However, thinning SiO2 to the range of 4–5 nm increases the leakage 

current density (Jleak) exponentially due to direct tunnelling that considerably deteriorates the 

performance and reliability of the device (Jleak > 1 A cm−2 at 1 V gate bias, Fig. 1.1) [25]. 
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Besides, high-temperature processing (900 ~ 1200 °C) of defect-free SiO2 is incompatible 

with emerging novel applications such as stretchable, flexible and large-area electronics 

typically fabricated on plastic substrates which cannot tolerate higher temperatures than ~ 

200 °C [25].  

 

 (a) (b) 

 Fig. 1.1. (a) The semiconductor industry roadmap for gate dielectric thickness scaling [26] and (b) leakage 

current density (Jleak) versus voltage for various SiO2 dielectric thicknesses [27]. 

To date, apart from thinning the gate dielectric, there are other methods to reduce the 

operating voltage of TFTs, such as using high dielectric constant (κ > ~10) materials. 

Replacing the SiO2 with the high-κ materials (e.g., HfO2) as the gate dielectric was 

introduced to overcome the SiO2 limitations, enable further miniaturisation of the device 

dimensions and reduce the operating voltage. 

Moreover, it appears that although portable batteries have been remarkably improved over 

decades in terms of technology, capacity, and lifetime, their improvement has not been as 

fast as the development of semiconductor technologies [28]. This unbalanced improvement 

is also reflected in phones’ battery where in some cases, they could be lasting for several 

days without requiring to be charged in the last decade, but most of them can barely last a 

full day now. This issue can be justified by two main reasons. On the one hand, increasing 

the energy density reached a stage where it cannot be further achievable with the current 

materials. On the other hand, changing battery materials requires intensive research and 
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development, which is much slower than what has been achieved over time.  Therefore, the 

rapid development of low threshold voltage (Vth) TFTs, which guarantees lower power 

consumption, is highly desirable [29]. However, before such low-power devices can be 

realised, a significant reduction in the operating voltage of the transistors is required. 

Unfortunately, it is still extremely challenging for both organic and metal oxide TFTs to 

achieve high performance and operating voltages ≤ 1 V at the same time [30][31][32]. 

As a result, different research groups conducted extensive research to develop low 

threshold voltage (Vth) TFTs using high-κ materials and gradually reduced the operating 

voltage that was around 20 V in early devices to 10–5 V or even 3 V in the current devices. 

However, it is thought that TFTs operating at 1 V or below are now needed to realise ultra-

low-voltage transistors and circuits. Despite the quick improvement in power consumption 

and reducing the operating voltage of inorganic TFTs [33], it was only in 1999 when 

Dimitrakopoulos et al. firstly reported organic TFTs. Those OTFTs employed an 82 nm 

thick sol-gel barium strontium titanate (BST) layer with a dielectric constant (κ) of 15 as the 

gate dielectric and p-type pentacene as the active layer. Using BST in those OTFTs reduced 

the operating voltage, which exceeded 50 V at the time to 5 V [34]. 

Since then, extensive research has been conducted to find and employ a variety of high-

κ materials in OTFTs in both academia and industry. In particular, Ta2O5, due to its high 

dielectric constant ( ~ 26), was in the spotlight to be used in OTFTs. In 2002, Bartic et al. 

reported tantalum oxide (Ta2O5) deposited by e-beam as a gate dielectric material for low-

voltage poly(3-hexylthiophene) (P3HT) OTFTs [35]. Those TFTs employed a 100 nm thick 

Ta2O5 film and could operate around −3 V. In 2004, Sakai et al. reported low-voltage OTFTs 

using p-type pentacene as the semiconductor layer and a 130 nm thick Ta2O5 film deposited 

by radio-frequency (RF) magnetron sputtering as a gate dielectric. Similar to the previously 

reported OTFTs, those transistors also operated at about −3 V [36]. In 2005, Ueno et al. 

employed a thick Ta2O5 dielectric layer (d = 200 nm) in the p-type pentacene and n-type C60 
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OTFTs [37]. Although p-type OTFTs in comparison with n-type had relatively better field-

effect mobility, the fabricated OTFTs operated at 10 V which made them unsuitable for low-

voltage applications. In 2008, Zhou et al. proposed low-voltage n-type OTFTs based on a 

200 nm Ta2O5 grown by anodisation [38]. As can be seen from the literature, the use of 

Ta2O5 has been limited to relatively thick Ta2O5 films (≥ 100 nm) which effectively resulted 

in 3 V OTFTs. However, this operating voltage is still too high for certain applications where 

the low power consumption of devices is paramount. 

1.2 Motivation, challenges and research aim 

Nowadays, TFTs are situated in most electronic devices and typically consume a majority 

of the power budget of their circuits. Thus, designing TFTs which can operate at low voltages 

as possible and simultaneously have the highest performance is highly desirable 

[30][31][32]. This consideration becomes more significant when it comes to portable, 

battery-powered devices where power consumption is one of the main concerns.  

Even though the necessity of the low operating voltage is dependent on different criteria and 

can differ from application to application, the operating voltage should be as low as 1 V. For 

instance, some medical purposes require to sense and detect biological species in an aqueous 

media since it is necessary to avoid electrolytic hydrolysis of water caused by high ionic 

conduction in an analyte at higher voltages and stabilise operation in aqueous solutions. 

Although the operating voltage of TFTs has generally been reduced over the past decades, 

it has reached the range of 3–5 V where the further reduction is challenging and not trivial 

due to intrinsic properties of the conventional gate dielectrics (e.g., SiO2).  

Moreover, low-voltage TFTs are preferred to a typical TFT operating at lower voltages or, 

in particular, at sub-threshold voltages due to several reasons. Firstly, operating a TFT in a 

sub-threshold voltage is not trivial and needs several aspects to be considered. For example, 

most transistor modelling has focused on the saturation region (i.e., “on” state), not the sub-

threshold region. Secondly, operating a TFT at sub-threshold increases significantly its 
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sensitivity as small changes in gate voltage causes exponentially changes in the drain current. 

In terms of contact resistance, it also suffers from high contact resistance comparing to that 

of in the above-threshold region. Additionally, the ratio of “on” to “off” drain current is 

orders of magnitude smaller in the subthreshold regime. Therefore, to achieve the goal of 

this project, TFTs which natively have the ability to operate at low voltages are preferred. 

For totally different applications where downscaling of the channel in order to situate 

more transistors in ICs is not the case, increasing the κ/d ratio is leading to reduction of the 

operating voltage by increasing the gate dielectric capacitance. This can happen by 

substituting SiO2 with a high-κ material (e.g., Al2O3, HfO2, ZrO2, Ta2O5, etc.) and thinning 

the dielectric thickness which can increase the induced charges with lower leakage current 

and allows to decrease threshold voltage (Vth) and subthreshold swing (SS), two key features 

of TFTs without compromising the value of the drain current (ID). 

However, controlling and mitigating the gate leakage current in nanoscale dielectrics is 

challenging and increases the necessity of having dielectric materials with larger bandgap; 

therefore, selecting an appropriate material with the highest bandgap and dielectric constant 

is essential. Unfortunately, a trade-off should be considered as materials with a higher 

dielectric constant have a lower bandgap [25]. 

Among all of high-κ materials, Ta2O5 shows promising characteristics leading to be 

employed in a variety of electronic devices such as metal-oxide-metal (MOM) capacitors 

and diodes, TFTs, and memory devices. However, due to relatively medium bandgap (4.4 

eV) in comparison with other gate dielectrics, the minimum thickness of Ta2O5 films used 

in TFTs are typically thick and above 100 nm. These thick dielectrics guarantee the optimum 

performance in the application of TFTs but impede the devices to operate at low voltages (≤ 

3 V). Despite the numerous advantages of Ta2O5 dielectric for different types of devices 

such as high dielectric constant (κ ≈ 26), high transparency, high melting point (1785 °C), 
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and showing good thermal and chemical stability, it has been reported that to realise ultra-

low-voltage TFTs (≤ 1 V), the thickness of Ta2O5 dielectric requires to decrease sufficiently 

to below 50 nm [5]. This thickness reduction can be really challenging as it requires several 

optimisation steps, careful considerations, and possible trade-offs. The development of 

ultrathin high-κ dielectric (≤ ~ 20 nm) leading to the decrease of the threshold voltage (Vth) 

and subthreshold swing (SS) which allow operating voltage to be lowered with the same 

drain current (ID) in organic and inorganic TFTs. 

Moreover, although bandgap and dielectric constant are two critical parameters for selecting 

a dielectric, they are not only parameters as other criteria such as moisture absorption, crystal 

structure and surface roughness have to be considered, as well. Besides, although the gate 

dielectric can be deposited by a variety of well-established methods, low-temperature 

processing techniques should be considered first as they help to reduce manufacturing costs 

and are compatible with large-area plastic electronics. An effective strategy to realise room 

temperature processing of high-κ metal oxide materials enabling low-voltage TFTs is to use 

the solution processing techniques like anodic oxidation (anodisation). Anodisation can 

provide room temperature oxidation and deliver a smooth film with a precise thickness that 

can be used in various applications such as memory devices, transistors, and diodes. 

Therefore, anodisation as a high-quality, inexpensive deposition technique can benefit 

manufacturing procedures with minimum changes and decrease the production cost of ICs. 

Semiconductors play an essential role in active devices, and therefore, extensive research to 

find new semiconductor materials is in progress which can open new horizons for next solid-

state electronics. Table 1.1 compares the key characteristics of two well-established 

semiconductors, namely, a-Si:H and poly-Si with organic and metal oxide semiconductors. 

Overall, metal oxide and organic semiconductors show superior functionalities, especially 

for novel applications such as transparent, flexible, large-area electronics due to room 
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temperature and solution-based processability, and large-area uniformity. In this study, two 

promising semiconductor materials, organic and metal oxide were used to realise one-volt 

TFTs. 

Channel material a-Si:H Poly-Si (e.g., 

LTPS) 

Organic Metal oxide 

(e.g., IGZO) 

Manufacturing cost Low High Low Low 

Microstructure Amorphous Polycrystalline Mainly 

Polycrystalline 

Amorphous 

Stability Poor Good Poor Superior to a-Si 

Uniformity Good Poor Good Good 

Yield High Low High High 

Max. mobility (cm2 V-1 

s-1) 

≈1 ≈100 ≈10 ≈100 

Device type n-type n- and p-type Mainly p-type Mainly n-type 

Process temperature 

(°C) 

150–350 250–550 RT–250 RT–400 

Large-area scalability High *Low High High 

Solution manufacturing No No Yes Yes 

* In practice, the large-area scalability of poly-Si is not low, and it is possible to make large-area poly-Si 

displays, but due to poly-Si fabrication costs, it is not financially viable. 

Table 1.1. Key characteristics of different types of semiconductors [27][26]. 

Herein, the primary aim to conduct this research was to find and develop promising high-κ 

dielectrics which can not only deliver TFTs with the operating voltages at or below 1 V and 

reasonable leakage current density (Jleak ≤ 1 nA/cm2) but also is compatible with both organic 

and inorganic semiconductors on both rigid and flexible substrates. This aim was fulfilled 

by the development of ultrathin Ta2O5 dielectric for p-type organic and n-type oxide TFTs 

which operate at or below 1 V. The ultrathin tantalum pentoxide films have been investigated 

from scratch in order to be used as a gate dielectric in TFTs, which has shown promising 

gate dielectric characteristics especially when it is passivated with a self-assembled 

monolayer (SAM) like OTS forming a hybrid high-κ/low-κ dielectric. 

This thesis reports research results concerning pristine and OTS-treated high-κ Ta2O5 as the 

gate dielectric for n-type a-IGZO-based TFTs and p-type organic diketopyrrolopyrrole 

(DPP)-Based OTFTs. The key aspects of the study focus on the understanding of theoretical 

concepts, fabrication, characterisation and potential applications of the fabricated devices. 
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Theoretical concepts of this research are based on previous works conducted in the literature. 

Fabrication is based on our group findings and experiences, which aim to be as reproducible 

and straightforward as possible along with maximum optimisation. Characterisation is one 

of the most vital parts of the research. Therefore, in this research, scientific matters have 

been considered to achieve precise, reliable results. The developed dielectric was then used 

in other devices such as memory devices and possibly can be employed in MIM diodes to 

realise the quite full range of active devices. Moreover, due to the nature of realised TFTs 

(n-type and p-type), they can pave the way towards low-voltage CMOS-based circuits, 

which are highly desirable for future and emerging applications. 

1.3 Organisation of Manuscript 

Chapter 2 of this thesis is a literature review that consists of the theory and operation 

mechanism of TFTs, theory of dielectric and its different types and high-κ dielectric, which 

can be utilised in low-voltage, high-performance thin-film transistors by the room 

temperature solution-processed technique. The review provided herein is expected to be a 

useful resource for assessing the development of high-κ metal oxide dielectric theory and 

referencing the tantalum oxide film as a promising gate dielectric. Although the whole 

literature view may be looks saturated by information at first glance, it is suggested that the 

reader peruse sections of interest. 

The purpose of Chapter 3 is to describe the methodology and experimental work. It is 

mainly focused on anodisation, preparation and processing procedures of high-κ metal 

oxides and growth of Ta2O5, SAMs surface modification and fabrication of a-IGZO TFTs 

and OTFTs, which can operate as low as 1 V and utilising a low-cost low-temperature 

technique providing a high-quality pores-free gate dielectric with excellent characteristics.  

Chapter 4 comprises complete results and discussions and categorised into two 

subsections of characterisation of Ta2O5/OTS dielectric layers and evaluation of fabricated 
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TFTs and OTFTs using the corresponding dielectrics. In each section, the proposed dielectric 

layers used in the fabrication of transistors are separately presented and analysed. 

Chapter 5 demonstrates the application of anodised tantalum oxide films for realising 

low-cost solution-processed memristive devices. The results show a high potential of these 

devices in resistive random-access memory (ReRAM) applications and neuromorphic 

computing. 

Chapter 6 summarises the conclusions for this thesis and provides potential future work 

and detailed recommendation on the proposed anodised tantalum oxide films. 
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Chapter 2:  Literature review 

2.1 Overview of Thin-Film Transistors (TFTs) 

The concept of thin-film transistors (TFTs) was first reported by Weimer in 1962 [33]. 

TFTs are a class of the now large family of field-effect transistors (FETs). A typical TFT is 

comprised of three terminals (gate, source, and drain) and made by stacking thin films of 

various electronic materials such as a semiconductor, a dielectric, and a conductor. 

Depending on their fabrication process and purpose, some TFTs possess additional passive 

layers (e.g., substrate planarization layer, semiconductor passivation layer, and device 

encapsulation layers, etc.). The structure of TFTs has been shown to be compatible with low 

conductivity semiconductor materials and is now abundantly utilised in a-Si:H TFTs and a-

Si:H TFT-based circuits [39]. As shown in Fig. 2.1 (a), in bottom-gate top-contact TFTs the 

semiconductor layer is situated between the drain and source electrodes and the dielectric 

layer is inserted between the semiconductor and a transversal electrode (gate). TFTs employ 

an electric field to modulate the current obtained by the accumulated charge carriers at the 

dielectric/semiconductor interface and control the current flow between the source and drain 

with the applied voltage bias to the gate electrode [40]. As such, a typical TFT operates 

similarly to the metal-oxide-semiconductor field-effect transistor (MOSFET). Even though 

TFTs and MOSFETs have been developed simultaneously, MOSFETs have dominated most 

microelectronics research interests and industrial production due to their much higher 

performance. However, the high MOSFET performance usually comes with the high 

manufacturing cost and high-temperature processing (greater than 1000 °C) [41] which is 

incompatible with the increasing demand for low-cost, low-temperature, large-area 

processing of flexible, stretchable and electronics. Other dissimilarities between TFTs and 

MOSFETs, as shown in Fig. 2.1, include structural and material differences [42]. For 

example, TFTs usually use an insulator as the substrate (e.g., glass or flexible films such as 
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PEN or PI), which is not involved in the device operation while MOSFETs are fabricated on 

silicon wafers which serve as both the substrate and the semiconductor layer. As a result, 

higher performance can be expected from MOSFETs as the electrons flow in either a single 

crystalline or polycrystalline material. Also, p-n junctions are present at the drain/source 

contacts while there are no such junctions in TFTs. Noteworthily, both types of transistors 

operate in a fundamentally different way: MOSFETs operate in the inversion mode, whereas 

typical TFTs operate in the accumulation (enhancement) mode [43][44]. 

 
Fig. 2.1. Typical structures of (a) a bottom-gate top-contact TFT and (b) a MOSFET. Doped regions refer to 

the MOSFET drain and source regions. 

2.1.1 TFT architectures 

Thin-film transistors can be fabricated on a variety of rigid and flexible substrates, namely 

Si/SiO2 wafers, glass, PI, PEN, PET, and other types of flexible films. Depending on the 

position of the gate electrode and where each layer is deposited, TFTs are classified into four 

different architecture, namely, coplanar bottom-gate, staggered bottom-gate, coplanar top 

gate and staggered top-gate, as shown in Fig. 2.2. Staggered and coplanar configurations 

refer to the drain/source and gate contacts position with respect to the semiconductor layer. 

Although all abovementioned structures are used in the fabrication of TFTs, each of them 

shows a better performance in a particular application, and/or due to the fabrication 

limitations such as processing temperature, one is more desirable than the other [7][45]. For 

instance, the coplanar top-gate structure is routinely used in polycrystalline silicon (poly-Si) 

TFTs in flat panel displays due to the fact that the crystallisation process of poly-Si generally 

needs high temperature which possibly degrades the properties of other materials and their 

interfaces and thus it is favoured to be deposited without any layers beneath it [46]. In this 

structure, the drain/source electrodes are aligned with the channel region, which results in 
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the minimisation of the parasitic capacitance that reduces image flicker and sticking [47]. 

Also, top-gate structures typically have higher mobility than their bottom-gate counterparts 

[48]. The coplanar bottom-gate structure is generally used in gas sensor applications (i.e., e-

sensing). In addition, an insulator is often deposited on top of the layers, which results in 

effective mechanical and chemical protection as some dielectrics and semiconductors, such 

as CdSe, quite easily reacts with moisture and oxygen in the air. This protective layer 

supports devices from successive processes such as integration of TFTs with liquid crystal 

cells [49]. This device structure directly affects the device performance in terms of the 

contact resistance, parasitic capacitance, charge carrier mobility, sensing capability, etc., and 

it is crucial to meticulously determine the device architecture regarding the intended use of 

the device. 

 
Fig. 2.2. The most common structures of TFTs. 

2.1.2 TFT operation 

TFTs can be operated in both depletion or accumulation mode, determined by their threshold 

voltage (Vth) polarity (i.e., negative or positive). Although the accumulation mode is 

typically preferred as the gate-source voltage (VGS) is not required to turn the device off (to 

reach its off-state) and higher values of transconductance (gm) are usually obtained for this 

mode [33], depletion mode devices are not completely abandoned and are still used for some 

specific applications such as loads for nMOS logic circuitry [40]. Considering an n-channel 

(or p-channel) TFT operation in the accumulation mode. When a positive voltage (negative 
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voltage) bias is applied to the gate electrode, electrons (holes) start to accumulate at the 

dielectric/semiconductor interface, which forms a current path (so-called channel) between 

the drain and source contacts. Once the drain-source voltage (VDS) bias is applied, the current 

starts to flow from the source to the drain electrode. As illustrated in Fig 2.3, depending on 

the condition of the channel, TFTs can be considered as operating in a set of different modes, 

namely cut-off, linear, and saturation. If the applied gate-source voltage (VGS) is below a 

certain value, i.e., smaller than Vth in an n-channel TFT, then it is not possible to accumulate 

enough charges (i.e., electrons) to open the channel. Therefore, no current can flow from the 

source to the drain within the channel which is known as the cut-off region. On the other 

hand, if VGS > Vth, two scenarios can be considered. Firstly, if VDS is lower than VGS − Vth, 

IDS complies with the Ohm’s law and the resistance of the channel (RC) is proportional to 

VDS and inversely proportional to IDS. This mode is called the linear or ohmic regime. 

Secondly, once drain-source voltage (VDS) reaches a value around VGS − Vth (i.e., |VDS| ≅

|VGS − Vth|), the channel is pinched off, and subsequently, no matter how much VDS 

increases, the amount of the drain-source current (IDS) flowing in the channel is almost 

constant (saturated) regardless of the value of VDS, and the TFT works in the saturation 

regime. 

 

Fig. 2.3. Schematics of an ideal n-channel TFT operation (a) cut-off, (b) linear regime, (c) pinch-off, and (d) 

saturation regime (the same structure used in the fabrication of low-voltage TFTs in this thesis). 

The density of accumulated charge carriers (QC) (i.e., electrons or holes) in the channel is 

calculated as follows. Considering the channel voltage (VC) as a function of x which can be 
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from 0 to L as shown in Fig. 2.4, at x = 0, VC is equal to source voltage (VS) and 

correspondingly at x = L, VC = VD. Therefore, QC can be obtained by: 

 QC(x) = −CG[VGS − VCS − Vth], (Eq. 2.1) 

where, CG is the gate dielectric capacitance density formed by the metal-insulator-

semiconductor structure within the TFT. 

 

Fig. 2.4. The schematic of a TFT, when VDS ≠ 0, the channel voltage Vc is a function of x and dox is the dielectric 

thickness. 

Accordingly, IDS which is flowing from the high-voltage terminal to the low-voltage 

terminal, can be calculated as follows [50]: 

 𝐽 = 𝑄𝐶𝜇𝐸 (Eq. 2.2) 

  

IDS = W. QC(x)μE = W. QC(x). v 

= WCG(VGS − VCS − Vth)μ
dVCS

dx
 

(Eq. 2.3) 

 ∫ IDSdx = WCGμ ∫ (VGS − VCS − Vth)dVCS

VDS

0

L

0

 (Eq. 2.4) 

 IDSL = WCGμ (VGS − Vth −
VDS

2
) VDS (Eq. 2.5) 

 IDS =
W

L
CGμ (VGS − Vth −

VDS

2
) VDS, (Eq. 2.6) 

where v is the carrier velocity, E the applied electric field, J drain current density, µ charge 

carrier mobility in the channel, W channel width, and L the channel length of the device. In 
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the linear region where VDS is very small (i.e., VDS << VGS − Vth), the VDS/2 term is negligible 

and thus IDS ∝ VDS, in other words, the transistor acts as a resistor with the value of RC.  In 

the saturation region, VDS ≡ VDS, sat is equal or larger than VGS − Vth, and IDS is independent 

of VDS. Therefore, the equation is simplified to: 

  IDS =
W

2L
CGμsat(VGS − Vth)2, (Eq. 2.7) 

where µsat is the charge carrier mobility in the saturation regime. 

The most important performance parameters of a TFT are extracted from the transfer (IDS-

VGS for a fixed VDS) and output (IDS-VDS with different steps of VGS) characteristics in 

compliance with the gradual channel approximation. This approximation is only valid when 

the channel length is minimum ten times larger than the dielectric thickness (L  10  dox), 

and the TFT is not in the saturation region, yet it cannot be used for short-channel devices 

[51]. Typical output and transfer characteristics of a TFT are illustrated in Fig. 2.5 (a) and 

(b), respectively. 

  
Fig. 2.5. The I-V characteristics of a typical TFT: (a) output curve and (b) transfer curve. 

In general, the essential TFT parameters are as follows (cf. Fig. 2.5 (a) and (b)): 

• Turn-on voltage (VON [V]) is the value of VGS at which IDS starts to increase 

exponentially (i.e., at this voltage, only the minimum required charges in the 

vicinity of dielectric/semiconductor interface are accumulated and therefore, the 

channel shows a high resistance) 
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• Threshold voltage (Vth [V]) is the minimum VGS at which the number of the 

accumulated charge carriers at the dielectric/semiconductor interface is sufficient 

to create a conduction path (channel) between the drain and source electrodes (at 

this voltage, the channel starts showing a low resistance). The lower Vth, the lower 

the operating voltage of a TFT. 

• Subthreshold swing (SS [mV/dec]) is the parameter which describes the necessary 

VGS to increase IDS by one order of magnitude (decade) in the subthreshold region 

(i.e., VON < VGS < Vth, obtained by the inverse of the maximum slope of the 

transfer curve). Typically, SS << 1 V/dec, between 0.1 and 0.30 V/dec, as the 

small value of SS as possible is highly desirable because it leads to lower device 

power consumption and higher device switching speed [52]. It is usually 

determined by the two following expressions: 

Measuring from I-V characteristics of the TFT, 

 SS = (
d log(ID)

dVGS
|max)

−1

, (Eq. 2.8) 

or calculating from a MOSFET physical model that is also being used for TFTs, 

 SS =
kbT

q log(e)
(1 +

Csc

CG
), (Eq. 2.9) 

where kb is the Boltzmann’s constant, T is the temperature in Kelvin, q is the 

electron charge, CG is the gate dielectric capacitance per unit area, and Csc is the 

semiconductor effective capacitance which directly depends on the high trapping 

energy (so-called deep traps) states in both bulk and the interface and is calculated 

by [53][54]: 

 Csc = q√εsDbulk + q2Dit, (Eq. 2.10) 

where εs is the permittivity of the semiconductor, Dbulk and Dit are bulk and 

interface trap densities, respectively. For an ideal trap-free TFT, Csc is zero. 

Therefore, the theoretical limit for the SS is obtained by SSideal = kbT q log(e)⁄  
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which is equal to 59.6 mV/dec at 300 K. For an actual transistor, SS is usually 

larger than its theoretical limit at the room temperature. This deviation shows the 

quality of the dielectric/semiconductor interface. 

• On-off current ratio (ION/OFF) defines a ratio of the measured maximum to 

minimum drain-source current (IDS).  High “on” and low “off” currents in a TFT 

are highly desirable. 

• The charge carrier mobility (μ) defines how fast charge carriers (electrons and 

holes) can move through a given semiconductor. Even though it is considered as 

an intrinsic characteristic, the measured mobility in a TFT is considered to depend 

on several extrinsic factors. Normally, the higher the carrier mobility is, the better 

performance the TFT has. Also, higher mobility enables a TFT to be employed in 

more applications. Although the carrier mobility of organic semiconductors was 

lower than their inorganic counterparts for a long period of time, it has 

substantially improved recently from 0.00001 to over 20 cm2 V-1 s-1. The charge 

carriers mobility has a significant effect on the efficiency and the switching 

frequency of transistors [55]. The mobility in inorganic TFTs can also be affected 

by several scattering mechanisms, including ionised impurities, grain boundaries 

(GBs), lattice vibrations, and other structural defects [56]. Moreover, some 

scattering mechanisms particularly occurred in TFTs as the current flows in a 

narrow region close to dielectric/semiconductor interface, such as Coulomb 

scattering, interface states or surface roughness [46]. The mobility of carriers can 

be extracted using different methodologies, namely, linear mobility (µlin) and 

saturation mobility (µsat). The linear mobility and saturation mobilities are usually 

determined by calculating the transconductance (i.e., gm = dIDS dVGS⁄ ) with low 

and high VDS. In the linear regime (low VDS, VDS << VGS − Vth): 
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μlin =

gm

CG
W
L VDS

 
(Eq. 2.11) 

and in the saturation regime (high VDS, VDS > VGS − Vth): 

 
μsat =

(
d√IDS

dVGS
)

2

1
2 CG

W
L

 
(Eq. 2.12) 

Each technique has its own advantages and disadvantages. For instance, although 

µlin contains the important effect of VGS and requires the value of Vth and is more 

sensitive to the contact resistance (low VDS) [46], µsat is insensitive to the contact 

resistance. Furthermore, despite the fact that only a peak value of µlin or µsat is 

typically reported in the literature, extrapolating mobility equations as a function 

of VGS provides more comprehensive information about the device physics. 

• From the value of SS alone, the interfacial trap density (Dit) cannot be obtained 

as the Eq. 2.7 does not permit the discrete calculation of Dit and Dbulk because both 

parameters contribute to the Csc which is related to the total trap density. 

However, it can be used to find the maximum density of interface traps by 

assuming that Dbulk = 0. 

 

SS =
kbT

q log(e)
[1 +

q

CG

(qDit)] 

=
kT

q log(e)
[1 +

q2Nss

CG
] 

(Eq. 2.13) 

 

By arranging SS, Dit is obtained by [57]:  

 Dit
max = [

SS log(e)

kT q⁄
− 1]

CG

q2
 , (Eq. 2.14) 

 

where CG is the gate capacitance density, q the electron charge, k the Boltzmann’s 

constant, T the temperature in Kelvin, and SS the subthreshold swing (SS). 
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2.1.3 Low-voltage TFTs 

As mentioned in the previous section, IDS is described in the linear and saturation regimes 

by Eq. 2.6 and 2.7, respectively. In the ideal case, the drain-source current (IDS) should be 

maximum while the gate bias voltage is as low as possible. However, this only can be 

achieved when both the threshold voltage (Vth) and subthreshold swing (SS) are sufficiently 

low enabling a TFT to be operated at a low voltage and maximum performance [58]. 

Referring back to Eq. 2.7 and assuming that the mobility is constant, the only parameters 

that can be changed to compensate the reduction of IDS at low VGS are the gate dielectric 

capacitance (CG), and the channel width (W) and length (L). However, W and L depend on 

device geometry. Therefore, in order to accumulate the same number of charges within the 

channel of a TFT with fixed W and L, and maintain high IDS, it is essential to increase the 

gate dielectric capacitance (CG). One may argue that increasing the gate capacitance may 

deteriorate the transistor’s switching speed. Indeed, the maximum switching speed of a TFT 

is usually defined by its cut-off frequency fc, as shown in Eq. 2.15 [59]: 

 fc =
gm

2πCG
=

μsat(VGS − Vth)

2πL2
 , (Eq. 2.15) 

where µsat is the charge carrier mobility in the saturation regime, L the channel length, VGS 

the gate-source voltage, Vth the threshold voltage, and fc is quantified by the gm/CG ratio. 

As can be seen from Eq. 2.15, increasing the gate capacitance decreases the cut-off 

frequency. However, for specific applications such as OTFT-based sensors which generally 

sense analogue quantities such as analyte concentration or pressure, the high operating 

frequency is not required as analogue quantities do not change rapidly [60]. Thus, they are 

typically not designed to be used in high switching speed applications because they are not 

meant to substitute silicon-based high-performance transistors. Therefore, delivering the 

highest possible IDS at the lowest possible VGS is more critical than the high operating 

frequency in these applications. Nonetheless, some applications require a high switching 

speed, such as ring oscillators (ROs) which are widely used in CMOS phase-lock loops 
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(PLLs). Thus, some methods such as thinning the channel layer thickness [61] and 

engineering of the dielectric/semiconductor interface in TFTs [62] have been investigated to 

have the best of both worlds, low-voltage TFTs with an improved fc. However, depending 

on the intended applications, a trade-off situation should always be considered. The detailed 

study of the influence of the gate dielectric properties on the performance of TFTs is 

discussed meticulously in the dielectric section of this chapter. 

2.2 Semiconductor Materials for TFTs 

2.2.1 Amorphous oxide semiconductors 

Metal oxide semiconductors are a family of active materials which show high promising 

properties for the next generation of electronic devices. As mentioned before, a-Si:H and 

poly-Si (where higher performance required leading to higher manufacturing cost) 

previously dominated the area of flat panel displays (FPDs), oxide semiconductors are now 

gradually taking the market of FPDs as a potential replacement these materials due to their 

several advantages such as low-cost low-temperature processing, full transparency, high 

performance, and electrically stable properties. Despite the fact that the performance of the 

first indium-gallium-zinc-oxide (IGZO) TFTs which appeared in 2004 was much lower than 

the single crystalline silicon transistors (i.e., µsat ≈ 9 cm2 V-1 s-1, Vth ≈ 1–2 V, ION/OFF ratio ≈ 

103), the optimisation of IGZO continuously progressed and eventually opened the door for 

the realisation of high-performance thin-film transistors as promising devices for future low-

voltage, portable electronics. At present, state-of-the-art oxide TFTs display field-effect 

mobilities beyond 20 cm2 V-1 s-1
 [63], threshold voltages near 0 V, current on-off ratios ≥ 

108, and subthreshold swings (SS) about 0.2 V/dec [64]. 

2.2.2 Comparison of oxide and organic semiconductors with the conventional 

technologies of TFTs 

As discussed before, a-Si:H is the most broadly used semiconductor in the TFT circuitry of 

TVs. It also along with polycrystalline silicon (poly-Si), organic and oxide materials now 
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form the core of all commercially available TFT technologies. Table 2.1 compares the most 

important characteristics of different semiconductor materials, i.e., a-Si:H, poly-Si, 

amorphous oxides and organic semiconductors, used in TFTs. Although a-Si:H has a major 

advantage over other types of semiconductors, such as having a well-established fabrication 

process, oxide TFTs have the potential to substitute a-Si:H swiftly as most of the available 

industrial implementation tools for a-Si:H can be used for oxide semiconductors, as well. 

For instance, sputtering systems are typically used to deposit LCD top electrodes can also 

be used for depositing oxide semiconductors. Additionally, Si-based materials typically 

require toxic gases such as silane, phosphine or diborane to be synthesised, while oxide 

semiconductors can be processed using more environmentally friendly and less hazardous 

processes as oxygen and argon gases are only needed [64].  

* - Not suitable 

** - Moderate 

*** - Suitable 

Inorganic semiconductors Organic semiconductors 

a-Si:H poly-Si Amorphous oxides 

Maturity/infrastructures *** ** *→*** */** 

Large-area deposition *** ** *** *** 

Processing temperature ** */** **/*** *** 

Cost *** * **/*** **/*** 

Transparency * * *** ** 

Electrical performance */** *** *** */** 

Electrical stability * ** **/*** * 

Environmental stability * ** *** */** 

Table 2.1. Comparison between the most relevant semiconductor material technologies for TFTs. 

According to Table 2.1., organic and oxide semiconductors are challenging Poly-Si 

semiconductor in three main aspects: processing temperature, large-area deposition and 

transparency. However, poly-Si shows excellent electrical performance and has been shown 

that it virtually supports the large-area deposition. Unfortunately, its high fabrication cost 

impedes it to be used in large display panels. On the contrary, amorphous organic and oxide 

semiconductors are relatively cheap and due to their disordered structure highly compatible 

with large-area applications. Low-temperature processing also enables the fabrication of 

devices on inexpensive glass or plastic substrates which is highly desirable. Although thanks 

to the low-temperature polycrystalline silicon (LTPS) technology, the processing 
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temperature of poly-Si is significantly decreased over time from ~ 900 °C to below 600 °C, 

it is still much higher than organic and oxide semiconductors, which can be deposited even 

at room temperature. Moreover, based on a report published by Displaybank, the market for 

transparent displays is upscaling and predicted a sharp growth to create $87.2 bn by 2025 

[65]. However, due to the lack of transparency in poly-Si, this semiconductor cannot be part 

of that growing market. In contrast, some organic semiconductors are shown to be 

reasonably transparent in the visible range [66] and also, amorphous oxide semiconductors 

(AOSs) can offer fully transparent devices and displays. Another benefit of transparent 

displays is their improved brightness levels as the aperture ratio (the ratio of effective light-

transmitting area and entire area) is higher in these displays than conventional displays [67].  

In terms of electrical performance, carrier mobility (µ) is one of the most important 

parameters of TFTs, as the higher the mobility, the more applications the TFTs can be used 

for. Poly-Si TFTs have the highest carrier mobility (µ ≈ 102 cm2 V-1 s-1) in conventional 

fabrication, and up to around 900 cm2 V-1 s-1 is observed in innovative material growth 

techniques such as quasi-single-crystal large-grain material [68]. Even so, LTPS TFTs shows 

much higher µ (200 cm2 V-1 s-1) compared with other technologies, organic and a-Si:H TFTs 

with a small µ (≤ 1 cm2 V-1 s-1) and oxide TFTs with intermediate µ which typically exhibits 

higher µ than organic and a-Si:H still need more improvement and development to reach 

poly-Si. However, the high carrier mobility is not the only feature every display should have; 

in fact, this feature should be achieved along with a low leakage current and a low threshold 

voltage (Vth). For instance, although poly-Si shows the highest µ, it exhibits a large leakage 

current originated by the trap-states on the grain boundaries (GBs) [69]. This high leakage 

current of poly-Si in comparison with other technologies deteriorates the on-off ratio 

(ION/OFF) and thus limits its applications for large-area high-resolution displays. Nonetheless, 

it is noteworthy to mention that the high leakage current of poly-Si displays has been solved 

recently with the (low-temperature polycrystalline oxide) LTPO architecture developed by 
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Apple [70]. To have optimum electrical performance, µ should not be the only parameter of 

a TFT that is meticulously considered. In terms of electrical stability, although oxide TFTs 

still require further investigation for long-term stability, the primary findings demonstrate 

that oxide TFTs are vulnerable to constant current and bias stress which causes a shift in Vth. 

Nonetheless, this variation is smaller than a-Si:H TFTs and generally, oxide TFTs exhibit 

more stability than other technologies. Furthermore, the properties of semiconductors can be 

affected by exposure to visible light. This phenomenon mostly occurs in semiconductors 

with a relatively small bandgap (≤ 2 eV). For example, due to the large bandgap (EG) of 

oxide semiconductors (EG ~ 3–4 eV), it has been shown that their properties are not as 

sensitive as in the case of a-Si:H (EG ~ 1.7 eV) and Si (EG ~ 1.14 eV) which are commonly 

capped with light shields in TFT applications as their properties affected to visible light. 

Organic materials are sensitive to water and oxygen, and therefore, they are typically 

passivated to mitigate the environmental effects. This is also not the case for oxide 

semiconductors as the interaction of oxygen with oxide semiconductors can be beneficial 

[64]. 

Overall, although organic and oxide semiconductors show quite comparable properties 

regarding their characteristics such as low-temperature, low-cost processing, large-area 

uniformity and transparency, they have their own strengths and weaknesses in comparison 

with each other. In addition, even though both p-type oxide semiconductors and n-type 

organic semiconductors have been reported [71][72], n-type oxide and p-type organic 

semiconductors have shown to be more stable and therefore, can be employed together to 

achieve complementary metal-oxide-semiconductor (CMOS) devices that can be utilised in 

integrated circuits (ICs) for next-generation electronics. When oxide semiconductors are 

compared with organic semiconductors, it can be seen that they possess more electrical and 

environmental stability as well as higher performance. However, both are good candidates 
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for the substitution of conventional technologies, given that they can compensate for most 

of their weaknesses. 

2.2.2.1 Carrier transport in AOSs 

The understanding of charge transport mechanism plays a decisive role in the commercial 

applications of a-IGZO TFTs. However, there is no agreement on a single charge transport 

mechanism in a-IGZO transistors as, on the one hand, amorphous oxide semiconductors 

(AOSs) have far lower charge carrier mobility (µ) than that measured in single-crystalline 

semiconductors [73], and on the other hand, they have higher µ (1–10 cm2 V-1 s-1) than a-

Si:H (≤ 1 cm2 V-1 s-1). Thus, due to their intermediate mobility values, two basic charge 

carrier transport mechanisms, namely, thermally activated hopping transport typically used 

in low-mobility disordered solids and the classical band transport model are inapplicable 

[74]. Finding a theoretical description which can fully explain the charge carrier transport in 

AOSs is still challenging. Hence, several charge carrier transport mechanisms have been 

proposed and studied in recent years [24][75][76]. Charge carrier transport in a given solid 

is fundamentally modelled by four distinct mechanisms—all of them have been proposed as 

feasible candidates for charge transport in AOS transistors, and in particular a-IGZO TFTs. 

In the following, all of them are briefly discussed. 

2.2.2.2 Band transport via extended states in the random barrier model 

Hosono and co-workers suggested band transport via extended states (delocalised states) as 

a possible charge transport mechanism in IGZO thin films [75][77][78][79]. In this model, 

it was assumed that the charge carriers could move above conduction band minimum (CBM) 

but owing to disordered structure, their motion is hindered by a Gaussian-type distribution 

GB(E) of random potential barriers attributed to the Ga3+ and Zn2+ ions: 

 GB(E) =
1

δϕ√2π
 exp (−

(E − ϕ0)2

2δϕ
2 ), (Eq. 2.16) 
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where, ϕ0 and δϕ are the average height and the distribution width of the potential barriers, 

respectively. The random barrier model is illustrated in Fig. 2.6. 

 
Fig. 2.6. Random barrier model for band transport above the band edge Em affected by random potential barriers 

[80]. 

Charge transport in this model was defined in the context of the Drude approach based on 

the average relaxation time τ—the mean time an electron has travelled since the last 

collision— for free carriers in the states above band edge (Em). The Drude approximation is 

used for the band transport in the absence of a disorder potential [81] and with some 

suggested modification by introducing weight function ϱ(E), so-called “transmission 

probability” based on Adler et al. percolation model [82] in the presence of a substantial 

disorder potential [78]. The percolation model is a random cluster model which consists of 

adjacent or linked certain pairs of points in space wherein the case of lattice, each bond 

between neighbouring lattice sites can be occupied with probability p and empty with 

probability (1-p). The charge carrier mobility in AOS is calculated based on by: 

 μ = −
e

m ⋅ n
 ∫ τ(E)νz(E)ϱ(E)

∂fe(E)

∂νz
Dm(E)

∞

Em

dE , (Eq. 2.17) 

 
ϱ(E) = ∫ GB(ε)

∞

E

dε, 
(Eq. 2.18) 

where m is the effective mass, n the concentration of carriers, (E) the momentum relaxation 

time at an electron energy E, vz(E) the electron velocity along the z-axis, Dm(E) the 

conduction band (CB) density of states (DOS), and fe(E) the Fermi-Dirac distribution. 

2.2.2.3 Trap-limited band transport 

Trap-limited transport is quite similar to the multiple-trapping and release (MTR) model 

(Fig. 2.7) (also known as the mobility edge model), which has been proposed as a possible 



51 
 

electron-transport mechanism in AOSs [83][84]. The MTR model has been first developed 

to represent charge transport in disordered materials (e.g., a-Se) [85]. In this model, a charge 

carrier moves with microscopic mobility µ0 only through extended states with energies 

above mobility edge, which is an energy level distinguishing delocalised states with 

relatively high carrier mobility from the localised states, which are herein considered as 

traps.  

 
Fig. 2.7. A schematic of the multiple-trapping process (MTR) [86]. 

The motion of the charge carrier through the delocalised states is interrupted by trapping into 

the localised tail states with subsequent activation of carriers back into the conducting states 

above the mobility edge. Consequently, total carrier transport is determined by the effective 

drift mobility µeff, which depends on trapping and release times [87]: 

 μ𝑒𝑓𝑓 = μ0

τfree

τtrap + τfree
 , (Eq. 2.19) 

where τfree is the trapping time, and τtrap is a temperature-dependent release time (i.e., τtrap ∝

eEa kT⁄ ) when τtrap ≫ τfree. The energy scale (E0) of distribution of traps in the band tail of 

inorganic amorphous semiconductors is the exponential shape and determined by: 

 N(E) = N0exp (−
E

E0
) , (Eq. 2.20) 

where N0 is the density of localised states, and E the energy of the trap between Em and E0 

in the energy spectrum. Lee et al. utilised multifrequency capacitance-voltage (C-V) 

characteristics as an extraction technique to determine the subgap DOS in n-channel a-IGZO 

TFTs. They concluded that the subgap DOS is a superposition of two different exponential 
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functions of tail states and deep states [83]. Also, they concluded that both trap-limited 

conduction (TLC) and percolation conduction participate in carrier transport in AOS TFTs. 

They deduced that in a range of low VGS (i.e., at small carrier concentration), TLC is the 

dominant mechanism, while at high VGS, the percolation conduction prevails [88] and 

determines the drift mobility of carriers to be: 

  μ ≅ μmod

nfree

ntrap + nfree
 , (Eq. 2.21) 

where nfree and ntrap are free and trapped carrier concentrations, respectively, and µmod is the 

usual band mobility prefactor µ0 modulated by a percolation term which is derived from 

Thomas-Fermi approximation [88]. However, it has been shown that this approach is 

inappropriate for the description of incoherent charge transport [73]. 

2.2.2.4 Hopping transport 

Mott demonstrated that charge carriers can move between localised states in disordered 

solids by incoherent tunnelling (hopping) [89] and is typically the dominant charge carrier 

transport mechanism in low mobility materials ( ≤ 1 cm2 V-1 s-1). In this mechanism, charge 

carrier transport occurs from low- to high-energy localised states by thermal activation. In 

the conventional disordered semiconductors like a-Si:H, due to the fact that Fermi level is 

usually located within localised states, hopping transport is limited to low and moderate 

temperatures [73]; however, MTR is the dominant transport mechanism at higher 

temperatures. Therefore, depending on the density of charge in localised states, temperature, 

and shape of DOS, the total current mostly results from hopping transport and/or band-like 

transport [90]. Although hopping has been shown to be irrelevant in a-IGZO TFTs due to a 

well-defined Hall measurement that showed the significant role of band-like transport in 

total current, Germs et al. argued that having a band-like transport above mobility edge does 

not necessarily mean that it cannot simultaneously be variable range hopping (VRH) below 

the mobility edge. In this light, Germs et al. extended the MTR model to consider VRH in 
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the localised states below mobility edge, as well as the band-like transport in delocalised 

states above mobility edge and named it, extended mobility edge (eME) model. This model 

is based on the concept of an energy level called the transport energy (Et) and defined as an 

energy level where charge carrier transport from below states happens in the vicinity of this 

energy while occurs downward for higher energy states above Et [91]. 

 
Fig. 2.8. Schematic of carrier energy relaxation via the transport energy in a Gaussian DOS [92]. 

Therefore, the carrier mobility in this model can be calculated by: 

 μ = μ0  ̃exp [−
Et − Ef(n, T)

kT
] , (Eq. 2.22) 

where μ0̃ is the preexponential factor which depends on the density of carriers n. According 

to Eq. 2.22 and based on the high carrier mobility measured for the IGZO semiconductor, 

the hopping mechanism can only be the dominant charge carrier transport mechanism if the 

semiconductor has an oddly large value of the localisation length (a ≅ 4.8 nm) in the tail 

states. However, this is far higher than the localisation length in the band tail of inorganic 

semiconductors [81][93]. Therefore, it seems that the hopping mechanism is unlikely to be 

the main charge carrier transport mechanism in AOS generally, and particularly in IGZO 

thin films. 

2.2.2.5 Random band-edge model 

Recently, Fishchuk et al. proposed a charge carrier transport model based on the effective 

medium approximation (EMA) for a disordered semiconductor with high carrier 
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concentrations which causes Fermi level to be in the vicinity of conduction-band edge (CBE) 

[80]. The EMA is an analytical model developed for averaging multiple values; herein, 

Fermi-Dirac carrier distributions include both delocalised and localised states. Fishchuk et 

al. suggested that their model can bridge the gap between hopping and band-like transport 

in a heterogeneous system. They found out that electron conduction in a-IGZO is 

predominantly through delocalised states, and the amorphisation process in a-IGZO 

increases the random spatial potential variation of the CBE rather than localised states. Fig. 

2.9 shows the random long-range variations.  

 

Fig. 2.9. The schematic of the spatial fluctuations of band edge Em in the random band-edge model. The carrier 

motion is due to activation from Fermi level Ef towards the percolation level Ep [80]. 

The localised states and extended states are distinguished by separating energy called Em, 

the conduction band edge (Fig. 2.10). 

 
Fig. 2.10. Cumulative DOS Dtot (E) distribution [74]. 

They assumed that i) the disorder causes random spatial long-range variations of the Em as 

the variation are smooth enough with the length of variations is larger than the mean free 

path of a charge carrier and much smaller than the length of the system and ii) the mentioned 
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potential variations of Em can be described by a Gaussian distribution with the standard 

variations δ0.  

 g(Em) =
1

δ0√2π
exp [−

1

2
(

Em

δ0
)

2

] , (Eq. 2.23) 

In order to calculate the charge carrier transport, the total DOS distribution in the whole 

energy arrange required for both below and above conduction band edge Em. The former can 

be calculated by Eq. 2.20, the distribution of localised states in inorganic semiconductors 

and the latter is the delocalised states (E  Em) characterised by [74]: 

 D(E − Em) = Dc√E − Em + ∆E , (Eq. 2.24) 

where the value Dc = 1.4  1021 cm-3 eV-3/2 for a-IGZO thin films, which been previously 

reported in [78] and E is the energy shift which guarantees the continuity of the DOS in E 

= Em when ∆E = (N0 Dc⁄ )2. The total DOS can be determined by a combination of Eq. 2.20 

and 2.24 and written as [74]: 

 

Dtot(E − Em) = θ(E − Em)Dc√E − Em + (Nm Dc⁄ )2 

+[1 − θ(E − Em)]Nm exp (
E − Em

E0
), 

(Eq. 2.25) 

where (x) is the Heaviside step function, where its value is zero for negative arguments and 

unity for positive arguments. In order to find the charge carrier mobility, the conductivity of 

the system  should be determined first. Fishchuk et al. employed effective medium 

approximation (EMA) method that previously introduced by Kirkpatrick [94] to determine 

the effective conductivity e: 

 ⟨
σregion(Em) − σe

σregion(Em) + (d − 1)σe
⟩ = 0, (Eq. 2.26) 

where region is the regional conductivity at the band edge, and d the spatial dimension, 

herein, d = 3 for a three-dimensional (3D) system. In the context of EMA and apart from the 
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conductivity of the system, finding Fermi level Ef is another essential parameter to calculate 

the carrier mobility (n, T). Thus the Fermi level can be calculated using regional electron 

density (nregion) for a given value of Em by [74]: 

 nregion(Em) = ∫ D(E − Em)f(E)
+∞

−∞

dE, (Eq. 2.27) 

where f(E) is Fermi function and determined by [74]: 

 f(E) = [exp (
E − Ef

kT
) + 1]

−1

, (Eq. 2.28) 

The total electron density ntot is obtained by averaging based on EMA method over the 

regional positions of Em by [80]: 

 ntot = ∫ g(Em)nregion(Em)
+∞

−∞

dEm, (Eq. 2.29) 

For a given temperature T and electron concentration n, the regional conductivity (region) 

can be rewritten by [80]: 

 region = eμ0 ∫ g(E − Em)f(E)
+∞

Em

dE, (Eq. 2.30) 

where e is the elementary charge, µ0 is the intrinsic (band) drift charge carrier mobility in 

delocalised states determined by the effective mass (m*) and the average scattering time (τ) 

[74]: 

 μ0 =
e

m∗
〈τ〉. (Eq. 2.31) 

Here, for the sake of simplicity similar to [80], µ0 is considered as a constant. The global 

value of conductivity () is found by averaging the regional value of region and considering 

Gaussian distribution g(Em). As a result, mobility (µ) can be calculated by: 

 μ =
σ

en
 (Eq. 2.32) 
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Fishchuk et al. concluded that due to the fact that charge carrier mobility through the 

delocalised states is typically much higher than hopping charge mobility by localised states, 

hence, the conductivity is mainly determined by the delocalised states above the mobility 

band edge in IGZO materials [74]. As averaging is an important procedure for the correct 

determination of total conductivity in a given material, Nenashev et al. argued that the 

effective medium approximation (EMA) used in [74] is not the most proper method as in 

some cases (e.g., low-temperature, low-concentration and strong disorder kT ≪ δ) result in 

an exponentially large error and therefore, they introduced the averaging procedure based 

on percolation theory [80]. Averaging based on the percolation theory and EMA are 

frequently perceived complementary methods as the percolation theory is commonly 

considered for strongly disordered materials while the EMA is often employed for weak 

disorder materials. However, Nenashev et al. demonstrated that the percolation theory could 

be used not only for strong disorder materials, but it produces valid data for the opposite case 

where δ → 0. As mentioned before, the random band-edge model can be described by 

percolation theory. In this model, the transport is obtained by charge carrier above the 

percolation level Ep the minimum energy that allows charge transport between the connected 

region with Em < Ep. Thus, based on the calculations in [80] the charge carrier mobility using 

this model at low temperature and kT ≪ δ can be determined by: 

 μ ≈ μ0

Nc

n

G (Ep) kT

1 − ϑc
exp (

Ef − Ep

kT
), (Eq. 2.33) 

where Nc is the effective DOS in the conduction band and ϑc is the percolation threshold 

determined to be 0.17 ± 0.01 for the 3D continuum percolation problem and Ep = −0.95 δ 

while for the EMA model, the charge mobility is calculated by [80]: 

 μ ≈ μ0

Nc

2n
exp (

Ef − E∗

kT
) , (Eq. 2.34) 
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here E* is the value of mobility edge Em where σregion(Em) ≫ 2σe change the Eq. 2.26 to 

σregion(E∗) = 2σe and determined to be E∗ ≈ −0.43δ. This is evidence that even without 

taking the preexponential factor into consideration, the mobility obtained from the EMA and 

percolation model differs an exponential factor  exp (−0.52 δ/kT). Therefore, Nenashev 

et al. concluded that although the EMA model has not generally significant differences based 

on experimental data, still in some cases (e.g., 30 cm2 V-1 s-1 µ0  47 cm2 V-1 s-1, 36 meV 

 δ  63 meV), where disorder is strong, random band-edge model based on the percolation 

theory is the most proper model to interpret the charge carrier mobility in a-IGZO systems 

thus far [80]. 

2.2.3 Organic semiconductors 

Organic materials, such as polymers, have traditionally been viewed as insulating materials. 

However, the discovery in the late 1970s that doping of π-conjugated polymers can 

significantly increase their conductivity paved the way for the intensive research and 

development of organic semiconductors based on conductive polymers [95]. In 1997, 

Heeger, MacDiarmid, and Shirakawa published their seminal work [96] and demonstrated 

that poly(acetylene) could become truly conductive if it is highly doped with iodine as an 

acceptor dopant. Since then, organic semiconductors have gained a lot of attention owing to 

their lightweight, ease of processability, low cost, and ability to be used for large-area, 

flexible devices. 

Organic semiconductors are typically referred to as “conjugated” materials and are generally 

divided into two main categories: conjugated polymers and conjugated small molecules 

(oligomers). When conductive, a conjugated organic material is composed of alternating 

single/double or single/triple bonds between carbon atoms along its backbone [97]. The 

orbitals of a carbon atom (i.e., 12C) with the electronic configuration in its ground state of 

1s22s22p2 can be hybridised when excited by the superposition of s and p orbitals in a variety 
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of forms, including sp, sp2 and sp3 (Fig. 2.11) [97]. A carbon atom has the sp3 hybridisation 

if bonding occurs between one s orbital and three p orbitals in the same shell of an atom 

which results in four new equivalent orbitals that consist of single bonds. A carbon atom has 

the sp2 hybridisation when bonding occurs between one s orbital and two p orbitals (Fig. 

2.12). The bond created by sp2 hybridised atoms is known as a sigma (σ) bond and the 

remaining unhybridized p orbital is known as a pi (or π) bond. In the conjugated double bond 

structure, the single bonds are formed using σ bonds, and double bonds consist of a σ bond 

and a π bond. σ bonds are the covalent bonds, and the electrons of both atoms are shared 

from their s orbitals, and thus electrons which form σ bonds are strongly attached to the 

nuclei and are localised [16]. In comparison, electrons of π bonds are directly shared between 

p orbitals of two atoms, and due to the further orbital position of p orbitals to the positively 

charged nucleus, π-bonds make a weaker bonding than σ bonds. Although electrons of π 

orbitals are normally localised, it is shown that π electrons of conductive polymers are 

weakly localised and can enjoy a degree of delocalisation due to their conjugated structure 

which allows π orbitals of the neighbouring double bonds to overlap [97]. This overlapping 

results in delocalised π electrons which can hop from one bond to another or move along the 

whole molecule. The continuous overlapping of π orbitals in the conjugated backbone along 

with the resulting delocalisation make the formation and conduction of charge carriers along 

the polymer chain possible (intramolecular transport) [97]. 
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Fig. 2.11. sp hybridisation of a carbon atom— s and p orbitals can mix and form sp, sp2 and sp3 hybrid orbitals, 

respectively.  

The alternating of double and single bonds in the conjugated backbone increases the 

separation of bonding and anti-bonding states, resulting in the formation of a forbidden 

energy gap and spatially delocalised band-like electronic structure. Some of the molecular 

orbitals filled with electrons when the molecule is in the ground state and higher levels leave 

empty (Fig. 2.13).  

 

Fig. 2.12. a) π orbital formation from two p-orbitals, and b) formation of σ- and π- molecular orbitals from two 

sp2 hybridised carbon atoms. 

The highest occupied molecular orbital (HOMO) comprises bonding states of the π orbitals 

with filled electrons and is equivalent to the valence band (VB) while the lowest unoccupied 
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molecular orbital (LUMO) comprises empty higher energy anti-bonding (π*) orbitals and is 

similar to the conduction band (Fig. 2.13). As with inorganic semiconductors (e.g., silicon), 

there is an energy bandgap (EG) between HOMO and LUMO states which determines the 

semiconducting or insulating properties of most polymers (conjugated or not). EG depends 

on the chemical structure of the repeating unit, and generally, it can be said that the larger 

the conjugated network is on a molecule, the smaller the HOMO-LUMO gap becomes. The 

EG of conjugated polymers is typically around 1–4 eV making them be categorised as 

semiconductors [97]. 

 

Fig. 2.13. Representative energy band diagram of an organic semiconductor. 

As abovementioned, organic semiconductors are generally polymers or small molecules 

made from a small foundational group of conjugated monomer units. Conventionally, the 

highest performance devices have been based on the small molecules rather than polymer 

semiconductors due to their tendency to form relatively large crystalline regions with grain 

sizes up to one micron. Fig. 2.14 shows some examples of conjugated small molecules that 

are widely used in OTFTs. In some cases, devices based on small molecules semiconductors, 

such as pentacene (µ ~ 6 cm2 V-1 s-1) and sexithiophene (µ ~ 1 cm2 V-1 s-1), have been shown 

higher mobility than that of a-Si:H [98]. Nonetheless, their high performance comes with 

substantial ordering, particularly in the vicinity of the dielectric/semiconductor interface. 

Also, obtaining highly ordered small molecules semiconductors is not straightforward and 
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can be problematic specifically with some solution processing deposition techniques. One 

the other hand, polymer semiconductors are useful materials to be used in electronic devices 

as they more easily form a thin film with the large surface area than small molecules and are 

compatible with the deposition techniques which have been previously developed for 

conventional polymers (e.g., photoresists). Two most used conjugated polymers in OTFTs 

are polyfluorenes (e.g., poly(9,9-dioctylfluorene-alt-bithiophene), also known as F8T2) and 

polythiophene based materials such as poly(3-alkyl-thiophene) (P3AT). Fig. 2.15 illustrates 

some of the most popular conjugated polymers employed as organic semiconductors in 

transistors. The performance of polymer-based OTFTs crucially depends on the chemical 

and structural ordering of the polymer. High regioregularity of the polymer depends on the 

percentage of regioregular head-to-tail attachment of alkyl side chains to the beta position 

of thiophene rings and the orientation of polymer chains itself. 

 

 

Fig. 2.14. Chemical structure of the representative p-type small molecule semiconductors [99]. 
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Fig. 2.15. Chemical structure of the representative p-type polymer semiconductors [99]. 

In terms of charge carriers’ type, most polycrystalline or amorphous organic semiconductors 

exclusively support positive or negative charge carriers, but not both. Moreover, n-type and 

p-type semiconductors typically describe the type of dopant or majority carriers in the 

intrinsic semiconductors, where depending on the type of the semiconductor, holes or 

electrons are effectively transported. Therefore, it is quite common in the literature to refer 

to hole transporting for p-type and electron transporting for n-type organic semiconductors, 

respectively [16]. Even though the most used semiconductors for the application of OTFTs 

are p-channel devices owing to their higher mobility, better air stability and wider solubility 

compared with n-type organic semiconductors, n-type OSCs are required to fabricate p–n 

diodes, bipolar transistors, and complementary circuits [97][100]. One obstacle which 

impedes n-type organic semiconductors to have high performance is the much smaller 

number of available electron-withdrawing building blocks that are required for stable 

electron transport characteristics [100]. For example, when an electron is injected into an n-

type organic semiconductor, it is similar to a reduction process in an electrochemical 

reaction. If the OSC has a quite high LUMO energy level, the injected electron in the LUMO 

level of the semiconductor is at the high-energy state, which is more likely to interact or 

react with OH groups on the surface of metal oxide dielectrics or O2 and H2O in ambient air 

and therefore, the injected electron is trapped or annihilated. Thus, the trapped or annihilated 



64 
 

electrons exacerbate the electron transport in organic semiconductors, and consequently, the 

device performance [100]. Fig. 2.16 demonstrates electron and hole injection in n-type and 

p-type organic semiconductors. 

 
Fig. 2.16. The schematic shows the relationships among the Fermi energy (Ef) of the source electrode, the 

frontier energies of the organic semiconductor, and the polarity of the majority charge carriers of the OTFT 

device, where ϕe and ϕh denote the electron and hole injection barrier heights, respectively, and ‘‘×’’ denotes 

the inhibition of charge injection or transport [100]. 

2.2.3.1 Carrier transport mechanism in OSCs 

The two basic properties of organic semiconductors are the semiconducting properties on 

the molecular level and weak intermolecular bonds formed by van der Waals interactions. 

Therefore, carriers are relatively localised and can only hop to a limited number of adjacent 

molecules. However, in some carbon-based materials despite the fact that atoms are 

covalently bonded, due to the alternation of single and double bonds resulted by sp2 

hybridisation, delocalised clouds of electrons are formed between atoms within the molecule 

and said to be conjugated. Based on these fundamental properties, the charge carrier 

transport mechanism in OSCs can be diverse and thus, the three types of carrier transport 

mechanisms, namely, hopping transport, band-like transport and multiple trap-and-release 

(MTR) theory previously discussed for oxide semiconductors have been considered for 

OSCs, as well. In fact, the charge transport in OSCs is somewhat similar to the charge 

transport in AOSs. Herein, only the differences relating to the description of the charge 

transport in OSCs are briefly discussed. 
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2.2.3.1.1 Hopping transport 

For a wide range of polymer-based semiconductors, such as P3HT, DPPDTT, etc., due to 

the spatial and energetic disorder, the charge carriers are always located in the localised 

states. The carrier transport in these materials always occurs through hopping from one 

localised site to another and depends on the electronic wave functions of these sites. In terms 

of site energy, whenever a charge carrier jumps from a lower (higher) site energy to a higher 

(lower) site energy, the energy difference is adjusted by absorption (emission) of a quasi-

particle, polaron [101]. Depending on hopping distance and site energy, the hopping 

transport mechanism can be categorised into the nearest-neighbour hopping (NNH) [102] 

and variable-range hopping (VRH) [103][104]. The nearest-neighbour hopping is attributed 

to a hopping situation in which its tunnelling part occurs with a slower rate than the energy 

contribution and therefore, charges can mostly hop to the neighbour sites, while the VRH 

(discussed in 2.2.2.4), describes the situation where the charge carriers have a higher chance 

of hopping with more desirable energies close to Fermi level. Typically, the NNH is suitable 

in high temperature and small localisation radii, while VRH mostly occurs at sufficiently 

low temperatures [105]. 

2.2.3.1.2 Band-like transport 

It turns out that the charge carrier transport in small molecular crystals of, for example, 

pentacene is different from the charge carrier transport in polymers as they typically show 

higher charge carrier mobility [106]. In organic small molecules, the carriers can move with 

a much larger mean free path than that of nearest neighbour distance by the delocalised states 

[105]. The band-like transport is quite similar to charge carrier transport in crystalline 

inorganic semiconductors. In an ideal crystal inorganic semiconductor, the charge transport 

is completely dominated by delocalised states without any scattering. However, increasing 

the temperature in real inorganic crystals results in reducing the charge carrier mobility and 

vice versa due to the defects such as lattice vibrations or phonons. Therefore, operating these 
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semiconductors at low temperatures can remarkedly enhance the charge-carrier transport 

based on the concept of the band-like transport mechanism. 

2.2.3.1.3 Multiple trapping and release theory 

Apart from crystalline and amorphous organic semiconductors, some organic materials 

depict superior performance due to their poly-crystalline regioregular structure [16][107]. In 

this class of organic semiconductors, the delocalised orbitals of neighbouring molecules 

partially overlap and thus enhance the intermolecular charge carrier transfer resulting in 

higher charge carrier mobility [108]. Accordingly, the transport mechanism is not readily 

described by the discussed transport mechanisms, neither band-like transport nor hopping 

transport. The multiple trapping and release theory (MTR) is well compatible with this type 

of organic materials. Although the MTR theory is discussed in section 2.2.2.1, it is 

noteworthy to mention that charge carrier transport based on this theory depends on the 

temperature and the position of the localised states regarding the mobility edge [105]. 

2.2.3.2 Semiconductor Blends 

As discussed, recent research on organic semiconductors is pivoted around three key areas, 

fabricating high charge carrier mobility devices, realising complementary logic gates with 

equally good n-type and p-type conduction and simplifying the fabrication procedures [109]. 

One method to achieve the required properties in organic devices is to blend two or more 

organic components in order to improve the performance of individual materials 

synergistically. Blending organic compounds can be easily achieved if the materials are 

soluble and processable in a common solvent. 

In polymer/polymer blends, two or more components often show vertical phase separation 

during the deposition process. As mentioned before, most of the n-type organic 

semiconductors suffer from low mobility and poor air stability. However, several research 

groups have reported that a blend of n-type and p-type polymers (ambipolar system) can 
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address some of these problems. For instance, Geens et al. presented a blend of n-type 6,6-

phenyl-C61-butyric acid methyl ester (PCBM) and p-type poly(2-methoxy-5-(3′,7′-

dimethyloctyloxy)-p-phenylene vinylene) (MDMO-PPV) materials that can have good 

electron conduction. Moreover, it turns out that the air stability issue can be solved by using 

an ambipolar organic semiconductor which consists of an n-type poly(benzo‐

bisimidazobenzo‐phenanthroline) (BBL) and a p-type small molecule copper 

phthalocyanine (CuPc) materials [110]. From a different perspective, it has been shown that 

blending an organic semiconductor and dielectric can form a bilayer if significant vertical 

phase separation occurs, which improves the performance of OTFTs [109]. It has been 

reported that the blend of P3HT as p-channel OSC and poly(methyl methacrylate) (PMMA) 

as a dielectric modifier or as the dielectric itself can lower the operating voltage of OTFTs 

due to forming a very thin dielectric layer [111]. Generally, the advantages of 

dielectric/semiconductor blends as a vertically phase-separated bilayer for OTFTs can be 

summarised in lowering the leakage current due to adding an extra dielectric layer in the 

case of using along with the main dielectric, reducing the number of device fabrication steps, 

improving the dielectric/semiconductor interface or/and the smoothening surface of the main 

dielectric, and increasing device stability by increasing the possibility of incorporate 

encapsulation of the active materials into the same processing step [109]. 

2.3 Dielectric materials for TFTs 

2.3.1 Background 

By definition, an insulator is a material that has an extremely high resistivity to electric 

current. In other words, the electrons in the valence band in this type of materials are 

separated by a large bandgap which results in a lack of charge transport and leads to 

insulating behaviour. In insulators, the bandgap (EG) is typically assumed to be larger than 

4 eV. Fig. 2.17 illustrates the band structure of conductor, semiconductor and insulator.   
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Fig. 2.17. The band structure of a metal, semiconductor, and insulator. 

In general, insulators can be polar or non-polar. In chemistry, polarity is attributed to the 

change in electronegativity (i.e., a tendency of materials to gain electrons) of atoms within a 

molecule. The main difference between polar and non-polar insulators is that the molecules 

of polar insulators (so-called dielectrics) have an asymmetry in charge distribution, whereas 

the molecules of non-polar insulators have a symmetrical structure. Polar molecules have a 

permanent dipole moment, and thus they behave like tiny electric dipoles. In the absence of 

an external electric field, the dipoles are randomly arranged, and the net electric dipole 

moment of dielectrics is zero [112]. However, in the presence of an external electric field, 

the molecules within the dielectric medium change their orientation and align to the direction 

of the electric field. The alignment of dipoles can be improved by increasing the external 

electric field and decreasing the temperature.  

On the contrary, non-polar molecules have no permanent dipole moments or their polar 

bonds cancel each other due to the symmetry of their structure. When non-polar atoms or 

molecules are subjected to an external electric field, the positive and negative charges are 

displaced in the opposite direction. This displacement continues until the external force is 

balanced by the restoring force due to the internal electric field. The internal electric field 

created due to the polarisation of the insulator is always opposite to the direction of the 

external electric field. Hence, the net electric field is reduced because of the polarisation of 

the insulator. However, when the external electric field is removed, the dipole moments of 

each non-polar atom and molecule of the insulating medium become zero. 
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Basically, a dielectric is unable to be polarised immediately by an electric field (E). 

Therefore, the polarisation density (P) is formulated as a function of time (t) and calculated 

by [5]: 

  P(t) = ε0 ∫ χe(t − t′)E(t)
t

−∞

dx′ , (Eq. 2.35) 

where ε0 is vacuum permittivity (8.86×10-12 C2N-1m-2) and χe the electrical susceptibility 

which is related to the dielectric constant (κ) and determined by χe = κ − 1. The relationship 

between the polarisation density (P) and the electric field (E) can be shown in a simpler form 

as a function of frequency in the Fourier transform by [113]: 

 P = ε0χeE (Eq. 2.36) 

Dielectric relaxation is described as a delay in polarisation with respect to a changing 

electric field within a given dielectric which is caused by an irreversible reduction of energy 

(i.e., the decay of polarisation from excited states to the ground state) [5][114]. Typically, 

dielectrics have two types of losses, namely, conduction loss and dielectric loss. Conduction 

loss occurs when a charge flows through the dielectric from one electrode to another, and 

dielectric loss is defined as a rotation or movement of atoms or molecules within the 

dielectric medium in an alternating electric field. An effective approach to defining these 

losses in detail is to express them by dielectric permittivity (ε) as a complex number, as 

shown in Eq. 2.37: 

 ε = ε′ − jε′′ = |ε|e−jδ, (Eq. 2.37) 

where ε' is the ac capacitivity, ε'' dielectric loss factor and δ dielectric loss angle. However, 

loss tangent (tan δ) is usually expressed by ε' and ε" and δ, as shown in Eq. 2.38: 

 tan δ =
ε′′

ε′
  (Eq. 2.38) 

Typically, the most desirable dielectric materials for use in TFTs are those with a very low 

dielectric loss (e.g., < 0.01). In studying of dielectric constant (κ), it is crucial to have a 

comprehensive understanding of its origin which is based on various types of polarisation 
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mechanisms namely, electronic (atomic), ionic, molecular orientation (or dipolar), electrode 

(or electric double layer (EDL)) and interfacial (space-charge) polarisation [115]. For a given 

material, the net polarisation (P) can be determined by the sum of contributions from each 

mechanism:  

 P = Pelectronic + Pionic + Pmolecular + Pinterfacial (Eq. 2.39) 

Conventionally, the behaviour of a dielectric is obtained by dielectric relaxation 

spectroscopy (DRS) which demonstrates the interaction between the dielectric loss (tan δ) 

and the dielectric constant (κ) in terms of frequency (f) [116]. Fig. 2.18 shows the frequency 

dependency of κ and tan δ for various forms of polarisation.  

 
Fig. 2.18. Dielectric constant (κ) and dielectric loss (tan δ) for a material having electrode, space charges 

(interfacial or free-counterions), orientation, relaxation, condensed-counterions ionic, and electronic 

polarisation [5]. 

Fig. 2.19 depicts all polarisation mechanisms. Electronic polarisation is present in all 

materials and related to the delocalisation of electrons in response to visible light, 

electromagnetic field frequency (~ 1015 Hz) or under an applied electric field and form an 

electric dipole. Ionic polarisation, on the other hand, is the displacement of negative and 

positive ions toward the positive and negative electrodes, respectively. Since their mass is 

much heavier than that of electrons, the ions are unable to be swiftly polarised. Therefore, 

the maximum frequency that ionic polarisation can respond to is limited to 1013 Hz. 

Therefore, one way that is used to enhance the capacitive performance of the gate dielectric 

in OFETs is to use polymeric electrolytes which show excellent energy storage 
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characteristics [117]. Nonetheless, their practical applicability is limited due to the high 

dielectric losses. Molecular orientation polarisation refers to the reorientation of permanent 

molecular dipole moments of nanoparticles or of dipolar moieties appended to polymers 

[118]. The dipolar relaxation usually occurs between 0.1 and 10 MHz and depends on the 

nature of the dipole (crystalline or amorphous), temperature and frequency. Interfacial and 

electrode/EDL polarisation can only contribute at low frequencies. Interfacial polarisation is 

related to the reorganisation of interfacial charges (e.g., accumulated electrons and holes at 

interfaces) in heterogeneous systems [119]. Electrode/EDL polarisation usually occurs when 

all electric/ionic conduction systems contain free charges and/or ions under an applied 

electric field that move toward electrode or interfaces, leading to electric/ionic double layers 

in such regions [5][120]. Due to the nature of diffusion, space charge polarisation occurs 

rather slowly, and the typical frequency of response is approximately 102 Hz.  

 

Fig. 2.19. The schematics of dielectric polarisation mechanisms. 

 In the case of a parallel plate metal-insulator-metal (MIM) capacitor which consists of two 

parallel plates separated by a distance (d), the electric field (E) is described by E = V/d 

where V is a bias voltage applied to the capacitor (Fig. 2.20 (a)).  
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Fig. 2.20. a) Schematic diagram of a parallel-plate metal-insulator-metal (MIM) capacitor, and b) comparison 

of the frequency-dependent capacitance density of ideal high-κ and low-κ dielectrics. 

In a vacuum, the charge (Q) on the plates is linearly proportional to the applied electric field 

and determined by Eq. 2.40: 

 Q = ε0E =
ε0V

d
 . (Eq. 2.40) 

The ability of the capacitor to store charges is measured by its capacitance (C) and defined 

by: 

 C =
Q

V
=

ε0

d
 , (Eq. 2.41) 

where ε0 is vacuum permittivity (8.86 × 10-12 C2N-1m-2), d the distance between the plates, 

Q the accumulated charge, and V the potential difference between the plates. The 

polarisation of a dielectric in a capacitor increases the capacitance by a factor equal to the 

relative permittivity εr (also referred to as the dielectric constant, κ) of the material. 

Accordingly, 

 C = ε0εr

A

d
 , (Eq. 2.42) 

where ɛr is the dielectric permittivity, A is the plate overlap area. 

As shown in Eq. 2.42, the capacitance varies directly with ɛr (κ) and inversely with d. It 

is noteworthy that in terms of dielectric constant (κ), dielectric materials are divided into 

low-κ (κ ≤ 3.9) and high-κ  (κ > 3.9) materials [5]. According to Fig 2.20 (b), for high-quality 

high-κ materials, the capacitance density typically remains relatively constant at low 

frequencies but drops considerably at higher frequencies due to dissimilar behaviour of each 

polarisation in different frequency ranges and hindrance of some polarisations in high-κ 
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materials to follow changes of a high-frequency electric field. On the other hand, for high-

quality low-κ materials, the change in capacitance density is somewhat negligible over the 

whole frequency spectrum since the major contribution to κ originates from the electronic 

polarisation. 

2.3.2 Electrical properties 

Although no electrical current can flow in an ideal dielectric, in practice, there is a certain 

amount of current, known as dielectric leakage current (Ileak or leakage current density Jleak), 

flows through the dielectric which typically depends on the electric field strength. The 

dielectric breakdown also refers to a process that occurs when a portion of an insulator, 

subjected to a sufficiently high electric field, suddenly becomes electrically conductive. This 

process results in permanent electrical/chemical damage to the dielectric. The two key 

parameters which are associated with this process are the breakdown voltage (Vb) and 

breakdown electric field (Eb). For proper TFT functionality, a dielectric with the lowest 

leakage current and highest breakdown strength is most desirable. To have an estimation of 

what these parameters should be in practical applications, Wang et al. suggest that the gate 

dielectric film with thickness below 50 nm should have a low leakage current density, < 1  

10-7 A cm 2 at 2 MV/cm. For dielectrics with thicknesses between 50 and 300 nm, the leakage 

current density should be lower than 110-6 A cm-2 at 2 MV/cm. In terms of breakdown 

voltage (Vb), Vb with 1.5 times higher than the maximum gate-source voltage (VGS) of the 

TFT is appropriate [5]. 

2.3.3 High-κ dielectrics 

The intensive demands for high-performance, low power consumption field-effect 

transistors and the desire to keep Moore’s law alive have led to the significant reduction of 

the FET dimension and consequently downscaling of SiO2 dielectric thickness. However, 

the thickness of SiO2 has reached its fundamental limits and decreasing its thickness below 

2 nm is extremely challenging because it results in significantly high gate leakage current 
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density (i.e., J > 1 A/cm2 at 1 V gate-source voltage) due to the tunnelling effect which 

strongly affects the transistor operation reliability and its performance. High leakage current 

density has several setbacks, such as impeding the further thickness reduction of the gate 

dielectric, which is necessary to decrease the power consumption and dimensions of the 

device. Using high-κ materials enables a thicker dielectric layer to provide the same 

capacitance required for realising low power devices. Moreover, a thicker layer effectively 

reduces the gate leakage current as tunnelling probability diminishes exponentially with 

tunnelling distance. An actual and successful example of using a high-κ dielectric is Intel 

Core 2 family microprocessor unit manufactured using HfO2 gate dielectric. This results in 

30% lower power consumption and significantly improved operating speed and other key 

parameters in comparison with the previous generation of Pentium 4 duo [121]. This method 

has also been used for completely different applications such as low-cost organic and 

inorganic thin-film transistors (TFTs) to lower their operating voltage. [122]. According to 

Eq. 2.42, the capacitance varies directly with ɛr (κ) and inversely with d. Consequently, in 

order to increase the capacitance of a metal-insulator-metal (MIM) capacitor, two 

approaches are usually considered: firstly, the increase of C can be accomplished by 

decreasing the dielectric thickness d, and secondly, increasing the dielectric constant (κ). As 

a result, increasing C by employing high dielectric constant (high-κ) materials using existing 

or novel high-κ materials appears to be a much more viable option. However, the 

development of new dielectric materials that possess high κ and simultaneously show low 

leakage current and high dielectric breakdown strength is not easy. Despite the obvious 

advantages of these materials in capacitors, TFTs and memory devices, they also possess 

serious drawbacks such as fabrication issues (e.g., pin holes), highly polar surfaces which 

result in high charge trap densities, particularly at the dielectric/semiconductor interface and 

polarisation effects in the bulk which lead to instability of the transistor threshold voltage 

and appearance of the drain-source current (IDS) hysteresis. However, their advantages have 
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more weight, and therefore, high-κ dielectrics are being widely utilised in a variety of 

applications. Apart from their main function as the dielectric in transistors, they also play a 

crucial role in MIM diodes, capacitors, energy storage and high-frequency devices [123]. 

In general, the high-κ dielectric materials used in low-voltage TFTs are usually divided 

into four main categories, namely, ferroelectric polymers [124][125], electrolytes 

[126][127], inorganic metal oxides [128][129] and organic-inorganic hybrid dielectrics 

[130][131].  

Among all of the polymer dielectrics, relaxor ferroelectric polymers such as 

poly(vinylidene fluoridetrifluoroethylene-chlorofloroethylene) (P(VDF-TrFE-CFE)) have 

been shown high dielectric constant (κ ~ 60), which have been used to realise low-voltage 

OFETs based on different organic semiconductors. However, due to the intrinsic 

ferroelectric behaviour of P(VDF−TrFE), the fabricated TFTs usually show large I-V 

hysteresis and thus, their application has mostly limited to memory devices [132]. One 

effective method to reduce the TFT hysteresis while retaining the high-κ dielectric is to blend 

P(VDF−TrFE) with paraelectric polymers such as polymethyl methacrylate (PMMA) and 

polyvinyl alcohol (PVA) or coating a thin polystyrene (PS) film on top it [124][133][134]. 

In general, electrolytes used as gate dielectrics are materials with mobile ions formed in 

opposite charges (anions and cations) at the electrolyte/electrode interfaces within an electric 

field. Polymer electrolytes are gel-type materials capable of transporting ions and typically 

used for supercapacitors [135]. The main advantage of using electrolytes, polyelectrolytes 

or polymer-electrolytes as a dielectric layer is their high dielectric constant (κ > 60), which 

induces a large gate dielectric capacitance (20 µF cm-2 to 500 µF cm-2) and allows the 

operating voltage to be lowered [136][137]. Other important benefits derived from using 

electrolytes as a gate dielectric are low drain and source contacts resistances, versatile 

architectures, solution processability and their application in biosensors [138]. Although 

electrolytes enable ultra-low-voltage devices, it appears that they are thermally unstable and 
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their adhesion to the substrate during bending is problematic as they can be easily 

delaminated [139]. Also, the anions present in the electrolytes might unintentionally 

penetrate into the semiconductor and electrochemically dope the active layer [139][140]. 

Self-assembled monolayers (SAMs) can act as a nanometre-thick/high-capacitance gate 

dielectric. Although SAMs are typically categorised as low-κ materials (κ ~ 2–3), thanks to 

their ultra-thin thicknesses (~ 1–3 nm) and highly ordered morphology, they exhibit high 

capacitance and low leakage current, making them a promising candidate to be utilised in 

high-performance, low-voltage FETs as a gate dielectric, where thinning the dielectric 

cannot be easily done due to undesired leakage current and surface defects. Nevertheless, 

relatively difficult deposition and susceptibility to moisture in air limit their application in 

mass production [141]. 

High-κ inorganic dielectrics are crucial components in current and future microelectronic 

devices. The most common inorganic dielectrics used in TFTs are perovskites, metal oxides 

(MOs), nitrides (Si3N4, AlN), and their hybrid compounds. The metal elements utilised in 

these chemical compositions typically belong to the groups IIA, IIIA, IIIB, IVB, and VB in 

the periodic table. Also, it is noteworthy to mention here that alkali metal oxides and alkaline 

earth metal oxides are very hygroscopic—tend to absorb moisture from the air— which 

causes deleterious effects on the stability of the devices. Therefore, they are rarely 

considered as sole gate dielectric materials [142][5]. 

2.3.3.1 Metal oxide dielectrics 

Metal oxide dielectrics (e.g., Al2O3, TiO2, HfO2 and ZrO2) have been extensively 

investigated as they simultaneously guarantee high Ci and low Jleak. As such, they have been 

widely used in various applications such as capacitors, transistors and memory devices as 

insulating layers. Although in terms of the dielectric constant, MOs are superior to SiO2, 

choosing the optimum metal oxide dielectrics for TFT applications is not simple and needs 

taking several aspects into consideration. For example, metal oxides such as Al2O3 have 
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typically high toughness to etching during subsequent post-deposition processes. Therefore, 

selecting a proper high-κ MO dielectric for TFT is not easy, and usually, four main aspects, 

namely, dielectric constant, bandgap width, moisture absorption, as well as surface 

morphology/defect states, need to be considered. 

2.3.3.1.1 Criteria for metal oxide high-κ dielectrics 

2.3.3.1.1.1 Dielectric constant 

The first criterion of gate dielectric materials is dielectric constant or permittivity. To realise 

high-performance TFTs for utilising in next-generation circuits, it is essential that the gate 

dielectric has a high dielectric constant (κ >10, preferably 20–30) which enables larger 

dielectric thickness (4–7 times) to suppress gate leakage current with the same capacitance 

density [121]. Nevertheless, high-κ materials with too large dielectric constant (κ > 40) are 

also not advantageous as typically these materials include very polar functionalities or ionic 

impurities, showing frequency-dependent dielectric constants, hysteresis in the capacitance-

voltage (C-V) and high dielectric loss [143]. 

2.3.3.1.1.2 Bandgap width 

A very important physical property of each dielectric is its bandgap (EG). A large EG in 

dielectric materials is favourable because it requires electrons to acquire tremendous energy 

for excitation and transfer from the valence band to the conduction band. However, in typical 

high-κ inorganic dielectrics, the bandgap is inversely proportional to the dielectric constant 

(κ) and have a smaller EG than SiO2 [5]. Regarding the gate leakage current, small energy 

gaps may display a higher probability of direct tunnelling across the dielectric by Schottky 

emission and/or Poole-Frenkel effect discussed in detail in section 2.3.3.1.2 [144]. The 

relation between the bandgap and the dielectric constant of the most common high-κ oxide 

dielectrics is illustrated in Fig. 2.21. The Bandgap determines the band offset with the 

adjacent semiconductor. In comparison with SiO2, high-κ materials show narrower EG and 
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smaller band offset originated from the d-state electrons (valence electrons of transition 

metals) and high coordination ionic bond. The bandgap of MOs is mostly dominated by the 

electronegativity of the metal. In other words, higher metal oxide bond ionicity will occur 

for metals with smaller electronegativity, and consequently, the conduction band is 

decreased [145]. Employing a dielectric with too small band offset results in unacceptably 

high leakage current due to the thermionic emission of electrons and holes into dielectric 

bands. Table 2.2 summarises the most important electrical and structural properties of 

commonly used oxide dielectrics. As EG is inversely proportional to κ in this type of 

materials and high κ and large EG is desirable for the gate dielectric application, a trade-off 

between κ and EG should be considered. For example, high-κ oxide materials such as TiO2 

(κ ~ 80) due to the very small EG (3.5 eV) and band offset are not a suitable substitution for 

the gate dielectric in transistors with wide bandgap semiconductor. Therefore, to achieve 

reliable TFTs, ideally, EG of a given dielectric should be larger than 5 eV. Also, the band 

offsets of the dielectric valence band maximum (VBM) in a p-channel TFT and conduction 

band minimum (CBM) in n-channel TFT should be > 1 eV compared with those of the 

semiconductor to keep the Schottky emission leakage current sufficiently low.  
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Fig. 2.21. Dielectric constant (κ) vs energy gap (EG) for the most common inorganic dielectric materials [146]. 

Material Dielectric constant (κ) Energy Gap (eV) Crystal structure 

SiO2 3.9 9 amorphous 

Al2O3 9 8.8 amorphous 

Ta2O5 26 4.4 amorphous 

HfO2 25 5.8 
Monoclinic, 

tetragonal, cubic 

ZrO2 25 5.8 
Monoclinic, 

tetragonal, cubic 

Nb2O5 40 3.4 amorphous 

TiO2 80 3.5 
Tetragonal (rutile, 

anatase, brookite) 

WO3 42 2.6 
Monoclinic, 

tetragonal, rhombic 

La2O3 27 5.8 hexagonal 

HfSiO4 11 6.5 Tetragonal 

Si3N4 5–7.5 5.3 
Hexagonal, 

tetragonal 

Y2O3 15 6 Cubic 

Table 2.2. The most important electrical, physical and structural properties of some high-κ inorganic materials 

[146]. 

Fig. 2.22 indicates the energy bands of semiconductors and calculated conduction band and 

valence band offsets of the indicated dielectrics. All values are normalised to the VBM of 

ZnO, and the dotted line shows the minimum of the 1 eV requirement for the conduction 

band offset. According to Fig. 2.22, all indicated oxide dielectrics are suitable for p-type 
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semiconductors, while for n-type semiconductor, only Ta2O5 cannot meet the 1 eV 

requirement.  Herein, this issue is addressed, and Ta2O5 dielectric is optimised and modified 

to be used as the gate dielectric in n-type semiconductor TFTs without increasing the gate 

leakage current. 

 
Fig. 2.22. Calculated band offsets of the indicated dielectrics. The values are normalised to the VBM of ZnO. 

The dotted line indicates the minimum of 1 eV for the conduction band offset [5]. 

2.3.3.1.1.3 Moisture absorption 

Moisture absorption is an essential factor for selecting high-κ dielectrics since good 

environmental stability avoids degradation in ambient conditions and is also essential for 

any devices, especially when the device is designed to work as a sensor and exposed to 

moisture and air or solution processing fabrication is preferred. Metal oxide dielectrics may 

absorb water precipitated on the surface or from the surrounding air leading to changes in 

key parameters of the dielectric. Gibbs free energy change (ΔG) for moisture absorption 

reaction can determine how fast a given oxide dielectric can react with moisture and is 

calculated by [145]: 

 MmOn + H2O(g) ⇄  M(OH)n (Eq. 2.43) 

Intrinsically, the moisture absorption phenomenon in high-κ oxides is the reaction between 

the solid oxide (MmOn) film and gas state water (moisture) in the air which can be described 

by Eq. 2.44: 

 ∆G = ∆H − T∆S, (Eq. 2.44) 
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where ΔH is the enthalpy change, T ambient temperature in Kelvin (K) and ΔS the entropy 

changes in the reaction. Fig. 2.23 shows the Gibbs free energy (ΔG) of the moisture 

absorption reactions for most common metal oxide dielectrics. The sign of ΔG indicates 

whether the reaction is spontaneous or not. In other words, the negative sign of ΔG shows a 

higher reaction tendency of an MO with water, while positive values of ΔG shows that this 

process is not thermodynamically favourable. In addition, the larger the absolute value of 

ΔG, the faster the reaction process occurs [145]. For example, the moisture absorption 

reaction could not occur on the surface of SiO2 as the ΔG of the reaction is positive (= 5.9 

kJ/mol). On the contrary, ZrO2 with a negative value (ΔG = −47.1 kJ/mol) is more likely to 

react with moisture. Furthermore, having a higher moisture-absorption-reaction speed makes 

ZrO2 be less stable than Al2O3 (ΔG = −9.4 kJ/mol) [145]. Even though most of the metal 

oxide dielectrics have a tendency to absorb moisture which has a degrading effect on the 

reliability and stability of devices, several strategies such as doping with a second element 

and/or surface passivation have been introduced to prevent the dielectric degradation and 

improve the stability which is discussed in the next sections [121] [147]. 

 

Fig. 2.23. ΔG for the moisture absorption reactions in high-κ metal oxides under standard conditions. The ΔG 

values are calculated by using HSC Chemistry software [5]. 
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2.3.3.1.1.4 Surface morphology and defects states 

The role of the dielectric/semiconductor interface in TFTs is extremely important as charge 

transport occurs in the vicinity of this interface (only a few nanometres away). Ideally, the 

dielectric surface should be as smooth as possible, and only a small number of defects is 

acceptable. Surface defects increase the charge carrier traps and deteriorate the device 

stability. Therefore, having a high-quality interface is essential to have a stable operation 

under long-term bias stress. Instability behaviour often observed as threshold voltage (Vth) 

shifts is caused by trapping sites at or close to the dielectric/semiconductor interface. It turns 

out that in the case of SiO2, the dangling bonds and hydroxyl groups (-OH) act as charge 

traps which significantly worsens the TFT performance [148]. For most metal oxide 

dielectrics, the surface morphology and defect states directly depend on the fabrication 

process and post-treatment conditions [121]. 

Although the aforementioned criteria for selecting a proper high-κ oxide dielectric for TFTs 

are decisive factors in transistor performance, other factors such as process compatibility, 

solution processability, cost and material toxicity should also be taken into consideration. 

2.3.3.1.2 Leakage Current Mechanisms in Oxide Dielectrics 

Ideally, dielectrics should show high insulating properties and low conductivity (10-20 to 10-

8 Ω-1 cm-1) under electric fields < 1–2 MV/cm. However, considerable current flows through 

the dielectric layer under a stronger applied electric field (> 3 MV/cm) which depending on 

dielectric properties. This current (also known as the gate leakage current) is attributed to 

several conduction mechanisms which are crucial for understanding the dielectric 

applications. Typically, the mechanisms responsible for conduction in dielectrics are divided 

into electrode and bulk limited conduction. Electrode limited conduction mechanisms 

depend on the electrical properties at the electrode/dielectric interface; namely, Schottky or 

thermionic emission, Fowler-Nordheim (F-N) tunnelling, direct tunnelling, and thermionic 
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field emission. Bulk limited conduction is related to the dielectric itself, including Poole-

Frenkel (P-F) emission, hopping conduction, Ohmic conduction, and grain boundary limited 

conduction. Fig. 2.24 (a) and (b) show the classification of the conduction mechanisms in 

dielectrics and the corresponding energy band diagrams, respectively [149].  

 

 

Fig. 2.24. (a) The classification of the conduction mechanisms and (b) their corresponding energy band 

diagrams. 

2.3.3.1.2.1 Schottky (Thermionic) Emission 

The theory of Schottky (or thermionic) emission explains how electrons in a metal electrode 

overcome the energy barrier at the electrode/dielectric interface and are injected into the 



84 
 

dielectric once they have sufficient thermal energy. As a consequence, a depletion layer or 

electrostatic barrier is generated. The Schottky emission is one of the most observed 

conduction mechanisms and described by [149]: 

 JS = A∗T2exp [
−q(ϕS − √qE/4πε)

kBT
], (Eq. 2.45) 

where JS is the leakage current density, A* the modified Richardson’s constant (= 120 A/cm2 

K2), T the absolute temperature, q the elementary charge, ϕS the Schottky barrier height, E 

the electric field, ε the dielectric permittivity, and kB the Boltzmann’s constant. 

2.3.3.1.2.2 Fowler–Nordheim Tunneling 

A sufficiently large electric field (6–7 MV/cm) causes large band bending in the dielectric 

and provides an opportunity for electrons to breach the triangular band edge of the dielectric. 

This phenomenon is called Fowler-Nordheim tunnelling and its resultant current expressed 

as [149]: 

 J =
q3E2

8πhqϕFN
exp [

−8π(2qmeff)
1/2

3hE
ϕFN

3/2], (Eq. 2.46) 

where h is Planck’s constant, ϕFN the tunnelling barrier height, and meff the tunnelling 

effective mass in the dielectric. This phenomenon is independent on the temperature and 

decreases exponentially with the dielectric thickness. 

2.3.3.1.2.3 Direct tunnelling 

Direct tunnelling occurs when the dielectric is very thin (i.e., not much greater than the 

localisation length, ≤ 5 nm) that allows electrons to directly tunnel across the energy barrier 

height even at low bias. In other words, the thinner the dielectric is, the higher the tunnelling 

current becomes. There are two main leakage current conduction mechanisms in SiO2 films, 

F-N tunnelling and direct tunnelling. Even though both decrease exponentially with the 

dielectric thickness, F-N tunnelling dominates when the voltage across dielectric is large 
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enough (greater than the metal-insulator barrier height [150]), and the thickness of SiO2 is 

around 4-5 nm while direct tunnelling dominates for SiO2 thicknesses less than 3.5 nm 

dominates at small bias voltages [149]. Direct tunnelling current density can be calculated 

by [121]: 

 J~exp [
−8π(2q)1/2

3h
(meffϕB)1/2ktEOT], (Eq. 2.47) 

where ϕB is the tunnelling barrier height and tEOT the effective oxide thickness. 

2.3.3.1.2.4 Thermionic-Field Emission 

Thermionic-field emission intermediately occurs between field emission and thermionic 

(Schottky) emission. In this situation, the electrons can still tunnel through the dielectric and 

are injected to the dielectric when they have the energy between the Fermi level of the metal 

and the conduction band edge of the dielectric. The difference between thermionic emission, 

thermionic-field emission and direct tunnelling emission is illustrated in Fig. 2.25. 

 

Fig. 2.25. The schematic of different conduction mechanisms: thermionic, thermionic-field emission and field 

emission. 

2.3.3.1.2.5 Poole–Frenkel Emission 

The Poole-Frenkel emission reduces a Coulombic potential barrier when it interacts with an 

electric field and is generally related to the lowering of a trap barrier in the bulk of a dielectric 

[151]. The P-F emission is analogous to the Schottky emission as it describes how thermally 



86 
 

excited electrons may emit from traps into the conduction band of the dielectric. The current 

density of the P-F emission (JP-F) can be expressed by [121]: 

 JP−F = qμNCE exp [
−q(ϕT − √qE/πε)

kBT
], (Eq. 2.48) 

where µ is the electronic drift mobility, NC the density of states in the conduction band and 

ϕT the trap energy level. 

2.3.3.1.2.6 Ohmic Conduction 

Ohmic conduction is caused by the charge carrier transport—the movement of mobile 

electrons in the conduction band and holes in the valence band. In this conduction 

mechanism, the density of current is linearly proportional to the applied electric field. Even 

though dielectrics typically have a large bandgap (the Fermi level (Ef) is approximately 

situated in the middle of bandgap (EG)), still a number of carriers may be thermally excited 

to the conduction either from valence band or impurity level. Therefore, the current density 

generated by Ohmic conduction. Although it is very small, it can still be observed even at 

very low voltages. This current can be expressed by [121]: 

 J = qμNCE exp [
−(EC − EF)

kBT
], (Eq. 2.49) 

2.3.3.1.2.7 Hopping Conduction 

Hopping conduction is typically a thermally activated electron transfer due to the tunnelling 

effect of trapped electrons hopping between one trap site or more in dielectric films. In this 

mechanism, although the energy of electrons does not exceed the potential barrier between 

two sites, the electrons can still be transferred to the trap sites based on the tunnelling 

mechanism [58]. The hopping conduction is usually dominant at low fields and moderate 

temperatures and is expressed by [149]: 
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  J = qanv exp [
qaE − Ea

kBT
], (Eq. 2.50) 

where a is the mean hopping distance, n the electron concentration in the dielectric 

conduction band, v the thermal vibration frequency of electrons at trap sites, and Ea the 

activation energy from trap sites to the bottom of conduction band (EC). 

Other conduction mechanisms in dielectrics, such as ionic conduction and grain boundary 

limited conduction, are usually not important for the dielectric materials in TFTs as the ion 

mass is large and amorphous dielectrics are desirable in these applications [121]. 

2.3.3.2 Hybrid self-assembled monolayer/inorganic dielectrics 

So far, two methods for lowering the operating voltage of TFTs have been described in 

detail, namely, using high-κ materials (e.g., metal oxide dielectrics) or thinning the gate 

dielectric (e.g., either by decreasing the dielectric thickness or utilising SAMs as the gate 

dielectric). Both strategies have several advantages and disadvantages, and therefore, are 

used in different applications. In terms of dielectric materials, both oxide and SAM 

dielectrics have several strengths and limitations, but, in some ways, both can complement 

each other. On the one hand, metal oxide dielectrics suffer from the presence of charged 

(pH-dependent) and redox reactive sites on their surfaces which affect the density of charge 

carriers and increase the trap density at the dielectric/semiconductor interface. This leads to 

detrimental effects on device performance, particularly on charge mobility (µ) and threshold 

voltage (Vth). However, they typically have a high dielectric constant (κ) and low leakage 

current density (Jleak) [152]. On the other hand, SAM dielectrics suffer from low dielectric 

constants and leakage-inducing defective sites on the SAM surface, leading to having a low 

device performance. However, having ultrathin thicknesses (~ 1–3 nm) with the minimal 

gate leakage current and better compatibility with OSCs makes SAMs to be used as nano 

dielectrics in low-voltage TFTs.  In addition, the presence of water at the 

dielectric/semiconductor interface has a decisive role in terms of the TFT performance since 
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the charge carriers (specifically, cations) can be hydrated by water molecules, and 

consequently increasing their effective mass (decreasing carrier mobility) or assisting the 

hopping by favourable reorganisation energy (increasing the carrier mobility) via 

polarisation [141]. For example, in the thin-film SiO2 used as a gate dielectric, the presence 

of silanol groups causes high surface tension of the dielectric surface, which depletes charge 

carriers from the channel. The charge carrier depletion leads to a current decrease and a 

threshold voltage shift to more negative values in a p-channel TFT. This can be attributed to 

the bias stress observed in p-channel OTFTs which impedes the reliability and lifetime of 

OTFTs [141]. Therefore, the modification of metal oxide dielectrics surfaces with SAMs is 

an effective approach to passivate the dielectric surface and control its surface energy. This 

approach results in avoiding the dangling bonds which act as charge carrier trap sites, and 

consequently, enhancing the TFT performance. To have a deeper understanding of 

passivation process of metal oxide dielectrics, the chemical and physical properties of self-

assembled monolayers (SAMs) are described below. 

2.3.3.2.1 Self-assembled monolayers (SAMs) 

Self-assembled monolayers (SAMs) are ordered, two-dimensional (2D) organic 

molecular assemblies formed spontaneously by chemical absorption of an amphiphilic 

surfactant on a variety of substrates. Although SAMs are not part of the nowadays large 

family of high-κ materials, due to their SAMs nano-scale thickness (~ 2–4 nm), which leads 

to high gate dielectric capacitance density, they are discussed in this section. 

SAMs are one of the most effective and versatile strategies for surface functionalisation. 

They are comprised of three parts 1) the head group, which is the end of the molecule and 

attaches to the surface 2) a backbone made of an aliphatic chain—organic compounds 

comprising of hydrogen and carbon joined together in a straight chain—and/or an aromatic 

oligomer, typically responsible for the molecular ordering, and 3) the terminal group, which 
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determines topography, surface energy and chemistry of the outer interface [141]. Fig. 2.26 

depicts a schematic presentation of a typical self-assembly molecule. 

  

Fig. 2.26. (a) The representative schematic of self-assembly molecule, and (b) three prominent SAMs. 

SAMs can be formed on surfaces by deposition from a solution or a gas phase. 

Interestingly, SAMs can be utilised in different roles in the structure of TFTs. For example, 

they can be used as a gate dielectric primer, molecular dielectric, organic semiconductor and 

electrode modifier, as shown in Fig. 2.27. In this thesis, only their role as a surface primer 

of metal oxide dielectrics is studied. 

  
Fig. 2.27. SAMs role in TFTs a) dielectric primer, b) main dielectric, c) semiconductor, and d) electrode 

modifier. 

Depositing a silane SAM onto hydroxyl-terminated metal oxide dielectrics hampers the 

acid-base and condensation reactions of the silanol groups and terminates electrostatic 

interaction such as hydrogen bonds [141]. This hydrophobic surface lessens the 
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electrochemical reactions and increases the resistivity of the surface to water and moisture 

absorption [153][154]. Therefore, this resistivity to moisture and water molecules makes 

them proper candidates for applications where device operation under exposure to water or 

moisture is required. As such, they have been vastly used for surface modification and 

capping purposes [155][156]. 

As mentioned before, one promising way to suppress the dielectric surface charge traps 

in TFTs is to treat its surface with hydrophobic SAMs such as hexamethyldisilane (HMDS) 

[157], octyltrichlorosilane (OTS) or n-octadecyltrichlorosilane (ODTS). Also, regarding the 

relevant reports [158][159], carrier mobility is significantly improved with increasing the 

SAM alkyl chain length, i.e., HMDS < OTS < ODTS, in comparison with the untreated 

surface [160]. It is also shown that SAMs with a longer alkyl chain have stronger adhesion 

and higher hydrophobicity of the modified surface [161]. 

n-octyltrichlorosilane (OTS) is a self-assembled monolayer that has previously been 

shown to have good compatibility with SiO2 and metal oxide dielectrics. Nowadays, it is 

typically used as a passivation layer for metal oxides providing capping of polar surfaces or 

as a hydrophobic coating layer preventing electrical instability of organic semiconductors 

and OTFTs [58]. Essentially, OTS appears to be one of the most used SAMs in TFTs. It has 

been reported that OTS significantly improves the dielectric/semiconductor interface in 

TFTs by passivating the metal oxide dielectric surface. This leads to reducing charge carrier 

traps, and in consequence, improving charge carrier mobility [160]. 

During silanization, OTS molecules are attached to the dielectric surface through the 

chemical reaction of –SiCl with –OH groups on the metal oxide surface. This results in –Si–

O–M structures. The other two –SiCl bonds of the OTS molecule react with proximate OTS 

molecules which forms a cross-linked monolayer (Fig. 2.28). 
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Fig. 2.28. The schematic representation of the silanization reaction. 

Apart from the aforementioned beneficial effects of the SAM treatment on the metal oxide 

dielectrics, in the case of ultra-thin MO layers (d < 10 nm) it also acts as the second 

(supporting) dielectric layer, which significantly reduces the gate leakage current. However, 

using SAMs to functionalise the surface of oxide dielectrics is not totally beneficial. Despite 

their nano-scale thicknesses, using SAMs increases the overall dielectric thickness and 

reduces the capacitance, which is not desirable. Although this capacitance reduction for thick 

dielectrics can be negligible, it can be problematic when the main dielectric thickness is on 

a scale of a few nanometres. Moreover, after thorough investigations of OTS-treated SiO2 

and MOs, it turns out that the OTS surface modification is not quite straightforward as it can 

easily self-polymerise in ambient conditions which leads to the formation of thick 

polysiloxane film and large OTS particles which is highly undesirable and against the 

purpose of the surface modification. Nevertheless, to avoid problems with self-

polymerisation, non-polymerising SAMs can be employed [162]. 

2.3.3.3 High-κ metal oxides deposition techniques 

The necessity to substitute SiO2 with alternative dielectrics causes a pivotal change in 

chemical processing of this type of materials because they usually cannot be thermally grown 

on, e.g., crystalline silicon (c-Si). To ensure that the fabricated devices work with their 

optimal electrical performance, the deposited dielectrics must be as smooth as possible (root-
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mean-square roughness (σRMS) < 1 nm is desired), pinhole-free and have both an excellent 

thickness uniformity and superior interfacial and bulk properties [163]. 

The main techniques used for deposition of high-κ oxide materials are atomic layer 

deposition (ALD), DC/RF magnetron sputtering, plasma-assisted deposition, spin 

coating/annealing and anodisation which have their own advantages and disadvantages. 

Selecting an appropriate deposition method depends on several criteria, such as material 

properties, intended applications, and the deposition/fabrication process costs. 

2.3.3.3.1 Atomic layer deposition (ALD) 

Atomic layer deposition (ALD), also known as atomic layer epitaxy (ALE), is a popular 

material deposition method that is a subclass of chemical vapour deposition (CVD) 

techniques. ALD is a high yield process delivering highly conformal, pinhole-free oxide 

layers at a relatively low temperature resulting in low leakage current, small hysteresis, and 

low interface state density metal-oxide-semiconductor (MOS) devices. This makes it an 

ideal deposition technique for metal oxides, metal nitrides, semiconductors, transparent 

conductive oxides and ferroelectric materials [163]. In this process, two chemicals react with 

each other, and the oxide is achieved by repeating sequential, self-limiting surface reactions 

where precursors are separately deposited onto the substrate [164]. Fig. 2.29 shows the 

deposition process. 

 

Fig. 2.29. Atomic layer deposition process. 

Apart from the aforementioned advantages, ALD offers a precise thickness control in 

comparison with other vacuum deposition methods as the oxide layer grows per cycle (GPC) 
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allowing to have a sub-nanometre control over the deposited layer. However, ALD has two 

main drawbacks. Firstly, owing to the thermally activated surface reaction, the substrate 

temperatures should be between 275–800 °C, and this temperature is relatively high to be 

used for plastic substrates. Secondly, several percentages of carbon contaminations in the 

deposited oxide layer have been reported [165]. The plasma-enhanced atomic layer 

deposition (PEALD) is the same processing technique but instead of thermally activating 

surface reaction is using radicals (or ions) produced from a plasma. Since the substrate 

temperature in PEALD is relatively lower than ALD (50–200 °C), this method can be used 

for plastics substrates which cannot typically tolerate high temperatures. Owing to the 

interaction of reactive radicals and ions with the surface, the composition and microstructure 

of the deposited layer are typically stoichiometric with minimal carbon contamination [166]. 

Fig. 2.30 demonstrates the schematic of a plasma-enhanced atomic layer deposition system. 

 

 

Fig. 2.30. Schematic of a plasma-enhanced atomic layer deposition (PEALD) system. 

2.3.3.3.2 Magnetron sputtering 

Magnetron sputtering is a high vacuum-based coating method which belongs to the group 

of physical vapour deposition (PVD) techniques. The sputtering deposition of high-κ oxide 

materials is typically based on the metal oxide or metal target being bombarded by an inert 

plasma (partially ionised gas, e.g., Ar) or a mixture of inert gas and oxygen plasma (e.g., 
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Ar/O2) [166]. For example, deposition of Ta2O5 can be attained by both reactive sputtering 

methods where a tantalum metal target is sputtered in the presence of oxygen/argon plasma 

or a Ta2O5 target directly sputtered in an argon plasma [167]. The process begins when a 

voltage is applied to the target by means of a different potential difference (pulsed DC) or 

electromagnetic excitation (magnetic field (MF), radio frequency (RF)) in the presence of 

pure argon gas. In this situation, plasma is created by ionisation of Ar in the surrounding of 

the target, and Ar+ ions start to accelerate and bombard the target atoms due to magnetic 

field. This bombardment leads the atoms to be sputtered off into the plasma and projected to 

the substrate. Then these vaporised atoms condense on the sample and form a thin layer. In 

order to properly deposit sputtered materials, several process parameters should carefully be 

considered. Firstly, the distance between the samples and the target should be optimised. 

Secondly, the chamber pressure should carefully be controlled to get the best quality of the 

deposited films and avoid contamination caused by the residual gases. Last but not least, the 

applied sputtering power should not exceed the maximum value for a given material because 

higher applied power could result in the target damage and poor quality of the deposited 

films. DC magnetron sputtering has two main limitations; first, it can only be used for 

electrical conductors due to the opposite field build up and second, it offers low sputtering 

rate attributed to low ionisation of argon atoms. Therefore, radio frequency (RF) magnetron 

sputtering is typically utilised for the deposition of dielectric and semiconductor materials. 

The RF sputtering has other benefits, including lower temperature processing and higher 

sputtering rate in comparison with the DC sputtering (ca. 10 times higher) due to the 

oscillating electrons in the area of the plasma. Usually, for Ta deposition RF magnetron 

sputtering is performed in the optimum pressure of P = 5×10-3 mBar, samples are 10 cm 

apart from the target and power does not exceed 70 W. Fig. 2.31 demonstrates a schematic 

of the RF magnetron sputtering deposition process. 
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Fig. 2.31. Schematic of the RF magnetron sputtering process. 

2.3.3.3.3 Plasma Oxidation 

Plasma oxidation is a widespread vacuum-based oxidation technique whereby surfaces 

are oxidised in an oxygen gas discharge via active and neutral charged oxygen species and 

typically used for growing of native oxides on metals or semiconductors. It has recently 

drawn a lot of attention in the microelectronics industry, where low temperature and dry 

processing are required. In this process, the surface of a substrate is continuously bombarded 

by both positively and negatively charged plasma particles as well as neutral oxygen species 

in the absence of a potential bias. As a result, the surface is oxidised to only several 

angstroms because of low energy implantation, diffusion and subsequent chemical reactions 

[168]. Therefore, oxidation of metals up to 2 nm is generally a straightforward process, but 

deeper oxidations are difficult to produce since the initial layer shields further oxidation. 

Nonetheless, growing oxide to further thicknesses (up to 1 µm) can be achieved by applying 

positive bias in respect of the plasma to collect the negatively charged oxygen species [168]. 

It has been found out that the main factors which can control the process are RF power 

density, oxygen pressure, and substrate temperature. Importantly, oxygen plasma is also 

widely used for cleaning, etching and removing unwanted organic residues from surfaces 

[169]. Hsiao et al. have shown that high-quality Al2O3 and Ta2O5 can be successfully grown 

by plasma-assisted oxidation in a controlled environment [165]. 
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2.3.3.3.4 Solution-based techniques: spin/dip coating 

Spin-coating has been widely utilised to fabricate thin, uniform, and smooth dielectric films 

on flat substrates. This technique does not only offer a simple, inexpensive and low-

temperature processing but also can be applied in ambient conditions without the need for 

vacuum or chemical delivery systems. Therefore, it is commonly used in applications where 

low-cost and low-temperature processing are the two main concerns (e.g., flexible, organic 

sensors, oxide dielectrics, etc.). Its simplicity is also suitable for nanoparticle-based material 

processing, allowing for low-cost and rapid deposition of oxide films [170].  Other main 

advantages include good reproducibility and technological compatibility with conventional 

microfabrication techniques. However, this fabrication process suffers from somewhat 

limited scalability and incompatibility with roll-to-roll (R2R) processing for large-area 

deposition. Furthermore, most of the sprayed solution (ca. 95%) is wasted during this 

deposition process. The spin coating process can be divided into four stages: deposition, 

spin-up, spin-off, and evaporation. In this process, the solution is first deposited at the centre 

of a substrate, and then, in the spin-up stage, it is accelerated rapidly to a desirable spin 

speed. Following that, the solution starts to flow outward due to the centrifugal force radially. 

In the spin-off stage, the excess solution is pushed over the edge and spun off from the 

substrates as droplets. Ultimately, the solution dries and forms a thin film. Fig. 2.32 shows 

the schematic of the (a) spin and (b) dip coating processes, respectively. Depending on the 

acceleration, speed of spinning and the viscosity (concentration) of the solution, the 

thickness of the deposited layers can be precisely controlled and varied between few 

nanometres and several micrometres [171].  

Dip coating is the simplest method of thin-film deposition of a chemical solution at a fast 

rate with precise control and is widely used for large-area deposition. The process is easily 

begun by dipping the substrate into the solution for a certain time and then withdrawing the 

substrate at a constant speed. At the dipping stage, the solution homogenously and naturally 
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stretches on the submerged substrate by the mutual effect of capillary rise and viscous pull. 

Ultimately, after taking out the substrate from the solution, solidification takes place by 

natural or forced evaporation (e.g., hot plate). Apart from different scalability, the main 

difference between dip and spin coating is that the thickness of the deposited film can be 

thinner and more precisely controlled in the spin coating by spinning acceleration, speed and 

time. A complete solution deposition system typically consists of a spin/dip coater, a hot 

plate or a thermal oven, an ultrasonic cleaner, and a UV curing system [166]. 

a) 

 
 

 

 

b) 

 
Fig. 2.32. Schematic of (a) the spin coating and (b) dip coating processes. 

2.3.3.3.5 Anodic oxidation (Anodisation) 

One of the most reliable approaches to form oxide dielectrics is electrochemical oxidation 

(so-called anodisation). Anodisation represents a simple, cost-efficient and straightforward 

method to grow metal oxide layers on the surface of metallic substrates and is now widely 

utilised in both academia and industrial scales. In other words, anodisation is an electrolytic 

passivation process which allows increasing the thickness of the natural oxide film and 
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forming a stable oxide with negligible reactivity. Although the stability of the oxide film 

depends on several factors such as the purity, structure and the oxidation process of the 

metal, as well as the formation, type and composition of the adjoining phase of the oxide, 

anodisation generally offers excellent insulating properties such as low leakage currents and 

high breakdown field strengths when compared with other metal oxidation techniques [172]. 

Herein, anodisation has been investigated in more detail as it has been used for the growing 

of oxide layers employed as gate dielectrics in the fabricated TFTs. 

2.3.3.3.5.1 Background 

Several valve metals such as Al, Ti, and Ta have a very high chemical affinity with 

oxygen. Consequently, even under ambient conditions, these materials can rapidly react with 

the oxygen and form a “native oxide” on their surfaces. The “air-formed” oxide film 

preserves the metals from further oxidation (i.e., oxidation of the underlying metal bulk) by 

impeding atmospheric oxygen to react with the metal. This passive layer is extremely thin; 

its thickness depends on the temperature, pressure, humidity and exposure time and varies 

from a few angstroms to several nanometres (e.g., aluminium oxide (AlxOy) grown on Al 

surface when exposed to air at normal temperature for 2 hours is about 10 Å and after about 

one month, increases to 45 Å [173]). Moreover, native oxides are very often not homogenous 

in thickness and can contain numerous defects and flaws. The native oxide can be somewhat 

beneficial for specific applications such as preventing corrosion, which is a component of 

oxidation, and usually one of the most deleterious ones. Corrosion is a natural process that 

decays the properties of a metal, affecting its structure, appearance, strength and 

permeability. As much the corrosion is an undesirable part of oxidation, controlled growth 

of oxide layers underpins many of electronic devices which shape modern technology. 

However, the native oxide is neither formed in controlled conditions nor can be reliably used 

in terms of mechanical and chemical protection due to its extremely thin layer (in the case 

of Al and Ta, the thickness of their native oxides around are 4–5 nm [174] and 3–4 nm [175], 



99 
 

respectively). Therefore, several methods have been developed to improve the surfaces of 

metals with a hard and adherent oxide coating. 

Research on anodic oxidation firstly started in 1857 [176] when H. Buff observed that Al 

could be coupled with Pt in the presence of dilute sulfuric acid and anodically oxidised. 

Although the investigation on anodic oxidation since then has been significantly progressed, 

the first commercial use of anodisation dates back to 1926 after it was patented by National 

Physical Laboratory [177] where it was employed to form an oxide layer on aluminium and 

its alloys in the range of nanometres to microns. It turned out that this oxidation method 

could be used to improve corrosion resistance and dye the metal surfaces [178]. In 1934, 

Güntherschulze and Betz published their seminal work on investigations of ion mobility in 

anodically formed Al and Ta oxides [179]. This research was conducted to present the 

formation mechanism of barrier type anodic films in electrolyte without solvent action (the 

thickness is typically below 1 µm). Nonetheless, in the following decades, the use of 

anodisation had been quite limited for depositing of vertically oriented, highly ordered, and 

densely packed porous oxide layers [180]. This method then was adopted for several other 

valve metals such as Ti [181], Ta [182], Ga [183], Hf [184], Mo [185], W [186], and Zr 

[187]. In recent years, it has been found out that barrier type anodisation is a promising 

oxidation method which can be used in electronic industries to deliver high-quality high-κ 

oxide films for electronic components such as capacitors, transistors, diodes, and memory 

devices [180]. 

2.3.3.3.5.2 Types of anodic oxide films  

Anodisation films can be classified according to the physical morphology of the formed 

oxide under two main types, namely, barrier and porous oxide films (Fig. 2.33). Ideally, 

barrier type oxides are nonporous, compact, and conformal in terms of their thickness with 

electronic and ionic conductivity at high electric field strengths and virtually exclusively 
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used in electronics manufacturing as dielectrics and passive protective films. Porous type 

oxides are composed of a thin barrier layer at the metal/oxide interface beneath an outer 

porous layer with regular structure and low resistance and typically used in cosmetic 

applications either as a protective layer against corrosion or a coating layer to improve the 

adhesion of the surfaces for painting and dyeing purposes [188]. Porous anodic oxide films 

are also used in a wide range of technological and biological applications due to their high 

surface-to-volume ratios and size-dependent properties [180][189]. The porous type oxide 

layer can be tuned in terms of porosity characteristics such as nanopore diameter, length, 

thickness, spatial density by the chemical composition of the electrolyte, temperature, 

applied voltage or current density and time while the thickness of barrier type oxide film is 

determined by the applied bias and time. Even after the initial growth of the barrier type 

oxide, its thickness becomes independent of the anodising time. In comparison with porous 

type oxides, barrier type oxides can offer impervious, amorphous, smooth, compact, high 

resistance (1010 – 1012 Ω·m) and less defective anodic oxide films. This type of anodic films 

are highly desirable for utilising in electronic devices to realise high-κ, high capacitance, 

high dielectric breakdown strength and low hysteresis dielectric layers [189].  

 

Fig. 2.33. Different morphologies of barrier and porous type oxide layers formed by anodisation of valve 

metals. 

2.3.3.3.5.3 Types of Electrolyte 

It is reported that the parameters of electrolyte solutions such as the concentration of 

reagents, level of pH and temperature used for anodisation play a decisive role in the 

determination of the morphology of the oxide grown on the metal surface and decide if the 
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oxidised films are the barrier or porous type [189]. In addition, electrolytes with aggressive 

ions (low pH) such as sulfuric, oxalic, chromic, hydrofluoric acids and sodium hydroxide 

have a moderate ability to dissolve oxide layers (it also depends on several other factors, 

e.g., the metal base itself) and therefore are widely employed to form porous type oxide 

films. On the other hand, neutral electrolytes with a pH level between 5–7 such as neutral 

boric acid, phosphonic acid, ammonium borate, tartrate, and ammonium tetraborate in 

ethylene glycol under a low applied bias (< 40 V) can be used for barrier type anodic 

oxidation [190]. In this thesis, a highly dilute citric acid (1 mM) has been used as an 

electrolyte for the anodisation process to form pinhole-free, compact, barrier type oxide 

layers. Surprisingly, barrier type oxide layers can be performed in high purity deionised 

water with no added electrolyte. However, this requires the application of much higher 

voltages to overcome the high resistance of H2O (Rs > 18 MΩcm) and the processing time 

increases significantly. In fact, it has been shown that there is no measurable difference 

between the oxide layer grown in pure water or very diluted citric acid as an electrolyte 

[191]. Therefore, to lower the anodisation voltage and time, it is more convenient to anodise 

in weak dilute acids. It is worth mentioning that the anodisation ratio (cA [nm/V])—the ratio 

that describes how many nanometres the oxide thickness grows per volt—depends on the 

concentration and type of electrolytes and typically varies based on different electrolytes. 

For instance, the anodisation ratio of tantalum which has been reported in the literature 

[192][193][194][195] is usually between 1.8 and 2.2 nm/V. Table 2.3 compares the 

information relating to the anodisation of metals, and in particular anodisation of tantalum, 

in the recent works [192]–[197]. 

Ref. Metal oxide Anodisation ratio (nm/V) Forming Electrolyte 

[192] Ta2O5 1.8 0.1 M H3PO4 

[193] Ta2O5 2.2 0.01 M CA 

[194] Ta2O5 2.0 0.01 M CA 

[195] TiO2 1.5 0.001 M CA 

[160] Al2O3 1.3 0.001 M CA 

Table 2.3. A summary of anodisation ratios and forming electrolytes relating to the anodisation of Al2O3 and 

Ta2O5. CA – citric acid. 
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2.3.3.3.5.4 Materials for Anodisation Process 

Anodisation can take place on the surface of valve metals (Nb, Ta, Al, Zr, Hf, Bi, Sb, 

etc.), valve metal alloys (Al–Nb, Al–Tb) [198][199] and semiconductors (ZnO, CuO, NiO). 

The name of valve metals was firstly used by the early researchers in the field to emphasise 

the rectifying action of high resistance oxide formed on these metals under anodic 

polarisation (i.e., they do not “pass” current in both directions). This rectifying action occurs 

as long as the polarisation voltage is lower than the oxide formation potential, yet ionic 

current is expected to flow for a higher potential leading to an increase in the thickness of 

the film. Among all valve metals, Ta has been widely studied for over 60 years and is used 

as an alternative dielectric in various applications, particularly in p- and n-channel thin-film 

transistors (TFTs), capacitors and dynamic random access memories (DRAMs) owing to its 

high dielectric constant, high capacitance, high dielectric breakdown strength and relatively 

high bandgap [164]. As mentioned before, in order to realise low operating voltage TFTs it 

is essential to utilise a high dielectric constant dielectric. Therefore, in this study, barrier type 

anodic tantala films have been used to achieve this goal. In the following section, the 

methodology of this approach is discussed in detail.  

2.3.3.3.5.5 Anodisation process 

The preparation of anodically oxidised films does not differ from those used for 

electrolysis. Typically, it is carried out using a two-electrode electrochemical cell with the 

metal expected to be oxidised as the anode and an inert metal such as Au, Pt or stainless steel 

as the cathode. In terms of electrolyte, a variety of solutions can be used for anodisation; 

however, as previously mentioned, the nature of the electrolyte determines the type of anodic 

oxide film and therefore, herein, the electrolytic cell is filled with a very dilute citric acid (1 

mM) solution to form a barrier type anodic tantalum oxide (Ta2O5). Fig. 2.34 displays a 

typical anodisation set-up to perform the oxidation. Although recent practice shows that 

anodisation of metals can take place in both potentiostatic and galvanostatic modes, it has 
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been shown that much better barrier type anodic oxides are only formed by galvanostatic 

mode (constant current), while potentiostatic mode is widely used for growing porous type 

oxides [180]. When a constant current is applied between the anode and cathode electrodes, 

reduction and oxidation (redox) reactions occur in the electrochemical cell, and a field-

driven ion diffusion conduces to the formation of the oxide layer on the anodic surface. 

During anodisation of Ta to form anodic Ta2O5, the redox reactions can be represented by 

the following equations [195]: 

Anode: 2Ta + 5H2O → Ta2O5 + 10H+ + 10e− (Eq. 2.51) 

Cathode: 2H+ + 2e− → H2 ↑, 2O2 + 8H+ + 8e− → 4H2O (Eq. 2.52) 

 

Fig. 2.34. The schematic diagram of the electrochemical cell set-up for the anodisation process. 

2.3.3.3.5.6 Ionic migration in anodic oxide films 

It has been shown that the anodic oxide film formed on the surface of Ta grows linearly 

with increasing electrode potential by high-field ion migration in the film [200]. In fact, 

during anodisation, oxygen-bearing ions (O2– and OH–) migrate inward from the oxide-

electrolyte interface, whereas metal ions migrate outward from the metal-oxide interface and 

once reaching the oxide-electrolyte interface, they can contribute to the oxide growth or can 

be ejected to the electrolyte. In other words, the formation of the oxide layer can be 

summarised in three steps: (1) formation of metal ions at the metal-oxide interface, (2) 

reaction of metal ions with O2– (and far less with OH–) (3) outward migration of Ta5+ ions 
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and inward migration O2– ions through the oxide layer under the applied high electric field 

[180] as illustrated in Fig. 2.35. 

 

Fig. 2.35. The representative schematic of the migration of ions through the oxide layer under the applied high 

electric field during the anodisation process. 

2.3.3.3.5.7 Kinetics of barrier type oxide growth 

The ionic current density (jionic) is comprised of the movement of metallic cations (jm-cat) 

and oxidising anions (jox-an) under a given electric field across the metal/oxide and 

electrolyte/oxide interfaces, respectively. Although the total current that flows through the 

electrochemical cell also includes the leakage current (Ileak) through the pre-formed initial 

oxide film and the current contributed to the dissolution of the anodic oxide layer (Idiss), both 

currents can be neglected as the former is sufficiently low and the latter is negligible for the 

barrier type anodic oxide film and typically taken into account for porous type anodic oxide 

films. The efficiency of barrier type anodisation process (η) is defined as the contribution of 

the ionic current in the growth of barrier type oxide layer in comparison to the other 

generated currents and determined by [189]: 

 η =
Iionic

Iionic + Ileak + Idiss
, (Eq. 2.53) 

As Iionic is dominant for the barrier type oxide layer, the efficiency of the anodising 

process reaches almost 100% [189]. 
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In 1937, Güntherschulze and Betz established an investigation on ionic conductivity in 

anodically formed Al and Ta oxides [201] which has been observed in many anodising 

experiments afterwards. It was found that there is an exponential dependence of the ionic 

current on the high electric field and that the ionic current can be determined by the following 

equation [180]: 

 j = j0 exp(βE) = j0 exp (β
∆U

d
) (Eq. 2.54) 

 
E =

∆U

d
=

U − U0

d
, 

(Eq. 2.55) 

where j is the ionic current density, E the electric field, j0 and β material-dependent 

constants at a given temperature, ΔU the potential drop in the oxide layer, U the formation 

potential, U0 the equilibrium potential, and d the film thickness. Two possible rate-

determining steps can be considered during anodisation: ionic transport across the 

metal/oxide interface and ionic transport across the oxide. The ionic current density can be 

dominated by either the metallic cations due to a large electrolyte/oxide interface potential 

barrier which impedes oxygen anions to transport through the bulk oxide or oxidising agent 

anions due to a large energy barrier at the metal/oxide interface which is similar 

electrolyte/oxide potential barrier but obstructs the metallic cations. 

The ionic current density across the metal/oxide interface has been modelled by Mott and 

Cabrera [189]. In their model, metallic cations need a strong electric field to overcome the 

potential energy barrier and therefore, to transfer across the metal/oxide interface. This ionic 

current is then formulated by: 

 j = nv exp [
−(W − zae)

kBT
], (Eq. 2.56) 



106 
 

where n is the ions density at the metal/oxide interface, v the frequency of atomic 

vibration, kB Boltzmann’s constant, T the temperature, z the valence of the mobile ions, e 

the elementary charge, W the potential barrier height, and a the activation distance. 

Verwey investigated the ion current density where the ions transport through the bulk 

oxide is dominant [202]. On the contrary to Mott and Cabrera, the activation distance (a) and 

barrier height (W) are not referred to the metal/oxide interface but bulk oxide. In this model, 

the ionic current density can be determined by [189]: 

 j = j0 exp(βE − γE2), (Eq. 2.57) 

where γ is the electrostriction coefficient, E is the electric field, and j0 and β are material 

dependent constants. 

As abovementioned, the number of metallic cations (tM
n+) and oxidising agent anions 

(tO
n-) migrated across the metal/oxide, and electrolyte interfaces are playing a decisive role 

in the growth of the oxide film and thus determines the rate of oxidation. It is also noteworthy 

that the number of cations and anions transferred in the oxide layer is not the same, and 

therefore, the charge transport differs for different metals and process conditions [189]. In 

particular, the number of these cations and anions are dependent on the height of the energy 

barrier (W) at their corresponding interfaces and therefore, the contribution rate of each 

group of ions directly affects the anodisation process and depending on the transport number 

of metal cations in comparison with the transport number of O2–, the oxide layer can be 

mainly grown at the inner (in the near vicinity of the metal-oxide interface) or outer (in the 

near vicinity of oxide–electrolyte interface), respectively (Fig. 2.36 (a, b)). 
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Fig. 2.36. The representative schematic of the anodisation process where (a) inward anionic transport is 

dominant, and (b) outward cationic transport is dominant. 

It has been reported that for Ta, both types of ions contribute to ionic current and the 

oxide growth occurs at both the metal–oxide and the oxide–electrolyte interfaces [203]. The 

ratio metallic cations and oxidising agent anions can be defined by [189]: 

 tMn+ =
iMn+

iMn+ + iOn−
 (Eq. 2.58) 

 
tOn− =

iOn−

iMn+ + iOn−
, 

(Eq. 2.59) 

where iM
n+ and iO

n- are the currents resulted from the movement of metallic cations and 

oxidising agent anions, respectively. 

2.3.3.3.5.8 Anodic oxide growth ratio 

As previously discussed, the growth rate of the oxide layer (
∂d

∂t
) is determined by jionic 

which itself is dependent on the electric field strength (
∂U

∂t
). In order to have a constant current 

through the anodic oxide, it is required to have a constant and uniform electric field strength. 

This means that the change rate of electric potential increasing should be linear, leading to a 

formation of oxide at a constant rate. Therefore, since both the oxide growth rate and change 
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rate of electric potential are both linear, a proportionality factor can be defined to describe 

this correlation [189]: 

  
∂d

∂t
= CA ×

∂U

∂t
, (Eq. 2.60) 

where CA is a material-dependent constant, which is referred to the anodisation ratio. 

Moreover, it turns out that in the galvanostatic mode (constant current), the thickness of the 

oxide layer depends only on the cell voltage, which is allowed to rise to the required value 

[42]. In order words, the thickness (d) of the resulting films can be precisely controlled via 

anodisation voltage VA and Eq. 2.60 can be rewritten to d = CA·VA where CA is the 

anodisation ratio describing the thickness of the formed film per applied volt (Å/V). 

Importantly, CA is related to the electric breakdown field EB via EB ≈ CA
-1 [42].  

Fig. 2.37 illustrates the electric drive conditions for anodisation in constant current mode 

(IA = const.). The anodisation current IA is kept constant via the anodisation voltage VA 

compensation until the desired voltage is achieved and then decreases to very low values. 

The “leakage current” flowing under constant voltage conditions is electronic, but if the 

voltage is increased, then ionic current starts to flow again with further film formation until 

a new equilibrium is established. However, it is not possible to increase the voltage to a very 

high value, and the thickness of the film is limited by a breakdown which occurs when a 

certain range of potential is reached (e.g., for a 1 µm thick Al2O3 is in the range of 500 V–

700 V [204]). The oxide breakdown is described by sparking, oxygen evolution, and the 

formation of thick, discoloured films [205]. The most interesting fact is that the thickness of 

the barrier type film is not affected by anodising time, surface roughness and temperature of 

the electrolyte. In fact, the formed oxide film will exactly follow or slightly smooth out the 

initial surface topography of the anodised metal. 
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Fig. 2.37. Anodisation voltage (VA) and anodisation current (IA) vs anodisation time (t). 

2.3.3.3.6 Metal oxide dielectrics in low-voltage TFTs 

Several alternative metal oxides (e.g., Al2O3, HfO2, Ta2O5, ZrO2, TiO2, Y2O3, CeO2, etc.) 

have been investigated to be used as a gate dielectric in organic and inorganic TFTs 

[206][207][208]. Herein, a review on the recent TFTs gated by Ta2O5 reported in the 

literature.  

2.3.3.3.6.1 Tantalum oxide (Ta2O5) 

As discussed, Ta2O5 can be grown using different methods, namely, thermal oxidation, 

plasma-assisted oxidation, RF sputtering, atomic layer deposition and anodisation. Bartic et 

al. reported low-voltage P3HT OTFTs using a 100 nm film of Ta2O5 deposited by e-beam 

evaporation as the gate dielectric [35]. Although the fabricated OTFTs are able to operate 

around −3 V, they suffer from positive threshold voltage (Vth) and low mobility in addition 

to costly fabrication processes. Sakai et al. proposed pentacene OTFTs using a 130 nm 

sputtered Ta2O5 [36]. Even though it can operate at −3 V with a small Vth (−0.3 V), the drain 

current on-off ratio (ION/IOFF) is 66, which makes it unsuitable for real applications.  

Recently, Chiu et al. have used a 200 nm e-beam deposited Ta2O5 for amorphous indium-

gallium-zinc oxide (a-IGZO) TFTs which operated at 3 V with high mobility of 61.5 cm2 V-

1 s-1 [209]. Although all OTFTs and TFTs reported in the recent year have been continuously 

improved in terms of the key parameters and performance, almost all of them typically used 

a thick Ta2O5 dielectric (d  100 nm) and costly or incompatible deposition techniques with 
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large-area electronics. Furthermore, their thick Ta2O5 gate dielectrics impede TFTs to 

operate at or below 1 V which required for the applications such as portable, ultra-low power 

electronics or aqueous sensors. Table 2.4 shows the recently reported transistors employing 

a sole Ta2O5 film as the gate dielectric. 

Ref. Dielectric d (nm) VG (V) 
Vth (V) 

Semiconductor 
µ (cm2 V-1 

s-1) 
ION/IOFF 

[35] Ta2O5 100 ~ −3 +0.26 P3HT 0.02 – 

[36] Ta2O5 130 ~ −3 −0.3 Pentacene 0.8 66 

[209] Ta2O5 200 2 0.25 a-IGZO 61.5 105 

[210] Ta2O5 100 2 0.18 a-IGZO – 106 

[211] Ta2O5 125 5 1.6 IZO 17 107 

[212] Ta2O5 150 10 −2.5 ITO 28.8 ~ 108 

Table 2.4. Low-voltage transistors using Ta2O5 as the gate dielectric. 

2.3.3.3.6.2 Organic-inorganic hybrid dielectrics in low-voltage TFTs 

To improve the TFT performance, several research groups have reported the organic-

inorganic bilayer or multilayer dielectrics (also known as hybrid and high-κ/low-κ 

dielectrics) for low-voltage OTFTs. Fujisaki et al. reported a low-voltage pentacene OTFT 

used to drive flexible LCD panels with fast response [213]. They treated the surface of Ta2O5 

with hexamethyldisilane (HMDS) to improve the characteristics of the OTFT, which results 

in low operating voltage and a better TFT performance. Despite these improvements, Vth 

and VGS are relatively high, limiting the application of the proposed dielectric in battery-

powered devices. Zhou et al. presented P3HT OTFTs gated with dual layers of Ta2O5/PVP 

[195]. The OTFTs operated at −10 V but suffered from the same issue as their predecessors. 

Although the thick layer of PVP (250 nm) reduces the leakage current significantly, it 

prevents TFTs to operates at lower voltages. Likewise, Zhou et al., in a different research 

group, proposed n-type OTFTs based on a thick double layer of Ta2O5/PMMA [38]. It has 

been reported that PMMA smoothened the dielectric/semiconductor interface and helped to 

reduce the gate leakage current. Table 2.5 shows the key parameters of the abovementioned 

transistors. 
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Ref. Dielectric d (nm) VG (V) Vth (V) OSC µ (cm2V-1s-1) ION/IOFF 

[213] Ta2O5/HMDS – −7 2.7 Pentacene 0.3 107 

[195] Ta2O5/PVP 120 nm/250 nm −10 1.7 P3HT 0.03 – 

[38] Ta2O5/PMMA 200 nm/50 nm 10 2.3 PTCDI-C12 ~ 0.06 104 

Table 2.5. Parameters of the previously demonstrated low-voltage OTFTs using organic/inorganic bilayer 

dielectrics. 
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Chapter 3:  Experimental procedures 

3.1 Materials selection 

To fabricate a device, several preliminary steps should be accomplished initially. First of all, 

a careful selection of materials which may affect the output of a project should be carried 

out. This step is essential, and thus this task should be performed meticulously. For example, 

among all potential substrate materials, ultra-flat quartz coated glass substrate (S151, Ossila, 

UK) has been chosen due to its super flat surface property, which is desirable for the 

anodisation process. In this research, tantalum (Ta) is used as an electrode (anode) in the 

anodisation process to form a tantalum pentoxide layer. Then, depending on which 

semiconductors are used, aluminium (Al) or gold (Au) are deposited as the drain/source 

electrodes, respectively.  

3.1.1 Contact Metals 

3.1.1.1 Tantalum 

Tantalum (Ta) is a non-toxic, silver-grey, highly ductile metal with high density which 

possesses an extremely high melting point and excellent thermal and electrical conductivity 

that is widely utilised in a variety of applications. Tantalum is commonly used in dental and 

surgical implants since it causes no immune response in humans, particularly used in 

electronic devices, high capacitance capacitors and high power resistors. Its crystal structure 

is body centre cubic (BCC). The work function of Ta is reported to be between 4.10–4.30 

eV. When exposed to O2 or H2O in ambient air, tantalum forms a very dense oxide layer 

(Ta2O5) with an oxidation state of +5, which prevents further oxidation of the base material. 

The key properties of Ta are summarised in Table 3.1. In this research, Ta was used as the 

gate contact of TFTs and the bottom contact of MIM capacitors and memristors. 

 



113 
 

Property Value 

Atomic number 73 

Atomic mass 180.95 

Melting point 2996 °C 

Boiling point 5458 °C 

Lattice constant 330 [pm] 

Density at 20 °C 16.65 [g/cm3] 

Thermal conductivity at 20 °C 57.5 [W/(m·K)] 

Electrical conductivity at 20 °C 8106 [1/(Ω·m)] 

Table 3.1. Key physical and chemical properties of tantalum (Ta). 

3.1.1.2 Aluminium 

Aluminium (Al) is a non-toxic, lightweight, ductile, low cost and the most abundant metal 

in the earth’s crust with high thermal and electrical conductivity. Therefore, Al and its alloys 

are extensively used in a variety of applications, including electronic devices. The work 

function of aluminium is around 4.2 eV, and the oxidation state is +3 (Al2O3). The crystal 

structure of Al is reported to be face centred cubic (FCC). In this research, Al was used as 

top electrodes in MIM capacitors and as the drain/source contacts in TFTs. The key 

properties of Al are summarised in Table 3.2. 

Property Value 

Atomic number 13 

Atomic mass 26.98 [g/mol] 

Melting point 660.2 °C 

Boiling point 2480 °C 

Lattice constant 404.95 [pm] 

Density at 20 °C 2.7 [g/cm3] 

Thermal conductivity at 20 °C 205.0 [W/(m·K)] 

Electrical conductivity at 20 °C 3.5107 [1/(Ω·m)] 

Table 3.2. The key physical and chemical properties of aluminium (Al). 
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3.1.1.3 Gold 

Gold (Au) is a good conductor of electricity and heat, and it is not chemically reactive 

when compared with other metals. Au is also extremely malleable, highly corrosion resistant, 

and at ultrathin thickness (d < 20 nm) can be semi-transparent. Although it is an expensive 

metal which has high electrical conductivity, it is widely used where an inert or high work 

function (~ 5.1 eV) metal is required. The crystal structure of gold is reported to be FCC. In 

this research, Au was used as the top electrode of MIM capacitors and as the drain/source 

contacts in OTFTs. The key properties of Au are summarised in Table 3.3.  

Property Value 

Atomic number 79 

Atomic mass 196.97 [g/mol] 

Melting point 1064 °C 

Boiling point 2860 °C 

Lattice constant 407.82 [pm] 

Density at 20 °C 19.3 [g/cm3] 

Thermal conductivity at 20 °C 310.0 [W/(m·K)] 

Electrical conductivity at 20 °C 4.11107 [1/(Ω·m)] 

Table 3.3. The key physical and chemical properties of gold (Au). 

3.1.1.4 Platinum 

Platinum (Pt) is a dense, soft and highly corrosion-resistant metal. It is a rare (and 

therefore expensive), silvery-white metal which is often described as a noble metal as it is 

chemically unreactive. As such, it is widely used in surgical tools and electronics. The key 

properties of Pt are summarised in Table 3.4. In this research, Pt was used as the top electrode 

in resistive memory devices (memristors). 
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Property Value 

Atomic number 78 

Atomic mass 195.08 [g/mol] 

Melting point 1768.2 °C 

Boiling point 3825 °C 

Lattice constant 392.42 [pm] 

Density at 20 °C 21.5 [g/cm3] 

Thermal conductivity at 20 °C 71.6 [W/(m·K)] 

Electrical conductivity at 20 °C 9.43106 [1/(Ω·m)] 

Table 3.4. The key physical and chemical properties of platinum (Pt). 

3.1.1.5 Deposition techniques 

The preparation of metal contacts depends on their melting and boiling points. As such, 

they can be deposited with different deposition techniques such as thermal evaporation and 

RF/DC magnetron sputtering. Herein, both techniques were used in order to deposit a thin 

film of metal contacts on substrates. 

3.1.1.5.1 Thermal evaporation 

Thermal evaporation is one of the physical vapour deposition (PVD) techniques which can 

be used for the deposition or surface coating of metal or non-metal films and is well-suited 

for materials with low melting temperatures. The key advantages of thermal evaporation are 

the straightforward control of the purity and thickness of the deposited film [214]. The 

evaporation process takes place in the vacuum, which is set to at least 10-7 Torr. During this 

process, a material in a high-vacuum chamber is heated to its evaporation point by the joule 

heating of a resistive boat or wire (e.g., tungsten filament). The evaporated atoms or 

molecules then deposit on the substrate and form a thin film coating. The substrate in the 

thermal evaporator can be placed upside down or at the bottom of the deposition chamber, 

and similarly to other PVD techniques, shadow masks can be used to pattern the area of 

deposited film typically required for the fabrication of electronic devices. In this work, a 

thermal evaporation technique was used to deposit aluminium (Al) and gold (Au) thin films 
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as part of the fabrication procedures. Fig. 3.1 depicts the schematic and actual picture of the 

turbo-pump thermal evaporator located in the fabrication cleanroom that was used in this 

research. 

 

Fig. 3.1. (a) The schematic and (b) the actual picture of the turbo-pump thermal evaporator. 

3.1.1.5.2 Radio Frequency (RF) Magnetron Sputtering 

Radio frequency (RF) magnetron sputtering is another physical vapour deposition (PVD) 

technique that is typically used for the deposition of metals, dielectrics and semiconductors 

in the fabrication of electronic devices. This technique has several advantages and 

disadvantages over thermal evaporation. Firstly, the films deposited by magnetron sputtering 

can be configured with multiple sources and materials can be released at a much lower 

temperature than the evaporator, but it is a costly and complex process in comparison with 

the thermal evaporation. RF magnetron sputtering can also be used for the deposition of 

materials which cannot be easily evaporated due to their high evaporation temperature (e.g., 

Pt). The operation detail of RF magnetron sputtering process is discussed in section 2.3.3.3.2. 

Herein, MOORFIELD MINILAB 025 RF magnetron sputtering system was used to deposit 
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Ta and Pt metals and amorphous indium-gallium-zinc oxide (a-IGZO) semiconductor. Fig. 

3.2 shows the actual sputtering equipment which was used to process the aforementioned 

materials into thin films. 

 

Fig. 3.2. The actual picture of the employed RF magnetron sputtering system. 

3.1.2 Metal oxide dielectric: Ta2O5 

Tantalum pentoxide (Ta2O5) is a highly promising dielectric material due to its high 

transparency, high melting point (1785 °C), high dielectric constant and its good thermal and 

chemical stabilities. As such, it has been used in a wide range of electronic applications such 

as in dynamic random-access memory (DRAM), metal-insulator-metal (MIM) capacitors, 

memory resistors (memristors) and recently in organic and inorganic TFTs [215]. Moreover, 

due to the high refractive index, it has been broadly employed in optical devices [216]. The 

dielectric constant of Ta2O5 depends on its thickness and deposition technique and varies 

from ~ 35 in bulk to ~25 in a thin film [164]. This is at least two to six times larger than the 

dielectric constant of Al2O3 (κ = 9) and SiO2 (κ = 3.9), respectively. As a result, Ta2O5 

appears to be a good candidate to substitute SiO2 as the gate dielectric in TFTs. Ta2O5 can 

be deposited using different methods, namely, thermal oxidation, plasma-assisted oxidation, 

RF sputtering, atomic layer deposition and anodisation [36]. However, it is well-established 
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that the dielectric properties of Ta2O5 significantly differ depending on which of the 

deposition methods is used [215]. 

3.1.2.1 Deposition technique: Anodisation 

As comprehensively discussed in chapter 2, anodic oxidation, so-called anodisation, is an 

electrolytic oxidation method which can deliver as high quality oxide layers as ALD and 

magnetron sputtering but with a significantly lower cost and much cheaper equipment. 

Anodisation is a simple, self-healing and self-limiting processing technique performed at 

room temperature which is compatible with the large-area deposition. In this study, 

anodisation was used to grow Ta2O5 dielectric which was then utilised as the dielectric layer 

in TFTs. 

3.1.3 Dielectric surface modifier: OTS 

Surface modification and functionalisation are required for many applications such as 

sensors [217], water-resistant coatings [218] and TFTs [219]. As discussed in section 

2.3.3.2.1, self-assembled monolayers (SAMs) are small molecular assemblies used widely 

as a passivation layer to increase hydrophobicity and prevent undesired reactions on the 

surface of oxide dielectrics. They are also employed as gate dielectrics [220][221], organic 

semiconductors [222][223] and electrode modifiers [224][225] which is beyond the scope 

of this study. It has been reported that the use of SAMs as a gate dielectric primer has two 

main advantages. It not only reduces the leakage current of the gate dielectric but also 

smoothens the surface of the dielectric in contact with semiconductor which potentially 

contributes to the reduction of the trap density at the dielectric/semiconductor interface, and 

as a result, improves the charge carrier mobility [141][226]. 

n-octyltrichlorosilane (OTS, CH3–(CH2)7–SiCl3) is a popular SAM that has previously 

been shown to have good compatibility with SiO2 and metal oxide dielectrics. OTS is 

typically used as a passivation layer for capping the polar surface of metal oxides or 
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providing a hydrophobic coating layer preventing electrical instability of TFTs [58]. Since 

it has been shown that OTS is one of the most effective SAMs to improve the dielectric 

characteristics of metal oxide dielectrics [226], in this study, it was used to passivate the 

surface of anodic Ta2O5 dielectric. The effect of OTS on the surface of Ta2O5 is investigated 

in detail in the following sections. Fig. 3.3 shows the chemical structure of OTS and a 

schematic of the condensation reaction on the surface of Ta2O5.  

 

 

Fig. 3.3. (a) The chemical structure of OTS and (b) schematic of the Ta2O5 surface passivation process [226]. 

3.1.3.1 OTS surface treatment technique 

OTS can be deposited using different methods such as chemical vapour deposition (CVD) 

[227], dip or spin coating [228][229]. However, the most often OTS is deposited using the 

conventional solution-based dip or spin coating. The solvents typically used for preparing 

OTS solutions are chloroform [230], toluene [231][232], and n-hexane [233][234]. 
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3.1.4 Semiconductors 

Semiconductors are the most important part of any transistors as it can determine the 

functionality and application of the device for sensing, switching, amplifying, etc. In 

particular, depending on several factors such as mobility, stability, compatibility, flexibility 

and performance, organic semiconductors are typically used for organic light-emitting 

diodes (OLEDs) [235] in displays, thin-film batteries [236], supercapacitors [237], organic 

photovoltaics (OPVs) [238], sensors and biosensors [239]. On the other hand, as discussed 

before, oxide semiconductors can offer high performance, high transparency, suitable 

electrical and environmental stability and can be potentially used in the applications such as 

displays, sensors, and even new applications where flexibility, high performance and 

transparency are required. In this study, poly(3,6-di(2-thien-5-yl)-2,5-di (2-octyldodecyl)-

pyrrolo [3,4-c] pyrrole-1,4-dione) thieno [3,2-b] thiophene) (DPPDTT) and amorphous 

indium-gallium-zinc oxide (a-IGZO) are selected as a p-type organic and n-type inorganic 

semiconductors, respectively. 

3.1.4.1 Organic semiconductor: A DPPDTT/PMMA blend 

3.1.4.1.1 DPPDTT 

DPPDTT is a p-type polymer semiconductor. Currently, a wide family of DPP-based 

polymer semiconductors are available. DPP-based polymers consist of diketopyrrolopyrrole 

(DPP) and thieno[3,2-b] thiophene (TT) as an electron-rich polymer backbone. DPPDTT 

has the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) levels at −5.2 eV and −3.5 eV from the vacuum, respectively. As a result, 

the bandgap of DPPDTT is 1.7 eV [240]. It has been reported that the bandgap of DPP-based 

polymers can be tuned between ~ 1–1.8 eV by replacing the thiophene substituents with 

longer π-conjugated donor segments (e.g., thienothiophene (TT)) [241]. DPPDTT was 

selected as the organic semiconductor due to its high mobility with suitable air stability for 
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sensing, photovoltaic and transistor applications. DPPDTT with a relatively low molecular 

weight (Mn < 30,000) can be dissolved in common organic solvents such as chloroform, 

toluene, tetrahydrofuran (THF). However, it turns out that for very high molecular weights 

(Mn > 70,000), it can only be dissolved in chlorinated solvents (e.g., chloroform and 

chlorobenzene) [240]. Although DPP-based polymers generally show high carrier mobilities 

(> 1 cm2 V-1 s-1) in OTFTs, it has been reported that using different solvents (CHCl3, toluene, 

toluene/DPE (3%)) can strongly influence the charge carrier mobility in bottom-gate bottom 

contact OTFTs. OTFTs with charge carrier mobilities in the range of ~ 2–5 cm2 V-1 s-1 at 

VGS of −100 V have been reported [242]. Fig. 3.4 shows the chemical structure of DPPDTT. 

 

Fig. 3.4. The chemical structure of DPPDTT [99]. 

3.1.4.1.2 PMMA 

Polymethyl methacrylate (PMMA) is a polymer dielectric with a dielectric constant of 

3.6 at 100 Hz, and therefore, classified as a low-κ dielectric [243]. PMMA is typically used 

on its own or as a bilayer with a high-κ metal oxide dielectric (e.g., Al, Ta, etc.) to form a 

hybrid low-κ/high-κ dielectric [244][245]. PMMA forms a good organic-organic interface 

with organic semiconductors, which has been reported to be beneficial for TFTs because of 

the inert nature of this polymer [246]. Fig. 3.5 demonstrates the chemical structure of 

PMMA. 
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Fig. 3.5. The chemical structure of PMMA. 

As discussed in section 2.2.3.2, blending organic materials can have a synergistic effect 

and shows superior properties over each substance alone. In the case of OTFTs, the use of a 

dielectric–semiconductor blend not only allows a formation of a good interface on a variety 

of substrates leading to lower the trap density and improvement of charge carrier mobility 

but also significantly reduces the leakage current. It has been reported that the vertically 

staggered P3HT: PMMA blends can be used to realise low-voltage operation (i.e., 2 V) 

OTFTs since the dielectric formed in this blend system can be very thin and, as a 

consequence, induce high capacitance. The other important advantage of this bilayer 

structure is that it can offer high mobility (up to 0.47 cm2 V-1 s-1) in OTFTs with only one 

step of fabrication needed for the semiconductor and dielectric [109][111][247]. 

3.1.4.2 Inorganic semiconductor: a-IGZO 

Amorphous indium-gallium-zinc oxide (a-IGZO) is an n-type oxide semiconductor 

recently proposed to address the duality of the device performance and processing 

temperature [24]. The a-IGZO films can be deposited by pulsed laser deposition on 

polyethylene terephthalate (PET) at room temperature and shows Hall effect mobilities 

higher than 10 cm2 V-1 s-1 (this is an order of magnitude larger than a-Si:H) [24]. Owing to 

the fabrication at low temperatures, a-IGZO can be used in flexible large-area electronics. 

Moreover, a-IGZO can be used in transparent thin-film transistors (TTFTs), unlike Si, which 

is not transparent due to its small bandgap. In this study, a-IGZO TFTs were fabricated to 

not only realise high performance, low-voltage TFTs but also to pave the way towards 

realising low-power, complementary metal-oxide-semiconductor (CMOS) circuits 

consisting of p-channel DPPDTT/PMMA TFTs and n-channel a-IGZO TFTs. 
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3.2 Fabrication procedures 

3.2.1 Cleaning procedures 

In this work, 2 × 1.5 cm2, ultra-flat, quartz coated glass slides (Ossila, UK) were used as 

the substrates. The substrates were rinsed with deionised water in order to remove any water-

soluble contaminants and dried with pure compressed N2. Next, the slides were sonicated 

for 30 min in acetone, methanol and isopropyl alcohol (IPA). Then, the glass slides were 

taken from the sonic bath and again dried with pure N2. To remove any residual organic 

contaminants, the substrates were put into a UV/Ozone cleaner for 30 min. 

3.2.2 Deposition of Metal Contacts 

In this work, Ta was used as the bottom-gate electrode for TFTs and bottom electrode for 

MIM capacitors and memristors. Ta was deposited through a shadow mask by using 

MOORFIELD MINILAB 025 radio frequency (RF) magnetron sputtering system with a 2-

inch diameter Ta (Kurt J. Lesker, 99.9% pure) at a power of 70 W in a pure Ar atmosphere 

with a total pressure of 0.5 Pa at room temperature. For TFTs, Al and Au were used as the 

top contacts and were deposited by a thermal evaporator. For memristors, Pt was used as the 

top contact and was deposited by RF magnetron sputtering. Fig. 3.6 and 3.7 illustrate the 

schematic and actual picture of shadow masks (gate electrode, drain/source contacts, and 

semiconductor layer) with their main dimensions, which were used for device fabrication, 

respectively. During the fabrication, the shadow masks were carefully aligned on the 

substrate at each and every stage of deposition to avoid scratching either substrate or 

deposited layers beneath. The transistor channel widths (W) and lengths (L) were 1000 µm 

and 30 µm, respectively. 
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Fig. 3.6. Schematic of (a) custom design gate electrode shadow mask, (b) drain and source contacts shadow 

mask (Ossila, UK) and (c) custom design semiconductor (IGZO) shadow mask. 

 

Fig. 3.7. Actual picture of the gate electrode, drain and source contacts, semiconductor (IGZO) layer, and 

capacitor top electrode shadow masks. 

3.2.3 Tantalum oxide dielectric deposition 

As discussed before, the barrier type Ta2O5 dielectric thickness depends on anodisation 

voltage (VA) and the growth ratio ([cA]Ta = 2.2 ± 0.2 nm/V) [248]. The process has to be 

performed in a constant current mode in a non-aggressive electrolyte. In this work, the Ta2O5 

dielectric was grown by applying the desired anodisation voltage at a constant current 

density of JA = 0.01 mA/cm2. VA was applied using a Keithley 2400 Source Meter. The 

anodisation process took place in 1 mM citric acid as the electrolyte, a gold wire as the 

cathode and Ta as the anode. The anodisation was carried out until JA dropped to 0.005 

mA/cm2. Then, the resultant TaO5 layer was rinsed with deionised water and dried using 
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pure N2. Fig. 3.8 demonstrates the anodisation setup and the current source were used for 

this process. 

a) 

 

b) 

 

Fig. 3.8. a) Experimental anodisation setup and b) Keithley SourceMeter 2400. 

Some of the anodically oxidised Ta2O5 films were treated with O2 plasma for 2 min using 

an RF power at 100 W. This stage of surface treatment was done to increase the wettability 

of the Ta2O5 surface for the next stage of surface modification. The hydrophilic Ta/Ta2O5 

samples were then immersed in 5 mM of freshly OTS solution (Sigma-Aldrich, ≥ 95%) in 

anhydrous toluene (Sigma-Aldrich, 99.8%) for 30 min in ambient conditions. The glass 

beaker containing the solution was sealed to minimise contact with the atmospheric air and 

to avoid possible degradation of OTS. Afterwards, the substrates were taken from the OTS 

solution and promptly rinsed with fresh toluene, acetone and IPA and blow-dried with 

compressed N2. Finally, the OTS-treated samples were placed on a hot plate at ~150 °C 

under a flow of N2 for 2 h. In short, OTS-treatment has been carried out to decrease the gate 

leakage current and improve the dielectric/semiconductor interface. The effects of OTS-

treatment are discussed in chapter 4 in detail. 



126 
 

a) 

 

b) 

 

Fig. 3.9. (a) Anhydrous toluene (Sigma-Aldrich, 99.8%) (b) n-octadecyltrichlorosilane (Sigma-Aldrich, 95%). 

3.2.4 The deposition of DPPDTT/PMMA OSC  

Poly(3,6-di(2-thien-5-yl)-2,5-di (2-octyldodecyl)-pyrrolo [3,4-c] pyrrole-1,4-dione) thieno 

[3,2-b] thiophene) (DPPDTT) and poly(methyl methacrylate) (PMMA), and their blend 

solutions were prepared according to the procedures reported elsewhere [240]. In short, the 

DPPDTT: PMMA blend solution was prepared by separately dissolving 0.5 wt% DPPDTT 

(Ossila, UK) and 0.5 wt% of PMMA (Sigma-Aldrich) in anhydrous 1,2-dichlorobenzene 

(DCB) (Sigma-Aldrich, 99%) and subsequently mixed in a 7:3 ratio. Afterwards, the blend 

was stirred until completely mixed. The blend was then spin-coated at 2000 rpm for 2 min 

on substrates pre-heated at 100 °C. Subsequently, the deposited films were annealed at 

100 °C for 30 min to 1 h under N2 flow. 
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a) 
 

 

b) 

 
c) 

 

   

Fig. 3.10. (a) Anhydrous 1,2-Dichlorobenzene (DCB) (Sigma-Aldrich, 99%) (b) DPPDTT p-type OSC (Ossila, 

UK) (c) PMMA (Sigma-Aldrich). 

3.2.5 The deposition of a-IGZO inorganic semiconductor 

Based on our group findings on the optimum thickness and the deposition technique of a-

IGZO, a 25-nm thick layer of a-IGZO was deposited onto the as-prepared Ta/Ta2O5 and 

OTS-treated Ta/Ta2O5 samples. The deposition is carried out through the semiconductor 

shadow mask by MOORFIELD MINILAB 025 RF magnetron sputtering using a 2-inch 

diameter IGZO target (In:Ga:Zn = 1:1:1) at the power of 50 W at room temperature.  

3.3 Measurement and Characterisation techniques 

3.3.1 Capacitance Measurement 

In this research, the electrical characterisation of the fabricated Metal-Insulator-Metal 

(MIM) capacitors with the Ta/Ta2O5/Al, Ta/Ta2O5/OTS/Al, Ta/Ta2O5/Au, and 

Ta/Ta2O5/OTS/Au structures was carried out using an Agilent E4980A LCR meter. Fig. 3.11 

shows the measurement setup and the LCR meter. 
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a) 

 

b) 

 

Fig. 3.11. a) The measurement set-up and b) The Agilent E4980A LCR meter. 

3.3.2 Current-Voltage (I-V) Curve Measurements 

Typical output and transfer characteristics of TFTs and I-V curves of MIM capacitors were 

measured using an Agilent E5270B precision IV analyser at room temperature. Moreover, 

the I–V hysteresis of the TFTs and MIM capacitors was calculated using the threshold 

voltage difference between forward and backward curves by applying a forward and reserve 

bias. Fig. 3.12 shows the measurement setup and precision IV analyser. 

a) 

 

b) 

 

Fig. 3.12. a) The measurement set-up and b) The Agilent E5270B precision IV analyser. 
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3.3.3 Dielectric surface analysis 

Atomic force microscopy (AFM) was used to characterise the surface roughness of Ta/Ta2O5 

and Ta/Ta2O5/OTS samples. The AFM images were obtained with a PSIA XE100 non-

contact AFM, with a 100-micron scanner. The measurements were performed in the tapping 

mode, and an NT-MDT ultra-sharp cantilever was used for the data collection and carried 

out by Christopher Muryn from the Department of Chemistry at the University of 

Manchester. 

3.3.4 Surface chemistry analysis  

The X-ray photoelectron spectroscopy (XPS) measurement was performed to verify the 

chemical composition and stoichiometry of anodic Ta2O5 films. To neutralise the charge on 

the surface, a flood gun was used throughout XPS analysis (2 eV at 20 μA) and to excite the 

photoelectrons XPS analysis was carried out using a monochromatic Al Kα source (1486.6 

eV). XPS measurement was carried out by Alex Walton from the Department of Chemistry 

at the University of Manchester, who obtained and helped to analyse XPS data. The XPS 

measurement data is discussed in detail in appendix 1. 
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Chapter 4:  Result and Discussion 

4.1 Low-voltage p-channel DPPDTT/PMMA TFTs gated with OTS-

modified Anodic Ta2O5 

4.1.1 Introduction 

Organic thin-film transistors (OTFTs) have recently received much attention owing to high 

demands for inexpensive, lightweight, flexible, large-area electronic devices such as flexible 

active-matrix displays and low-cost chemical and biosensors. However, organic TFTs 

generally operate at relatively high gate voltages (VG  10), leading to large power 

dissipation in OTFTs and impeding their integration in power-efficient, low-cost, portable 

applications [249]. To address this technological obstacle, many high-κ metal oxide 

dielectrics such as HfO2, Ta2O5, TiO2, ZrO2, Al2O3, Y2O3, CeO2 have been used to lower the 

VGS of these devices to below 5 V without sacrificing the device performance 

[121][250][251][143]. In particular, tantalum pentoxide (Ta2O5) is a promising candidate 

due to the high dielectric constant in bulk (κbulk ~ 35) and as a thin-film (κthin-film ~ 26). These 

values are at least two times larger than that of Al2O3 (κbulk ~ 9) [252] and five times larger 

than that of SiO2 (κbulk ~ 3.9). As a result, Ta2O5 has been abundantly used in electrolytic 

capacitors, DRAM devices, and recently in solution-processed inorganic semiconductor 

thin-film transistors as a promising gate dielectric for low-power electronics [253]. 

Previously, low-voltage poly(3-hexylthiophene-2,5-diyl) (P3HT) TFTs operating at 3 V 

using thick (d > 100 nm), e-beam deposited Ta2O5 films have been reported [35]. However, 

the demonstrated p-channel transistors displayed relatively low mobility (~0.02 cm2 V−1 s−1), 

positive threshold voltage (+0.26 V), large subthreshold swing (> 1 V/dec), and their on/off 

current ratios (ION/OFF) were just above 10. This shows that the fabrication of high 

performance, organic semiconductor TFTs that can be operated at or below 1 V is not trivial. 

As discussed before, realising 1 V OTFTs is highly desirable for emerging applications such 
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as aqueous and bio sensors where they are needed to operate with voltages well below the 

hydrolysis voltage of water (~ 1 V). 

To realise OTFTs which can be operated at or below 1 V, low values of threshold voltage 

(Vth) and subthreshold swing (SS) are essential. Preferably, Vth should be around 0 V and 

SS close to 60 mV/dec, which is the theoretical limit of subthreshold swing (SS) at room 

temperature [43]. This is a very challenging task, as it requires the thickness of high-κ gate 

dielectrics to be decreased to below 20 nm (CG ~ 500 nF/cm2). As a consequence of such 

thin dielectric layers, leakage currents significantly increase and deteriorate the device 

performance. This is especially the case for Ta2O5 dielectric which has a comparatively small 

bandgap (4.4 eV) when compared with other metal oxide dielectrics such as ZrO2, (5.8 eV) 

or Al2O3 (8.8 eV). Besides, as discussed before, due to the surface hydroxyl (–OH) groups 

on the surface of Ta2O5 dielectric, which increase the trap density at the dielectric interface 

and consequently decrease the charge carrier mobility, and thus, it is beneficial to modify 

Ta2O5 surface with self-assembled monolayers (SAMs). OTS SAM can not only decrease 

the leakage current by adding an extra dielectric layer but also reduce the interfacial trap 

density by passivating the surface of metal oxide dielectrics. In other words, in the case of 

OTS-treated Ta2O5, the voltage applying across the Ta2O5 layer is much lower than untreated 

Ta2O5 layer due to the voltage divider effect of the two series capacitors and therefore, it 

reduces the gate leakage current. In this section, first, the chemical and physical properties 

of the anodic tantalum pentoxide are investigated in detail. Then, in order to be used in low 

operating voltage p-channel OTFTs, the process of Ta2O5 thin film optimisation is discussed.  

4.1.2 Experimental procedure 

To optimise the dielectric performance of Ta2O5 and Ta2O5/OTS films, metal-insulator-

metal (MIM) capacitors were fabricated. First, a 100 nm of Ta layer was deposited through 

a shadow mask by radio frequency (RF) magnetron sputtering to serve as the gate electrode. 
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Next, samples were anodised in 1 mM of citric acid (≥ 99.5%, Sigma-Aldrich) using 99.99% 

pure Au wire as the cathode electrode. To form tantalum oxide films of various thicknesses, 

anodisation voltages (VA) of 40, 30, 20, 10, 5 and 3 V with constant current density (0.01 

mA/cm2) were applied to the anode. The process was continued until the ionic current 

density dropped to 0.005 mA/cm2. Based on the anodisation ratio of Ta ([c]Ta = 2.2 nm/V), 

a 3 V anodised Ta should result in an approximately ~ 6.6 nm thick Ta2O5 layer. Some of 

the as-prepared Ta/Ta2O5 substrates were treated with O2 plasma for 2 minutes and then 

immersed in a freshly prepared 5 mM solution of OTS in anhydrous toluene at room 

temperature for 30 minutes. Afterwards, the substrates were removed from the solution and 

rinsed thoroughly and without interruption with pure toluene in order to get rid of the excess 

of unreacted OTS. The treated substrates were thereafter annealed on a hot plate at 120 °C 

for 1 h under a flow of dry N2. To obtain MIM capacitors, 50 nm thick Au electrodes were 

deposited onto the prepared Ta/Ta2O5 and Ta/Ta2O5/OTS films. Fig. 4.1 depicts the 

fabrication process of Ta/Ta2O5/Au and Ta/Ta2O5/OTS/Au. 

 

Fig. 4.1. The schematic of the fabrication process of MIM capacitors with (a) untreated Ta2O5 (b) OTS-treated 

Ta2O5. 

For the duration of the measurements, 1 V bias was applied to the bottom Ta electrode, and 

the top Au electrode was grounded. Organic TFTs were fabricated in the bottom-gate, top-

contact structure on ultra-flat, quartz-coated glass substrates. Poly(3,6-di(2-thien-5-yl)-2,5-
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di (2-octyldodecyl)-pyrrolo [3,4-c] pyrrole-1,4-dione) thieno [3,2-b] thiophene) (DPPDTT) 

and poly(methyl methacrylate) (PMMA) and their blend solutions were prepared according 

to the procedures reported elsewhere [240] and spin coated on the prepared Ta/Ta2O5 and 

Ta/Ta2O5/OTS substrates. Finally, a 100 nm thick layer of 99.99% Au was thermally 

evaporated through shadow masks to serve as drain and source electrodes. The channel width 

(W) and length (L) were 1000 μm and 30 μm, respectively. The electrical characterisation 

of the fabricated OTFTs was carried out using an Agilent E5270B semiconductor analyser 

and Keysight E4980A LCR meter at room temperature. The mobility was calculated by 

applying a linear fit to ID
1/2 vs VGS in the saturation regime using Eq. 2.7. All electrical 

measurements were done in ambient conditions in an electrically shielded, dark box. 

4.1.3 Results and discussion 

4.1.3.1 Analysis of chemical composition of anodic tantalum oxide 

X-ray photoelectron spectroscopy (XPS) was carried out to confirm the chemical 

composition and the stoichiometry of the anodised tantalum oxide films. A thick oxide, i.e., 

thicker than the sampling depth of XPS, was observed on the anodised region of the samples 

(Fig. 4.2, and Fig. A1.1–A1.3 in appendix I). By analysing the area of the Ta 4f and O 1s 

peaks, the Ta and O ratio was found to be nearly 2:5, confirming that tantalum pentoxide 

(Ta2O5) was successfully prepared through anodisation. Also, as shown in Fig. 4.2, the 

normalised O 1s peak fit indicates that the oxide formation on the anodised regions is 

consistent with the peak fitting analysis of the Ta 4f regions. 
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(a) 

 

(b) 

Fig. 4.2. Normalised (a) Ta 4f spectra (b) O 1s spectra of the anodised region. 

4.1.3.2 Surface Analysis of Anodic Ta2O5 dielectric 

Fig. 4.3 demonstrates 500 nm × 500 nm 2D and 3D atomic force microscopy (AFM) 

topography images of Ta/Ta2O5 (a/b) and Ta/Ta2O5/OTS (c/d) surfaces, respectively. AFM 

images were obtained with a PSIA XE100 non-contact AFM, with 100-micron scanner.  

Measurements were performed in the tapping mode and a NT-MDT ultra-sharp cantilever 

was used for the data collection. As can been seen, the pristine and OTS-modified Ta2O5 
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films are relatively flat and featureless. The root-mean-square (RMS) roughness of the 

unmodified Ta2O5 is found to be 0.92 nm. It appears that the anodisation process is capable 

of delivering as smooth Ta2O5 films as it is in the case of Ta2O5 deposited using ALD [254]. 

The RMS roughness of the OTS-modified Ta2O5 is significantly reduced and is found to be 

0.55 nm. This result is in good agreement with the previously published reports where it was 

shown that the modification of metal oxide dielectrics with self-assembled monolayers 

(SAMs) significantly reduces their surface roughness [255]. 

  
(a) (c) 

  
(b) (d) 

 

Fig. 4.3. 500 nm  500 nm 2D and 3D AFM topographical images of (a, b) untreated and (c, d) OTS-treated 

Ta2O5 films. 

4.1.3.3 Optimisation of Anodic Ta2O5 dielectric for low-operating voltage 

OTFTs 

As previously mentioned, the thickness of barrier type anodic Ta2O5 dielectrics depends 

on the anodisation voltage (VA) and anodisation ratio (cA). In this light, in order to find the 

highest capacitance density with minimum dielectric loss and leakage current, a trade-off 

should be considered. The first step in the optimisation of the Ta2O5 dielectric to employ in 
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OTFTs and realise the low-voltage operation is to find the optimum thickness of the 

dielectric in terms of its main physical and electronic properties such as surface roughness 

and leakage current density, etc. Therefore, the anodisation voltages (VA) are set to be 40, 

30, 20, 10, 5 and 3 V, which result in circa 90, 70, 45, 20, 10 and 7 nm, respectively. To 

confirm the reproducibility of the measured dielectric parameters, 100 Ta/Ta2O5/Au MIM 

capacitors (cf. inset of Fig. 4.4) for each Ta2O5 film anodised with VA = 40, 30, 20, 10, 5 

and 3 V were fabricated, and 20 of each lot were randomly chosen for the measurements. 

Fig. 4.4 illustrates capacitance density (Ci) vs frequency of the MIM capacitors from 100 Hz 

to 100 kHz. As can be seen, for the dielectric thicknesses greater than ~22 nm (VA = 10 V), 

capacitance density is relatively constant across the studied frequency range. As the Ta2O5 

thickness decreases, it appears that the capacitors become unstable at both ends of the chosen 

frequency spectrum. Fig. 4.5 shows the capacitance density vs anodisation voltage at 1 kHz. 

Capacitors fabricated with Ta2O5 anodised at 40, 30, and 20 V exhibited an average 

capacitance density of 380, 450, and 700 nF/cm2 at 1 kHz, respectively. The maximum 

standard deviation of the measured capacitance values for these capacitors was ±20 nF/cm2. 

As expected, increasing the thickness of the dielectric leads to a lower dielectric capacitance 

density. Although this reduction is not linear initially (most likely due to the high leakage 

current), it gradually becomes linear for the thicker dielectrics. 
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Fig. 4.4. Capacitance density vs frequency of the studied Ta/Ta2O5/Au capacitors. 

On the other hand, although the capacitors with anodic Ta2O5 prepared at 10, 5, and 3 V 

show much higher capacitances, they have significantly higher leakage currents and 

dielectric losses, especially for VA ≤ 5 V. 

As a result, it can be concluded that the pristine Ta2O5 films anodised at or below 10 V (d 

~ 22 nm) are unsuitable for practical applications. 
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Fig. 4.5. Capacitance density vs anodisation voltage at 1 kHz of the studied Ta/Ta2O5/Au capacitors. 

Correspondingly, the dissipation factor (DF) measured on capacitors using Ta2O5 anodised 

at various voltages is depicted in Fig. 4.6. For the simplest actual model, i.e., equivalent 

series resistance in series with the capacitance that neglects equivalent series inductance and 

insulation resistance, DF is the ratio of equivalent series resistance (ESR) and capacitive 

reactance (Xc), as defined by [256]: 

 DF =
ESR

Xc
 (Eq. 4.1) 

Ideally, for a given capacitor DF should be zero, but practically it consists of a negligible 

loss due to resistive characteristics. 
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Fig. 4.6. Dissipation factor vs frequency of the studied Ta/Ta2O5/Au capacitors. 

As shown in Fig. 4.6, the capacitors with 40, 30, and 20 V anodised Ta2O5 display a minimal 

DF that is close to zero. However, as the anodisation voltage decreases below 20 V, DF 

becomes larger, and the leakage currents through the anodic dielectric layer start to be 

appreciable (cf. Fig. 4.6 and 4.7). Accordingly, as the Ta2O5 dielectric thickness decreases 

even further (VA = 5 and 3 V), the leakage current through the dielectric becomes very large. 

The leakage currents are somewhat asymmetric and higher for negative voltages. This is very 

likely caused by using electrodes with different work functions (Ta and Au) and differences in 

the roughness of the Ta/Ta2O5 interfaces. As can be seen, the leakage currents of 3 and 5 V 

anodised Ta2O5 dielectrics do not follow the others’ trend and move to more positive values for 

lower thicknesses. Although this phenomenon is required additional in-depth investigation and 

study, it likely occurred due to the unstable nature of Ta2O5 dielectrics at an ultra-thin thickness 

to keep charges apart in the two electrodes. In particular, capacitors with the thinnest anodic 

Ta2O5, i.e., anodised at 3 V, exhibit the largest leakage current density (JLeak) 10-3 A/cm2 at 

1 V. 
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Fig. 4.7. Leakage current density vs voltage of the studied Ta/Ta2O5/Au capacitors. 

The same electronic behaviour of the anodised Ta2O5 can also be seen in the C-V 

characteristics of the corresponding capacitors shown in Fig. 4.8, where high leakage 

currents reduce the voltage across the capacitors resulting in a lower electric field and lower 

capacitance at the positive end of the C-V curves. This is in contradiction with an ideal case, 

where a capacitor shows a flat capacitance-voltage characteristic which guarantees reliable 

and stable device performance. Nevertheless, thicker layers of Ta2O5 show flat and stable 

electrical behaviour across the chosen voltage characterisation range. Based on the 

abovementioned dielectric characteristics, it appears that the minimum anodisation voltage 

of tantalum for capacitor and TFT applications is 20 V, which corresponds to approximately 

45 nm of Ta2O5. Indeed, the JL for capacitors with 45 nm Ta2O5 layers is well below the 

maximum allowable value for TFT leakage current density (i.e., 10-6 A/cm2) and is measured 

to be 10-7 A/cm2 at 1 V. 
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Fig. 4.8. Capacitance density vs voltage of the studied Ta/Ta2O5/Au capacitors. 

Fig. 4.9 shows the structure of the fabricated bottom-gate, top-contact Ta/Ta2O5 (45 

nm)/DPPDTT-PMMA/Au TFTs on a glass substrate (VA = 20 V). Typical output and 

transfer characteristics of the fabricated transistors are shown in Fig. 4.9 (a) and (b), 

respectively. As can be seen in Fig. 4.10 (a), the drain current displays clear linear, pinch-

off and saturation regions for all applied gate voltages. 

 
Fig. 4.9. The schematic structure of the OTFTs using Ta2O5 anodised at VA = 20 V. 
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(a) 

 
(b) 

Fig. 4.10. Representation (a) output and (b) transfer characteristics of the studied OTFTs including ID
1/2 and IG 

vs VG at VD= −1, respectively. 

The devices operate at –1 V with a saturation field-effect mobility of 0.02 cm2 V−1 s−1, 

threshold voltage –0.35 V, subthreshold swing 210 mV/dec, and current on/off ratio ~103. 

This transistor performance is comparable to the previously reported organic TFTs that used 

SAM-modified, anodised Al2O3 [197]. Table 4.1 summarises the key parameters of the best 

DPPDTT/PMMA OTFT using the 20 V anodised Ta2O5 film as the gate dielectric. 
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Parameters 20 V anodised Ta2O5 OTFTs 

Mobility (cm2 V-1s-1) 0.02 

Vth (V) −0.35 

SS (mV/dec) 210 

ON/OFF Current Ratio ~103 

Operating voltage (V) −1 

Table 4.1. The parameters of DPPDTT/PMMA OTFTs gated by 20 V anodised Ta2O5 dielectrics. 

To see if the dielectric SAM modification strategy also results in improved transistor 

characteristics of the TFTs with anodised Ta2O5, DPPDTT-PMMA TFTs with OTS-

modified tantalum pentoxide have been fabricated. OTS is one of the most used SAMs in 

organic transistors. It has been shown that OTS significantly improves 

dielectric/semiconductor interface by passivating the gate insulator surface that leads to the 

reduction of charge carrier traps, and as a result, to higher charge carrier mobility [257][258]. 

During silanization, OTS molecules are attached to the dielectric surface through the 

chemical reaction of –SiCl with –OH groups on the metal oxide surface. This results in –Si–

O–M structures. The other two –SiCl bonds of the OTS molecule react with proximate OTS 

molecules which forms a cross-linked monolayer. The OTS-treatment of the Ta2O5 layer 

inevitably results in a thicker overall dielectric layer and hence decreases the overall 

capacitance density of the dielectric film. The anodised Ta2O5 layer should be thin enough 

to provide the minimum required capacitance and leakage to operate the OTFTs at low 

voltages. Taking into account that the Ta native oxide thickness is about 3.5 nm [259], it is 

believed that to suppress the effect of the native oxide on the dielectric properties of Ta2O5, 

the thickness of the anodised Ta should be at least 3.5 nm thick. As shown in Fig. 4.4 and 

4.7, an untreated Ta2O5 layer anodised at 3 V (d ~7 nm) exhibits a large enough capacitance 

density to be able to operate DPPDTT-PMMA TFTs at 1 V. However, the very high leakage 

current density of these thin layers would lead to poor field-effect transistor characteristics 

if used as prepared. 

Fig. 4.11 compares the capacitance density vs frequency of 3 V anodised untreated 

Ta2O5 and OTS-treated Ta2O5 films. As can be observed in Fig. 4.11, the capacitance density 
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of OTS-treated Ta2O5 is notably reduced from 2700 nF/cm2 for the sole Ta2O5 film to 

approximately 680 nF/cm2.  

 

Fig. 4.11. Capacitance density vs frequency of the 3 V anodised Ta/Ta2O5/Au capacitors with and without OTS 

treatment. 

This is due to the addition of the OTS layer, which leads to a thicker dielectric film and 

correspondingly smaller overall capacitance density because of two dielectric layers in 

series. Nonetheless, capacitance density curves for OTS-treated Ta2O5 are highly stable over 

a wide range of frequencies.  
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Fig. 4.12. Dissipation factor vs frequency of the 3 V anodised Ta/Ta2O5/Au capacitors with and without OTS 

treatment. 

The dielectric loss (Fig. 4.12) for OTS-treated Ta2O5 shows a negligible variation (less 

than 0.1), confirming a low defect density in the OTS-treated Ta2O5 films. As shown in Fig. 

4.13, leakage current density for OTS-treated Ta2O5 is approximately 2 × 10-7A/cm2 at ±1 

V; this is reduced by circa five orders of magnitude at –1 V and circa one order of magnitude 

at +1 V when compared to films of untreated Ta2O5 of comparable thickness. The leakage 

current of the OTS-treated Ta2O5 is somewhat asymmetric and slightly lower for negative 

voltages. This is very likely caused by the use of electrodes with different work functions 

and differences in the roughness of the Ta/Ta2O5 and Ta2O5/OTS interfaces [260]. In 

addition, as illustrated in Fig. 4.14, in contrast to untreated Ta2O5, OTS surface modification 

has improved the stability of the capacitance density over the studied voltage range (−1 V to 

1 V) and led to almost ideally flat C-V curves. 
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Fig. 4.13. Leakage current density vs voltage of the 3 V anodised Ta/Ta2O5/Au capacitors with and without 

OTS treatment. 

To test if the optimised, OTS-modified Ta2O5 layers result in well-working 1 V devices, 

glass/Ta/Ta2O5 (7 nm)/OTS/DPPDTT-PMMA/Au OTFTs have been fabricated (VA = 3 V). 

Fig. 4.15 shows the schematic structure of proposed 1 V OTFTs. Typical output and transfer 

characteristics of the fabricated transistors are shown in Fig. 4.16 (a) and (b), respectively. 

The optimised devices operate at 1 V with virtually no hysteresis. The saturation mobility is 

0.22 cm2 V−1 s−1, the threshold voltage −0.55 V, subthreshold swing 120 mV/dec, and the 

current on/off ratio in excess of 5  103. Additionally, the leakage current at −1 V is measured 

to be less than 1 nA at all applied biases. The calculated mobility for these devices is > 0.2 

cm2 V−1 s−1, ten times larger than the analogous DPPDTT-PMMA TFTs fabricated on the 

untreated Ta2O5 dielectric. It is believed that charge carrier mobility in TFTs is directly 

affected by the interfacial trap density [57]. Interfacial trap density (Dit) in thin-film 

transistors can be calculated using Eq. 2.14. 
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Fig. 4.14. Capacitance density vs voltage of the 3 V anodised Ta/Ta2O5/Au capacitors with and without OTS 

treatment. 

Dit is calculated to be 1.09 × 1013 cm−2 eV-1 and 4.2 × 1012 cm−2 eV-1 for OTFTs using 

20 V anodised untreated Ta2O5, and 3 V anodised OTS-treated Ta2O5, respectively. The 

reduction of trap density confirms that the OTS layers shield the active layer from traps at 

the anodic Ta2O5/DPPDTT-PMMA interface. 

 

Fig. 4.15. The schematic structure of the OTFTs using OTS-modified Ta2O5 anodised at VA = 3 V. 
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(a) 

 

(b) 

Fig. 4.16. (a) Output and (b) transfer characteristics of the fabricated OTFTs, including ID, ID
1/2 and IG vs VG at 

VD = –1 V, respectively. 

Table 4.2 compares the key figures-of-merit of the −1 V OTFTs fabricated in this work 

in comparison with one-volt organic TFTs we reported previously [197][250][261]. As can 

be seen, the gate capacitance density of the developed OTS-treated Ta2O5 dielectric layer 

used here is significantly higher. Importantly, other transistor parameters are comparable or 

indeed better than the parameters of the state-of-the-art organic TFTs reported to date 

[262][263][264]. As a result, the demonstrated organic transistors are promising candidates 

for use in low-voltage, portable electronics. 



149 
 

Parameters 
20 V 

Untreated 

3 V OTS-

Treated 
[193] [249] [261] 

Dielectric Ta2O5 Ta2O5 ODTS/Al2O3 BST-P BST-CEC/PVP 

CG (nF/cm2) 700 670 550 94 40 

Mobility (cm2 V-1s-1) 0.02 0.22 0.1 0.14 0.3 

Vth (V) −0.35 −0.55 −0.45 −0.5 −0.7 

SS (mV/dec) 220 120 160 221 140 

ON/OFF Current Ratio 103 5 × 103 103 103 103 

Operating voltage (V) −1 −1 −1 −1 −1.5 

Table 4.2. Performance comparison of the proposed DPPDTT-PMMA OTFTs with their counterparts in the 

literature. 

4.1.4 Conclusion 

In conclusion, solution-processed, low threshold voltage organic thin-film transistors 

that can be operated at 1 V have been demonstrated. The low operational voltage was 

achieved by using extremely thin (~7 nm), anodised Ta2O5 films that were modified by the 

application of an OTS SAM. The optimised DPPDTT-PMMA TFTs display threshold 

voltages around −0.55 V, low subthreshold slopes 120 mV/dec, operate with negligible 

hysteresis and possess average saturated field-effect mobility in excess of 0.2 cm2 V−1 s−1 at 

−1 V. This approach has a high potential to enable the design of stable, ultra-low voltage 

organic semiconductor circuitry in a highly reproducible manner. 

4.2 Low-voltage n-channel a-IGZO TFTs gated with OTS-modified 

Anodic Ta2O5 

4.2.1 Introduction 

High-κ materials have typically received much attention for two main reasons. On the one 

hand, silicon dioxide (SiO2), as the conventional dielectric, has reached its fundamental 

material limits and hindered the continuous downscaling and increasing the performance of 

high-yield transistors based on Moore’s law due to relatively low dielectric constant (~ 3.9). 

On the other hand, SiO2 cannot be utilised in unconventional applications where cost and 

power consumption are the two main concerns. This is mainly due to the lack of 
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processibility at room temperature and demand for further dielectric thickness reduction, 

which requires dielectrics with a higher dielectric constant. This leads to induce the same 

capacitance with a thicker dielectric thickness. 

Moreover, silicon (Si) as the preferred semiconductor material is not suitable for novel 

applications such as transparent and flexible, large-area devices in terms of the material 

properties and the limitation of fabrication methods [58]. Therefore, oxide semiconductors, 

and in particular, amorphous indium-gallium-zinc-oxide (a-IGZO), possess excellent 

properties such as high charge carrier mobility, good uniformity and low-temperature 

processing. These properties of oxide semiconductors have drawn much attention to respond 

to the high demand for high-performance, transparent and flexible large-area devices.  Since 

its first appearance by Nomura et al. [24], polycrystalline IGZO has been used in a variety 

of applications such as displays, sensors and battery-powered electronics. In particular, for 

the application of IGZO in portable devices, it is highly desirable for TFTs to operate at 

voltages at or below 1 V. In this study, solution-processed, ultra-thin anodic Ta2O5 

dielectrics are proposed and then optimised for realising high-performance 1 V a-IGZO 

TFTs, which can be used for a wide range of applications such as aqueous sensors or ultra-

low-power electronics. 

4.2.2 Experimental procedure 

To optimise the performance of Ta2O5 and Ta2O5/OTS films for using in a-IGZO TFTs, 

first, metal-insulator-metal (MIM) capacitors were fabricated. MIM capacitors with 

Ta/Ta2O5/Al and Ta/Ta2O5/OTS/Al structures were fabricated on 2 × 1.5 cm2 ultra-flat 

quartz coated glass substrates (Ossila, UK). Firstly, the substrates were rinsed with deionised 

water in order to remove any water-soluble contaminants and dried with compressed N2. 

Next, the slides were sonicated for 30 min in acetone, methanol and isopropyl alcohol (IPA). 

Then, the glass slides were taken from the sonic bath and again dried with pure N2. To 
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remove any residual organic contaminants, the substrates were put into UV/Ozone cleaner 

for 30 min. The fabrication of the MIM capacitors and IGZO TFTs started with depositing 

a 100 nm thick layer of Ta through a shadow mask by using radio frequency (RF) magnetron 

sputtering with a 2-inch diameter Ta target (Kurt J. Lesker, 99.9% pure) at a power of 70 W 

in a pure Ar atmosphere with a total pressure of 0.5 Pa at room temperature. Next, the 

patterned Ta was oxidised using the anodisation process to form a thin Ta2O5 film. The 

anodisation process was carried out in 1 mM citric acid, which served as the electrolyte. A 

pure Au wire (99.999%) and the patterned Ta film were used as the cathode and the anode, 

respectively [248]. To form Ta2O5 films with different thicknesses, various anodisation 

voltages VA = 20, 15, 10, and 5 V and a constant current density JA = 0.01 mA/cm2 were 

applied using a Keithley 2400 Source Meter. The anodisation was carried out until JA 

dropped to 0.005 mA/cm2. Then, the samples were rinsed with deionised water and dried 

using pure N2. Based on the anodisation ratio of tantalum ([c]Ta = 2.2 ± 0.2 nm/V), the Ta2O5 

thicknesses for 20, 15, 10, and 5 V anodisation voltages were approximately 44 ± 4, 33 ± 3, 

22 ± 2, and 11 ± 1 nm, respectively. To study the effect of OTS on the dielectric properties 

of the anodically oxidised Ta2O5 films, some of the as-prepared Ta/Ta2O5 samples were 

treated by O2 plasma for 2 min and then immersed in 5 mM of fresh OTS solution (Sigma-

Aldrich, ≥ 99.5%) in anhydrous toluene for 30 min in ambient conditions. Afterwards, the 

substrates were taken from the OTS solution and promptly rinsed with fresh toluene, acetone 

and IPA and blow-dried with compressed N2. Finally, the OTS-treated samples were placed 

on a hot plate at ~150 °C under a flow of N2 for 2 h. To finish MIM capacitors, a 100 nm 

thick, 1000 m × 100 m layer of Al was thermally evaporated through a shadow mask to 

form the top electrode of the devices (the total area of capacitors including the connection to 

the contact pads was 1.70  10-3 cm2). Fig. 4.17 depicts the fabrication process of 

Ta/Ta2O5/Al and Ta/Ta2O5/OTS/Al. 
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Fig. 4.17. The schematic of the fabrication process of MIM capacitors with (a) untreated Ta2O5 (b) OTS-treated 

Ta2O5 

To confirm the reproducibility of the measured dielectric parameters, 100 Ta/Ta2O5/Al 

and 100 Ta/Ta2O5/OTS/Al MIM capacitors for each Ta2O5 film anodised with VA = 20, 15, 

10, and 5 V were fabricated and 20 of each lot were randomly chosen for the measurements. 

To complete the fabrication of IGZO TFTs, a 25 nm thick layer of IGZO was firstly 

deposited onto the as-prepared Ta/Ta2O5 and OTS-treated Ta/Ta2O5 samples through a 

shadow mask by RF magnetron sputtering using a 2-inch diameter IGZO target (In:Ga:Zn = 

1:1:1) at the power of 50 W at room temperature. Then, a 100 nm (1000 m × 100 m) Al 

film was deposited onto the IGZO films to form the drain/source contacts through a shadow 

mask. The transistor channel widths (W) and lengths (L) were 1000 µm and 30 µm, 

respectively. In order to test the TFT fabrication reproducibility, 50 Ta2O5/IGZO and 50 

Ta2O5/OTS/IGZO TFTs for each Ta2O5 film anodised with VA = 20, 15, and 10 V were 

fabricated and 20 of each TFTs were arbitrarily chosen for the measurements. Noteworthily, 

the electrical properties of fabricated MIM capacitors and electrical characterisation of the 

TFTs were measured at room temperature. 

4.2.3 Results and discussion 

In the first instance, OTS-treated 2 and 3 V anodised Ta2O5 films previously used as gate 

dielectrics in p-channel OTFTs are directly employed in a-IGZO TFTs to study their 
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performance in a-IGZO TFTs. Fig. 4.18 shows the representative output and transfer 

characteristics of a-IGZO TFTs using (a, b) 2 V anodised Ta2O5 (d ≈ 3.6 nm), (c, d) 3 V 

anodised Ta2O5 (d ≈ 5.4 nm). As can be seen, although both fabricated TFTs can operate at 

1 V with high dielectric capacitance (> 600 nF/cm2), other parameters such as the gate 

leakage current, threshold voltage and ION/OFF ratios are required to be considered as well. 

The gate leakage currents of both devices are significantly high, especially for 2 V anodised 

OTS-treated Ta2O5 film (~ 10 nA). The threshold voltages are also showing high values, 

which deteriorate the drain current on and off ratios (ION/OFF) which are indeed not 

comparable with their counterparts demonstrated in the literature [252]. This result is in good 

agreement with the previously published reports where it was shown that Ta2O5 as a single 

gate dielectric is not suitable for n-type oxide semiconductors due to its small band offset 

(discussed in section 2.3.3.1.1.2). On the other hand, using the ultrathin layer of Ta2O5 when 

its thickness is around the thickness of native tantalum oxide and/or the thickness of OTS (~ 

2.6 nm) not only can increase the gate leakage current but also may worsen the device 

instability. Table 4.3 compares the key figures-of-merit of the IGZO TFTs fabricated using 

2 V and 3 V OTS-treated Ta2O5 dielectrics. As shown, the mobilities of the fabricated TFTs 

are quite low compared with other low voltage IGZO TFTs reported elsewhere [252]. 
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Fig. 4.18.  The representative output and transfer characteristics of a-IGZO TFTs using (a, b) 2 V anodised 

Ta2O5 (≈ 3.6 nm), (c, d) 3 V anodised Ta2O5 (≈ 5.4 nm). 
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Device 2 V OTS-treated 3 V OTS-treated 

VA (V) 2 3 

Approx. Ta2O5 thickness (nm) 3.6 + ~ 2.8 (OTS) 5.4 + ~ 2.8 (OTS) 

Capacitance density (nF/cm2) 490 670 

ID @ VG = 1 V 2 µA 9 µA 

ILEAK @ VG = 1 V 9 nA 1 nA 

µ (cm2 V-1 s-1) 2 0.9 

VO (mV) 

Vth (V) 

500 

0.7 

600 

0.8 

SS (mV/dec) 102 86 

Ioff @ VG = 0 V 0.1 nA 0.1 nA 

ION/OFF 104 104 

Dit (cm-2 eV-1) 2.1×1012 2.6×1013 

Table 4.3. The electrical properties of the fabricated a-IGZO TFTs using 2 and 3 V anodised OTS-treated 

Ta2O5 dielectrics. 

Therefore, in order to obtain high-performance thin-film transistors, the optimisation of the 

gate dielectric properties is essential and should be carried out specifically for the developed 

devices, herein, a-IGZO TFTs. Consequently, different thicknesses of Ta2O5 films were 

grown by varying the anodisation voltage (VA) from 20 to 5 V in the step of 5 V. To confirm 

the reproducibility of the measured dielectric parameters, 20 Ta/Ta2O5/Al MIM capacitors 

for each Ta2O5 film anodised with VA = 20, 15, 10, and 5 V were randomly chosen from 100 

fabricated devices. Fig. 4.19 illustrates the capacitance density (Ci) vs frequency of the 

capacitors from 100 Hz to 100 kHz. As shown, decreasing the anodisation voltage (VA) from 

20 V to 5 V increases the capacitance density (Ci) from 585 nF/cm2 to 1840 nF/cm2 with a 

maximum standard deviation of 20 nF/cm2 at 1 kHz. However, as the VA decreases from 20 

to 5 V, the measured values of Ci from 100 Hz to 100 kHz become unstable, especially at 

high-end frequency range. This is particularly obvious for Ta2O5 anodised at 5 V. This 

behaviour of Ci is very likely due to the increase of the leakage current through the dielectric.  
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Fig. 4.19.  Capacitance density vs frequency of the studied Ta/Ta2O5/Al capacitors. 

Indeed, as shown in Fig. 4.20, the leakage current density (JLEAK) rises sharply by at least 

three orders of magnitude when measured at 1 V from 2.8 × 10-5 A/cm2 for 20 V to 0.1 

A/cm2 for 5 V anodised Ta2O5, respectively. High JLEAK is extremely undesirable because it 

strongly influences the characteristics of MIM capacitors, as well as the operation of TFTs. 

It is worth mentioning here that the leakage current density, measured for the fabricated 

capacitors with the structure of Ta/Ta2O5/Al and Ta/Ta2O5/Au may not exhibit similar 

behaviour. This is very likely caused by the use of electrodes with different work functions 

and differences in the roughness of the Ta2O5/Au and Ta2O5/Al interfaces [260]. The 

negative effect of the leakage current on the capacitor characteristics is reflected in Fig. 4.21 

where Ta2O5 anodised at 5 V shows a considerable deterioration of the loss tangent (tan(δ)) 

at both ends of the probed frequency range. 
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Fig. 4.20.  Leakage current density vs applied voltage of the studied Ta/Ta2O5/Al capacitors. 

 

Fig. 4.21.  Loss tangent vs frequency of the studied Ta/Ta2O5/Al capacitors. 

Fig. 4.23 presents a cross-section of the fabricated bottom-gate, top-contact IGZO TFTs 
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(Ta/Ta2O5/IGZO/Al).  Representative output and transfer characteristics of the devices using 

the Ta2O5 anodised at 10 V (~22 ± 2 nm, device A), 15 V (~33 ± 3 nm, device B), and 20 V 

(~44 ± 4 nm, device C) are shown in Fig. 4.24 (a–f), respectively. As demonstrated in Fig. 

4.24, all three types of transistors operate at 1 V in n-channel enhancement mode and show 

a clear linear, pinch-off and saturation regimes with a very small hysteresis between forward 

(−0.1 to 1 V) and backward (1 to −0.1 V) sweeps. The drain current (ID) measured at the 

drain voltage (VD) and the gate voltage (VG) equal to 1 V (VS = 0) for device A is found to 

be about 18 µA. This is almost two times higher than for device B and more than three times 

higher than for device C. Although high ID is one of the most important parameters when 

considering the performance of TFTs, other transistor parameters such as leakage current 

(ILEAK), field-effect mobility (), threshold voltage (Vth), subthreshold swing (SS), onset 

voltage (VO), off current (IOFF), and on/off current ratio (ION/OFF) should also be considered. 

The mobility in the saturation regime has been estimated using the drain current equation by 

applying a linear fit to the ID
1/2 vs VG as shown Eq. 2.7.  

 

Fig. 4.22.  Capacitance density vs voltage characteristics of the studied Ta/Ta2O5/Al capacitors. 
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Fig. 4.23. The schematic structure of the fabricated Ta/Ta2O5/IGZO/Al TFTs using pristine Ta2O5 gate 

dielectric. 

 

Fig. 4.24. The representative output and transfer characteristics of a-IGZO TFTs using (a, b) 10 V anodised 

Ta2O5 (22 ± 2 nm, device A), (c, d) 15 V anodised Ta2O5 (33 ± 3 nm, device B), and (e, f) 15 V anodised Ta2O5 

(44 ± 4 nm, device C). 
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In addition, to be able to compare the quality of the semiconductor-insulator interface of 

the fabricated transistors, the interfacial trap density (Dit) is calculated using Eq. 2.14. Table 

4.3 shows all key parameters of the fabricated IGZO TFTs. 

Device A B C 

VA (V) 10 15 20 

Approx. Ta2O5 thickness  22 ± 2 nm 33 ± 3 nm 44 ± 4 nm 

Capacitance density (nF/cm2) 1020 875 585 

ID @ VG = 1 V 18 µA 10 µA 5 µA 

ILEAK @ VG = 1 V 150 nA 20 nA 8 nA 

µ (cm2 V-1 s-1) 5.9 5.8 6.3 

VO (mV) 

Vth (V) 

350 

0.58 

350 

0.54 

400 

0.65 

SS (mV/dec) 108 111 96 

Ioff @ VG = 0 V 9.3 nA 9.5 nA 2.7 nA 

ION/OFF 103 2×103 5×103 

Dit (cm-2 eV-1) 4.1×1012 4.4×1012 2.1×1012 

Table 4.4. The electrical properties of the fabricated a-IGZO TFTs using different, as prepared, anodically 

oxidised Ta2O5 dielectrics. 

It can be seen that device C displays the highest mobility sat = 6.3 cm2 V-1 s-1. At the same 

time, it shows the highest Vth = 0.65 V and the lowest SS = 96 mV/dec. It is believed that 

charge carrier mobility in TFTs is directly affected by the interfacial trap density [265]. Dit 

is calculated to be 4.1×1012
, 4.4×1012, and 2.1×1012 cm-2 eV-1 for device A, B, and C, 

respectively. Indeed, since the device C has the lowest interfacial trap density, it exhibits the 

highest mobility. Also, since the capacitance density of device C is lowest (Ci = 585 nF/cm2) 

it shows the highest Vth. On the contrary, it appears that significantly reduced channel 

capacitance, which is a sum of the depletion capacitance (Cdep) and the interface trap 

capacitance (Cit) being related to the charging of the dielectric/semiconductor interface traps, 

contributes to the low SS [62]. Indeed, the SS in device C is reduced to 96 mV/dec. Although 

1 V operation was achieved for all types of the fabricated a-IGZO TFTs using pristine Ta2O5, 

it was believed that the Ta2O5 dielectric needed further optimisation to be able to compete 

with the recently demonstrated state-of-the-art a-IGZO TFTs [129][266].  
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Fig. 4.25. Capacitance density vs frequency of the studied Ta/Ta2O5/OTS/Al capacitors. 

As mentioned before, it has been reported previously that the passivation of metal oxide 

dielectrics with n-octadecyltrichlorosilane (OTS) SAM is an effective approach to improve 

the performance of OTFTs [248]. Therefore, to see if a SAM treatment has the same 

beneficial effect on the performance of Ta2O5 thin film capacitors, 15 V (33 ± 3 nm) and 10 

V (22 ± 2 nm) anodised Ta2O5 films have been modified with OTS. To confirm the 

reproducibility of the measured dielectric parameters, 20 Ta/Ta2O5/OTS/Al MIM capacitors 

for each Ta2O5 film anodised with VA = 20, 15, 10, and 5 V were randomly chosen from 100 

fabricated devices. Fig. 4.25 demonstrates the capacitance density of Ta/Ta2O5/Al and 

Ta/Ta2O5/OTS/Al capacitors (cf. inset of Fig. 4.25) as a function of frequency from 100 Hz 

to 100 kHz. 

As can be seen, the Ta/Ta2O5/OTS/Al capacitors are much more stable in the whole studied 

frequency range than the capacitors with pristine Ta2O5. Although adding a monolayer 

dielectric layer to the main dielectric appears to make the MIM capacitors more stable, this 



162 
 

increases the overall thickness of the dielectric, and as a consequence, decreases the 

capacitance density. This is due to adding an extra layer (OTS) to the main dielectric (Ta2O5) 

which are equivalent to two capacitors in series. Before OTS surface modification, the 

capacitance density of 15 V and 10 V Ta2O5 films at 1 kHz is 875 nF/cm2 and 1020 nF/cm2, 

respectively. As expected, after the OTS treatment, the capacitance density is reduced to 350 

and 470 nF/cm2 with a maximum standard deviation of 20 nF/cm2 at 1 kHz, respectively. 

 

Fig. 4.26. Leakage current density vs frequency of the studied Ta/Ta2O5/OTS/Al capacitors. 

Fig. 4.26 shows the leakage current density of Ta2O5 and OTS-treated Ta2O5 films vs 

applied voltage bias from −1 to 1 V. As it is clear, the leakage current density of OTS-treated 

samples at ± 1 V has been dramatically reduced and found to be at least three orders of 

magnitude lower than their untreated counterparts. The leakage current of the OTS-treated 

Ta2O5 is somewhat asymmetric and slightly lower for positive voltages. This is very likely 

caused by the differences in the roughness of the Ta/Ta2O5 and Ta2O5/OTS interfaces and 

the use of electrodes with different work functions [260]. Fig. 4.27 shows the loss tangent 
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as a function of frequency for both samples. Due to the lower leakage current in OTS-treated 

samples, tan(δ) is also showing a lower value which implies that the dielectric loss of these 

capacitors approaches the ideal value for this parameter.  

 

Fig. 4.27. Loss tangent (δ) vs frequency of the studied Ta/Ta2O5/OTS/Al capacitors. 

This fact is also reflected in the capacitance density vs voltage characteristics presented in 

Fig. 4.28. Conversely, the OTS-treated Ta2O5 films show a constant value of Ci in the −1 to 

1 voltage bias range the pristine Ta2O5 films appear somewhat unstable. 
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Fig. 4.28. Capacitance density vs voltage characteristics of the studied Ta/Ta2O5/OTS/Al capacitors. 

To see if the OTS-treated Ta2O5 dielectric can improve the performance of IGZO TFTs, 

Ta/Ta2O5/OTS/IGZO/Al TFTs with 10 V (22 ± 2 nm) and 15 V (33 ± 3 nm) anodised Ta2O5 

dielectrics were fabricated (Fig. 4.29).  

 

Fig. 4.29. The schematic structure of the fabricated Ta/Ta2O5/OTS/IGZO/Al TFTs using SAM-modified Ta2O5 

gate dielectric. 

The key parameters of the fabricated IGZO TFTs gated with OTS-treated, 10 V and 15 V 

anodised Ta2O5 are summarised in Table 4.4. As shown in Fig. 4.30 (a) and (b), the devices 

operate in n-type enhancement mode with clear linear, pinch-off and saturation regimes. 
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The clear linear increment of ID with VD at low VG implies that low resistance contacts were 

formed between IGZO and Al. 

Parameter Device I Device II 

VA (V) 10 V 15 V 

Approx. Ta2O5 + OTS thickness  (22 ± 2) + 2.8 nm (33 ± 3) + 2.8 nm 

Capacitance density (nF/cm2) 470 350 

ID @ VG = 1 V 15 µA 0.04 µA 

ILEAK @ VG = 1 V 0.1 nA 0.03 nA 

µ (cm2 V-1 s-1) 2.3 0.04 

VO (mV) 100 550 

Vth (V) 0.4 0.6 

SS (mV/dec) 88 120 

Ioff @ VG = 0 V 0.1 nA 0.05 nA 

ION/OFF 5×105 103 

Dit (cm-2 eV-1) 1.3×1012 2.1×1012 

Table 4.5. Electrical properties of the fabricated a-IGZO TFTs using OTS-modified, anodically oxidised Ta2O5 

dielectrics. 

From Fig. 4.30(b), the mobility, the threshold voltage, the subthreshold swing, and ION/OFF 

ratio are found to be 2.3 cm2 V-1 s-1, 0.4 V, 88 mV/dec, and > 105, respectively. Comparing 

the transistors with IGZO TFTs using pristine Ta2O5, the mobility is reduced by a factor of 

three. This is very likely caused by the different structure and composition of IGZO on Ta2O5 

and T2O5/OTS surfaces or OTS coating deterioration. The calculated interfacial trap 

densities (Dit) for both types of transistors suggest that TFTs using OTS-modified Ta2O5 

possess fewer interfacial traps than TFTs using pristine Ta2O5. However, more detailed 

studies of the SAM/IGZO interfaces are needed to understand this phenomenon thoroughly. 

The gate leakage current (IG) is found to be about 0.1 nA at 1 V, which is at least two orders 

of magnitude smaller than in our Ta2O5/IGZO TFTs (cf. ref. [267]). On the other hand, 

Although device II, shown in Fig. 4.31 (a-b), has the minimum characteristics of a working 

low-power TFT, namely, a clear linear, pinch-off and saturation regime, it suffers from 

insufficient output current (nA scale), which makes impractical device to be used in the 

applications needed higher currents. Also, it suffers from low mobility and ION/OFF, high 
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threshold voltage (Vth) and negative resistance in drain current output. Although the origin 

of negative resistance in the output characteristics is yet unclear, it could be very likely due 

to the geometry of the device and the different values of the dielectric constants of the 

semiconductor and dielectric [268]. 

 

(a) 

 

(b) 

Fig. 4.30. The representative (a) output and (b) transfer of IGZO TFTs gated with OTS-treated, 10 V anodised 

Ta2O5. 
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(a) 

 

(b) 

Fig. 4.31. A representative (a) output and (b) transfer characteristics of a-IGZO TFTs gated with OTS-treated, 

15 V anodised Ta2O5. 

Recently reported IGZO TFTs using 10 nm CVD SiO2 as the gate dielectric display IG < 1 

pA [269]. However, the area of the drain and source contacts here is at least 100 times larger 

than in ref. [269]. Also, it is not obvious if the anodically oxidised Ta2O5 films with 

thicknesses at or below 20 nm are stoichiometric Ta2O5 which may lead to the increased 

conductivity of such films [270]. As a result, the performance and application of the 
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demonstrated TFTs are currently somewhat limited by the gate leakage (i.e., high off current) 

and a significant reduction of the drain/source contact area along with further measurements 

are required to confirm their suitability, uniformity and stability for their use in displays. 

However, the onset voltage of the OTS-treated Ta2O5 a-IGZO TFTs is reduced to 100 mV, 

the threshold voltage is decreased to 0.4 V, and the subthreshold swing is below 90 mV/dec. 

Hence, it appears that the modification of the tantalum pentoxide with SAMs may be a useful 

approach towards ultra-low voltage, high-performance IGZO TFTs. 

4.2.4 Conclusion 

Low threshold voltage (Vth) a-IGZO TFTs gated with pristine and OTS-treated Ta2O5 

operating at 1 V are demonstrated. The effect of different anodisation voltages on the 

properties of Ta/Ta2O5/Al and Ta/Ta2O5/OTS/Al MIM capacitors and IGZO TFTs have been 

studied. It is shown that the best-performing capacitors and transistors are realised with 10 

V anodised (22 ± 2 nm), OTS-treated Ta2O5. The fabricated Ta2O5/OTS capacitors show 

good stability in the 100 Hz to 100 kHz and capacitance density in excess of 400 nF/cm2. 

The fabricated TFTs display relatively high mobilities (2.3 cm2 V-1 s-1) compared to their 

counterparts operating at 1 V, threshold voltages around 0.4 V, subthreshold swings below 

90 mV/dec, and high current on/off ratios in excess of 105. It is envisaged that this approach 

is a very promising alternative to fabricate low-voltage, inexpensive TFTs and TFT-arrays 

for low-cost sensors and low-end, disposable electronics. 
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Chapter 5:  Memristive Devices Based on Anodic Ta2O5 

Films 

5.1 Introduction 

The concept of a resistive memory device (also known as a memristive device) was initially 

postulated by Leon Chua in 1971 as the fourth fundamental circuit element [271]. The 

resistance of this type of devices can be changed upon electrical stimuli and last for short- 

or long-time scales. A memristor in its simplest structure is based on a two-terminal MIM 

structure where a switching medium is sandwiched between two electrodes. Fig. 5.1 

illustrates the MIM structure of a memristor. Typically, the resistive switching in these 

devices involves the creation and rupture of conductive filaments (CF) connecting the two 

electrodes. These devices have two states of operation, the low-resistance state (LRS) and 

high-resistance state (HRS). LRS occurs when a CF inside the active insulating layer bridges 

the two electrodes, while HRS is realised by partial dissolution of the filament. Fig. 5.2 

demonstrates the formation and partial dissolution of the filament [272]. 

 

Fig. 5.1. The schematic of a typical memristive device with a Metal-Insulator-Metal (MIM) structure. 
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Fig. 5.2. The schematic of resistive switching based on the filamentary conduction model. (a) a native insulator 

(HRS), (b) creation of CFs via electroforming, (c) CFs in ON state (LRS), and (d) CFs rupture in OFF state 

(LRS to HRS) [272]. 

Memristive devices commonly modelled by two resistive switching mechanisms, the 

valence change memory (VCM) and electrochemical metallisation memory (ECM). VCM 

is based on oxygen ions migration (anions) effects and subsequent valence change of the 

metals which progressively modifies the stoichiometry of the metal oxides and results in CF 

formation by the localised concentration of defects [272]. For instance, memristors based on 

materials such as HfOx, TaOx, TiOx, and other transition metal oxides in combination with 

TiN, TaN, Ti, Ta, and Pt can operate in VCM. As abovementioned, the resistance of these 

devices can vary under appropriate voltages from a high resistance state (HRS) or OFF state 

to a low resistance state (LRS) or ON state. Thus, these transitions from OFF (ON) to ON 

(OFF) are also called SET and RESET in the conventional terminology, respectively. Fig. 

5.3 illustrates the SET and RESET processes of the VCM switching mechanism. In this 

figure, the grey spheres represent an inert electrode with a high work function (e.g., Pt), 

yellow and purple spheres represent the cations of the binary metal oxide in their standard 

state and reduced state, respectively, and green spheres represent the oxygen vacancies (VO). 

In the HRS (Fig. 5.3 (a)), the oxygen vacancies (VO) in the region near the inert electrode is 

low. Thus, the electrostatic barrier at the interface does not allow an easy current injection 

through the active insulating layer. Therefore, the VO concentration has a donor-like 
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behaviour and determines the local conductivity. When a negative bias voltage is applied to 

the inert electrode, the VO drift toward it (Fig. 5.3 (b)) and increases the VO concentration 

next to the electrode. This phenomenon leads to lowering the electrostatic barrier and 

consequently reduces the thickness of the interface, which allows the charge to inject easily 

into the insulating layer. This high local conductivity (LRS) close to the electrode enables a 

high charge transport through the filamentary region (Fig. 5.3 (c)). To rupture the formed 

CF, applying a positive bias to the electrode is required to move the VO away from the 

interface (Fig. 5.3 (d)) which results in restoring the electrostatic barrier and dissolving the 

CF partially (Fig. 5.3 (a)) [273]. 

 

Fig. 5.3. The schematic of the SET and RESET processes of the VCM switching mechanism [274]. 

On the other hand, ECM relies on the metal ions (cations) movement from the active 

electrode (often Ag or Cu) into the active insulating layer. This occurs through the oxidative 

interfacial dissolution of an active metal electrode and subsequent cation migration across 

the active insulating layer, which results in shortening the two electrodes [275]. This type of 

memristors are typically using an active electrode (e.g., Ag, Cu, and Co) along with an inert 
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electrode (e.g., TaN, W, and Pt) and GeSe, GeS, AgxS or even SiO2 as an insulating layer. 

The physical and electrochemical processes occurring in resistive switching based on ECM 

and their corresponding I-V characteristics are shown in Fig. 5.4. In order to operate the 

device at low-resistive state, a positive voltage is applied to a chemically active electrode 

like Ag (Fig. 5.4(a)). This makes the electrode to be oxidised, and Ag cations are injected 

into the insulating layer and form a CF (Fig. 5.4(b)). These cations then migrate to the 

cathode, where they are reduced to metallic Ag. This process continues an Ag CF grows 

toward the anode (Fig. 5.4(c)) and eventually connect two electrodes electrically (Fig. 

5.4(d)). To change the state of the device to high resistive state, a negative voltage is applied 

to the Ag electrode, which dissolves the CF (Fig. 5.4(e)) [273]. 

 

Fig. 5.4. The schematic of the SET and RESET processes of the ECM switching mechanism [275]. 

Moreover, anionic and cationic resistive switches are generally working based on two 

different switching modes; unipolar (nonpolar) and bipolar. Therefore, the devices in which 

the SET and RESET only depends on the magnitude of applied voltage are called unipolar 

or nonpolar (Fig. 5.5(a)), while in the bipolar memristors, the SET and RESET occur solely 
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based on the polarity of the applied voltage (Fig. 5.5(b)). Fig 5.5 shows the schematics of 

the I-V curve of unipolar and bipolar memristors. 

 

Fig. 5.5. The schematics of I-V curve switching characteristics of memristive devices; (a) unipolar mode and 

(b) bipolar mode. 

5.2 Memristive devices based on TaOx 

Memristive switches based on Ta/TaOx structures have been reported to exhibit superior 

performance in comparison to other structures in terms of volatility [276], low voltage [277] 

and switching times [278]. They have also been investigated to be utilised in resistive 

random-access memory (ReRAM) applications, and in recent years, in a neuromorphic 

computing system as neural synapses [279][280]. However, they are usually fabricated using 

expensive and sophisticated techniques such as multi-step RF sputtering and aggressive 

chemicals. 

In this chapter, the memristive behaviour of Ta/TaOx/Pt switches is reported. The tantalum 

oxide films were fabricated using anodisation. It is shown that the performance of the 

reported switches is comparable or indeed better than most of the previously reported 

memristors with similar structure (Ta/TaOx/Pt). 

In terms of device physics, although the charge transport in tantalum oxide is not fully 

understood yet, some common understanding can be summarised in three main points. First, 

the charge transport in the ON state is dominated by an electroformed channel or filament 

within the tantalum oxide layer. Therefore, the larger the filament radius and the smaller the 
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oxide thickness are, the lower the ON resistance and the lower the forming voltage become 

[281]. Second, the ratio of Ta:O within and around the active channel demonstrates a notable 

change from the original ratio. The stoichiometry of Ta2O5 can be changed to a lower 

oxidation state at the centre, and its oxidation state increases moving away from the centre 

of the filament [281]. Third, the crystal structure of the material within and around the active 

channel plays an important role. The initial amorphous structure is changed to a 

nanocrystalline, which shows local heating [282]. Hence, fabrication parameters can play a 

major role in the performance of the devices since the material stoichiometry and device 

behaviour can greatly be affected by the fabrication process and environmental conditions. 

5.3 Experimental procedure 

The devices were fabricated on 2  1.5 cm2, quartz-coated glass substrates (Ossila, UK). 

Firstly, the substrates were rinsed with deionised (DI) water, dried with pure N2 and 

sonicated for 30 min in acetone, methanol and isopropyl alcohol (IPA). Then, the samples 

were dried with pure N2. Any residual organic contaminants were removed using a 

UV/Ozone cleaner for 30 min. Ta strips with 100 nm thickness were initially deposited as 

the bottom electrodes using a shadow mask onto the cleaned substrates by RF magnetron 

sputtering with a 2-inch Ta target (Kurt J. Lesker, 99.9% pure) at a power of 70 W in a pure 

Argon (Ar) atmosphere with a total pressure of 0.5 Pa at room temperature. Next, the 

anodisation process similar to the reported for the low-voltage TFTs took place. The 

anodisation continued until the approximate thickness of tantalum oxide films reached 7 nm 

(VA = 3 V). Finally, Pt film of 50 nm thickness was deposited as the top electrode through a 

shadow mask using a 2-inch Pt target (Kurt J. Lesker, 99.9% pure) at a power of 50 W in a 

pure Ar atmosphere with a total pressure of 0.5 Pa at room temperature. Fig. 5.6 illustrates 

the schematic structure of the fabricated device arrays. The size of the fabricated memristive 

switches was 300  400 µm2. 
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Fig. 5.6. The schematic structure of a single memristor and 3D schematic of the fabricated memristor arrays. 

The devices were tested using a Keithley 4200 semiconductor analyser with two ultra-fast 

pulsing modules 4225RPM and the 4225-PMU card. Also, the devices were tested using a 

Signatone S-1160 probe station with the S-4210-MMPC-L multi-measurement prober cable 

kit. Short voltage pulses were sent, and the currents were recorded simultaneously. The Pt 

electrode was connected to the ground, and pulses were sent to the Ta electrode. In all tests, 

the PMU card was used to send the pulses, and the current was measured at the ground 

terminal. Two consecutive pulses were sent, a negative and positive pulse with an 

intermediate delay of 20 µs, whilst the rise/fall time and width time of each pulse were set 

to 1 µs. A compliance current was set to 100 µA, and the amplitude of the pulse was 

successively increased from ± 0.5 V to ± 5 V. 

5.4 Results and discussion 

Fig. 5.7 demonstrates a representative I-V characteristic with symmetrical memristive 

behaviour of the fabricated devices, which began from ± 4.5 V in a sweeping range from 4.5 

V to −5 V. These measurements were taken from 300  400 µm2 devices but typical memory 

element sizes are in the range of 1  1 µm2, and thus, the measurements were normalised to 

nA/µm2. During stage 1, the devices were switched OFF completely, and the resistance was 

calculated by fitting a line to the linear section of the graph. The linear fit (green line) has an 

R2 of 0.97 and resistance of ~788 kΩ during the OFF state. The ON state resistance was 

calculated to be 10 kΩ in a similar method. However, only the top right quadrant was 
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considered to ensure that only the current state would be measured. The linear fit (blue line) 

for the ON state has an R2 of 0.86 due to some minor capacitance effects close to zero 

voltage.  

 

Fig. 5.7. The representative I-V characteristic, showing the memristive behaviour of the fabricated Ta/TaOx/Pt 

devices [283]. 

These values show an almost 80-time change in resistance between the ON and OFF states 

with a maximum current of 0.83 nA/µm2 showing promising potential for high-density 

applications. The performance of the reported devices is comparable or indeed better than 

most of the previously reported Ta memristors in terms of ROFF/RON ratio using a 100 µA 

compliance current. Table 6.1 shows the performance comparison of the fabricated 

Ta/TaOx/Pt memristors with their counterpart in the literature.  

Reference RON ROFF ROFF/RON Compliance 

[284] 25 kΩ ~ 100 kΩ ~ 4 100 µA 

[285] – – > 10 5 mA 

[286] ~ 300 Ω 80 kΩ ~ 267 300 µA 

[287] 20 kΩ 800 kΩ 40 10 µA 

[288] 350 Ω ~ 1.4 kΩ 4 – 

This work 10 kΩ ~ 800 kΩ 80 100 µA 

Table 5.1. Performance comparison of the fabricated Ta/TaOx/Pt memristors with their counterparts in the 

literature. 
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5.5 Conclusions 

Low-cost, solution-based TaOx-based memristive devices which were formed and operated 

at voltages  ±5 V have been successfully realised. The devices show resistances of 788 kΩ 

and 10 kΩ during the OFF and ON states, respectively. The devices have an almost 80-time 

change in resistance with 0.83 nA/µm2, without the need for expensive Ta2O5 procedures. 

Although further work is required to complete the device characterisation, including 

measurements of uniformity, retention, and endurance, this work illustrates the high 

potential of anodisation as a low-cost, environmentally friendly manufacturing technique for 

high-performance memristors with the possibility of being compatible with CMOS and other 

VLSI fabrication technologies. Additionally, further investigation is required to use the 

fabricated memristors in real-world applications such uniformity in large-area deposition, 

effect of temperature on their operation, use of different substrates and increasing their 

efficiency. 
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Chapter 6:  Conclusions and Future work 

6.1 Conclusions 

As discussed, realising low-voltage transistors operating at or below 1 V is a challenging 

task as it needs several steps of optimisation and careful consideration. One method to 

achieve this goal is to increase the gate dielectric capacitance. However, increasing the gate 

dielectric capacitance by either using a high-κ material, thinning the dielectric thickness, or 

doing both methods simultaneously is a double-edged sword and can lead to exacerbating 

other key parameters of TFTs. This work has focused on finding and tailoring a high-κ 

dielectric material to realise low-voltage operation without sacrificing other key parameters 

of different types of TFTs. 

Tantalum pentoxide (Ta2O5) is a high-κ oxide dielectric that can provide a large gate 

capacitance without a significantly large gate leakage current. Ta2O5 is employed in a variety 

of devices, namely, dynamic random-access memory (DRAM), metal-insulator-metal 

(MIM) capacitors, memory resistors and now in organic and inorganic low-voltage TFTs. 

To develop low-cost devices, it is essential to process and deposit materials with inexpensive 

equipment. Electrochemical oxidation (anodisation) is a very cheap, effective and time-

saving method to form a pinhole-free, uniform and smooth metal oxide dielectric, herein 

Ta2O5, with no need for high vacuum expensive equipment. Moreover, anodisation is a self-

healing self-limiting process that can deliver metal oxide dielectrics with precise thickness 

and high reproducibility in ambient conditions. In this light, anodisation has been chosen to 

oxidise Ta, and the resultant Ta2O5 was employed as a gate dielectric in the fabrication of 

low threshold voltage TFTs. 

Furthermore, it is shown that using OTS SAM surface modification not only smoothens the 

dielectric surface, which leads to lower interfacial traps densities at the 
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dielectric/semiconductor interface, which ultimately improve field-effect mobility but also 

acts as an extra dielectric layer which reduces the gate leakage current. In this work, the 

effect of OTS SAM modification of Ta2O5 has been investigated, and it is shown that OTS-

treated Ta2O5 can improve the dielectric properties of tantalum pentoxide and enhance the 

performance of both organic and inorganic TFTs. The optimum OTS-treated anodic Ta2O5 

is reported to be approximately 680 nF/cm2 (VA = 3 V) with a maximum standard deviation 

of 20 nF/cm2 for 1 V DPPDTT-PMMA OTFTs and 433 nF/cm2 (VA = 10 V) with a 

maximum standard deviation of 10 nF/cm2 at 1 kHz for 1 V a-IGZO TFTs. 

Organic electronic devices have received much attention due to their potential applications 

in flexible, low-cost, large-area electronics. However, they typically suffer from relatively 

high operating voltages ( 3 V) which has a preemptive effect on their use where the low-

voltage operation is required (e.g., wearable and portable devices). This work has addressed 

this problem and presents a viable solution to pave the way towards low-power organic 

devices which are essential components of portable and wearable electronics. Several non-

trivial steps of optimisation were carried out to find a proper balance between key parameters 

of OTFTs. As discussed, the DPPDTT-PMMA blends can have a synergistic effect on the 

operation of the organic TFTs due to the use of two organic components together. Although 

the understanding of the exact effect of the DPPDTT-PMMA blend is beyond the scope of 

this work and was not studied in detail, the vertical phase separation of this polymer system 

not only potentially helps to reduce the gate leakage current but also smoothens the 

dielectric/semiconductor interface which is beneficial for the performance of OTFTs. 

Moreover, thanks to the dielectric optimisation processes and use of the blend OSC, the 

proposed p-channel DPPDTT-PMMA TFTs operate at −1 V, display threshold voltages 

around −0.55 V, exhibit low subthreshold slopes 120 mV/dec, show negligible hysteresis 

and possess average saturation mobilities in excess of 0.2 cm2 V−1 s−1 at −1 V. 
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Amorphous indium-gallium-zinc-oxide (a-IGZO) semiconductor owing to its excellent 

electrical properties such as high field-effect mobility, uniformity and low-temperature 

processing, has drawn much attention to end the duality between high-temperature 

processing and high performance of oxide TFTs. a-IGZO TFTs have shown the true potential 

to be used in a variety of applications such as displays, sensors and transparent electronics. 

Besides, they appear to be essential for the applications of portable, standalone sensors or 

battery-powered devices that have to be as power-efficient as possible and are able to operate 

at or below 1 V. This work has addressed this necessity and presents high-performance, low-

voltage, a-IGZO TFTs that operate at 1 V. This goal was achieved by specifically tailoring 

Ta2O5 dielectric for a-IGZO TFTs without significant deterioration of their other key 

parameters. The proposed n-channel a-IGZO TFTs display relatively high field-effect 

mobilities (2.3 cm2 V-1 s-1), threshold voltages around 0.4 V, subthreshold swings below 90 

mV/dec, and high current on/off ratios well in excess of 105. 

Furthermore, it has been shown that oxygen vacancies in tantalum oxides can be increased, 

which leads to significant I-V hysteresis and memory behaviour. The properties of anodised 

Ta2O5 memory resistors have been investigated with the help of Prof. Julius Georgiou’s 

research group at the University of Cyprus (ECE). Low-cost, solution-based TaOx-based 

memristive devices which can be formed and operated at voltages  ±5 V have been 

successfully realised. The devices show resistances of 788 kΩ and 10 kΩ during the OFF 

and ON states, respectively. The devices have an almost 80-time change in resistance with 

0.83 nA/µm2, without the need for expensive Ta2O5 procedures. These results show that the 

developed Ta2O5 films have a high potential to be used in a variety of active devices. 

6.2 Future work 

Although this research aimed to improve on the technology of low voltage devices and 

successfully achieved that, the research and development of these devices are not limited to 



181 
 

this study and have much potential to be improved and followed by future work in three time 

frames, namely, short, medium and long term. In the short term, as shown throughout this 

study, in terms of dielectric material, tantalum pentoxide as high-κ material shown to still 

have a great potential to be used in the electronic industry, and its application is not limited 

to TFTs. For example, Ta2O5 is also used in MIM and MIS capacitors, high-speed diodes 

and memory resistors (memristors). Interestingly most of these abovementioned devices 

have the same device structure—Ta2O5 layer sandwiched between two metal thin films or a 

metal and a semiconductor. In this regard, it was planned to demonstrate more devices with 

Ta2O5 as an insulating material, such as Ta2O5-based Schottky diodes, but unfortunately, it 

was cut short by the Covid-19 pandemic. Anodic Ta2O5 dielectric can also be used to realise 

low-voltage high-speed MIM diodes, which are required for rectenna and IR detector 

applications [289]. These diodes work based on charge transport domination by Fowler-

Nordheim tunnelling (FNT) in conjunction with the use of asymmetric work function metal 

electrodes, which yield asymmetric, polarity dependent electron tunnelling barriers 

[43][290]. Realising these high-speed diodes is a prospective work following this project. 

Nonetheless, during the research on Ta2O5 dielectric for the application in TFTs, it has been 

found that the Ta2O5 film grown by anodisation is able to be tailored for the memristive 

devices, which discussed in chapter 5 in details. It is noteworthy that using the same 

dielectric material for different applications is not trivial as the chemical structure, 

stoichiometry, oxygen vacancies and thickness of the dielectric play a crucial role to draw 

the fundamental material limitation and impede straightforward use of that material. 

Nonetheless, the prospective future work for these devices includes but is not limited to 

realising low-cost memristive devices and arrays for neuromorphic computing.  

Recently, it has been found that thin layers of Ta2O5 show n-type semiconducting behaviour 

[291] if Ta2O5 thickness is around a few nanometres ( 10.5 nm) [175]. As shown in [292], 
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using Ta2O5 as a semiconductor induced by heavy doping of nitrogen can be beneficial to 

future technology development of photocatalysis for solar energy conversion, 

optoelectronics, and sensors. Likewise, the ultrathin anodic Ta2O5 dielectrics might be able 

to serve the same purposes but probably at a lower cost. Nonetheless, this was beyond the 

scope of this research, and further investigation is required to confirm their suitability for 

such applications. Therefore, a potential future work can be realising phototransistors using 

this technology. In terms of device figure of merit, future work can also include the study of 

stability and reliability of the fabricated devices in flexible and stretchable circuits. 

In the medium term, this technology can be improved and optimised for use in simple, 

flexible integrated circuits and substitute off-the-shelf rigid components for realising 

natively flexible circuits. Although it is difficult to predict the long term advances in this 

technology, these devices can be improved in the way that can substitute Si in commercial 

devices and circuits where ultra-low power consumption and flexibility are required. 
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Appendices 

Appendix 1: XPS analysis of anodised Ta films 

In order to confirm that Ta films were successfully oxidised XPS characterisation of the 

studied samples was carried out. Initial scanning indicated a large build-up of charge on the 

surface of the samples. To neutralise the charge on the surface a flood gun was used 

throughout XPS analysis (2 eV at 20 μA). To excite the photoelectrons XPS analysis was 

carried out using a monochromatic Al Kα source (1486.6 eV). Typically, the Ta 4f line is 

chosen for analysis; however, given the overlap of this feature with the O 2s line, it was 

decided to also acquire the Ta 4d spectral line in order to confirm any differences between 

the analysis regions. A large difference in counts was noted between both spots analyzed 

which makes quantitative analysis difficult between the two analysis areas. Fig. A.1.1 shows 

a peak fitted comparison between both regions of the sample for the Ta 4d spectral feature. 

As can be seen, only Ta oxide appears in the anodised region relative to a mixture of metal 

and oxide in the control region. Oxide in the control region is most likely a native oxide on 

the Ta surface due to atmospheric exposure.  

Normalised O 1s peak fits, as shown in Fig. A.1.2, indicate that the native oxide and 

oxide formation on the anodised region is similar in chemical make-up, consistent with peak 

fitting analysis of the Ta 4d regions.  
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Fig. A.1.1. Normalised peak fitted Ta 4d spectra for both control and anodised regions of the sample showing 

only Ta oxide in the anodised region relative to a metal/oxide mixture in the control region. 

 

Fig. A.1.2. Normalised O 1s spectra for both control and anodised regions. 

Additionally, the Ta 4f spectra (which overlap with the O 2s core level) show 

considerable differences between control and anodised regions that are visible as a pure Ta 

oxide on the anodised region and a mix of Ta metal and Ta oxide on the control region, as 

seen in Fig. A.1.3. 
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Fig. A.1.3. Normalised Ta 4f spectra for both control and anodised regions. 

A thick (thicker than the sampling depth of XPS, ~ 5 nm) oxide was observed on the 

anodised region. This is in contrast to the control region which shows only a thin oxide layer 

in addition to metallic Ta indicating a native oxide only in this region, most likely due to 

atmospheric exposure of the Ta metal line. 

 

 

 

 

 

 


