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Abstract 

 

Amorphous oxide semiconductor (AOS) thin-film transistors (TFTs) have great 

potential for use in the next-generation of electronics. AOS TFTs can be used to 

fabricate circuits and sensors on various substrates, due to unique properties, including 

high mobility, excellent uniformity, and it requiring a low-temperature process. 

Currently, indium gallium zinc oxide (IGZO) is the predominant AOS used in the 

display industry as a TFT semiconductor. Although the IGZO technology is very 

mature, the development of AOS continues. Additional AOSs are being investigated to 

reduce cost and improve stability. Considering availability and the potential of 

materials, indium silicon oxide (ISO) was selected for this project. ISO uses silicon to 

suppress the instability originating from the oxygen vacancy. The silicon-oxygen bond 

has a higher dissociation energy, which improves retention of oxygen atoms in the film, 

and thus, increases the transistor’s stability. 

This detailed study follows a bottom-up approach. It starts with the fabrication and 

characterisation of materials. Basic material properties of the ISO film are discussed 

within, including amorphicity, bandgap, stoichiometry, and Hall-effect parameters. 

Based on the characterisation results, different deposition recipes for the TFT were 

developed and tested. The interface quality and etching selectivity were investigated. 

Uniformity and stability data were extracted from a TFT array using the developed 

photo-lithography process, which was used to verify and quantitate the capability of the 

process in system integration and circuit design. A Monte-Carlo simulation 

environment was established based on the extracted data. The two urgent challenges in 

all-TFT analogue circuit design, the lack of proper active load and the large parasitic 

capacitance, were investigated. In-depth analysis on these two issues and applicable 

solutions were presented. Investigation on system integration of TFT circuits and 

sensors were conducted, since the device demonstrated the required performance and 

uniformity. An all-TFT differential-input amplifier was designed and verified, as the 

first mixed signal all-TFT circuit.  
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1.Introduction 

Chapter 1  

Introduction 

This chapter provides the background for amorphous oxide semiconductor (AOS) 

thin-film transistors (TFT), and discusses the motivation to develop the In-Si-O TFT 

photo-lithography process and all-TFT circuit. In Section 1.1, the promising future of 

TFT is revealed. The developing trends for TFT applications, mainly sensors and the 

unique properties of all-TFT integrated circuits, along with potential applications, are 

provided. Section 1.2 reviews the background of AOS TFTs and all-TFT circuits. 

Overall objectives of this dissertation are given in Section 1.3.  

1.1. Motivation 

AOS TFTs have already become the sole choice for large area-based applications, 

including screens and large-area imaging [1]–[3]. Unlike Metal-Oxide-Semiconductor 

Field-Effect Transistor (MOSFET), the development of TFTs largely relies on new 

application scenarios, as opposed to more advanced fabrication processes for a smaller 

device [4]. Therefore, it is imperative to explore new avenues for TFT applications. 

With the recent popularization of smart phones, wearables, and portable sensing 

platforms, flexible electronics and sensors have attracted worldwide attention [5]–[7]. 

A large number of gadgets, accessories, and wearable electronics emerged for mobile 

devices; this phenomenon expanded the flexible electronics and sensor market 

dramatically. According to the Wearable Robotics Association, from 2016 to 2025, the 

global market forecast for wearable technologies is expected to have a 21.1% 

compounded annual growth rate. The visual/Head-up Display (HUD) and smart textiles 

market will contribute most of the growth and will continue to lead other sectors in 

terms of sales and growth. These two technologies provide more interactive response 



15 
 

and feedback to users than the current technologies. TFTs are likely to be widely used 

in display-related and textile-related electronics [8]–[10]. 

At the same time, concepts such as the Internet-of-things (IoT) and wireless sensor 

networks (WSN) continue to heat up the sensor market [11]–[14]. It is predicted that 

sensors will become one of the biggest businesses in the history of wearable electronics. 

With a growing demand for health and environmental monitoring, a sensor platform 

that can measure the physical response of the wearer and status of his/her surrounding 

environment becomes essential for portable electronics. Consequently, building such a 

platform has aroused intense interest in both academia and industry [15], [16]. 

 

Fig. 1.1. Wearable technology growth worldwide, 2016-2025. 

Source: Wearable Robotics Association 

In order to meet the future demand in a variety of fields, the next generation of 

electronics requires significant improvements in sensitivity, specificity, and 

comfortability [17]–[20]. Conventional electronic modules are typically based on 

printed circuit board (PCB) and silicon chips, which are inflexible and bulky. For 

instance, the set-up procedures of a conventional sensor require conductive gel, tape, 

or wires to ensure proper contact between the hardware and the objective surface, which 

is not only time-consuming, but it also constrains the movement of the wearer. An ideal 

sensor platform for wearable electronics should be skin-like; more specifically, the 

sensor platform should be ultrathin, flexible, stretchable, and even self-healing [21][22]. 

Several concepts of future sensor platforms are shown in Fig. 1.2, including the smart 

bandage [23], a skin-like/tattoo-like sensor [24], and artificial skin [25]. These 
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platforms were designed to continuously monitor uterine contractions, heart rate, 

oxygen levels, and body temperature [26], [27]. The platforms must also integrate 

different types of sensors, wireless communication modules, and related circuits [28]. 

 

Fig. 1.2. Sensor platform proof of concepts: (a) smart bandage [23], (b) skin-like/tattoo-

like sensor [24], (c) artificial skin [25]. 

Many advances have already been made to improve sensing techniques, including 

new transduction mechanisms, different structural designs, and innovative materials 

[29]–[31]. Unfortunately, signal processing circuits for sensors have not received as 

much attention, even though a carefully designed configuration can greatly boost the 

performance of sensors. The signal conditioning circuits alone can dramatically 

compromise performance under certain conditions [32]. As shown in Fig.1.3, the signal 

conditioning circuit, usually an amplifier, is not fabricated on the same substrate as the 

sensor. In most cases, the sensor and the amplifier are two separate components 

connected by wires. The major disadvantage of this configuration is that the thermal 

noise generated on the connection wire is also amplified [33]. 

 

Fig. 1.3. Built-in pre-amplifier for sensors. 
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 To avoid thermal noise amplification, the most straightforward solution is to move 

the amplifier to the front-end, which can dramatically increase the signal-to-noise ratio. 

Maximum performance of such configuration can be obtained when the amplifier is 

fabricated on the same substrate as the sensors. In addition to thermal noise, common-

mode noise generated from an external source may compromise the performance of the 

amplifier. For long-distance connection wires, screened or twisted-pair cabling is used 

to cancel out the external electromagnetic interference [34]. However, for wearable 

electronics based on thin film techniques, the realisation of screened/twisted pair 

cabling is not practical and the wire length is relatively short [35]. Therefore, a 

differential input pair is used to suppress the common-mode noise generated on a 

medium-distance connection wire [36]. 

However, building circuit components based on a flexible substrate is not an easy 

task [37]. The electrical properties and fabrication techniques of elastic materials, 

mostly thin-film materials, are very poor compared to conventional III-V 

semiconductors [38]. Traditionally, much of the preliminary work in thin-film 

electronics centred around area-intensive applications, such as flat panel displays and 

photovoltaics [39], [40]. These applications are less sensitive to component 

performance, but require the capability to cover a large area. In recent years, rapid 

development of thin-film materials has led to a great improvement in thin film 

electronics. The involvement of new materials, including metal-oxide, organic, one-

dimension, and two-dimension materials has boosted the performance of thin-film 

electronic components, which are now used in conventional applications with uniquely 

advantageous performance benefits [41]–[44]. 

The scope of applications envisioned for thin-film electronics is expanding 

substantially, especially in novel concepts, such as an integrated sensor, printed radio 

frequency identification, and electroluminescent phosphor [45]–[48]. Thin-film 

electronics offer low cost, large area compatibility, high scalability, and extreme 

potential for flexibility. Most notably, field-effect transistors based on TFTs can be 

fabricated at low temperatures on a variety of substrates [49], [50]. In addition, the 

intrinsic mobility of the semiconductor materials used in TFTs has increased 

exponentially over the past few decades [51]. Today’s commercially available thin-film 

semiconductors have mobility performance in the range of 1 cm2/Vs to 20 cm2/Vs. Fig 

1.4 summarizes data collected by Plastic Logic. It shows the mobility and process 

temperature of different types of TFTs. Although the mobility remains low, especially 
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at low fabrication temperatures, some TFTs can be used to design simple circuits. As 

performance increases, TFTs will become a more attractive option for the design and 

fabrication of flexible electronic external circuits [52], [53]. 

 

Fig. 1.4. Mobility and process temperature of different types of TFTs. 

Source: Plastic Logic 

1.2. Background 

AOSs have been investigated extensively as a promising semiconductor for next-

generation electronics TFTs. The AOS has many appealing properties, including low 

processing temperature, large-area uniformity, wide bandgap, high transparency, and 

high mobility [54]. Amorphous indium oxide (a-InOx)-based semiconductors are 

believed to be the most promising semiconductors for TFT [55]. Previous reports on a-

InOx detailed the following types: InGaZnO, InSnZnO, InZnO, InWO, InYO and InSiO 

TFTs [56]–[58]. 

Among all the a-InOx TFTs, IGZO is the most widely used semiconductor in both 

industry and academia. The IGZO TFT was first proposed in 2004. Its high mobility is 

attributed to the direct overlap of the isotropic s orbitals of its indium atoms [59]. Its 

crystallization and hall mobility can be controlled by changing the composition of the 

film. Gallium, which has different ionic charges and sizes, is mixed into the film to 

form amorphous phases and suppress the formation of oxygen vacancy, thus reducing 

instability. Increasing the indium content can boost the intrinsic mobility. The best 

stoichiometry of In:Ga:Zn:O occurs at ratios of 1:1:1:4 or 2:2:1:7. The electrical 

properties of the film can be moderately changed near the best recipe, allowing 
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engineers to adjust the material to meet different requirements [60]–[62]. However, 

IGZO is not perfect, and suffers from instability. The IGZO TFT is sensitive to 

bias/current stress, temperature, light illumination, and water vapour exposure [63]–

[66]. It is widely accepted that oxygen vacancy acts as a hole trap, and is a major 

contributor to the instability issue. To suppress the impact of oxygen vacancy on the 

transistor’s performance, one or more cations in IGZO must be replaced with other 

materials [67].  

Recently, Shinya et al. reported a new material, the In-Si-O (ISO) [68]. ISO uses 

silicon to suppress the instability originating from the oxygen vacancy. The silicon-

oxygen bond has higher dissociation energy, which improves the retention of oxygen 

atoms in the film, and thus increases stability. The ISO TFTs were fabricated with 

stencil shadow masks on a silicon substrate, and the deposition of ISO was by DC 

sputtering. By varying the silicon oxide content, field-effect mobility was regulated 

from 5 cm2/Vs to 30 cm2/Vs. Changing the argon-to-oxygen ratio during sputtering 

adjusted mobility, threshold voltage, and subthreshold swing over a certain range [69]–

[71]. These features show great potential for TFT-based circuits and systems.  

 

Fig. 1.5. State-of-art digital circuits: (a) non-volatile re-addressable memory [72], (b) 8-

bit 40-instructions-per-second microprocessor [73], (c) a 4-bit decoder [74], and (d) a 

master-slave delay flip-flop [75]. 

In terms of all-TFT circuits, Fig. 1.5 shows the state-of-art, which includes non-

volatile re-addressable memory [72], an 8-bit 40-instructions-per-second 

microprocessor [73], a 4-bit decoder [74], and a master-slave delay flip-flop [75]. The 
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performance of these circuits (i.e. the clock rate) is on par with MOSFET technology 

from fifty years ago. 

For analogue TFT circuits, the state-of-art is demonstrated in Fig. 1.6 [76]–[78]. 

Although some specifications of the amplifiers are acceptable, specifications including 

bandwidth, input and output impedance usually cannot meet practical needs. 

Drawbacks of TFT circuits can be traced back to the properties and fabrication 

processes of thin film transistors. Low intrinsic mobility and high threshold voltage 

lead to low transconductance, which is usually on the order of 10-6 Siemens, while an 

MOS transistor can reach 10-3
 Siemens. Therefore, to obtain an equivalent gain, the 

load in a TFT amplifier will need to be at least a thousand times larger than that in a 

MOSFET amplifier. 

 

Fig. 1.6. State-of-art analogue circuits: (a) a high gain amplifier [76], (b) a Cherry-

Hooper amplifier [77], and (c) a three-stage operational amplifier [78]. 

1.3. Dissertation Outline 

The objective of this dissertation is to investigate the remaining challenges 

associated with the ISO material, device, and system integration. The outline of this 

dissertation is as follows. Chapter 2 details ISO TFT development and characterisation. 

Basic material properties of the ISO film are discussed, including amorphicity, bandgap, 

stoichiometry, and Hall-effect parameters. Chapter 3 presents the uniformity and 

stability data from a TFT array using the photo-lithography process. Origins of the 

threshold voltage shift in bias-stress measurement are carefully evaluated using C-V 
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and field-effect measurements. The spatial and temporal variations of ISO TFT are used 

to verify and quantitate the capability of the process in system integration and circuit 

design. A Monte-Carlo simulation environment was established based on the extracted 

data. Chapter 4 addresses two of the most urgent challenges in all-TFT analogue circuit 

design, which are the lack of proper active load and the large parasitic capacitance. In-

depth analysis of these two issues and applicable solutions are given. Chapter 5 

presents the process of designing, simulating, and fabricating an all-TFT amplifier. A 

4-bit capacitor array was successfully integrated into the amplifier. Design strategy, 

simulation results, layout design, and measurement results are given in this chapter. 

Chapter 6 summarizes the results obtained in this dissertation and discusses the novelty 

of this research. The outlook for future extension of this study is provided as well. 
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2.TFT Fabrication 

Chapter 2 

Indium-Silicon-Oxide TFT  

This chapter describes how the Indium-Silicon-Oxide (ISO) TFT was developed. 

Section 2.1 provides material characterisation results of the ISO using different 

techniques. Section 2.2 introduces the four-mask/six-mask process as well as the plastic 

process. Methods adopted to improve robustness are also given in this section. Section 

2.3 provides characterisation results of the ISO TFTs. 

2.1. Semiconductor Characterisation 

Semiconductors, the vehicle and valve of electron flow, are the most important 

component of the TFT device. The characteristics of the materials are essential and 

prerequisite to building an outstanding TFT. In this section, the characteristics of 

deposited ISO film are examined. 

2.1.1. X-Ray Diffraction Spectroscopy 

X-ray diffraction (XRD) measurements are widely used to validate whether a 

deposited film is amorphous [79]. Using this technique, the correlations between the 

semiconductor’s microstructure, the deposition conditions, and the annealing 

conditions were investigated.  

The ISO thin films were grown on an Si substrate using radio frequency (RF) 

sputtering employing a 90% In2O3, 10% SiO2 ceramic target. The RF power of the 

electron guns was 150 W, and the ISO films were sputtered in a 4 mTorr atmosphere. 

The O2:(O2+Ar) flow rate ratio varied from 0% to 17%. During the sputtering, the ISO 

target was constantly moving/rotating to obtain uniformly coated films. By varying the 



23 
 

deposition time, the film thickness was fixed to 100nm. Prior to the deposition, the Si 

substrates were cleaned in an ultrasonic cleaner with de-ionized water, acetone, and 

isopropyl alcohol. Three different deposition conditions, namely three oxygen flow rate 

ratios were used to fabricate samples for the XRD measurements: 0%, 3%, and 17%. 

The samples were diced into 12 smaller pieces so that the impact of annealing 

conditions could be investigated as well. Four annealing conditions were tested: without 

annealing, one-hour of annealing at 150°C, 12 hours of annealing at 150°C, and 24 

hours of annealing at 150°C.  

The XRD measurements were conducted with the assistance of Joana Cerdeira at 

the Faculty of Sciences and Technology, Campus of Caparica. The equipment used was 

a PANalytical X'Pert PRO with Cu Kα radiation (λ=1.540598 Å). Fig. 2.1 (a) compares 

the XRD data of the as-deposited ISO films with different recipes. Peaks at 31.3° were 

found in all films. According to the Joint Committee on Powder Diffraction Standards 

(JCPDS), 21.5° (211), 30.6° (222), and 35.5° (400) were assigned to the XRD 2θ peaks 

of the cubic phase, c-In2O3. 31.3° is classified as a (222)-like peak. The (222) peak is 

asymmetric and broad, due to an overlap of two adjacent peaks or inhomogeneous strain. 

Compared with the 0% oxygen as-deposited sample, the 3% and 17% oxygen as-

deposited samples had much weaker (222)-like peaks.  

 

Fig. 2.1. XRD data of (a) the as-deposited ISO films with different oxygen flow rate 

ratios and (b) the 3% oxygen films under different annealing conditions. 

Fig. 2.1 (b) shows the XRD data of the 3% oxygen ISO films under different annealing 

conditions. The annealing used an IKA hot plate (metal plate) in atmosphere. The 

temperature uniformity and stability of the hot plate were verified with a thermometer. 
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Similar trends were also found in the 0% and 15% annealing experiments. Thus, the 

150°C annealing did not cause any crystallization changes in the ISO film. 

Based on the XRD data, when there was no oxygen in the chamber during 

deposition, a very small amount of the polycrystalline ISO was found in the deposited 

film. Thus, feeding oxygen into the chamber can effectively reduce the polycrystalline. 

The 3% and 17% oxygen ratio deposited ISO was amorphous with and without 150°C 

annealing. 

2.1.2. Scanning Electron Microscope 

A scanning electron microscope (SEM) was used to verify the conclusion in the 

previous section. The monocrystalline ISO grain was 20nm in size, which is detectable 

by SEM [80], [81]. The SEM photos were taken at Cambridge using a ZEISS SEM. As 

shown in Fig. 2.2, no visible crystalline grains or boundaries were found in the SEM 

pictures. Thus, all the deposited films were amorphous. 

 

Fig. 2.2. SEM pictures of the as-deposited ISO films with varying oxygen ratios: (a) 0%, 

(b) 3%, and (c) 17%; SEM pictures of the 3% oxygen ratio ISO film annealing for (c) 

one hour, (d) 12 hours, and (e) 24 hours. 

2.1.3. Ultraviolet–Visible Spectroscopy 

Ultraviolet–visible spectroscopy (UV-Vis) can be used to characterise the optical 

bandgap properties of amorphous materials. For inorganic semiconductors, there is very 

little interaction between electrons and holes; i.e. the exciton binding energy is very 
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small. Therefore, the optical bandgap and electronic bandgap are essentially identical 

[82]. 

The samples used in the measurement were annealed at 150°C for one hour. The 

measurement equipment was the Unicam UV4 UV/Vis Spectrophotometer. Fig. 2.3 

shows the optical absorption spectrum of the ISO film with varying oxygen ratios. The 

0% oxygen sample had a slightly higher absorbance than the 3% and 17% samples. The 

absorbance peaks became insignificant when the wavelength was longer than 500nm. 

Applying the Tauc method gives the relationship between optical bandgap and photon 

energy: 

(ℎ𝑣𝛼)1/𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔)                                             (2.1) 

where ℎ𝑣  is the photon energy, 𝛼  is the absorption coefficient, A is the transition 

constant, and n is the power factor. 

 

Fig. 2.3. Optical absorption spectrum of the ISO film with varying oxygen ratios. 

With the band structure unknown, both allowed indirect and allowed direct 

transitions of the electrons were considered. Fig. 2.4 (a) shows the allowed indirect 

transition Tauc plot. The optical bandgap of the 0%, 3%, and 17% oxygen samples were 

1.23eV, 1.97eV, and 1.97eV, respectively. In terms of the allowed direct transition 

scenario, the Tauc plot is shown in Fig. 2.4 (b). The optical bandgap of the 0%, 3%, 

and 17% oxygen samples were 2.83eV, 3.55eV, and 3.55eV, respectively. 

Taking the 3% oxygen sample as an example, its electronic bandgap would likely 

fall between the allowed direct and indirect transition scenarios, which is [1.97eV, 
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3.55eV]. Previous reports suggested that the conventional energy band dispersion 

model for metal oxides was applicable to the ISO. Thus, allowed direct was assumed 

to be the transition type of the ISO film in this dissertation. Density functional theory 

(DFT) simulations will be used to obtain a more accurate band structure in the future. 

 

Fig. 2.4. Tauc plot of the ISO film assuming that the transitions type is: (a) allowed 

indirect and (b) allowed direct. 

2.1.4. Ultraviolet Photoemission Spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) measures the kinetic energy spectra 

of photoelectrons emitted by molecules that have absorbed ultraviolet photons [83]. It 

is used to determine the relative position of the ISO’s valence band. The equipment 

used for UPS measurements was an Escalab 250Xi along with the near ambient pressure 

(NAP) X-ray photoemission spectroscopy (XPS) system. The sample prepared for the 

UPS measurement was a 3% oxygen ISO film deposited on a silicon substrate. The 

sample was annealed at 150°C for one hour. A thin layer of Ag was sputtered on the 

sample as the reference electrode.  

Fig. 2.5 shows the UPS measurement results. The ionization potential (IP) of the 

ISO film is the energy separation between the vacuum level and the valence band’s 

maximum. The IP value can be extracted from the intercept between the x-axis and the 

red fitting line of the first peak, which was 6.67 eV. From the previous section, the 

bandgap for allowed direct transition was 3.55 eV. Adding this value to the valence 

band minimum obtained the conduction minimum, which was 3.12 eV. The schematic 

band diagram of the ISO film is shown in the inset figure below. 
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Fig. 2.5. UPS low binding energy edge of the ISO thin film on a silicon substrate, inset 

figure is the schematic band diagram for the ISO/Ag 

2.1.5. Energy-dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) provides elemental analysis and 

chemical characterisation of the ISO sample [84]. The measurement equipment was an 

INCA EDX, and the sample was a 3% oxygen ISO film deposited on a silicon substrate 

that had been annealed for one hour. Fig. 2.6 shows the EDS elemental mapping, where 

oxygen, indium, and silicon were uniformly distributed throughout the material. 

 

Fig. 2.6. EDS elemental mapping: (a) selected area on the sample, (b) O mapping, (c) In 

mapping, and (d) Si mapping. Gamma adjusted for better image quality 
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EDX spectra of the ISO film is shown in Fig. 2.7. Since no other elements were 

found, the sample was not contaminated during the fabrication process. Removing the 

background interference, the stoichiometric expression of the material was In9SiO14.02. 

 

Fig. 2.7. Energy dispersed electron spectra of the ISO film. 

2.1.6. Hall Effect Measurements 

The electrical properties of the ISO film were investigated by Hall effect 

measurements. The equipment used was an MMR Hall and Van der Pauw Measurement 

System. The measurement temperature was 26℃. All films exhibited n-type 

conduction. The as-deposited 3% film possessed a carrier concentration of 2.80×1019 

cm-3, a Hall mobility of 2.16 cm2/(V·s), a resistivity of 0.1031 Ω·cm, and a Hall 

coefficient of 0.22 cm3/Coul. The measurement error, or the observation error of the 

machine, was 20%. The other recipes used in the previous sections with different 

annealing conditions were also tested, but the variations were in the range of the 

observation error. Thus, the effect of different recipes and annealing conditions on Hall 

Effect measurements will not be discussed, since the variation was too small. 

Generally speaking, carrier density was very sensitive to defect structure. If the 

films remained amorphous after annealing, increasing the annealing temperature and 

time could possibly reduce defects, thus increasing the carrier density. For amorphous 

metal oxide semiconductors, the Hall mobility, carrier concentration, and resistivity of 

the IGZO thin films are believed to be dependent on deposition power. The lower the 

deposition power, the better the film quality (less defects).  
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2.2. Fabrication Process 

The ISO TFTs used in this work were developed at The Centre for Advanced 

Photonics and Electronics (CAPE) and The Nanoscience Centre. In this section, the 

limitations of the equipment are discussed, along with the design and development of 

the TFT process. 

2.2.1. Selective Etching  

Most of the equipment used in this work was designed for research or prototype 

verification, and had very little control of uniformity. It was essential to determine the 

limits of the machines and to design suitable processes to improve robustness. First, the 

uniformity of the deposited films was tested. Different films were deposited on single-

side polished 4-inch glass/silicon substrates. Nine different positions (a 3×3 array, one 

in the centre, and the rest at intervals of 2.5 cm) were used to collect thickness data. A 

Dektak XT Profilometer was used to measure the film thickness.  

As shown in Table 2.1, 10 films were measured. Cr and Mo were deposited by a 

Precision Atomics DC sputter. The other films were deposited by the MVSystems 

Cluster tools. Compared to the other films, the semiconductor (ISO, ZnON) and the 

AlOx films had much smaller standard deviations. This was because the RF sputter 

chamber had a rotating stage to ensure the deposited semiconductor film was uniform. 

In addition, the working mechanism of the ALD ensured that the AlOx thickness across 

the substrate was controlled precisely by varying the number of cycles. 

Table 2.1. Thickness (nm) of the deposited films on 4-inch substrates 

Deposited films 1 2 3 4 5 6 7 8 9 Mean SD 

Cr (DC Sputter) 212 215 245 230 221 238 239 231 244 231 12.22 

Mo (DC Sputter) 318 344 350 364 363 331 337 319 374 344 20.04 

SiNx (SiH4:H2:NH3=1:40:10) 245 249 271 254 281 258 235 259 253 256 13.63 

SiNx (SiH4:H2:NH3=1:40:20) 285 315 309 309 335 319 287 313 317 310 15.59 

SiOx (SiH4: N2O=1:5, 20W) 271 289 287 266 321 282 250 299 287 284 20.27 

SiOx (SiH4: N2O=1:5, 15W) 295 334 332 309 352 320 292 327 337 322 19.99 

ISO 296 317 302 307 321 301 304 321 316 309 9.42 

ZnON 318 329 333 321 339 322 344 328 337 330 8.87 

AlOx (150℃, 1.0s purge) 271 278 289 276 282 286 282 282 280 281 5.32 

AlOx (150℃, 1.2s purge) 286 287 298 310 295 294 298 291 307 296 8.18 
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Among all the layers of TFT, the semiconductor and insulator are the most 

important. Variations in thickness can have direct impact on device performance. 

Fortunately, the semiconductor layer and the dielectric layer (AlOx) had already been 

verified as uniform across the 4-inch substrate. Other films had slightly larger standard 

deviations. SiNx and SiOx were used as passivation layers in this work, which were 

much less sensitive to uniformity. As long as the metals were still conducting and the 

work function remained unchanged, the change in thickness at the source/drain did not 

have any physical impact on the performance of the TFTs. 

Secondly, the etching techniques were characterised. Table 2.2 shows the details 

of the wet/dry etching used in this work. Etch rates were calculated using the average 

thickness divided by the time it took to completely remove the film from the substrate. 

Large variations were observed among the different films using the same etching 

technique. For example, the ISO and AlOx could not easily be dry etched, but the SiOx 

and SiNx were easily removed using the same technique. 

Table 2.2. Etching techniques details. 

Method Material Chemicals/Process conditions 
Etch rate 

(nm/s) 

Wet 

etching 

AlOx Buffered oxide etchant (HF) 0.17 

SiOx Buffered oxide etchant (HF) 0.63 

SiNx Buffered oxide etchant (HF) 1.67 

Mo/Cr Buffered oxide etchant (HF) 0.00 

ISO Buffered oxide etchant (HF) 99.99 

ISO HCl (1.2%) 0.17 

AlOx/ SiOx/ 

SiNx/Cr/Mo 
HCl (1.2%) 0.00 

Cr Cr etchant (Sigma-Aldrich) 0.11 

ISO Cr etchant (Sigma-Aldrich) 99.99 

SiNx /SiOx /AlOx Cr etchant (Sigma-Aldrich) 0.00 

Dry 

etching 

Mo CF4:50 sccm; 150 mTorr; 100 W 0.06 

Cr CF4:50 sccm; 150 mTorr; 100 W 0.00 

ISO/ZnON CF4:50 sccm; 150 mTorr; 100 W 0.00 

AlOx CF4:50 sccm; 150 mTorr; 100 W 0.00 

SiOx CF4:40 sccm O2:10 sccm; 150 mTorr; 100 W 0.83 

SiNx CF4:45 sccm O2:5 sccm; 150 mTorr; 100 W 1.00 

It should be noted that the semiconductor films used in this work were very 

sensitive to acid. The semiconductor films were etched off as soon as the substrate was 

soaked into the acid. In most cases, if the acid was strong (e.g. undiluted), the 

semiconductor dissolved into the acid even if it was covered by a photoresist. Wet 
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etching became a lift-off process in such circumstances. The residual photoresist did 

not dissolve in the acid, and the remaining photoresist after wet etching caused great 

difficulty in the following steps. Through multiple experiments, it was found that 1.2% 

HCl was the most suitable wet etching solution (i.e. no lift-off observed, acceptable 

etch rate) for the ISO film. 

The selectivity of etching provided an opportunity to compensate for the non-

uniformity originating from the equipment. If properly used, selectivity could not only 

keep the previous layers undamaged, but could also increase the tolerance for mistakes 

in fabrication. The combination of two layers using selective etching to pattern the top 

layer is given in Table 2.3. The chemicals/process conditions in the table ensured that 

the bottom layer was not damaged during the etching. These combinations were heavily 

relied upon to improve the robustness and yield of the TFT process. 

Table 2.3. Selective etching that protects the bottom layer. 

Materials Etching 

techniques 
Chemicals/Process conditions 

Top（The layer to be patterned） Bottom 

Cr Glass substrate Wet Cr etchant (Sigma-Aldrich) 

Mo Glass substrate Dry CF4:50 sccm 150 mTorr 100 W 

AlOx Mo/Cr Wet Buffered oxide etchant (HF) 

SiOx/SiNx Mo Wet Buffered oxide etchant (HF) 

SiOx/SiNx Cr Dry/Wet 
CF4:40 sccm O2:10 sccm; 150 mTorr; 

100 W / Buffered oxide etchant (HF) 

ISO AlOx Wet HCl (1.2%) 

ISO SiOx/SiNx Wet HCl (1.2%) 

ISO Mo/Cr Wet HCl (1.2%) 

Cr ISO - - 

Mo ISO Dry CF4:50 sccm; 150 mTorr; 100 W 

2.2.2. TFT Structure and Fabrication Process  

The TFT structure has large impact on its electrical performance. A well-designed 

structure can increase the efficiency of both TFT fabrication and device development 

[85]. There are two major considerations for device structure: the impact on device 

performance (performance optimisation) and the simplicity of the manufacturing 

process. For field effect transistors, there are four types of device structures: top-gate 

bottom-contact (staggered), bottom-gate top-contact (inverted staggered), top-gate top-

contact (coplanar), and bottom-gate top-contact (inverted coplanar). Compared with 

other structures, the bottom-gate top-contact structure deposits the gate dielectric and 

semiconductor without breaking the vacuum between the two processes. A clean 
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interface, which determines the subthreshold swing, can be easily obtained using this 

method. Based on prior TFT development experience, the subthreshold swing was the 

most difficult specification to improve. Therefore, bottom-gate top-contact was 

selected as the structure used to develop the ISO TFT. 

As shown in Fig. 2.8, a four-mask/six-mask process was used for bottom-gate top-

contact TFT fabrication. First, a 100 nm Cr film was deposited by DC sputtering, which 

was defined by photolithography with chromium etchant as gate electrodes. A 120 nm 

AlOx layer was then deposited by ALD at 150℃. Without breaking the vacuum, a 10 

nm In-Si-O layer was deposited by RF-sputtering at room temperature. The sample was 

patterned with buffered hydrogen fluoride and hydrogen chloride to form via holes and 

semiconductor regions, respectively. Finally, a 100 nm Mo layer was deposited and 

defined by reactive-ion etching (RIE) for source and drain electrodes. The region 

without semiconductor and etch stopper layers was used as a capacitor in the TFT 

circuit. 

 
Fig. 2.8. Fabrication process for the In-Si-O TFT (* marks the optional layers in the six-

mask process).  

The etch stopper and passivation layers (marked with *) were also available in the 

six-mask process. Theoretically, fabrication with the etch stopper could have better 

process control at the sacrifice of throughput. The etch stopper could also protect the 

back interface of the channel from plasma damage, thus reducing the trap density. The 

optimised active layer thickness could be different for the devices with and without etch 

stopper layers. 
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A set of rules (mainly the safe margins) were defined that summarised empirical 

experience with the TFT fabrication process, providing guidance on layout and circuit 

design. Based on these rules, high yield of TFT circuits/arrays over a 3-inch glass 

substrate was guaranteed. This set of design rules was initially generated for 

simultaneous fabrication of a series of TFT circuits. In general, it is much more 

conservative than the most advanced process. Fig. 2.9 shows the design rules in the fifth  

mask. The critical dimensions shown in the graph were generated after obtaining 

experience with TFT fabrication and the limitations of the photolithography machine 

(MJB4 Suss Microtec). To summarize, the channel length was fixed to 20 μm for all 

TFTs, the minimum overlap among layers (alignment safe margin) was 2 μm, and the 

minimum distance between track centres was 50 μm. 

 
Fig. 2.9. An example of the design rules (the fifth mask).  

2.2.3. TFT on Plastic 

The demand for flexible electronics has driven the development of TFT on flexible 

substrates. The proposed TFT process features low fabrication temperature, which is 

ideal for a flexible substrate. The possibility of applying the full-photolithography TFT 

process to plastic substrates was explored. The substrate used was the DuPontTM Kapton 

HN thermal insulating film, which can withstand temperatures up to 400℃ (much 

higher than the proposed process temperature). For a low-temperature process, 

fabricating a single TFT device on plastic is not challenging as long as the process 

temperature is controlled below the melting point of the substrate. The 

photolithography alignment and the yield of TFTs become obstacles, due to the 

shrinkage of the plastic, especially for a large plastic sheet.  

The pressure built up inside the plastic during fabrication was released when it was 

heated [86]. According to the DuPontTM Kapton HN general specifications, the 
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shrinkage along the machine direction and transverse direction was less than 0.35% 

when the film was conditioned by freely suspending it for two hours in an oven 

controlled to 200°C. Repeating the same experiments, the Kapton HN sheet was 

annealed as shown in Fig. 2.10 (a). The shrinkage was not uniform, but randomly 

distributed on the surface of the plastic sheet. 

First, alignment marks were added to the plastic sheet, but the misalignments were 

too small to be observed. To further investigate the shrinkage, the standard four-mask 

process was used to fabricate a TFT array on the Kapton HN sheet. As shown in Fig. 

2.10 (b), 12 yield test regions were used to evaluate the impact of the shrinkage. Large 

variations in the alignment were found. Pictures of four typical scenarios were taken: 

Fig. 2.10 (c), (e), and (f) had relatively small misalignments, while the gate and 

source/drain were completely misaligned in 2.10 (d). Misalignment data (the distance 

between centres of the TFT on two masks) are summarized in Table 2.4.  

 
Fig. 2.10. (a) The Kapton HN sheet was heated for two hours at 200°C. (b) The yield test 

regions on the 3-inch TFT array masks. (c), (d), (e), and (f) are photos of the selected 

transistors in the yield test regions. 

Table 2.4. Misalignment in the yield test regions on the sample. 

Position 1 2 3 4 5 6 7 8 9 10 11 12 

Misalignment 

(μm) 
7.3 2.6 2.2 3.6 2.6 0.8 1.3 1.4 8.9 18.9 45.1 20.7 
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The large variations in misalignment proved that the shrinkage problem could not 

be solved by using a set of scaled-down masks. Possible solutions were most likely in 

the process before fabrication. If the shrinkage from fabrication could be decreased to 

that seen before alignment (photolithography), the misalignment would be greatly 

reduced. 

The most fitting solution started by annealing the Kapton film for two hours at 

200°C to release the built-in pressure. A rigid substrate, usually a silicon wafer, was 

used as the backplane to keep the film from deforming. Finally, wafer dicing tapes were 

used to keep the rigid substrate firmly attached to the Kapton film. The top-view and 

cross-sectional view of this method are shown in Fig. 2.11 (a) and (b). Wafer dicing 

tapes have weak adhesion, which will not alter the pressure along the Kapton film when 

the temperature changes, such that it can be easily peeled off after fabrication. With this 

method, the masks were aligned. Fig. 2.11 (c), (d), (e), and (f) show four selected TFTs 

in the yield test region. The misalignment for all TFTs on the substrate was within 4 

μm, which is comparable with the process on glass.  

 
Fig. 2.11. (a) Top-view and (b) cross-sectional view of the proposed solution to plastic 

shrinkage. (c), (d), (e), and (f) are photos of the selected transistors in the yield test 

regions on the substrate (improved method). 

Fig. 2.12 (a) shows the TFT array that was fabricated on plastic at CAPE. The 

TFTs on the sample were still functional after bending 100 times to a 1 cm bending 

radius. The typical performance of TFT on plastic is shown in Fig. 2.10 (b). Hysteresis 

(<0.5V) was observed in the transfer characteristics. The potential causes of the 
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hysteresis include annealing temperature too low to remove the defects and the large 

surface roughness of the plastic increasing traps at interfaces. The potential causes of 

hysteresis will be analysed and discussed in the third chapter. 

 
Fig. 2.12. (a) The ISO TFT array on a Kapton HN sheet. (b) Typical performance of the 

TFT on plastic.  

Although the TFT array was successfully fabricated on plastic, it should be noted 

that circuits cannot be fabricated on plastic, due to the lack of technique to pattern via 

holes. Wet etching with Hydrofluoric (HF) was used to pattern the AlOx in the standard 

process on glass. Unfortunately, this method did not work on plastic. When the plastic 

was soaked in HF, the entire layer of AlOx dissolved into the solution. Residual HF on 

the plastic also made this process too dangerous to be used. New etching methods and 

materials will continue to be sought for the TFT process on plastic. 

2.3. TFT Characterisation 

This section discusses the results of a group of experiments used to characterise 

the TFT. Trial and error experiments are not presented, and repeated measurements 

have also been removed. Thus, this section presents a simplified device development 

process. 

2.3.1. Dielectric Layer 

TFT performance is mainly governed by speed and power. Speed depends upon 

the drive current or the drain current. Ideally, it should be increased, while decreasing 

the transistor’s static power consumption. The total TFT leakage, of which the gate 

leakage is a major component, dictates the static power consumption. The leve1-1 
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model, or the quadratic model, reveals that the drain current of the field-effect transistor 

is proportional to 
ε𝑟

𝑡𝑜𝑥
, where ε𝑟  is the relative permittivity and 𝑡𝑜𝑥  is the dielectric 

thickness. Theoretically, thin dielectric layers with high relative permittivity can boost 

the drain current. This is equivalent to an increase in the field-effect mobility. A thinner 

dielectric layer has a less effective potential barrier to the exchange of charge carriers 

between the TFT channel and the gate electrode. This results in a higher gate leakage 

current, because of the direct tunnelling mechanism. The dielectric strength that 

determines the breakdown voltage is also essential to determining the maximum 

operating voltage of the TFT. 

Fig. 2.13 (a) and (b) show the capacitor array that was fabricated for the dielectric 

layer testbench. ITO-coated glasses were used as the substrates. First, the edges of the 

substrates were covered with shadow mask so that the bottom electrode could be easily 

accessed. The dielectric layer was then deposited. The top electrodes were Mo or Cr, 

which were patterned during sputtering with a shadow mask. Experiments showed that 

the thickness of the dielectric layers had to be greater than 50 nm, otherwise the majority 

of the capacitors were short-circuited, likely caused by dust on the sample or defects in 

the deposited dielectric layers.  

C-V measurements determined the capacitance of the samples that functioned 

properly. Multiple frequencies were used so that frequency-related characteristics were 

obtained. Fig. 2.13 (c) shows a typical C-V measurement result in the array. The low-

frequency C-V curve had greater noise and slightly higher capacitance. The average 

capacitance at different frequencies was used to analyse the dielectric layer. 

 
Fig. 2.13. (a) Picture and (b) cross-sectional view of the capacitor array. (c) C-V 

measurement of a capacitor in the array at different frequencies.  
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Dielectric strength and leakage current density were measured with the breakdown 

testbench. Two terminals of the capacitor were connected to a Keithley 4200s SMU. 

The voltage applied to the capacitor was increased until a large leakage current was 

observed (breakdown of the dielectric layer). The leakage current density was 

calculated by dividing the leakage current before breakdown by the total area of the 

capacitor. Fig. 2.14 shows the measurement results for several frequencies using the 

following recipes for TFT fabrication: 100nm AlOx, 310nm SiNx and 500nm SiOx. 

Measurement results on the dielectric layers are summarized in the Table 2.5. 

 
Fig. 2.14. Results from dielectric breakdown testbench for (a) 100nm AlOx, (b) 310nm 

SiNx, and (c) 500nm SiOx.  

The data in Table 2.5 are from the selected films with the highest quality; however, 

the calculated dielectric constants of the deposited films were smaller than the 

theoretical values. This could be due to measurement errors in the film thickness, or 

further improvements to the deposition machine may be needed, which was not realistic 

for the cluster tools used. In this work, other methods to improve device performance 

are investigated. 
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Table 2.5. Measurement results of the deposited dielectric layers. 

Dielectric Cap (pF) 
Relative 

Error (%) 

Thickness 

(nm) 

Area 

(μm2) 

Dielectric 

Constant 

Breakdo

wn 

Voltage 

(V) 

Dielectric 

strength 

(V/m) 

Leakage 

current 

density 

(A/ μm2) 

SiNx SiH4: 

NH3=1:10 
104 1.15 256 880,838 3.42 155 6.04E5 1.56E-16 

SiNx SiH4: 

NH3=1:20 
114 1.75 310 880,838 4.53 127 4.09E5 1.84E-16 

AlOx @ 

150℃ 
418 1.43 120 880,838 6.43 23 2.3E5 6.53E-17 

SiO2 66 3.03 500 880,838 4.23 53.5 1.7E5 1.44E-17 

2.3.2. Metal-Semiconductor Contact 

Interface properties of the metal-semiconductor have a strong influence on TFT 

performance. Contact resistance at the interface between the source/drain electrode and 

the semiconductor can affect carrier movement [87]. Assuming other conditions are the 

same, the transistor with Schottky contacts required more source-drain voltage to attain 

the same current level as the transistor with ohmic contacts [88], [89]. Previous reports 

showed that a Schottky-contact transistor had a bend at the beginning of its output 

characteristics [90], which was caused by the diode behaviour of the two barriers at the 

metal-semiconductor interfaces. From the perspective of a circuit designer, this bend 

reduces the linearity of conventional analogue circuits and increases power 

consumption of conventional digital circuits. Hence, the barrier height and the width 

between the source/drain electrode and the semiconductor should be minimised. 

 
Fig. 2.15. Conduction mechanism for the Mo/ISO contacts.  

Based on the characterisation results of the ISO film in section 2.1.4, the 

conduction mechanism for the Mo/ISO contact is shown in Fig. 2.15. Generally 

speaking, there are two types of conduction mechanisms for metal/semiconductor 
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contact: thermionic emission and field emission. Thermionic emission occurs in a wide 

space charge region, where electrons must jump the potential barrier by emission over 

the maximum. Conversely, electrons can tunnel through the thin potential barrier in 

field emission. The equation for the width of the space charge region follows equation 

2.1: 

𝑋𝑛 = √
2𝜀𝑠𝜀0𝛷𝑖

𝑞𝑁
                                                      (2.1) 

where ε𝑠 is the relative permittivity of the ISO, Φ𝑖 is the built-in voltage, and N is the 

carrier concentration. When the space charge region, xn, is smaller than 2.5 nm, 

electrons can tunnel through the barrier. Using the data obtained from the Hall effect 

measurement, the relative permittivity of ISO is given by: 

𝜀𝑠 ≤
𝑋𝑛

2𝑞𝑁

2𝛷𝑖
= 24.91                                                (2.2) 

The permittivity of alloy materials A1-xBx were interpolated from the values of the 

basic materials as a quadratic function of x: 

𝜀𝑠
𝐴𝐵 = (1 − 𝑥)𝜀𝑠

𝐴 + 𝑥𝜀𝑠
𝐵 + (1 − 𝑥)𝑥𝐶𝜎                         (2.3) 

where 𝐶𝜎 is referred to as a nonlinear or bowing parameter. It is very unlikely that the 

relative permittivity of ISO would exceed 24.91, since the relative permittivity of SiO2 

and In2O3 are 3.9 and 9.0, respectively. 

 
Fig. 2.16. (a) Two samples for the contact resistance measurement. (b) Cross-sectional 

view of the samples. (c) I-V characteristics of the Mo/ISO contacts with various 

semiconductor deposition recipes.  

To verify this hypothesis, metal-semiconductor-metal devices were built on 

thermal oxide silicon wafers. First, a thick layer of metal, usually more than 300 nm, 

was deposited and patterned by a shadow mask. A thinner layer of ISO (50 nm) then 

followed. The picture and cross-sectional view of the sample are shown in Fig. 2.16 (a) 
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and (b), respectively. Fig. 2.16 (c) shows the I-V characteristics of the Mo/ISO contacts, 

where no diode behaviour was found. A wide range of ISO recipes were tested, all of 

which showed ohmic-contact behaviour. 

Apart from the Mo/ISO contact, other available metals were tested at CAPE. All 

were ohmic-contact. The information is summarised in Table 2.6. 

Table 2.6. Verified ohmic metal-semiconductor contacts. 

Metal 

Work 

function of 

the metal 

ISO deposition condition 
Annealing 

condition RF power 
O2:Ar flow 

rate 

Chamber 

pressure 

Mo  4.36 

150 50:3 4 mTorr - 

150 50:3 4 mTorr 2 Hr, 150℃ 

150 50:3 4 mTorr 2 Hr, 200℃ 

150 50:10 4 mTorr 2 Hr, 200℃ 

200 50:3 4 mTorr - 

200 50:3 4 mTorr 2 Hr, 200℃ 

Cr 4.5 
150 50:3 4 mTorr - 

150 50:3 4 mTorr 2 Hr, 200℃ 

Au 5.10 
150 50:3 4 mTorr - 

150 50:3 4 mTorr 2 Hr, 200℃ 

Ni 5.04 
150 50:3 4 mTorr - 

150 50:3 4 mTorr 2 Hr, 200℃ 

2.3.3. Semiconductor Optimisation 

Optimisation of the semiconductor is the key process in TFT development. This is 

also the most time-consuming process, due to the numerous possible combinations of 

process parameters. The most influential parameters include deposition power, 

chamber pressure, reaction gas flow rate ratio, layer thickness, annealing time, and 

annealing temperature. Using the four-mask process, many sets of deposition and 

annealing conditions were tested.  

Generally, the lower deposition power/pressure (or deposition rate), the better the 

film quality, and thus, the higher the performance [18], [91]. The controllable range of 

deposition rate is highly dependent on the equipment. Taking the chamber pressure as 

an example, the minimum pressure that can strike a plasma in the utilised cluster tool 

chamber was 4mTorr, which limited the potential to design more aggressive and 

comprehensive experiments. In this section, the optimisation of the annealing 

conditions and the semiconductor layer thickness are discussed. 
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Annealing conditions are crucial to device optimisation [92], [93]. For amorphous 

metal oxide semiconductors, the as-deposited films might not possess uniform carrier 

concentration and a stable structure. Possible interface state and deep state locations are 

shown in Fig. 2.17. There are three major types of defects: front channel interface states, 

deep states, and back channel interface states. Front channel interface states are induced 

from the by-product of the ALD process, which is a layer of hydroxy at the interface 

between the gate dielectric and the semiconductor. Deep states are due to atom 

dislocations during deposition. During source/drain patterning, high power plasma 

creates back channel interface states. Annealing helps to improve uniformity and 

remove the loosely bounded species [94]. Devices with inadequate or incorrect 

annealing conditions could mislead the investigation.  

 
Fig. 2.17. Possible interface state and defect locations in the In-Si-O bandgap diagram. 

Three representative annealing conditions were selected to illustrate the impact on 

device performance. Fig. 2.18 (a) shows the transfer characteristics of the ISO TFT 

annealed in a glove box filled with nitrogen. The device was always conducting no 

matter how long it was annealed. For indium-oxide-based semiconductors, the carrier 

concentration was strongly dependent on the oxygen vacancies. Annealing in a nitrogen 

environment could possibly remove the defects in the film, but would not compensate 

for the oxygen vacancies. Thus, no significant improvement was observed. Fig. 2.18 (b) 

and (c) show the transfer curves of two samples that were annealed in the atmosphere 

at 150℃ and 200℃. The shapes of the transfer curves changed after thermal annealing, 
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where the subthreshold swing and hysteresis were greatly reduced. The trend was more 

pronounced for the TFT annealed at 200℃.  

 
Fig. 2.18. The transfer characteristics at VDS=10V for (a) the ISO TFT annealed in 

nitrogen (glove box) at 200℃, (b) the ISO TFT annealed in atmosphere at 200℃, and (c) 

the ISO TFT annealed in atmosphere at 150℃.  

The extracted hysteresis and mobility are shown in Fig. 2.19. To the detriment of 

mobility, increasing the annealing temperature can reduce the time required for the 

transfer characteristics to converge to where hysteresis is zero.  

 
Fig. 2.19. Transistor properties of ISO TFT over various annealing temperatures, 

showing changes in (a) hysteresis and (b) mobility.  

There are three commonly accepted mechanisms that cause hysteresis: 

electron/hole trapping at the interface of the gate insulator, the creation of ionized 
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oxygen vacancies, and donor-like defect creation in the channel [95]. Thermal treatment 

promotes the migration and oxidation of atoms, which reduces the density of both 

defects and carriers. It is reflected in the decrease of mobility and hysteresis as the 

annealing time increases. Annealing in atmosphere reduces oxygen vacancies. The 

presence of an oxidizing agent is essential for controlling the oxygen vacancies in 

amorphous oxide semiconductors. Annealing in a vacuum or in nitrogen could increase 

the defect concentration in amorphous oxide semiconductors, due to the loss of oxygen 

leading to oxygen vacancies, which act as dopants. The annealed ISO film can remain 

stable for a long period of time in the atmosphere, due to the high dissociation energy 

of the silicon-oxygen bond, which suppresses the formation of oxygen vacancies, and 

thus, improves the stability of this indium-based semiconductor. 

Based on the two hours at 200℃ annealing condition, the electrical performance 

of the ISO TFT was investigated by varying the channel thickness. Limited by the 

equipment, the semiconductor could only be deposited with a thickness that was an 

integral multiple of 5 nm. The 5nm channel did not conduct, and when the channel was 

thicker than 20 nm, the selected annealing condition could not completely remove 

hysteresis. Subsequently, three comparable scenarios remained: 10, 15, and 20 nm.  

Fig. 2.20 (a) shows the transfer characteristics of the ISO TFTs with different 

channel thicknesses. A parallel shift was observed when the thickness increased. The 

extracted mobility and threshold voltage are shown in Fig. 2.20 (b) and (c). When the 

thickness increased, the field-effect mobility remained nearly the same, while the 

threshold voltage decreased.  

 
Fig. 2.20. (a) The transfer characteristics of the ISO TFTs with different channel 

thicknesses at VDS=10V. (b) The corresponding extracted mobility and threshold voltage.  
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For TFTs, the threshold voltage extracted using the level-1 model did not have a 

clear physical meaning like that of a MOSFET. However, it did reflect the relative 

voltage required to switch on the transistor. In the TFT, the balancing of the gate charge 

was performed by the charge strapped in the defect states within the band gap of the 

ISO. As the gate voltage increased further, the Fermi level moved toward the 

conduction band edge. If sufficient carriers were provided, the ISO TFT was switched 

on. Assuming the extracted threshold voltage is a function of the turn-on voltage, the 

relationship between threshold voltage and thickness can be obtained as: 

𝛥𝑉𝑡ℎ = 𝛥𝑉𝑜𝑛 = (𝛷𝑚𝑠 +
𝑞𝑁𝑡𝑟𝑎𝑝𝑡𝑠1

𝐶𝑜𝑥
) − (𝛷𝑚𝑠 +

𝑞𝑁𝑡𝑟𝑎𝑝𝑡𝑠2

𝐶𝑜𝑥
) =

𝑞𝑁𝑡𝑟𝑎𝑝𝛥𝑡𝑠

𝐶𝑜𝑥
          (2.4) 

where 𝛷𝑚𝑠 is the work function difference between the semiconductor and the metal, 

Ntrap is the effective concentration of trap states, and ts is the effective channel thickness. 

A thicker semiconductor layer could have a larger effective channel thickness, which 

would eventually lead to a decrease in the threshold voltage. 

In conclusion, to increase the yield while maintaining a reasonable efficiency, the 

following were chosen as the optimised semiconductor recipes:  

- Thickness: 10nm 

- Annealing conditions for TFTs on glass: two hours, 200℃ 

- Annealing conditions for TFTs on plastic: 24 hours, 150℃ 
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3.Uniformity and Stability of TFT 

Chapter 3 

Uniformity and Stability of TFTs 

For TFT processes, it is crucial to collect uniformity and stability data. These data 

verifies and quantitates the capability of the process in system integration and circuit 

design. In this chapter, the standard four-mask ISO TFT process is investigated. Section 

3.1 introduces the parameter extraction toolkit, section 3.2 delivers uniformity data and 

statistical analysis, and section 3.3 discusses the TFT stability issues and recovery 

methods. 

3.1. Parameter Extraction Toolkit 

Collecting uniformity data involves a great deal of parameter extractions. To better 

control the accuracy of extractions and reduce the repetitive workload, a parameter 

extraction toolkit was developed using MATLAB. Fig 3.1 shows the GUI of the 

parameter extraction toolkit. Users must select or change the TFT model for data fitting 

first. The extraction process was designed for each model, and the values of the 

parameters then extracted. If the errors between the measurement data and the fitting 

model are acceptable, the toolkit can be used to generate a Verilog-AMS written TFT 

model. The model can be implemented in any SPICE-based simulation environment; 

for example, Cadence and HSpice. 

The accuracy of the extraction is also influenced by the selected TFT model. 

Unique properties of TFTs with different semiconductors must be captured in matching 

TFT models. With the help of Dr. Xiang Cheng, the TFT model for the ISO TFT was 



47 
 

established based on a model that was originally developed by Dr. Sungsik Lee at the 

Hetero-Genesys Laboratory [96]. 

 
Fig. 3.1. GUI of the parameter extraction toolkit for a universal TFT model 

The ISO TFT model combined trap-limited conduction with percolation 

conduction. The effect of trap-limited conduction was considered to be the ratio of free 

carrier density (nfree) and trapped carrier density (ntail), yielding the trap-limited 

conduction (TLC) constant:  

𝛾𝑇𝐿𝐶 =
𝑛𝑓𝑟𝑒𝑒

𝑛𝑓𝑟𝑒𝑒+𝑛𝑡𝑎𝑖𝑙
                                                             (3.1) 

Percolation conduction associated with the potential barriers above the conduction band 

minimum were considered to be intrinsic mobility, assuming a Gaussian distribution of 

potential barriers (mean value of 𝜑𝐵0). These conditions yield the combined mobility 

model: 

𝜇𝐹𝐸 = 𝜇0 (
𝑛𝑓𝑟𝑒𝑒

𝑛𝑓𝑟𝑒𝑒+𝑛𝑡𝑎𝑖𝑙
) (

𝐶𝑜𝑥

𝑄𝑟𝑒𝑓
)
𝛼𝑝

(𝑉𝐺𝑆 − 𝑉𝑇)
𝛼𝑝                               (3.2) 

where 𝜇0  is the intrinsic mobility and 𝑄𝑟𝑒𝑓  is a parameter generated when solving 

Poisson’s equation for the total volume charge density at the gate dielectric. 𝛼𝑝 is a 

parameter derived from the percolation mechanism. 

Using equation 3.2, the current-voltage relation with a VGS above the threshold 

voltage was derived based on the drift of current principle: 

𝐼Drift = 𝜇0 (
𝑛𝑓𝑟𝑒𝑒

𝑛𝑓𝑟𝑒𝑒+𝑛𝑡𝑎𝑖𝑙
)
𝑊

𝐿

𝐶𝑜𝑥
𝛼𝑝+1

𝑄𝑟𝑒𝑓
𝛼𝑝 (𝑉𝐺𝑆 − 𝑉𝑇)

𝛼𝑝+1𝑉𝐷𝑆                                 (3.3) 
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The sub-threshold current was a result of diffusion current, such that: 

𝐼Diff = 𝜇0
𝑊

𝐿

𝐶𝑜𝑥
𝛼𝑑+1

𝑄
𝑑

𝛼𝑑
(𝑉𝐺𝑆 − 𝑉𝐹𝐵)

(𝛼𝑑+1)𝑉𝐷𝑆                                 (3.4) 

These equations were combined into a total drain current using a harmonic average: 

𝐼𝐷𝑆 = (𝐼Diff
−𝑚 + 𝐼Drift

−𝑚 )−1/𝑚                                          (3.5) 

This model featured high speed circuit simulation since only a few parameters were 

used, which is essential for large-scale circuit design and simulation. The parameter 

extraction toolkit also provided users with choices depending on model preferences. 

The users could choose a more physical model (complicated parameter extraction steps 

and slower simulations), or the compact model, which was simpler in terms of the 

number of parameters used. 

3.2. Uniformity 

During the development of the TFT process, great progress was made in improving 

and sustaining wafer uniformity for the deposition of different films on the 4-inch glass 

substrate. Use of selective etching has proven effective in the patterning steps. As the 

process moves into circuit fabrication and system integration, extracting the uniformity 

data to verify circuit design is critical to the yield realised. In this section, the intra-

wafer uniformity and batch-to-batch uniformity were investigated using a TFT array.  

3.1.1. Intra-Wafer Uniformity 

Intra-wafer variations, including inter-die and intra-die variations, are caused by 

the manufacturing tolerances that affect the mean value of parameters inside a wafer 

[97]. Without proper design and consideration, variations among parameters within a 

wafer can result in performance degradation or failing circuits. In most cases, the 

variations are uncontrollable and impossible to completely eliminate [98]. For example, 

the thickness variations caused by the random diffusion flux of precursors in the ALD 

reactor were related to the equipment and could not easily be prevented when designing 

the equipment. While uncontrollable, these variations were not completely random, but 

were represented as stochastic processes with dependence on the spatial wafer 

coordinates. Typically, the impact of variations was coupled. This made it more 

difficult to identify an individual contribution, such that its variation could be isolated 

and extracted. Therefore, the impact of the variations was parameterised using the TFT 
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performance parameters, namely the threshold voltage, field-effect mobility, 

subthreshold swing, and the off current. The gate capacitance per area (Cox/tox) was 

assumed to be a constant across the entire substrate, thus, the variation of gate 

capacitance was reflected in the field-effect mobility. 

The test regions in the TFT array used during the uniformity measurements are 

illustrated in Fig 3.2. For a 4-inch substrate with a 3 mm exclusion edge, there were 16 

dies in total. Each die had 12 identical test regions. Five TFTs with critical dimensions 

ranging from 1 μm to 8 μm were fitted into the test region.  

 
Fig. 3.2. Test regions and stamp design of the TFT array on a 4-inch substrate. 

Fig. 3.3 (a) and (b) show the transfer characteristics of the 2 μm ISO TFT in each 

die and the mappings of extracted TFT parameters, respectively. Clear intra-wafer 

variations were found in the transfer characteristics. The mappings of extracted TFT 

parameters offered more insight into the intra-wafer variations. Gradual transitions 

were observed in the threshold voltage and field-effect mobility mappings, while the 

mappings for subthreshold swing and off-current were more random.  

 
Fig. 3.3. (a) The transfer characteristics of 16 ISO TFTs distributed across a 4-inch glass 

substrate at VDS=10V. (b) Extracted ISO TFT parameters, in the form of wafer spatial 

distribution maps. 



50 
 

The random variation could have been triggered by a wide range of actions, 

including imperfection in photolithography, etching, annealing, or contaminations in 

the substrate. In contrast, the gradual transition reflected the impact of one major 

disturbance or the combined impacts of several disturbances in the fabrication process. 

For example, assuming that a concentric ring pattern was found in the dielectric, the 

thickness variation of the dielectric layer was large enough to be considered the most 

influential factor in TFT performance. This variation was reflected in the ring pattern 

field-effect mobility mapping when using the parameter extraction toolkit. 

Generally, the intra-die variations were much smaller than the inter-die variations. 

Taking the threshold voltage variation as an example, the intra-die mapping is shown 

in Fig. 3.4 (a). The magnitude of the intra-die threshold variation was less than 2V, 

which was much smaller than the inter-die variation. As shown in Fig. 3.4 (b), assuming 

both variations followed the normal distribution, the intra-die sample had a variance 

that was only one-fifth the inter-die variance. The shift in mean threshold voltage was 

a result of the systematic variations. 

 

Fig. 3.4. (a) Intra-die threshold voltage mapping. (b) Comparison of the intra-die and 

inter-die variations. 

3.1.2. Batch-to-Batch Uniformity 

More than 10 batches of the TFT using the same fabrication process were measured. 

The selected TFTs were located in the die at the same position on the substrate, and all 

had identical aspect ratios and critical dimensions. During the measurements, batch-to-

batch threshold voltage variation was insignificant if intra-wafer variations were 
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considered. Meanwhile, the batch-to-batch mobility and subthreshold swing variations 

were larger than/comparable to the intra-wafer variations.  

Fig. 3.5 (a) shows two sets of transfer characteristics; each set contains data from 

five TFTs. A clear difference was found between these two sets of data. The average 

value of the extracted parameters from the five TFTs in one batch formed one data point 

in the statistical analysis. The distribution of mobility and subthreshold swing from the 

10 batches of TFTs are shown in Fig. 3.5 (b) and Fig. 3.5 (c), respectively. Variance of 

batch-to-batch mobility was twice the intra-wafer variance, while the variance of 

subthreshold swing was similar to intra-wafer variance. 

 

Fig. 3.5. (a) Comparison of 10 selected transfer characteristics from two batches of the 

TFT array, insert is the position of the selected die. The batch-to-batch (b) mobility and 

(c) subthreshold swing variations. 

3.1.3. Monte Carlo Simulation Environment 

Monte Carlo analysis is a statistical analysis that essentially calculates the response 

of a circuit when the device model parameters are randomly varied between specified 

tolerance limits according to a statistical distribution. As shown in Table 3.1, 

parameters inside the variation model consisted of two parts: the mean and the standard 

deviation (𝞂). The values used were determined based on the uniformity data in 

previous sections and experience in fabrication. Taking threshold voltage as an example, 

the function of those two values can be expressed in the following equation: 
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𝑉𝑡ℎ = 𝑉𝑡ℎ0 + 𝛥𝑉𝑡ℎ_𝑚𝑒𝑎𝑛 + 𝜎𝑡ℎ                                     (3.6) 

For a Monte Carlo simulation, the statistical data was selected according to 

different situations. It is highly recommended that stricter conditions are used in circuit 

design verification. 

Table 3.1. Statistical data for the Monte Carlo analysis. 

Uniformity Parameter variation Standard deviation Notes 

Global 
Channel width  3% of the width 

Estimate 
Channel length  3% of the width 

Batch-to-batch 

Field-effect mobility 1.12 cm2/Vs  

Subthreshold swing 11.82 mV/dec  

Off current  5e-14 A  

Intra-wafer 

(4-inch) 

Threshold voltage  1.33 V  

Field-effect mobility  0.10 cm2/Vs  

Subthreshold swing 12.20 mV/dec  

Off current  5e-14 A  

Intra-die 

(15mm×15mm) 

Threshold voltage  0.42 V  

Field-effect mobility  0.05 cm2/Vs  

Subthreshold swing 10.40 mV/dec  

Off current  5e-14 A  

3.3. Stability 

This section presents the analysis of the ISO TFT stability via bias stress and light 

illumination. The ISO TFT was biased for up to four hours at three different 

temperatures. The shift of threshold voltage with stress temperature at different times 

fit the empirical equation well. The empirical equation was modified from the stretched 

exponential model. It further improved the consistency by separating the temperature 

dependence of β. Transfer characteristics of the ISO TFTs were measured under light 

illumination at different wavelength. A wavelength shorter than 660 nm impacted the 

transfer characteristics. Persistent photoconductivity measurements matched the results 

of typical amorphous oxide semiconductors, which indicated that the distortion of 

transfer characteristics was caused by light-induced shallow doubly-ionised donor 

states. 

3.2.1. Bias-Stability 

The bias stress measurements were conducted with a Lake Shore Model PS-100 

table top cryogenic probe station and a Keithley 4200. Stress temperature was 

controlled by a model 336 controller. All measurements were taken in a dark 

environment. Fig. 3.6 shows the effect of bias stress on typical transfer characteristics 
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at 20℃. A constant VDS of 20V and VGS of 0.5V were applied for up to four hours. The 

bias was interrupted at certain times to record the evolution of the transfer 

characteristics. Dual sweeps were used to obtain the transfer characteristics. VGS was a 

sweep in the range of -20V to +20V and VDS was biased at 0.5V. All the transfer curves 

had similar shapes, negligible hysteresis, and shifted toward the positive direction along 

the gate voltage axis. This behaviour was also observed in the measurements at 50℃ 

and 100℃. 

 

Fig. 3.6. Evolution of bias stress (VGS = 20V, VDS = 0.5V) on the transfer characteristics of 

the ISO TFT at 20℃. 

To quantitatively analyse the shifts of transfer curves, three parameters were 

extracted: mobility, threshold voltage, and subthreshold swing. The extracted results 

are summarized in Fig. 3.7. Taking the error from the extraction procedures into 

account, the shifts in mobility and subthreshold swing were insignificant. The shift of 

threshold voltage followed a stretched-exponential behaviour. Consistent with previous 

reports [99]–[101], the conventional stretched-exponential equation fit the data with a 

temperature-dependent β. However, the equation already used temperature as one of its 

parameters, such that the temperature dependence of β was redundant and broke the 

equation’s consistency. Obtaining a unified equation will help identify the temperature-

dependent phenomenon of bias-induced threshold shift. 
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Fig. 3.7. Parameters extracted from bias stress measurements at three different 

temperatures: (a) threshold voltage shift versus stress time, and (b) mobility and 

subthreshold swing shift versus stress time. 

By moving the temperature dependence of β into another parameter α, a new 

empirical equation was formed that fit all the data at different temperatures with 

constant parameters: 

|𝛥𝑉𝑡ℎ| = |𝛥𝑉0| {1 − exp [−(
𝑡𝑠𝑡𝑟𝑒𝑠𝑠

𝛼+𝜏0exp (
𝐸𝑟
𝑘𝑇
)
)

𝛽

]}                          (3.7) 

As shown in Fig. 3.7 (a), using V0 = 8.2 V, α = 2.836 × 103 s, τ0 = 8.209 × 10−4 s, 

Er = 0.44 eV, and β = 0.58, the threshold voltage shift data was well fitted by equation 

3.5. However, for the first two data points, namely those at one and 10 minutes, 

deviations were found between the measured data and the model. This was because 

bias-induced negative threshold shift during the measurements generated non-

negligible errors. A single transfer measurement takes three minutes, which was on the 

same level as the bias time of the first two data points. The current at negative VGS bias 

was much smaller than the on-current and it took more time to measure the low current 

region, where the gate was biased with negative voltage. Since negative gate voltage 

bias can generate negative threshold voltage shift, the inevitable negative bias had a 

large impact on the threshold voltage shift when the bias time was short. 

C-V characteristics were collected during the bias stress measurement. As shown 

in Fig. 3.8 (a), when the gate voltage was smaller than -2V, the ISO film was depleted 

of free carriers. As gate voltage increased, the channel gradually formed from electrons 

and the semiconductor eventually entered accumulation mode. The capacitance in MOS 

theory follows: 
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𝐶 =
𝑑 𝑄𝑔

𝑑 𝑉𝑔
= 1/[

1

𝐶𝑜𝑥
+

1

𝐶𝑎𝑐𝑐𝑢
]                                                (3.8) 

where Caccu is the channel capacitor in accumulation mode. In response to the AC signal, 

the electrons in the accumulation layers increased and decreased at the AC frequency. 

This accumulation layer, or the conducting channel, acted as the bottom electrode of 

the capacitor. It was proportional to the carrier density and inversely proportional to 

(Vg-Vfb). Assuming the carrier density was irrelevant to bias stress, the change in 

MOSCAP indicated that the flat-band voltage of the ISO TFT changed during the bias 

stress. In the presence of charges in the oxide or at the oxide-semiconductor interface, 

the flat-band voltage was given by: 

𝑉𝑓𝑏 = 𝛷𝑀𝑆 −
𝑄𝑖

𝐶𝑜𝑥
−

1

𝜀𝑜𝑥
∫ 𝜌𝑜𝑥(𝑥)
𝑡𝑜𝑥

0
𝑥𝑑𝑥                           (3.9) 

where the second term is the voltage across the oxide due to the charge at the oxide-

semiconductor interface and the third term is due to the charge density in the oxide. The 

decreasing flat-band voltage in Fig. 3.8 (b) reflects the fact that defects increased when 

the TFT was biased with voltage stress. 

 

Fig. 3.8. (a) C-V characteristics as a function of frequency for the ISO TFTs, insert is the 

TFT configuration. (b) Evolution of bias stress (VGS = 20V, VDS = 0.5V) on the C-V 

characteristics at 20℃. 

Based on the previous analysis, the threshold voltage shift reflected the change of 

interface states and defects inside the dielectric. Assuming the metal semiconductor 

work function difference applied, φms, was constant. Threshold voltage was a function 

of oxide trapped charge in the dielectric and the interface states. It is widely accepted 

that subthreshold slope/swing is directly related to the density of semiconductor-

dielectric interface states. In the stress measurements, subthreshold swing remained 

nearly the same, which indicated that interface states did not change significantly. 

Therefore, the primary cause of the threshold voltage shift in the bias stress 
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measurement was hot carrier injection and trapping in the dielectric layer. This trap 

could be removed using low temperature annealing. The bias stress performance could 

thus be improved by improving the dielectric layer quality, for example, by using higher 

quality precursors in the ALD. 

3.2.2. Photo-Stability 

In the light illumination measurements, mounted LEDs and a T-Cube LED Driver 

from Thorlabs were used to generate light at different wavelengths. The LEDs were 

controlled by an Agilent 33500B signal generator. The experiments were conducted in 

a dark environment, where the impact of ambient light was reduced to the bare 

minimum. Fig. 3.9 shows the transfer characteristics of ISO TFTs under exposure to 

light at different wavelengths. When the wavelength, λ, was smaller than 660 nm, the 

shape of the transfer characteristics was altered by the illumination. The subthreshold 

swing, off-current, and on-current increases were inversely proportional to λ. The figure 

insert shows the UV-Vis absorbance and the LED spectroscopy. The ISO film strongly 

absorbed at wavelengths shorter than 400 nm. With an increase in wavelength, the 

absorbance became weaker, and nearly zeroed at 500 nm. A small absorbance peak 

reappeared between 520 nm and 900 nm. Although the ISO film could absorb light 

from 660 nm and 850 nm LEDs, photons at these wavelengths did not possess enough 

energy to generate photoconductivity. Thus, no obvious change in the transfer 

characteristics was observed. 

 
Fig. 3.9. Transfer characteristics of ISO TFTs under exposure to light at different 

wavelengths (VDS = 0.5 V), insert is the UV-Vis absorbance of the ISO film and 

normalized spectroscopy of the LED intensities, the spectral data of LEDs were adapted 

from Thorlabs datasheets. 
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For amorphous oxide semiconductors, the illumination ionises oxygen vacancy 

sites, and thus generates shallow doubly-ionised donor states and an un-depleted 

channel. Confined photo-generated electrons caused persistent photoconductivity. The 

persistent photoconductivity in an amorphous oxide semiconductor can be eliminated 

by a positive gate bias [3], [102], [103]. 

As shown in Fig. 3.10, the generation, recovery, and elimination of 

photoconductivity were investigated with illumination pulses. A 470 nm LED was 

selected as the light source. The transistor was biased at a VDS of 20 V and a VGS of -

10 V. A 10 second illumination pulse generated photocurrent at the level of 10−8. A 40 

second rest in the dark followed, but the TFT did not fully recover from the impact of 

illumination. To eliminate persistent photoconductivity, an experiment was designed. 

Using the signal generator, synchronized signals that controlled the light illumination 

and gate voltage were produced. The interval between the falling edge of the light 

illumination signal and the rising edge of the gate bias signal was three seconds. With 

a gate pulse, the drain current went back to the previous value in the dark environment, 

which indicated that positive gate bias could accelerate recovery, thus, effectively 

suppressing the persistent photoconductivity in the ISO film. 

 

Fig. 3.10. Generation, recovery, and elimination of persistent photoconductivity at 20V 

VDS under exposure to pulse illumination (470 nm). 
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4. Overcoming the TFT Non-idealities on 

Analogue Circuits 

Chapter 4 

Overcoming the TFT Nonidealities in 

Analogue Circuits 

This chapter investigates two of the most urgent challenges via TFT nonidealities 

in analogue circuit design, namely the lack of proper active load and the large parasitic 

capacitance (narrow bandwidth). In-depth analysis of the challenges and applicable 

solutions are given.  

4.1. Lack of Proper Active Load 

Active loads are extremely important blocks for analogue circuits, especially for 

amplifiers [104]. Conventional active load configurations might not function properly 

or are not feasible in all-TFT integrated circuits. Here, the feasibility of conventional 

active load structures in all-TFT integrated circuits are carefully investigated. 

Structures designed for ISO TFTs have also been developed and tested. 

4.1.1. Limitations of Conventional Structures 

Taking the single-stage common-source amplifier as an example, the common-

source transistor converts variations in its gate-source voltage into a small-signal drain 

current. The drain current passes through the load, usually an active load, to generate 

an output voltage. Assuming the output resistance of the common-source transistor is 

ro, the equivalent resistance value of the active load is RL, and the magnitude of gain 

(the common-source stage amplifier) is gm(ro//RL). Therefore, if ro ≫ RL, then 

increasing the value of RL can directly improve the gain. The best circumstance for an 
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amplifier is using an ideal current source as an active load. If RL is infinite, the 

magnitude of gain will reach the maximum value, gmro. 

Two structures can mimic the behaviour of an ideal current source: a current mirror 

and a class AB configuration. The schematics of those two structures are shown in Fig. 

4.1. As an active load, a current mirror provides the driving transistor with a voltage-

controlled current source and a fixed gate-source voltage. Owing to the channel-length 

modulation, this voltage-controlled current source is not entirely ideal, as its output 

current is influenced by the voltage across it. To model this behaviour, an equivalent 

resistance (the output resistance), r0, is placed between the source and drain of M1 and 

M2. The gain of the amplifier in Fig. 4.1 (a) is -gm(ro1//ro2). If the P-type transistor is an 

identical match to the N-type transistor, the gain will be -gmro/2. The active load of the 

class AB amplifier is a P-type transistor with its gate connected to the input signal. Both 

transistors are controlled by the input signal. The P-type transistor mimics the small 

signal behaviour of the N-type transistor; thus two identical voltage-controlled current 

sources are paralleled, and the gain is boosted to -gmro. However, complementary 

transistors are prerequisite to build a current mirror amplifier or a class AB amplifier, 

which is not feasible for ISO TFTs. 

 

Fig. 4.1. Active load for an amplifier. (a) Amplifier with current mirror as active 

load. (b) Class AB amplifier. 

4.1.2. Monotype Active Load Structures 

Diode load and zero-VGS configurations can be used as an active load in monotype 

ISO-TFT circuit design. The diode load uses a transistor with its gate connected to its 

drain. It has a small-signal resistance of 1/gm2 in parallel with the output resistance of 

ro2. Since ro2 is usually several orders or magnitude larger than 1/gm2, the equivalent 
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M1
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Vout

M1

GND
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resistance can be simplified to 1/gm2. The small-signal model of the diode connected 

active load will be a resistance of 1/gm in parallel with a capacitor. Compared with 

previous techniques, the gain is very low, and is calculated as the square root of the 

aspect ratio of the load transistor divided by the aspect ratio of the driving transistor. 

Zero-VGS configurations connect the gate and the source of the transistor, providing 

larger resistance for the driving transistor. Under such circumstances, the equivalent 

resistance of the zero-VGS load can be several orders higher than the diode load. 

Another widely used monotype TFT amplifier structure is the Pseudo-CMOS 

amplifier. Schematics of two typical Pseudo amplifier is shown in Fig. 4.2 [105], [106]. 

Taking the Pseudo-E configuration as an example, M1 and M2 invert the polarity of the 

input signal and send it to the gate of M3. Thus, M3, together with M1 and M2, can 

imitate the behaviour of a P-type transistor. M4 remains the common-source transistor, 

and the drain current through M3 is now inversely proportional to the input signal. 

  

Fig. 4.2 Two different types of the Pseudo-CMOS amplifier: (a) Pseudo-E and (b) 

Pseudo-CMOS 

Fig. 4.3 shows the small signal equivalent circuit of the pseudo-CMOS. The 

transfer function of the pseudo-CMOS amplifier is given by: 

 

𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

= −
𝑔𝑚3𝑔𝑚2(𝑟𝑜2//𝑅2) + 𝑔𝑚4

𝑔𝑚3+
1

𝑟𝑜3//𝑟𝑜4

 

                            (4.1) 

From equation 4.1, the transconductance of M3 is amplified by a factor of 

gm2(ro2//R2), and is added to the transconductance of M4. Adding the transconductance 

of a common-source transistor and a load transistor is very similar to the typical 
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behaviour of a complementary amplifier. Theoretically speaking, the gain of a pseudo-

CMOS amplifier is increased compared with the diode-connected load amplifier. 

 

Fig. 4.3 Small signal equivalent circuit of the pseudo-CMOS. 

4.1.3. Gain Boosting Techniques 

The lack of proper active load can be compensated for by deploying extra gain 

boosting techniques. Commonly used gain boosting techniques include the cascode 

configuration, current starving, current cancellation, and bootstrapping. The cascode 

topology is widely used in CMOS circuit design. It consists of a common-source stage 

and a common-gate stage. The common-source stage generates a small-signal drain 

current proportional to the input voltage signal, and the common-gate stage routes the 

drain current to the load. The DC current in the common-gate stage and the common-

source stage are the same. This configuration can provide a high output impedance of 

gm2ro1ro2. Here, gm1, ro1, gm2, and ro2 are the transconductance and output resistance of 

the common-gate stage and the common-source stage. If the load in the cascode 

amplifier is an ideal current source, then it can reach a gain of −(gmro)
2.  

Current starving and current cancellation can also be used to increase the gain. 

Current starving uses an extra DC current source in parallel with the load, which is 

shown in Fig. 4.4 (a). Since most DC current is supplied by an external current source, 

the output resistance and voltage gain are higher. If the value of the DC current source 

is KID, the gain of the amplifier can be increased to A0/(1-K). Here, A0 is the DC gain 

of the amplifier without current starving. Typically, K is 0.8, such that the gain is 

increased by a factor of five. Current cancellation is an approach that can build a load 

with quasi-infinite resistance. A typical current cancellation load is shown in Fig. 4.4 

(b). Cross coupling M2 and M3 creates positive feedback, such that the differential 

resistance of M2 and M3 is negative, at -2/gm2. When M1 is parallel-connected with M2, 

Vin

Vin

gm2Vin rO2 R2 gm3(Vout1-Vout) rO3

Vout

Vout1

gm4Vin rO4
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and M3 with M4, a load with an equivalent resistance value of 2/(gm2 − gm1) can be 

created. If all the devices have the same dimensions, this technique can create an infinite 

resistance, which is the ideal load for a differential amplifier. 

 

Fig. 4.4. Structures of (a) the current starving and (b) current cancellation 

techniques. 

Using bootstrapping techniques to increase the impedance of diode-connected load 

not only increases the gain, but it also maintains the bandwidth. Fig. 4.5 shows the 

bootstrapping diode-connected active load, which consists of two transistors and a 

coupling capacitor. M1 is a diode connected load, which has an equivalent resistance 

value of ro// (1/gm). Since 1/gm is usually much smaller than ro, 1/gm is bootstrapped out 

for this purpose. In this configuration, the capacitor C1 couples the gate and source of 

M1, while the diode-connected M2 connects the gate and drain of M1. For a DC voltage 

signal, C1 consumes nearly all the voltage drop between V+ and V− and diode-connected 

M2 consumes negligible voltage. For an AC signal, the gate and source of M1 are short 

circuited via C1 when frequency is high enough to take effect. From the small-signal 

equivalent circuits, the equivalent impedance of the bootstrapping diode-connected 

active load can be given by: 

𝑉+ − 𝑉−
𝐼𝑡𝑜𝑡𝑎𝑙

(𝑠) =
𝑟𝑜𝑅𝑒𝑞𝐶1𝑠 + 𝑟0

𝑅𝑒𝑞𝐶1𝑠 + 𝑟𝑜𝑔𝑚 + 1
 

                            (4.2) 

where Itotal is the total current through this circuit and Req is the equivalent resistance of 

the diode-connection M2. From this equation, the equivalent resistance of the 

bootstrapping active load is ro /(gmro + 1) at low frequency and ro when the frequency is 

higher than that of the zero. The frequency of the zero is given by:  

𝑓𝑧 =
1

2𝜋𝑅𝑒𝑞𝐶1
                                                             (4.3) 
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Fig. 4.5. Bootstrapping diode-connected active load: (a) schematic, and (b) small-

signal equivalent circuit. 

4.1.4. Active Loads for the ISO TFT 

Based on the previous discussion, several configurations applicable to the ISO TFT 

were implemented and tested, including the diode-connected load, the depletion load, 

the bootstrapping load, and the pseudo-CMOS.  

 

Fig. 4.6. Pictures of (a) diode-connected load amplifier, (b) depletion load amplifier, (c) 

bootstrapping load amplifier, and (d) pseudo-CMOS amplifier. (e), (f), (g), and (h) are 

the corresponding output signals of the amplifiers with sine wave input signals. 

Fig. 4.6 shows four amplifiers with associated output signals when the input was a 

sine wave. The diode-load and pseudo-CMOS amplifier had relatively small distortions, 

and the depletion load amplifier had a sharper falling edge, while the bootstrapping load 

amplifier suffered from severe distortion. Further simulations and analyses showed that 

(a) (b) (c) (d)
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the drain-gate capacitor and the source-gate capacitor of the extra bootstrapping 

transistor created a small signal path for positive feedback, which damaged the stability 

of the amplifier. Reducing the width of the bootstrapping transistor could effectively 

suppress this positive feedback at the cost of a potentially lower operating speed. 

Fig 4.7 compares the AC performance of different active loads. From the 

simulation results, the diode-connect load amplifier only had a gain of 10.11 dB. In 

contrast, the current source load, or the ideal load, reached 39.27 dB (gmro). The gain 

of the pseudo-CMOS amplifier was 2.83 dB higher than the diode-load gain, while the 

bootstrapping amplifier was 17.08 dB higher than the pseudo-CMOS gain. 

Theoretically, the gain of the depletion load (zero-VGS) amplifier should fall between 

10.11 dB and 39.27 dB, which is entirely dependent on the equivalent impedance 

determined by the drain current at zero gate-source voltage. The measurement result 

revealed that the actual DC gain of the amplifier was 33.80 dB. Both diode load and 

pseudo CMOS measurement results matched the simulation curves. The AC 

performance measurement data of the bootstrapping load amplifier were not given, due 

to instability. 

 

Fig. 4.7. Performance comparison of the active loads, lines represent simulation 

results and the scattered points are measured data. 

Performance data are summarized in Table 4.1. Among the stable configurations, 

the depletion load amplifier had the highest gain, while maintaining an acceptable THD. 
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The bootstrapping load did not function properly, due to instability. However, the 

bootstrapping load appeared more promising than the depletion load, and its instability 

issue could be solved by using smaller aspect ratios. For the time being, depletion load 

was used as the active load for the ISO TFT analogue circuits. 

Table 4.1. Performance of common-source amplifiers with different active loads. 

Parameters 
Types of active load 

Diode-connected Depletion Pseudo-CMOS Bootstrapping 

S
im

u
latio

n
 

DC gain 10.11  [10.65, 39.03] 12.94 27.19 

Cut-off 

frequency 
1.0E+4 [5.0E+3, 1.0E+4] 5.0E+3 1.0E+3 

Distortion 

(THD) 
2.91% 3.39% 1.12% 8.44% 

Stable Yes Yes Yes Yes 

M
easu

rem
en

t 

DC gain 10.65 33.80 15.23 - 

Cut-off 

frequency 
1.0E+4 3.0E+2 4.0E+3 - 

Distortion 

(THD) 
2.92% 4.18% 5.78% - 

Stable Yes Yes Yes No 

4.2. Large Parasitic Capacitances 

Parasitic capacitances in the TFTs originated from the layout margin of mask 

misalignment. Based on the data collected from the TFT array, the minimum critical 

dimension that the current equipment could achieve was 2 μm. As shown in Fig. 4.8 

there were two layers sandwiched between the gate and the source/drain: a dielectric 

layer and a semiconductor layer. On the top of all the layers, there was an optional etch 

stopper layer. Considering the overlap between the two layers was fixed at 2 μm, the 

total overlap between the source/drain and the semiconductor was: 

𝐿𝑜𝑣𝑒𝑟𝑙𝑎𝑝 = 𝐿1 + 𝐿2 + 𝐿3                                               (4.4) 

where L1 is the length that the semiconductor exceeded the gate region, L2 is the length 

difference between the gate and the ESL region, and L3 is the overlap between the 

source/drain and the ESL. L2+L3, which was 4 μm in this case, contributed to the 

parasitic capacitance in the ISO TFT. 
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Fig. 4.8. Top view of the ISO TFT layout, showing the overlap between layers. 

To evaluate the impact of the parasitic capacitance, a common-source amplifier 

was used in the analysis as an application scenario. Its small-signal equivalent circuit 

is shown in Fig. 4.9 and by applying KCL, the transfer function is given by: 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

(𝐶𝐺𝐷𝑠−𝑔𝑚)𝑅𝐷

𝑅𝐷𝑅𝑆𝜁𝑠2+[𝑅𝑆𝐶𝐺𝐷(1+𝑅𝐷𝑔𝑚)+𝑅𝑆𝐶𝐺𝑆+𝑅𝐷(𝐶𝐺𝐷+𝐶𝐿)]𝑠+1
                     (4.5)  

where 𝞯=CGSCGD+CGSCL+CGDCL. From equation 4.5, there were two poles and one 

zero, as follows: 

𝑓𝑑𝑝 =
1

(1+𝑅𝐷𝑔𝑚)𝑅𝑆𝐶𝐺𝐷+𝑅𝑆𝐶𝐺𝑆+𝑅𝐷(𝐶𝐺𝐷+𝐶𝐿)
                              (4.6)  

𝑓𝑛𝑝 =
(1+𝑅𝐷𝑔𝑚)𝑅𝑆𝐶𝐺𝐷+𝑅𝑆𝐶𝐺𝑆+𝑅𝐷(𝐶𝐺𝐷+𝐶𝐿)

𝑅𝐷𝑅𝑆(𝐶𝐺𝑆𝐶𝐺𝐷+𝐶𝐺𝑆𝐶𝐿+𝐶𝐺𝐷𝐶𝐿)
                              (4.7)  

𝑓𝑧 =
𝑔𝑚

𝐶𝐺𝐷
                                                        (4.8)  

 

Fig. 4.9 Small-signal equivalent circuit of common-source TFT amplifier. 
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Typically, the gate-drain capacitor is much smaller than the gate-source capacitor 

when the transistor operates in the saturation region. Owing to the fact that overlap 

capacitance becomes dominant, the gate-drain capacitor was comparable with the gate-

source capacitor. When the gate-drain capacitor is small, there are two poles. As the 

capacitor increases, the dominant pole moves to a lower frequency, while the non-

dominant pole moves to a higher frequency. Considering the large gate-drain 

capacitance of the all-TFT integrated common source amplifier, the poles in the transfer 

function were split, and thus, bandwidth was reduced. The split of poles caused 

difficulties in multi-stage amplifier design, because poles of each stage overlapped in 

the low frequency region, as in TFT circuits. Methods such as Miller compensation 

could no longer be applied to the amplifier, since very little bandwidth trade off 

remained. As a result, new methods to increase the bandwidth were required in the all-

TFT circuit design. 

4.1.5. TFT Layout 

At the device level, the new TFT layout was designed and verified. As shown in 

Fig. 4.10, an island structure was used to reduce the influence of the gate-drain capacitor, 

which was much larger than the gate-source capacitor. Using the drain current level as 

the specification, the effective channel width of the island-structure TFT was: 

𝑊𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

𝐿
≈

2

5

(𝑊1+𝑊2+𝑊3)+(𝑊4+𝑊5+𝑊6)

𝐿
                           (4.9) 

 

Fig. 4.10. (a) Top view of the island-structure TFT. (b) Top view of the single cell in 

the TFT. (c) Picture of the island-structure TFT. 
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In the new layout, the gate-drain capacitor and gate-source capacitor were given by: 

C𝑔𝑑 ≈ C𝑜𝑥(𝑊1 +𝑊2 +𝑊3)(4μm)                                      (4.10) 

C𝑔𝑠 ≈ C𝑜𝑥(𝑊4 +𝑊5 +𝑊6)(4μm) ≈
7

3
C𝑔𝑑                             (4.11) 

The gate-drain capacitor was half the size of the gate-source capacitor, which was the 

same size as the parasitic capacitors in a normal layout. Theoretically, if Cgd was 

reduced to 3/7 of its original value, the corresponding pole in the amplifier would move 

to a frequency that was 7/3 the original frequency.  

Using this new layout that impacts the dominant pole greatly increased the 

bandwidth of the circuits. Fig. 4.11 (a) compares the AC performance of the normal 

layout with the island-structure layout. The gain bandwidth product of the new layout 

was two times higher than that of the normal layout. This proves that reducing the miller 

capacitor, in this case the Cgd of the common-source TFT and the Cgs of the diode-

connected load, effectively increased the bandwidth. 

 

Fig. 4.11. (a) Bode plot comparison of the normal layout and the island structure diode-

connected amplifier layout. (b) Top view of the island-structure diode-connected 

amplifier layout. 

4.1.6. Capacitive and Inductive Peaking 

Inductive peaking places inductors in strategic locations in order to generate a 

resonance with parasitic capacitance [107]. Consequently, the bandwidth will expand. 

Compared with conventional high-speed circuits for broadband communications, 

inductive peaking can increase the bandwidth without decreasing the gain or adding too 

many components. For inductive peaking, the size and location of the peaking inductor 
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should be carefully selected through theoretical analysis and simulation. For a single 

stage amplifier, there are three major types of inductive peaking techniques: drain 

peaking, gate peaking, and feedback peaking. 

An analysis based on gate inductor peaking is given below as an example. As 

shown in Fig 4.12, an inductor is involved in the input path of the trans-impedance 

amplifier. The transimpedance of the amplifier follows: 

𝐴𝑅 =
(1−𝑔𝑚𝑅𝑓+𝑅1𝑅𝑓𝐶𝑓𝑠)𝑅1

1+𝑔𝑚𝑅𝑙+𝐴𝑠+(𝐵+𝐶𝐿𝑔)𝑠
2+𝐷𝐿𝑔𝑠3+𝐸𝐿𝑔𝑠4

                                (4.12)  

where Lg is the gate peaking inductor, and A-E are constants defined below: 

A = 𝑅𝑙(𝐶𝑖𝑛 + 𝐶𝐿 + 𝐶1 + 𝐶𝑑𝑠) + 𝑅𝑓(𝐶𝑓 + 𝐶𝑖𝑛) + 𝑔𝑚𝑅𝑙𝑅𝑓𝐶𝑓             (4.13) 

B = 𝑅𝑙𝑅𝑓[(𝐶𝑓 + 𝐶𝐿 + 𝐶1 + 𝐶𝑑𝑠)𝐶𝑖𝑛 + 𝐶𝑓(𝐶𝐿 + 𝐶1 + 𝐶𝑑𝑠)]                (4.14) 

C = 𝐶𝑖𝑛(1 + 𝑔𝑚𝑅𝑙)                                                 (4.15) 

D = 𝑅𝑙𝐶𝑖𝑛(𝐶𝑖𝑛 + 𝐶𝑜𝑢𝑡) + 𝑅𝑓𝑅𝑖𝑛(𝐶𝑓 + 𝐶𝑖𝑛) + 𝑔𝑚𝑅𝑙𝑅𝑓𝐶𝑓𝐶𝑖𝑛             (4.16) 

According to the equation above, the 3 dB bandwidth of the amplifier can increase 

up to a certain point, in contrast with the condition that Lg = 0. However, increasing the 

inductance past the optimum point will result in a bandwidth decrease. The peaking 

technique must be controlled to avoid amplifier instability, otherwise overshoot may 

occur. 

 

Fig. 4.12. TIA with gate peaking inductor. 

Another peaking technique for bandwidth enhancement is termed capacitive 

peaking. It was developed to compensate for the impact of stray inductor capacitance. 
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Since the parasitic capacitor is not a fixed value, due to fabrication variation, the 

peaking inductor cannot perfectly match the capacitor. In some cases, a peaking 

inductor can cause bandwidth degradation rather than improvement. Capacitive 

peaking can be utilised to design a broadband Butterworth-type trans-impedance 

amplifier by adding an extra pole to the transfer function. In addition, the area 

consumption of a capacitor is much smaller than that of an inductor. 

Fig. 4.13 shows a circuit schematic of a capacitive peaking TIA. The simplified 

transfer function is: 

𝐴𝑅 =
𝐴𝜔1𝜔2

𝑠2+𝑠(𝜔1+𝜔2)+𝜔1𝜔2
                                                    (4.12)  

Here, ω1 and ω2 are the poles. The poles of this transfer function are the complex 

conjugate if the quality factor (Q) is larger than 0.5, and the bandwidth can then be 

broadened, due to the cancellation of the imaginary parts. When Q reaches √1/2, the 

circuit is a Butterworth design and obtains maximum bandwidth. Normalised 

denominator polynomials in factored form for Butterworth type filter (Q=√1/2 ) 

reveals the relationships between these poles: 

𝜔2 =
𝜔1

√2𝜔1−1
                                                    (4.12)  

Therefore, if a proper peaking capacitor can be selected to satisfy the condition in 

equation 4.12, bandwidth of the closed-loop amplifier can be pushed to the maximum. 

  

Fig. 4.13. Circuit schematic of capacitive peaking TIA. 
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5. All-TFT Amplifier 

Chapter 5 

All-TFT Amplifier 

In this chapter, the process of designing, simulating, and fabricating an all-TFT 

amplifier is presented. A 4-bit capacitor array was successfully integrated into the 

amplifier, as the first mixed-signal all-TFT circuit in the world. Section 5.1 sets the 

performance targets of the amplifier, and section 5.2 states the design strategy. Section 

5.3 discusses the simulation results. Section 5.4 introduces the layout design and 

fabrication processes, and finally, Section 5.5 provides the measurement results. 

5.1. Design Goals 

In previous chapters, thorough investigations were conducted on the ISO TFT. The 

knowledge obtained on this elementary building block provided the insight required of 

more complicated circuits. Compared with conventional CMOS transistors, the ISO 

TFT has significant advantages: it is a low-temperature process, has large-area coverage, 

and is transparent. However, it still suffers from low mobility, instability, and a lack of 

proper active load. Thus, the most promising circuit application lies in the front-end 

system for signal sensing. Among all front-end circuits, the operational amplifier, or 

voltage amplifier, is the most common and versatile circuit block. The standard 

operational amplifier amplifies the differential input signal and turns it into a single 

output signal. Normally, feedback loops that serve different functions are applied. To 

ensure the stability of the feedback loop, enough phase margin must be designed into 

an amplifier [108]. According to Barkhausen’s criteria, the phase margin should not 

exceed -180° when the feedback loop gain reaches one, otherwise the feedback will 

become positive and cause oscillation in the circuit. 



72 
 

One of the most common applications of signal-sensing circuits is in picking up 

biomedical signals. Biomedical signals collected directly from electrodes are relatively 

weak; i.e. smaller than 10 mV or 1 µA and less than 1 kHz. Ideally, the front-end circuit 

should be able to amplify the input signal into a voltage signal that can be processed by 

the following ADC or digital circuits. In this case, the amplifier should drive a 

reasonable output load. To simulate the scenario, the amplifier was connected to a high 

input impedance circuit via a metal track, and the output load was set to 5 pF with a 1 

MΩ resistor in parallel. 

As discussed in Chapter 4, the nonidealities of ISO TFTs created limitations on the 

all-TFT amplifier design. One of the major problems was the large parasitic capacitor 

in TFTs, which was influenced by the minimum feature size of the photolithography 

machine. The photolithography machine used was a SUSS MircoTec MJB4 mask 

aligner with a printing resolution of 0.5 µm. To maintain adequate fabrication yield, 1 

µm was set as the minimum feature and 2 µm was the overlap between the gate and the 

source/drain electrode. However, the 2 µm overlap created a relatively large parasitic 

capacitance, thus the frequency performance worsened. This negative impact could 

have been reduced by optimising layout or using a self-aligned structure. Considering 

this was not the most important requirement of front-end circuits, bandwidth was 

sacrificed in exchange for improving other specifications. The target specifications for 

this amplifier are listed in the Table 5.1. 

Table 5.1. Target specifications for the all-TFT amplifier 

Specifications Target 

Open loop gain > 30 dB 

Input impedance > 100 MΩ 

Output impedance < 100 KΩ 

Output load capacitor = 5 pF 

Common-mode input/output voltage 0.5(VDD+VSS) 

Output dynamic range [0.2(VDD-VSS), 0.8(VDD-VSS)] 

Static power consumption < 0.1mW 

Total harmonic distortion < 10% 

Phase margin > 60° 

Slew rate > 0.01V/ms 

0.05V/µs 

 

0.05V/µs 

 

Bandwidth Maximise 
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5.2. Amplifier Design 

As mentioned in the previous chapter, there are many remaining challenges in the 

all-TFT circuit design. Though new methods were proposed to solve these problems, 

not all were used in this amplifier, due to the tape out probability for a functional and 

successful circuit. The proposed all-TFT amplifier uses a two-stage differential input 

structure with innovations in the elementary building blocks. More aggressive and 

advanced design strategies from successful simulations are presented in the appendix 

and will be taped out in the future.  

Fig. 5.1 shows the schematic of the proposed amplifier. It consists of two amplifier 

stages and a phase compensation stage. It may look like a conventional CMOS two-

stage Miller amplifier, but the working mechanism is completely different. Unlike the 

CMOS design, which uses a PMOS differential input pair and a bias transistor, the 

proposed all-TFT amplifier uses n-type TFTs. T2 and T3 are the differential input pair 

and T1 is biased in the subthreshold region to control the DC current. Since the gate-

source voltage of T1 is fixed at zero, the DC bias current of the first stage will be 

constant at I1 when the supply voltage is applied. I1 is determined by the depletion 

behaviour of transistor that is shown in Fig. 2.18. T4 and T5 form the current mirror, 

with T4 connected as a diode-load. The voltage at node 2 will be determined by the 

current flow through T4, which ideally is I1/2 if the current mirror is perfectly matched. 

Voltage at node 3 is floating until it is connected to the second stage. In the second 

stage, the DC current is controlled by the threshold-biased T6, thus the gate-source 

voltage of T7 is determined. As a result, when the first stage is connected to the second 

stage, the DC operating point will be established automatically. 

 

Fig. 5.1. Schematic of the proposed all-TFT amplifier. 
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Fig. 5.2 show the small-signal equivalent circuits of the amplifier. If both the 

differential input pair and the current mirror are perfectly matched, the 

transconductance of T2 and T3, as well as T4 and T5 will be the same: 

{
𝑔𝑖𝑛 = 𝑔2 = 𝑔3

 𝑔𝑚𝑖𝑟𝑟𝑜𝑟 = 𝑔4 = 𝑔5
                                (5.1) 

 

Fig. 5.2. Simplified small-signal equivalent circuits of the all-TFT amplifier 

Since T7 and the differential input pair transistors are biased in the saturation region, 

using the universal SPICE level-1 model gives: 

𝑔 = 𝜇𝐶𝑜𝑥
𝑊

𝐿
(𝑉𝐺𝑆 − 𝑉𝑇) =

2𝐼𝐷𝑆

𝑉𝐺𝑆𝑇
                                (5.2) 

Moreover, T4 is a diode-connected transistor, such that its output resistance is: 

𝑟𝑜4𝑇 =
1

𝑔4
//𝑟𝑜4                                                 (5.3) 

Applying Kirchhoff's Current Law, the following equations were derived: 

{
 
 

 
 𝑔3𝑉𝑖𝑛− − 𝑔5𝑉𝑔𝑠4 +

𝑉𝑖𝑛−

𝑟𝑖𝑛3
−
𝑉𝑜𝑢𝑡1

𝑟𝑖𝑛7
= 0

𝑉𝑔𝑠4

𝑟𝑜4𝑇//𝑟𝑖𝑛5
− 𝑔2𝑉𝑖𝑛+ −

𝑉𝑖𝑛+

𝑟𝑖𝑛2
= 0

                          (5.4) 

yielding 

𝐴1 =
𝑉𝑜𝑢𝑡1

𝑉𝑖𝑛+−𝑉𝑖𝑛−
=

𝑉𝑜𝑢𝑡1

𝑉𝑖𝑛
= −(𝑔𝑖𝑛 +

1

𝑟𝑜𝑖𝑛
) 𝑟𝑖𝑛7                            (5.5) 

The gain of the second stage is: 

𝐴2 = −𝑔7(𝑟𝑜6//𝑟𝑜7)                                           (5.6) 

Therefore, the open loop gain of the amplifier in Fig. 5.2 is: 

𝐴 = 𝐴1𝐴2 = 𝑟𝑖𝑛7𝑔7(𝑟𝑜6//𝑟𝑜7)(𝑔𝑖𝑛 +
1

𝑟𝑜𝑖𝑛
) 



75 
 

≈ 4𝑟𝑖𝑛7(𝑟𝑜6//𝑟𝑜7)
𝐼𝐷𝑆7𝐼𝐷𝑆𝑖𝑛

𝑉𝐺𝑆𝑇7𝑉𝐺𝑆𝑇𝑖𝑛
                                                       (5.7) 

As expected, the gain of the amplifier was a function of the DC bias current, 

overdrive voltage, and output resistance. With the new current mirror and bias stage, 

the gain was also proportional to the input resistance of the second stage, which ideally 

was much higher than the output resistance, thus boosting the gain. In terms of the 

frequency response, C1 and C2 are the total capacitance between the output of the 

first/second stage and the ground: 

{
𝐶1 ≈ 𝐶𝐺𝑆5 + 𝐶𝐺𝑆7

𝐶2 ≈ 𝐶𝐺𝑆7 + 𝐶𝐺𝐷6 + 𝐶𝐿
                                                  (5.8) 

According to Kirchhoff's Current Law and the previous assumptions, at the output 

node of the first and second stage: 

{

𝑔𝑖𝑛𝑉𝑖𝑛 + 𝑠𝐶1𝑉𝑜𝑢𝑡1 +
𝑉𝑜𝑢𝑡1

𝑟𝑖𝑛7
+ 𝑠𝐶𝑐(𝑉𝑜𝑢𝑡1 − 𝑉𝑜𝑢𝑡2) = 0

𝑔7𝑉𝑜𝑢𝑡1 + 𝑠𝐶2𝑉𝑜𝑢𝑡2 +
𝑉𝑜𝑢𝑡2

𝑟𝑜6//𝑟𝑜7
− 𝑠𝐶𝐶(𝑉𝑜𝑢𝑡1 − 𝑉𝑜𝑢𝑡2) = 0

              (5.9) 

Thus, the transfer function for the amplifier is: 

𝑉𝑜𝑢𝑡2

𝑉𝑖𝑛
= [𝑔𝑖𝑛(𝑔7 − 𝑠𝐶𝐶)𝑟𝑖𝑛7(𝑟𝑜6//𝑟𝑜7)]/{𝑟𝑖𝑛7(𝑟𝑜6//𝑟𝑜7)(𝐶𝐶𝐶1 + 𝐶𝐶𝐶2 + 𝐶1𝐶2)𝑠

2 +

[𝑟𝑖𝑛7𝐶1 + (𝑟𝑜6//𝑟𝑜7)𝐶2 + 𝐶𝐶𝑔7𝑟𝑖𝑛7(𝑟𝑜6//𝑟𝑜7) + 𝐶𝐶𝑟𝑖𝑛7 + 𝐶𝐶(𝑟𝑜6//𝑟𝑜7)]𝑠 + 1} (5.10) 

From equation 5.9, the zero and poles of the amplifier are: 

𝑓𝑧 =
𝑔7

2𝜋𝐶𝐶
                                                     (5.11) 

𝑓𝑑 =
1

𝑟𝑖𝑛7𝐶1+(𝑟𝑜6//𝑟𝑜7)𝐶2+𝐶𝐶𝑔7𝑟𝑖𝑛7(𝑟𝑜6//𝑟𝑜7)+𝐶𝐶𝑟𝑖𝑛7+𝐶𝐶(𝑟𝑜6//𝑟𝑜7)
              (5.12) 

𝑓𝑛𝑑 =
𝑟𝑖𝑛7𝐶1+(𝑟𝑜6//𝑟𝑜7)𝐶2+𝐶𝐶𝑔7𝑟𝑖𝑛7(𝑟𝑜6//𝑟𝑜7)+𝐶𝐶𝑟𝑖𝑛7+𝐶𝐶(𝑟𝑜6//𝑟𝑜7)

(𝐶𝐶𝐶1+𝐶𝐶𝐶2+𝐶1𝐶2)(𝑟𝑜6//𝑟𝑜7)𝑟𝑖𝑛7
            (5.13) 

Where fz, fd, and fnd are the frequency of the zero, the dominant pole, and the non-

dominant pole, respectively.  

To keep the amplifier stable, especially when feedback is applied, the phase of 

output signal should be kept away from -180°. Otherwise, the negative feedback will 

turn into positive feedback and cause peaking or oscillation. Therefore, the phase of 

output signal must be verified to ensure it stays away from the critical -180°; i.e. 

adequate phase margin must be ensured. From the simplified small-signal analysis, the 

proposed amplifier has two poles and one zero on the right half-plane (RHP). If the 
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compensation capacitor CC was increased to split the dominant and non-dominant poles, 

the zero on the RHP would be reduced, as well as the phase margin.  

Using equations 5.11, 5.12, and 5.13, the relationship between CC and fz, fd, and fnd 

is visualized in Fig. 5.3. When CC was small (<1 pF) and comparable to the CGS/CDS, 

its effect on the zero and poles was very limited. When CC was relatively large (>20 

pF), it dominated the fnd. In equation 5.13, a large CC cancelled itself out and eliminated 

other smaller factors in both the numerator and denominator. fnd and fd reduced the gain 

by +20 dB/dec and shifted the phase by +90°. The zero on the RHP increased the gain 

by +20 dB/dec and shifted the phase by +90°, which worsened the system’s stability. 

To maintain stability, the poles must be split and kept at a distance that is larger than 

one decade. The most efficient compensation scheme was adding a 10 pF capacitor, as 

marked by the blue line in Fig. 5.3. It made the non-dominate pole coincide with the 

zero, thus maximising the bandwidth. Considering the variation in the TFT process, a 

capacitor array was used for compensation, which varied from 0 pF to 50 pF.  

 
Fig. 5.3. Relationship between compensation capacitor and zero/poles of the proposed 

amplifier. 

5.3. Simulation 

The simulations were conducted using Cadence 6.1.5 with a Verilog-AMS written 

TFT model in a Linux environment. Fig. 5.4 shows the TFT model used in the 

simulation, with the solid line being generated by the Verilog-A model and the crosses 

representing the measured data. The extracted parameters are presented in this figure 
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as well. Due to the restriction of the model, noise performance will not be analysed in 

the simulation.  

 
Fig. 5.4. The ISO TFT model used in the simulation. 

A schematic of the proposed all-TFT amplifier used in the simulation is shown in 

Fig. 5.5. In this simulation, the capacitor array was simplified into a single capacitor. 

Based on the previous analysis, the dimensions of each transistor were determined, 

which are shown in Table 5.2. 

Table 5.2. Dimensions of the TFTs in the proposed amplifier. 

TFT Width/Length (µm/µm) 

T1 40/20 

T2 80/20 

T3 80/20 

T4 40/20 

T5 40/20 

T6 200/20 

T7 200/20 
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Fig. 5.5. Schematic of the all-TFT amplifier used in the simulation. 

5.3.1. DC Operating Point and Static Power Consumption 

Among all testbenches, the DC operating point is the most fundamental and 

important. In this testbench, VDD1 was fixed at 5 V, the input common-mode voltage 

was set to 2.5 V, and the supply voltage of the second stage, VDD2, was varied from 5 

V to 20 V to control the output voltage level. Under all conditions, transistors T1 and 

T6 were biased in the subthreshold region, and all the other transistors were biased in 

the saturation region. Table 5.3 shows the node voltages, static current, and power 

consumption in the DC simulation. 

Table 5.3. Node voltages, static current, and power consumption under different second 

stage supply voltages. 

 

 

To keep all transistors biased in the appropriate region, the supply voltage needed 

to be at least 2.5V. The output voltage level was controlled by varying the supply 

voltage of the second stage. The simulation results showed that the DC operating point 

of the second stage was proportional to VDD2. However, this conclusion might not be 

Vin+ Vin-

VDD1 

VDD2 

GND

T1

T2 T3

T4 T5

T6

T7

Cc Vout

Node 1

Node 2
Node 3

Node 4

VDD2 2.5 V 5 V 20 V 

Node 1 4.084 V 4.084 V 4.084 V 

Node 2 1.383 V 1.383 V 1.383 V 

Node 3 1.383 V 1.383 V 1.383 V 

Node 4 1.366 V 2.434 V 10.88 V 

IDS1 32.09 nA 32.09 nA 32.09 nA 

IDS2, IDS3 16.05 nA 16.05 nA 16.05 nA 

IDS4, IDS5 16.05 nA 16.05 nA 16.05 nA 

IDS6 80.71 nA 81.53 nA 84.31 nA 

IDS7 80.71 nA 81.53 nA 84.31 nA 

Static power consumption 332.84 nW 538.71 nW 1817.26 nW 
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accurate. Since the gate-source voltage of T7 was pinned, the output voltage of the 

second stage was determined by how the active load, T6, and the driving transistor, T7, 

reacted to the change in drain-source voltage. T6 and T7 were biased in the subthreshold 

region and the saturation region, respectively. The previous conclusion can only be true 

if varying the source-drain voltage had an identical impact on the source-drain current 

in both the subthreshold and saturation regions, which is not realistic. To evaluate the 

design, apart from simulation, it was divided into several building blocks, which were 

fabricated for further testing. This process was essential, and was applied throughout 

the design process of the amplifier. 

5.3.2. Gain, Bandwidth, and Phase Margin 

The testbench for evaluating the AC performance of the proposed amplifier is 

shown in Fig. 5.6. VDD1 and VDD2 were set to 5 V, the input common voltage was 2.5 V, 

and two 0.1 V AC signals with a 180° degree phase difference were used as the input 

signals. Compared with the single input signal AC testbench, the differential input 

testbench provided more accurate results in terms of the zeros and poles. 

 
Fig. 5.6. AC testbench. 

The AC performance of the proposed amplifier is shown in Fig. 5.7, where a 0.1 

pF compensation capacitor was used in the simulation. The DC gain was 40.28 dB, the 

gain-bandwidth product (GBW) was 65 kHz, the phase margin was 59.2°, and the gain 

margin was 6.2 dB. Though the amplifier could achieve a larger bandwidth with a 

smaller compensation capacitor, the phase margin would not meet the requirement in 

such circumstances. 
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Fig. 5.7. Bode diagram of the proposed amplifier. 

The compensation capacitor was increased and the corresponding AC performance 

was evaluated. From Fig. 5.8, increasing the capacitor effectively split the poles, thus 

increasing the phase margin. In addition, the impact of the compensation capacitor on 

the dominant pole was slightly greater than its impact on the non-dominant pole and 

the RHP zero. 

 
Fig. 5.8. The impact of the compensation capacitor on the Bode diagram. 

5.3.3. Output Dynamic Range, Signal Distortion, and Slew Rate 

In this section, output dynamic range, signal distortion, and slew rate of the 

proposed amplifier were tested with a 5 pF compensation capacitor. To determine the 
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proper output dynamic range, a sine wave on a 2.5 V DC signal was applied to the 

positive input terminal, while the negative input terminal was fixed at a 2.5 V DC 

voltage. Fig. 5.9 shows the input and output signals when the peak-to-peak amplitude 

of the input sine wave was 10 mV. Effective data from this testbench were obtained 

once the system stabilized, which took one cycle of the input sine wave. From these 

data, distortions in the output signal were found. 

 
Fig. 5.9. Input and output signals in the simulation (10 mV peak-to-peak amplitude of 

the input sine wave). 

Using a fast Fourier transform (FFT), further analysis of the output signal was 

conducted to obtain the frequency spectrum, as shown in Fig. 5.10. The highest peak 

was found at the fundamental frequency, 50 Hz; the amplitude of this peak is marked 

as H1. A series of harmonics were found at multiples of this frequency in the original 

wave. The amplitude of the second and third harmonics were H2 and H3, etc. for each 

of the following harmonics. Total harmonic distortion (THD) was used for assessment:  

𝑇𝐻𝐷 =
√𝐻2

2+𝐻3
2+𝐻4

2+⋯

√𝐻1
2+𝐻2

2+𝐻3
2+𝐻4

2+⋯

                                  (5.14) 
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Fig. 5.10. Frequency spectrum of the output signal. 

In the previous testbench, the input sine wave had a peak-to-peak amplitude of 10 

mV, and the corresponding output range was 1.79V - 2.91V, with a THD of 5.19%. 

Varying the amplitude of the input sine wave, THD data at different output ranges were 

collected, as shown in Table 5.4. The THD was less than 10% in most cases, but when 

the peak-to-peak amplitude of the input signal reached 50 mV, a large distortion 

(25.46%) was found in the output signal. For the open-loop testbench, the input signal 

was amplified by 40 dB. To reduce the THD and ensure a proper DC operating point, 

the input signal (single input scenario) should be less than 27.5 mV and the output 

signal amplitude should not exceed 3.02 V.  

Table 5.4. THD of the output signal at different output ranges. 

Input signal amplitude 

(pk-pk) 
Output range 

Output signal amplitude 

(pk-pk) 
THD  

2.5mV 2.20V~2.48V 0.28V 4. 81% 

5.0mV 2.05V~2.60V 0.55V 4. 93% 

10.0mV 1.79V~2.91V 1.12V 5.19% 

25.0mV 0.98V~3.74V 2.76V 5.35% 

27.5mV 0.83V~3.85V 3.02V 7.21% 

50.0mV 0.58V~4.11V 3.53V 25.46% 

In terms of the slew rate, the testbench was similar to the one used in the output 

dynamic range. Instead of a sine wave, a square wave with a ±2.5V peak-to-peak 

amplitude was applied to the positive terminal. The simulation results are shown in Fig. 
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5.11. The slew rate to charge the output load was 0.05 V/ms, and the slew rate to 

discharge the output load was 0.1 V/ms. 

 
Fig. 5.11. Slew rate of the proposed amplifier. 

5.3.4. Monte Carlo Simulation Results 

Based on the data collected from the measurements on uniformity in Chapter 3, a 

Monte Carlo simulation environment was established. Both AC and DC tests were 

conducted. 

 
Fig. 5.12. Monte Carlo simulation: (a) gain, (b) phase, (c) DC gain, and (d) output 

voltage level statistics. 
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Fig. 5.12 shows a summary of the simulation, including the gain, phase, DC gain, 

and output voltage level statistics. In this testbench, DC gain was the most important 

specification. The worst case for DC gain is if it is slightly higher than 30 dB. Most 

results fell between 37.5 dB and 40 dB. Though this is slightly lower than the simulation 

result in the previous section, it still met the requirement. More than 80% of the data 

showed acceptable values. For a TFT tapeout, an 80% success rate indicated that the 

proposed amplifier was ready to be fabricated and tested. 

5.4. Layout and Fabrication 

 
Fig. 5.13. (a) Photo of the glass substrate on which the amplifier was formed, (b) layout 

design of the amplifier. 

Fig. 5.13 (a) shows a photo of the amplifier on a glass substrate. 11 TFTs and four 

capacitors were fabricated on this die. 10 input/output (I/O) terminals were used and 

connected to the pins of the die. The total area of the proposed amplifier was 1635 μm 
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× 2360 μm without the I/O pins, and 9800 μm × 9800 μm with the I/O pins. The 

corresponding layout design is shown in Fig. 5.13 (b), which shows a part of the second 

set layout design. Complete mask designs are attached in the Appendix. Regarding the 

fabrication process, the standard five-mask process was used, as described in Chapter 

2. In this process, it is highly likely that the etch stopper could change the annealing 

conditions and reduce the yield, thus an etch stopper was not used.  

5.5. Measurement Results 

As mentioned above, the amplifier was divided into several small building blocks 

for the convenience of trouble-shooting. These building included the current mirror, the 

differential input pair, the output stage, and the capacitor array. During the 

measurements, the current mirror and differential input pair could not be measured 

properly, due to a design flaw in the layout and the measurement kit. As a result, 

measurements of these two building blocks will not be discussed in the section. This 

problem will be addressed in the next set of masks. Details about this flaw are stated in 

the appendix. 

5.4.1. Measurement Kit 

The measurement kit can be seen as a packaging technique for TFT circuits. The 

main functions of the kit included connecting the TFT circuits with measurement 

equipment via pogo pins and buffering the output signals with a source follower array. 

Fig. 5.14 shows the top view, layout, and cross-sectional view of the measurement kit. 

To test the TFT circuits, Kapton tape was used to fix the glass substrate onto an identical 

PCB, but without soldered components. This PCB was used as a backplane, with a 

metal track to provide useful position data on the pogo pins. The top PCB was aligned 

with the bottom PCB. Whether pogo pins contacted the circuit I/O pads could be 

determined through the observing window. Four screws were used at the corners to 

reduce movement during measurement. The power supply for the active components 

on the PCB (mainly the operational amplifiers) was provided by an external power 

source through a coaxial connector on the left side. There were 12 I/O terminals under 

the small observing window, which were connected to the pogo pins separately. 



86 
 

 
Fig. 5.14. (a) Top view, (b) layout, and (c) cross-sectional view of the measurement kit. 

Fig. 5.15 shows a simplified schematic of the measurement kit; the full schematic 

is given in the appendix. Input signals, including the supply voltage for TFT circuits, 

were fed directly into the system. Output signals were collected by source 

followers/voltage buffers, which were realized by connecting the output of the op-amp 

(MCP601) to its inverting input. This design reduced the load capacitance for the TFT 

circuits, thus reaching the maximum bandwidth during the measurements. To some 

degree, flexibility in this design allowed the user to select whether the I/O pad was used 

for taking in the input signals or buffering the output signals. 

 

Fig. 5.15. Simplified schematic of the measurement kit. 

+

-
Signal input

Signal output

Pogo pins & I/O pads

MCP601



87 
 

5.4.2. Capacitor Array 

The capacitor array is a non-critical building block in the proposed amplifier. It did 

not have a direct impact on the yield of the proposed amplifier, and a failed capacitor 

array (e.g. short circuit) could be disconnected from the amplifier by simply 

cutting/etching the metal track connection. It was designed to stabilize the amplifier 

when feedback was used; therefore, the accuracy of the programmed capacitor value 

was the most important specification. In this section, a discrete capacitor array was 

tested to verify the design. Fig. 5.16 shows a photo and a schematic of the capacitor 

array. The circuit was the same as that used in the proposed amplifier, but this capacitor 

is four times larger. This is to reduce the relative measurement error, especially at low 

capacitance levels. The capacitor array was measured with a Keithley Model 4200-SCS 

semiconductor characterisation system. Offset error, or the zero-code error, was 

ignored in this measurement, because the capacitance value at 0000 input code was 

deducted (2 pF). This offset was mainly due to the coaxial connection wires, and is a 

fixed value. Thus, it will not have significant impact on the capacitor array when 

integrated into the amplifier. 

 
Fig. 5.16. (a) Photo of the capacitor array and its (b) circuit diagram. 

Fig. 5.17 (a) shows the capacitance of the capacitor array with different input codes. 

The difference between the ideal capacitance (solid purple straight line) and the 

quantised capacitance (at multiple frequencies) is the signal error, which has a saw-

tooth shape. The quantisation error is shown in Fig. 5.17 (b). The signal-to-noise ratio 

follows the standard DAC SNR equation: 

𝑆𝑁𝑅 =
3

2
22𝑁 = 6𝑁 + 1.76𝑑𝐵 = 25.76𝑑𝐵                             (5.15) 
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Here, N is the input bit of the array. Gain error of the array was calculated by comparing 

the slope of the blue and purple solid lines in Fig. 5.17 (a). The gain error of this array 

was 1.51 at 1 kHz, 1.42 at 5 kHz, 1.31 at 10 kHz, and 1.21 at 100 kHz. 

Shrinking the capacitance by a factor of four gave an array that ranged from 0 pF 

to 65 pF. The SNR was not influenced by the changes in the sizes of the capacitance, 

and neither was the gain error. If all four switch TFTs are working properly, the 

capacitor array can be used to split the poles even if there is a great shift in AC 

performance from the simulation results. 

 

Fig. 5.17. (a) Capacitance and (b) the quantisation error of the capacitor array. 

5.4.3. Output Stage 

The output stage is the second stage of the amplifier, which further amplifies the 

output signal and regulates the final output voltage to an appropriate level. In this 

section, an individual amplifier with the same circuit structure as that used in the output 

stage was tested. As shown in Fig. 5.18 (a), the output stage had a common-source 

structure. A depletion-mode transistor, T2, was used as the active load. The driving 

transistor, T1, could be biased in both the saturation region and the sub-threshold region. 

Due to two design flaws, namely the DC operating point failure (because the width of 

the load transistor was too small) and the lack of connection pads, the performance of 

this amplifier in the saturation region could not be verified. Additionally, measurements 

that required output buffers were not conducted. These problems will be corrected in 

future experiments. 
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Fig. 5.18. (a) Schematic, (b) photo, (c) sub-threshold operating points, and (d) the 

corresponding input/output characteristics of the output stage. 

During the measurements this structure worked perfectly in the sub-threshold 

region. Fig. 5.18 (c) showed the transfer curve of the driving TFT and three operating 

points that ranged from 10-11 A to 10-9 A. A square wave signal with a 10 V peak-to-

peak amplitude sitting at 0 V was used as the input signal. The output signals and the 

operating currents are shown in Fig. 5.18 (d). In all three operating regions, this 

structure showed exceptional sensitivity to the input signal.  

To investigate the potential of using this structure in ultra-low power electronics, 

it was first compared with a diode-load common-source amplifier. The comparison 

results are shown in Fig. 5.19 (a). With the same aspect ratios, supply voltage, and input 

signal, the sub-threshold depletion load amplifier operated at a working current that was 

104 times lower than the diode-load amplifier. Using the common-source amplifier as 

an inverter, the depletion load amplifier could switch off much faster than the diode-

load amplifier.  

Once this structure’s advantages in low-power electronics were confirmed over 

conventional diode-load amplifiers, the minimum supply voltage without interfering 

with the performance was sought. The output characteristics of the driving transistor 

and the depletion-mode transistor are shown in Fig. 5.19 (b). Overlaps between these 

two sets of curves indicated that this structure could operate even if the supply voltage 

dropped to 0.25 V. Fig. 5.19 (c) and Fig. 5.19 (d) show the output signals and the 

corresponding operating currents under different supply voltages. The measurement 

results proved that this structure could operate under a supply voltage as low as 0.25 V. 

Moreover, the operating current was less than 10×10-11A in all tested circumstances. 
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Fig. 5.19. (a) Comparison between diode-load and sub-threshold depletion load. (b) 

Output characteristics of the load transistor and the driving transistor. (c) Output 

signals of the amplifier and its (d) corresponding operating currents. 

Based on the information above, this structure has great potential for use in ultra-

low power electronics. Front-end circuits for bioelectronics, more specifically, the 

signal amplifying or low-speed digital signal processing circuits, are ideal application 

scenarios for this structure. 

5.4.4. Proposed Amplifier 

As shown in Fig. 5.13 (a), the proposed amplifier has 10 I/O terminals in total: two 

for voltage supply, one for ground, two for input signal, one for output, and four to 

control the switches. The output terminal was connected to the external source follower 

so that the load capacitor did not have a significant impact on the performance of the 

proposed amplifier. To ensure that the measurement results were reliable, the 

performance of the source follower was verified. Its gain was 1.0013 and its THD was 

less than 0.1%. The output signals of the proposed amplifier had to be kept in the 

measurement range of the source follower, which was determined by its core 



91 
 

component, the MCP601. MCP601 is a rail-to-rail op-amp that works with supply 

voltages up to ±5.5 V. For this measurement, VDD1 and VDD2 of the proposed amplifier 

were capped at 5 V. The DC level of the input signal was 2.5 V. The turn-on voltage 

for the switch was 15 V, and the turn-off voltage was -15 V. 

First, all the compensation capacitors were disconnected, and two 50 Hz, 12.5 mV 

sine waves with a 180° phase difference were used as input signals. Fig. 5.20 shows the 

output signal. It had a DC level of 2.31 V, an amplitude of 1.21 V, and the THD was 

6.34%. The gain of the proposed amplifier was 33.70 dB at 50 Hz. 

 

Fig. 5.20. Output signal of the proposed amplifier with a 50 Hz, ±12.5 mV pk-pk input 

sine wave. 

Varying the input signal frequency and the code of the switch control signal 

obtained the Bode diagram of the proposed amplifier with different compensation 

capacitors. The measurement results are shown in Fig. 5.21. The blue region in the 

figure could not be measured with the current equipment, hence, the data in this region 

were estimated based on the behaviour of this amplifier in previous simulations. From 

the measured data, the gain of the proposed amplifier reached 33.7 dB at 100 Hz when 

the compensation capacitor was less than 6 pF. As expected, increasing the 

compensation capacitor split the poles and reduced the bandwidth. The cut-off 

frequency for the amplifier without the compensation capacitor was 400 Hz. The 

frequency with a 30 pF compensation capacitor was 100 Hz and that with 60 pF 

compensation capacitor was 10 Hz. 

0.00 0.02 0.04 0.06 0.08 0.10

2.0

2.5

3.0

 

 

V
o

lt
a

g
e

 (
V

)

Time (s)



92 
 

 

Fig. 5.21. Bode diagram of the proposed amplifier (measured). 

The slew-rate was tested with a 1 Hz, 3.30 V peak amplitude square wave. The 

measurement results are shown in Fig. 5.22. The proposed amplifier charged the output 

load at 45.61 V/s and discharged at 79.28 V/ms. The difference in charging and 

discharging speed was due to the driving capacity gap between the driving TFT 

(saturation region) and the load capacitor (sub-threshold region). 

 

Fig. 5.22. Slew-rate testbench for the proposed amplifier. 

To conclude, an all-TFT amplifier was successfully designed, fabricated, and 

tested. Although more than half the circuits failed in the same set of masks (details can 

be found in the appendix), this process provided very valuable experience. The 
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proposed amplifier shows great potential for use in low-frequency signal processing 

and will be integrated into bio-sensing applications in the future. 
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6. Discussion, Conclusions and Future Work 

7. Chapter 6 

8. Discussion, Conclusions and Future 

Work 

This research aims to thoroughly investigate the AOS TFTs and find their potential 

applications. This is achieved using a bottom-up approach: the investigation started 

with materials, then it came over the TFT fabrication (characterisation) and finally 

covered the TFT circuitry.  

During the material development, two semiconductor materials were fabricated 

and investigated: ZnON (as shown in the appendix) and ISO. The deposited ZnON 

showed great potential in building a high-mobility device, as Hall-effect measurements 

revealed that the deposited film had an intrinsic mobility of 73 cm2/Vs. However, this 

material suffered from ion migrations. Nitrogen ions escaped at high temperature, and 

hydrogen ions in the dielectric layers (from the deposited SiNx and SiOx) could diffuse 

into ZnON, which created deep states and significantly boosted the off current. Ion 

migrations could occur during fabrication or annealing. For example, in the PECVD, 

the substrate was heated to 250℃, and thus caused the ion migration. Encapsulation 

and surface treatment were effective at reducing ion migration. Due to time limitations, 

the ZnON TFT development could not be completed. ZnON will be investigated in 

future studies.  

ISO was a promising semiconductor, possessing great transparency, outstanding 

air stability, and better light-stability than most other AOSs. Though mobility of the 

ISO used (10% SiO2, 90% In2O3) was much lower than ZnON, it was the most suitable 

semiconductor for TFT device/circuit development under the circumstances. Moreover, 

compared with ZnON, ISO had better transparency, which made it more suitable for 

use in developing a transparent TFT. During the investigation of the deposited ISO 

films, multiple characterising methods were implemented to verify its structural and 
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electrical properties. From the measurement results, band structure of the deposited ISO 

films was established for the first time. There was, however, a remaining issue: it was 

assumed that the ISO had a direct bandgap structure. Though most AOSs are direct 

bandgaps, a DFT simulation would have been helpful to determine the actual status of 

the ISO band structure. To further understand the material, studies have been planned 

with with Prof. John Robertson, who is running DFT simulations on ISO. 

With a solid understanding of the ISO material, the full-photolithography TFT 

process was developed on a glass substrate. All available equipment in the division 

were studied and characterised. Non-uniformity caused by the random variations in 

process conditions were taken into consideration, such that robustness was obtained. 

First, all possible combinations of two adjacent deposition or etching processes were 

listed and tested. The combinations that could meet the uniformity requirements and 

would not cause any damage to the prior layers were selected to be used for device 

development. Based on the previous experiment, a six-mask TFT circuitry process 

(including two optional masks for an etch stopper layer) were developed. The spatial 

uniformity of this process was tested to establish a Monte Carlo simulation environment. 

Intra-wafer, inter-wafer, and batch-to-batch uniformity data were collected and 

analysed using a parameter extraction toolkit in MATLAB. The AI toolbox in 

MATLAB will be used for automated extraction in the future.  

The temporal stability of the ISO TFT was investigated as well, which reflected 

the material defects, and thus helped to further understand the device. The fundamental 

difference between the full-photolithography process that was developed and the 

shadow-mask process in previous reports [80], [81]  was that this process was verified 

for circuit design. Efforts have also been devoted to transfer this process from a glass 

substrate to a plastic substrate. The main challenges include alignment issues caused by 

the shrinkage of the plastic substrate and formation of via holes. The alignment issue 

was solved using pre-heating combined with fixing the plastic on a rigid substrate using 

a wafer dicing film. However, the via hole formation issues on plastic remain, and new 

dry etching methods can be used to solve this problem. 

For the development of high-performance all-TFT circuits, two major problems 

need to be overcome. The first is a lack of active load, as ideal active load for an 

analogue circuit is a current source that is independent of external signals. A 

conventional CMOS amplifier uses a P-type transistor to generate this behaviour. 

However, in this case, only N-type transistors can be used in the all-TFT circuit, which 
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introduces a huge challenge in active load design. For monotype transistor amplifier 

design, four configurations that are suitable for the ISO TFTs were fabricated and tested. 

The depletion-mode load offered the best performance, and the highly-anticipated 

bootstrapped load was not stable during transient measurements. Further analysis 

revealed that this was likely caused by an inappropriate aspect ratio of the bootstrapping 

transistor, which will be corrected and tested in the next set of masks. The second 

problem is a large parasitic capacitor, which reduces the bandwidth of circuits and may 

cause instability under certain circumstances. Two approaches were used to reduce the 

impact of the parasitic capacitor: the layout approach and the circuitry approach. The 

layout approach used an island-structure to minimise the gate-drain capacitor. The gate-

drain capacitor contributed most to the miller capacitor in an amplifier. Reducing this 

capacitor greatly increased the bandwidth. The circuitry approach used capacitor 

peaking and inductive peaking techniques to boost the bandwidth. The capacitive 

peaking configuration provided a new method to analyse the stability of a closed-loop 

amplifier, as maximised bandwidth could be achieved with a suitable peaking capacitor. 

The design flow for an all-TFT amplifier is as follows: general calculations, circuit 

simulations, layout design, circuit fabrication, and measurement. In the general 

calculation, depletion-mode TFTs were selected as the active load for the amplifier, 

because of outstanding gain performance. The depletion-mode transistor fixed the DC 

operating voltage of both the differential input pair and the current mirror. The same 

working principle was applied to the second stage of the amplifier. Between the first 

and second stage of the amplifier, a switch capacitor array was used to compensate for 

the stability of the amplifier. Simulation results showed that the proposed amplifier had 

a gain of 40 dB, and the cut-off bandwidth (3dB bandwidth) reached 1 kHz with a 

relatively small phase margin. The phase margin could be manipulated using the switch 

capacitor array. Layout design of the amplifier strictly followed the design rules stated 

in the second chapter. The fabrication process used for this amplifier was the four-mask 

ISO TFT process on a glass substrate. Prior to the amplifier measurement, individual 

circuit building blocks were tested. The amplifier stage showed great open-loop 

performance. SNR of the 4-bit switch capacitor array was 25.67dB, and the controllable 

range of the switch array used in the amplifier was from 0 pF to 60 pF. Measurement 

results of the all-TFT amplifier demonstrated that using the capacitor array efficiently 

increased the stability of the all-TFT amplifier. Due to the large parasitic capacitor 

(caused by the limitation of alignment, which was dependent on the photolithography 
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equipment), the overall performance of this amplifier was not optimised, but it was the 

very first attempt at a mixed signal all-TFT circuit. Further improvement of the 

performance of the ISO TFT circuits requires a significant reduction in the parasitic 

capacitor. Therefore, the development of self-aligned TFTs will be pursued, and the 

first set of self-aligned TFT masks have already been designed. Self-alignment related 

experiments will be conducted. 

In this research, most of the concept verifications were conducted using the ISO 

TFTs, including the island structures, the amplifier configurations, and the flexible 

fabrication process. These concepts can also be applied to other transistor techniques, 

especially for TFTs that share similar behaviours. Furthermore, multiple TFT processes 

will be integrated in the future to achieve better circuit performance. For example, the 

P-type CuOx or the printed organic TFT could be used as the active load. Nevertheless, 

novel application scenarios have also been found. In the second set of masks, DNA 

sensor arrays based on an ISO TFT have already been designed. Work will continue 

with Dr. Hanbin Ma to construct a portable DNA sensing platform using the ISO TFTs. 

To conclude, this dissertation encompassed the material, device, and system 

integration of ISO TFTs. New information was added to the current pool of knowledge 

on AOS TFTs, as follows: 

- The ISO semiconductor was studied in detail to build a useful TFT and to 

understand the working mechanism behind the device. The schematic band 

diagram of the ISO film was extracted using UPS and UV-Vis for the first time. 

It was also the first trial in developing a full-photolithography process with 

optional etch stopper layers for the ISO TFT. An extra-low-temperature plastic-

compatible fabrication process was investigated and verified as well. TFTs using 

multiple ISO deposition recipes were characterised. The interfaces, especially the 

metal-semiconductor interfaces, were studied extensively. 

- The spatial and temporal uniformity data of ISO TFTs were collected to establish 

a Monte-Carlo simulation environment. This was the first use of a Monte-Carlo 

simulation in circuit design. A parameter extraction toolkit was developed to 

accelerate the process and reduce the repetitive workload. Stress measurement 

revealed that hot carrier injection and trapping in the dielectric layer were the 

primary causes of threshold voltage shift. Photo-stability tests confirmed that 
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shallow doubly-ionised donor states were generated in the ISO film under 

illumination. 

- Two urgent challenges, namely the lack of proper active load and the large 

parasitic capacitance, in all-TFT analogue circuit design were investigated. In-

depth analysis of these issues and verified applicable solutions were given as well.  

- A new all-TFT amplifier structure was proposed. It solved the active load, current 

mirror, and stability compensation issues. Moreover, the proposed amplifier 

successfully integrated a 4-bit capacitor array to compensate for stability, which 

made it the world’s first mixed signal all-TFT circuit. 

There are still many opportunities/challenges that are worth investigating. For the 

improvement of this work, potential promising areas include: 

- The zinc oxynitride (ZnON) semiconductor: 10 months were spent on the 

development of ZnON TFTs. The project was suspended, due to time and budget 

limitations. However, a working transistor was nearly developed. Compared with 

ISO, ZnON offers more freedom in controlling the cations of the semiconductor, 

thus the deposition conditions can be manipulated to build different 

semiconductors for different applications. 

- Extra-low-temperature TFT circuitry processes on plastic: the current TFT 

plastic does not support the formation of via holes, which is curial in circuitry 

fabrication. The full-photolithography process with a new dry etching technique 

should be investigated to develop a TFT process for circuits on plastic. 

- Using AI toolboxes in the parameter extraction toolkit: The parameter extraction 

process is repetitive work that could be done by the AI toolboxes in MATLAB. 

Exploring this possibility will require writing a fully automatic parameter 

extraction toolkit. 

- Threshold voltage shift compensation in analogue circuits: a solution to the Vth 

shift in analogue circuits is still being sought. Conventional compensation 

schemes used in AMOLED did not suit analogue circuits. If this problem was 
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solved, it would be one step towards the commercialisation of front-end all-TFT 

circuits for sensing applications. 

- New digital/analogue circuits: there were many design flaws in the second set of 

masks (more than half the circuits failed). Many of the designs should be 

corrected/improved, including the DC operating point failures, adding output 

buffers, and using feedback to evaluate how much the compensation capacitor 

split the poles. 

  



100 
 

 

 

 

 

 

References 
 

 

[1] H. Kumomi, T. Kamiya, and H. Hosono, “Advances in oxide thin-film transistors in 

recent decade and their future,” ECS Trans., 2015. 

[2] J. Y. Choi and S. Y. Lee, “Comprehensive review on the development of high 

mobility in oxide thin film transistors,” J. Korean Phys. Soc., 2017. 

[3] A. Nathan, S. Lee, S. Jeon, I. Song, and U. Chung, “Amorphous Oxide TFTs: Progress 

and Issues,” SID Symp. Dig. Tech. Pap. Inf. Disp., 2012. 

[4] S. D. D. Brotherton, Introduction to Thin Film Transistors. 2013. 

[5] T. Kamiya, K. Nomura, and H. Hosono, “Origins of High Mobility and Low 

Operation Voltage of Amorphous Oxide TFTs: Electronic Structure, Electron 

Transport, Defects and Doping*,” J. Disp. Technol., 2009. 

[6] J. S. Park, W. J. Maeng, H. S. Kim, and J. S. Park, “Review of recent developments in 

amorphous oxide semiconductor thin-film transistor devices,” Thin Solid Films. 2012. 

[7] S. D. Brotherton, Introduction to thin film transistors: Physics and technology of 

TFTs. 2013. 

[8] C. Zysset, N. Münzenrieder, T. Kinkeldei, K. Cherenack, and G. Tröster, “Woven 

active-matrix display,” IEEE Trans. Electron Devices, 2012. 

[9] M. Kim, S. B. Jo, J. H. Park, and K. Cho, “Flexible lateral organic solar cells with 

core-shell structured organic nanofibers,” Nano Energy, 2015. 

[10] P. Wellenius, A. Suresh, H. Luo, L. M. Lunardi, and J. F. Muth, “An amorphous 

indium-gallium-zinc-oxide active matrix electroluminescent pixel,” IEEE/OSA J. 

Disp. Technol., 2009. 

[11] B. O. Jun et al., “Wireless thin film transistor based on micro magnetic induction 

coupling antenna,” Sci. Rep., 2015. 

[12] A. Carlos, “IoT: Results of an experimental survey with NodeMCU 12e, TFT Nextion 

and RTC DS1307,” Int. J. Adv. Res. Eng. Sci. Technol., 2018. 

[13] W. Huang et al., “Label-free brain injury biomarker detection based on highly 

sensitive large area organic thin film transistor with hybrid coupling layer,” Chem. 

Sci., 2014. 

[14] Y. H. Kim, E. Lee, J. G. Um, M. Mativenga, and J. Jang, “Highly robust neutral plane 

oxide TFTs withstanding 0.25mm bending radius for stretchable electronics,” Sci. 

Rep., 2016. 



101 
 

[15] H. W. Zan, C. H. Li, C. C. Yeh, M. Z. Dai, H. F. Meng, and C. C. Tsai, “Room-

temperature-operated sensitive hybrid gas sensor based on amorphous indium gallium 

zinc oxide thin-film transistors,” Appl. Phys. Lett., 2011. 

[16] L. Maiolo et al., “Flexible pH sensors based on polysilicon thin film transistors and 

ZnO nanowalls,” Appl. Phys. Lett., 2014. 

[17] T. Sekitani and T. Someya, “Stretchable, large-area organic electronics,” Advanced 

Materials. 2010. 

[18] X. Wang, Z. Liu, and T. Zhang, “Flexible Sensing Electronics for 

Wearable/Attachable Health Monitoring,” Small. 2017. 

[19] N. A. Morrison, “Roll-to-Roll processing of flexible devices and components: 

Utilization in wearable and mobile electronics and the coming IOT era,” Vak. Forsch. 

und Prax., 2016. 

[20] K. Cherenack and G. Troster, “The path towards woven thin-film transistors,” in 

Materials Research Society Symposium Proceedings, 2010. 

[21] A. Rasheed, E. Iranmanesh, W. Li, H. Ou, A. S. Andrenko, and K. Wang, “A wearable 

autonomous heart rate sensor based on piezoelectric-charge-gated thin-film transistor 

for continuous multi-point monitoring,” in Proceedings of the Annual International 

Conference of the IEEE Engineering in Medicine and Biology Society, EMBS, 2017. 

[22] K. Takei, “Nanomaterial-based flexible and wearable sensor sheets,” in Proceedings 

of AM-FPD 2016 - 23rd International Workshop on Active-Matrix Flatpanel Displays 

and Devices: TFT Technologies and FPD Materials, 2016. 

[23] S. L. Swisher et al., “Impedance sensing device enables early detection of pressure 

ulcers in vivo,” Nat. Commun., 2015. 

[24] J. R. Windmiller, A. J. Bandodkar, G. Valdés-Ramírez, S. Parkhomovsky, A. G. 

Martinez, and J. Wang, “Electrochemical sensing based on printable temporary 

transfer tattoos,” Chem. Commun., 2012. 

[25] P. S. Girão, P. M. P. Ramos, O. Postolache, and J. Miguel Dias Pereira, “Tactile 

sensors for robotic applications,” Measurement: Journal of the International 

Measurement Confederation. 2013. 

[26] F. Liao, C. Chen, and V. Subramanian, “Organic TFTs as gas sensors for electronic 

nose applications,” Sensors Actuators, B Chem., 2005. 

[27] T. Moy et al., “An EEG Acquisition and Biomarker-Extraction System Using Low-

Noise-Amplifier and Compressive-Sensing Circuits Based on Flexible, Thin-Film 

Electronics,” IEEE J. Solid-State Circuits, 2017. 

[28] A. Tixier-Mita et al., “Review on thin-film transistor technology, its applications, and 

possible new applications to biological cells,” Japanese Journal of Applied Physics. 

2016. 

[29] T. H. Yang, T. Y. Chen, N. T. Wu, Y. T. Chen, and J. J. Huang, “IGZO-TFT 

biosensors for Epstein-Barr virus protein detection,” IEEE Trans. Electron Devices, 

2017. 

[30] L. Nela, J. Tang, Q. Cao, G. Tulevski, and S. J. Han, “Large-Area High-Performance 

Flexible Pressure Sensor with Carbon Nanotube Active Matrix for Electronic Skin,” 

Nano Lett., 2018. 

[31] S. Shah, J. Smith, J. Stowell, and J. Blain Christen, “Biosensing platform on a flexible 

substrate,” Sensors Actuators, B Chem., 2015. 



102 
 

[32] S. A. Dyer, “Signal conditioning,” in Mechatronic System Control, Logic, and Data 

Acquisition, 2017. 

[33] W. Sansen, “Fully-Differential Amplifiers,” Power, 2002. 

[34] J. H. Huijsing, “Signal conditioning on the sensor chip,” Sensors and Actuators, 1986. 

[35] B. Gosselin et al., “A mixed-signal multichip neural recording interface with 

bandwidth reduction,” IEEE Trans. Biomed. Circuits Syst., 2009. 

[36] K. B. Parizi, A. J. Yeh, A. S. Y. Poon, and H. S. P. Wong, “Exceeding Nernst limit 

(59mV/pH): CMOS-based pH sensor for autonomous applications,” in Technical 

Digest - International Electron Devices Meeting, IEDM, 2012. 

[37] D. E. Schwartz et al., “Flexible hybrid electronic circuits and systems,” IEEE J. 

Emerg. Sel. Top. Circuits Syst., 2017. 

[38] T. C. Huang, J. L. Huang, and K. T. T. Cheng, “Robust circuit design for flexible 

electronics,” IEEE Des. Test Comput., 2011. 

[39] Y. G. Mo et al., “Amorphous-oxide TFT backplane for large-sized AMOLED TVs,” J. 

Soc. Inf. Disp., 2011. 

[40] G. Lucovsky et al., “Spectroscopic detection of medium range order in hydrogenated 

amorphous silicon, a-Si(H): Applications in photovolatics, thin film transistors and Si-

based microelectronics,” in Physics Procedia, 2013. 

[41] Y. Wu et al., “Organic-inorganic hybrid CH3NH3PbI3perovskite materials as 

channels in thin-film field-effect transistors,” RSC Adv., 2016. 

[42] Y. Kuo, “Thin Film Transistor Technology--Past, Present, and Future,” Interface 

Mag., 2013. 

[43] Y. Fujisaki et al., “Air-stable n-type organic thin-film transistor array and high gain 

complementary inverter on flexible substrate,” Appl. Phys. Lett., 2010. 

[44] T. Kamiya, K. Nomura, and H. Hosono, “Present status of amorphous In–Ga–Zn–O 

thin-film transistors,” Sci. Technol. Adv. Mater., 2010. 

[45] Z. Zhu, L. Garcia-Gancedo, A. J. Flewitt, H. Xie, F. Moussy, and W. I. Milne, “A 

critical review of Glucose biosensors based on Carbon nanomaterials: Carbon 

nanotubes and graphene,” Sensors (Switzerland). 2012. 

[46] V. Fiore et al., “An integrated 13.56-MHz RFID tag in a printed organic 

complementary TFT technology on flexible substrate,” IEEE Trans. Circuits Syst. I 

Regul. Pap., 2015. 

[47] M. Xu et al., “Dual-Gate Photosensitive a-Si:H TFT Array Enabling Fingerprint-

Sensor-Integrated Display Application,” J. Disp. Technol., 2016. 

[48] J. Vanfleteren et al., “Active matrix CdSe TFT addressed electroluminescent 

displays,” 1988. 

[49] E. M. C. Fortunato et al., “Wide-bandgap high-mobility ZnO thin-film transistors 

produced at room temperature,” Appl. Phys. Lett., 2004. 

[50] M. Fujii et al., “Low temperature high-mobility InZnO thin-film transistors fabricated 

by excimer laser annealing,” Appl. Phys. Lett., 2013. 

[51] H. W. Zan, C. C. Yeh, H. F. Meng, C. C. Tsai, and L. H. Chen, “Achieving high field-

effect mobility in amorphous indium-gallium-zinc oxide by capping a strong reduction 

layer,” Adv. Mater., 2012. 



103 
 

[52] F. M. Li et al., “Zinc oxide nanostructures and high electron mobility nanocomposite 

thin film transistors,” IEEE Trans. Electron Devices, 2008. 

[53] Y. Takeda et al., “Fabrication of Ultra-Thin printed organic TFT CMOS logic circuits 

optimized for low-voltage wearable sensor applications,” Sci. Rep., 2016. 

[54] T. H. Shih et al., “Development of oxide-TFT OLED-TV technologies,” Dig. Tech. 

Pap. - SID Int. Symp., 2014. 

[55] E. Chong, Y. S. Chun, and S. Y. Lee, “Amorphous silicon-indium-zinc oxide 

semiconductor thin film transistors processed below 150°C,” Appl. Phys. Lett., 2010. 

[56] J. W. Hennek, M. G. Kim, M. G. Kanatzidis, A. Facchetti, and T. J. Marks, 

“Exploratory combustion synthesis: Amorphous indium yttrium oxide for thin-film 

transistors,” J. Am. Chem. Soc., 2012. 

[57] S. Urakawa et al., “Thermal distribution in amorphous InSnZnO thin-film transistor,” 

Phys. Status Solidi Curr. Top. Solid State Phys., 2013. 

[58] D. Guo et al., “Indium-tin-oxide thin film transistor biosensors for label-free detection 

of avian influenza virus H5N1,” Anal. Chim. Acta, 2013. 

[59] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono, “Room-

temperature fabrication of transparent flexible thin-film transistors using amorphous 

oxide semiconductors,” Nature, 2004. 

[60] M. Kimura, T. Kamiya, T. Nakanishi, K. Nomura, and H. Hosono, “Intrinsic carrier 

mobility in amorphous In-Ga-Zn-O thin-film transistors determined by combined 

field-effect technique,” Appl. Phys. Lett., 2010. 

[61] K. Abe et al., “Operation model with carrier-density dependent mobility for 

amorphous In-Ga-Zn-O thin-film transistors,” in Thin Solid Films, 2012. 

[62] K. Nomura, T. Kamiya, E. Ikenaga, H. Yanagi, K. Kobayashi, and H. Hosono, “Depth 

analysis of subgap electronic states in amorphous oxide semiconductor, a-In-Ga-Zn-O, 

studied by hard x-ray photoelectron spectroscopy,” in Journal of Applied Physics, 

2011. 

[63] T. Kamiya and H. Hosono, “(Invited) Roles of Hydrogen in Amorphous Oxide 

Semiconductor,” ECS Trans., 2013. 

[64] T. Kodzasa, T. Nobeshima, K. Kuribara, and M. Yoshida, “Thin film transistor 

performance of amorphous indium-zinc oxide semiconductor thin film prepared by 

ultraviolet photoassisted sol-gel processing,” in Japanese Journal of Applied Physics, 

2018. 

[65] J. K. Jeong, H. Won Yang, J. H. Jeong, Y. G. Mo, and H. D. Kim, “Origin of threshold 

voltage instability in indium-gallium-zinc oxide thin film transistors,” Appl. Phys. 

Lett., 2008. 

[66] W. T. Chen et al., “Oxygen-dependent instability and annealing/passivation effects in 

amorphous In-Ga-Zn-O thin-film transistors,” IEEE Electron Device Lett., 2011. 

[67] N. Mitoma et al., “Dopant selection for control of charge carrier density and mobility 

in amorphous indium oxide thin-film transistors: Comparison between Si- and W-

dopants,” Appl. Phys. Lett., vol. 106, no. 4, 2015. 

[68] J. W. Na, Y. S. Rim, H. J. Kim, J. H. Lee, S. Hong, and H. J. Kim, “Silicon Cations 

Intermixed Indium Zinc Oxide Interface for High-Performance Thin-Film Transistors 

Using a Solution Process,” ACS Appl. Mater. Interfaces, vol. 9, no. 35, pp. 29849–

29856, 2017. 



104 
 

[69] J. Y. Choi et al., “Effect of Si on the Energy Band Gap Modulation and Performance 

of Silicon Indium Zinc Oxide Thin-Film Transistors,” Sci. Rep., vol. 7, no. 1, pp. 1–8, 

2017. 

[70] N. Mitoma et al., “Stable amorphous In2O3-based thin-film transistors by 

incorporating SiO2 to suppress oxygen vacancies,” Appl. Phys. Lett., vol. 104, no. 10, 

2014. 

[71] S. Aikawa, T. Nabatame, and K. Tsukagoshi, “Effects of dopants in InOx-based 

amorphous oxide semiconductors for thin-film transistor applications,” Appl. Phys. 

Lett., vol. 103, no. 17, pp. 1–6, 2013. 

[72] G. H. Gelinck, B. Cobb, A. J. J. M. Van Breemen, and K. Myny, “Large scale 

integration of flexible non-volatile, re-addressable memories using P(VDF-TrFE) and 

amorphous oxide transistors,” Semicond. Sci. Technol., 2015. 

[73] K. Myny, E. Van Veenendaal, G. H. Gelinck, J. Genoe, W. Dehaene, and P. 

Heremans, “An 8-bit, 40-instructions-per-second organic microprocessor on plastic 

foil,” IEEE J. Solid-State Circuits, 2012. 

[74] Q. Cao et al., “Medium-scale carbon nanotube thin-film integrated circuits on flexible 

plastic substrates,” Nature, 2008. 

[75] D. M. Sun et al., “Flexible high-performance carbon nanotube integrated circuits,” 

Nat. Nanotechnol., 2011. 

[76] K. Kim, K. Y. Choi, and H. Lee, “a-InGaZnO Thin-Film Transistor-Based Operational 

Amplifier for an Adaptive DC-DC Converter in Display Driving Systems,” IEEE 

Trans. Electron Devices, 2015. 

[77] R. Shabanpour et al., “Cherry-Hooper amplifiers with 33 dB gain at 400 kHz BW and 

10 dB gain at 3.5 MHz BW in flexible self-aligned a-IGZO TFT technology,” in 2014 

International Symposium on Intelligent Signal Processing and Communication 

Systems, ISPACS 2014, 2014. 

[78] R. Shabanpour et al., “High gain amplifiers in flexible self-aligned a-IGZO thin-film-

transistor technology,” in 2014 21st IEEE International Conference on Electronics, 

Circuits and Systems, ICECS 2014, 2015. 

[79] A. Cassetta, “X-Ray Diffraction (XRD),” in Encyclopedia of Membranes, 2014. 

[80] H. E. Jan et al., “Amorphous In-Si-O Films Fabricated via Solution Processing,” J. 

Electron. Mater., 2017. 

[81] T. Kizu et al., “Homogeneous double-layer amorphous Si-doped indium oxide thin-

film transistors for control of turn-on voltage,” J. Appl. Phys., vol. 120, no. 4, 2016. 

[82] M. Picollo, M. Aceto, and T. Vitorino, “UV-Vis spectroscopy,” Phys. Sci. Rev., 2018. 

[83] F. J. Himpsel, “Ultraviolet Photoelectron Spectroscopy,” in Characterization of 

Materials, 2012. 

[84] M. Razegh, “Semiconductor Characterization Techniques,” in Fundamentals of Solid 

State Engineering, 2006. 

[85] D. Geng, D. H. Kang, and J. Jang, “High-performance amorphous Indium-Gallium-

Zinc-Oxide Thin-Film transistor with a self-aligned etch stopper patterned by back-

side UV exposure,” IEEE Electron Device Lett., 2011. 

[86] A. Radocea, “A model of plastic shrinkage,” Mag. Concr. Res., 1994. 



105 
 

[87] N. Stavitski, M. J. H. Van Dal, R. A. M. Wolters, A. Y. Kovalgin, and J. Schmitz, 

“Specific contact resistance measurements of metal-semiconductor junctions,” in 

IEEE International Conference on Microelectronic Test Structures, 2006. 

[88] N. Kaushik et al., “Schottky barrier heights for Au and Pd contacts to MoS2,” Appl. 

Phys. Lett., 2014. 

[89] S. Lee and A. Nathan, “Subthreshold Schottky-barrier thin-film transistors with 

ultralow power and high intrinsic gain,” Science (80-. )., 2016. 

[90] R. Hattori and J. Kanicki, “Contact resistance in Schottky contact gated-four-probe a-

Si thin-film transistor,” Japanese J. Appl. Physics, Part 2 Lett., vol. 42, no. 8 A, 2003. 

[91] J. Grochowski et al., “Origin of lower film density and larger defect density in 

amorphous In-Ga-Zn-O deposited at high total pressure,” IEEE/OSA J. Disp. Technol., 

2015. 

[92] S. Han, K. M. Niang, G. Rughoobur, and A. J. Flewitt, “Effects of post-deposition 

vacuum annealing on film characteristics of p-type Cu2O and its impact on thin film 

transistor characteristics,” Appl. Phys. Lett., 2016. 

[93] K. Ide, Y. Kikuchi, K. Nomura, M. Kimura, T. Kamiya, and H. Hosono, “Effects of 

excess oxygen on operation characteristics of amorphous In-Ga-Zn-O thin-film 

transistors,” Appl. Phys. Lett., 2011. 

[94] H. Hosono, K. Nomura, Y. Ogo, T. Uruga, and T. Kamiya, “Factors controlling 

electron transport properties in transparent amorphous oxide semiconductors,” J. Non. 

Cryst. Solids, 2008. 

[95] Z. Ye, Y. Yuan, H. Xu, Y. Liu, J. Luo, and M. Wong, “Mechanism and Origin of 

Hysteresis in Oxide Thin-Film Transistor and Its Application on 3-D Nonvolatile 

Memory,” IEEE Trans. Electron Devices, 2017. 

[96] S. Lee, Y. Yang, and A. Nathan, “Modeling current-voltage behaviour in oxide TFTs 

combining trap-limited conduction with percolation,” Dig. Tech. Pap. - SID Int. 

Symp., 2013. 

[97] P. S. Zuchowski, P. a. Habitz, J. D. Hayes, and J. H. Oppold, “Process and 

environmental variation impacts on ASIC timing,” Proc. IEEE/ACM Int. Conf. 

Comput. Aided Des., pp. 336–342, 2004. 

[98] T. L. Schmitz, A. Davies, C. J. Evans, and R. E. Parks, “Silicon Wafer Thickness 

Variation Measurements using Infrared Interferometry,” vol. 28, pp. 98–103, 2003. 

[99] J. M. Lee, I. T. Cho, J. H. Lee, and H. I. Kwon, “Bias-stress-induced stretched-

exponential time dependence of threshold voltage shift in InGaZnO thin film 

transistors,” Appl. Phys. Lett., 2008. 

[100] F. R. Libsch and J. Kanicki, “Bias-stress-induced stretched-exponential time 

dependence of charge injection and trapping in amorphous thin-film transistors,” Appl. 

Phys. Lett., 1993. 

[101] S. Sambandan, L. Zhu, D. Striakhilev, P. Servati, and A. Nathan, “Markov model for 

threshold-voltage shift in amorphous silicon TFTs for variable gate bias,” IEEE 

Electron Device Lett., 2005. 

[102] K. H. Ji et al., “Comparative study on light-induced bias stress instability of igzo 

transistors with SiNxand SiO2gate dielectrics,” IEEE Electron Device Lett., 2010. 

[103] M. Ryu et al., “High mobility zinc oxynitride-TFT with operation stability under light-

illuminated bias-stress conditions for large area and high resolution display 



106 
 

applications,” in Technical Digest - International Electron Devices Meeting, IEDM, 

2012. 

[104] S. Sambandan, A. Kumar, K. Sakariya, and A. Nathan, “Analogue circuit building 

blocks with amorphous silicon thin film transistors,” Electron. Lett., vol. 41, no. 6, p. 

314, 2005. 

[105] T. C. Huang et al., “Pseudo-CMOS: A design style for low-cost and robust flexible 

electronics,” IEEE Trans. Electron Devices, 2011. 

[106] S. Sambandan, “High-gain amplifiers with amorphous-silicon thin-film transistors,” 

IEEE Electron Device Lett., vol. 29, no. 8, pp. 882–884, 2008. 

[107] S. Shekhar, J. S. Walling, and D. J. Allstot, “Bandwidth extension techniques for 

CMOS amplifiers,” in IEEE Journal of Solid-State Circuits, 2006. 

[108] W. M. Leach, “Fundamentals of Low-Noise Analog Circuit Design,” Proc. IEEE, 

1994. 

  



107 
 

 

 

 

 

 

Appendix A 
 

Zinc Oxynitride TFT 

The semiconductor films deposited based on multiple zinc oxynitride deposition 

recipes have been characterised. The deposition pressure, RF power and gas-flow 

control measurement results are shown in Fig. A.1 and Fig. A.2. 
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Fig. A.1 UV-VIS (left) and XRD (right) measurement results for RF power and 

pressure control experiments, (a) and (b) RF power control; (c), (d), (e) and (f) 

pressure control. 

 
Fig. A.2 UV-VIS (left) and XRD (right) measurement results for gases control 

experiments, (a) and (b) oxygen control; (c) and (d) nitrogen control; (e), (f), (g) 

and (h) argon control. 

The transfer characterisation results of three selected TFTs are shown in Fig. A.3, 

where switching behaviours were observed. The chamber pressure was set at 12.5 

mTorr and the RF power was 150 Watt. Judging from our experience, it is highly 



109 
 

likely that a decent device can be fabricated by reducing the deposition pressure 

and RF power. 

 
Fig. A.3 Effect of nitrogen reactant on TFT performance (a) N2/(N2 + O2) = 95.2% 

(b) N2/(N2 + O2) = 97.1% (c) N2/(N2 + O2) = 98.5%. 
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Appendix B 
 

 

Masks and Measurement Kit 

 

Fig. B.1. First set of Masks. 
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Fig. B.2. Second set of Masks. 
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Fig. B.3. PCB layout of the measurement kit. 
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Fig. B.3. PCB schematic of the measurement kit. 
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Appendix C 
 

Summary for All the Designed Circuits 

Table C.1. A summary for all the designed circuits. 

Circuits and Label Status Notes 

Diode-load 1.1 Completed  

Depletion 1.2 (different load) Completed  

Bootstrap:  

Different aspect-ratios, diode load: 

• 80/20 3.3 

• 40/20 1.3  

• 20/20 1.4  

Different Capacitor: 

• C 500*350 3.4 

• C1000*350 1.3  

• C1000*700 3.1 

Different Load: 

TFT- depletion 3.2 

Suspended 

Simulations had passed, 

but signal distortions 

(THD) is too large to be 

integrated into more 

complex circuits. 

Full adder 4.1 Terminated DC operating point failure 

Schmitt trigger 4.2 4.4 Terminated DC operating point failure 

Monostable Multivibrator 4.3 Terminated DC operating point failure 

SR latch 5.1 Terminated DC operating point failure 

Level shifter 6.1 Completed  

Binary capacitor array 6.2 Completed  

Buffer 2.1 Completed  

Layout improvement: 

• Transistor: 

• T1* 2.5 

•  T4* 2.6 

• Diode-load 2.3 

•  Depletion 2.2 

•  Bootstrap: 2.4 

Completed  

Current source 3.5 Completed  

Bias stage 

• Diode load 3.6_400/20 3.8_800/20 

• Depletion 3.7 

Completed  

Cascode (depletion & bootstrapped)7 Suspended 

Cannot measure due to 

measurement kit design 

flaws 

Amp 8 Completed  

TIA Suspended 

Simulation passed, to be 

fabricated in next set of 

masks. 
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Fig. C.1. The TIA to be verified in the next set of masks. 
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Table C.2. Simulation results of the TIA. 

 


