
 

 

 

 

Self-Healing of Open-Circuit Faults in 

Organic Thin-Film Transistor-Based  

Flexible Electronics 

 

 

 

 

 

 

 

 

 

 

 

Li Ding 

Queens’ College 

 

Nanoscience Centre 

Department of Engineering 

University of Cambridge 

 

This dissertation is submitted for the degree of  

Doctor of Philosophy 

September 2021 

 

 



 

ii 

 

Declaration 

I hereby declare that his dissertation is my own work and contains nothing which 

is the outcome of work done in collaboration with others, except as specified in the text 

and Acknowledgements. 

I further state that except where specific reference is made to the work of others, 

the contents of this dissertation are original and no substantial part of my dissertation 

has already been submitted, or, is being concurrently submitted for any such degree, 

diploma or other qualification at the University of Cambridge or any other University 

or similar institution.  

In accordance with the University of Cambridge regulations, this dissertation 

contains less than 65,000 words, including appendices, bibliography, footnotes, tables 

and equations and has fewer than 150 figures. 

 

Li Ding 

Department of Engineering 

University of Cambridge 

  



 

     iii 

 

Self-Healing of Open-Circuit Faults in Organic 

Thin-Film Transistor-Based Flexible Electronics 

Li Ding 

Abstract 

Flexible electronics has attracted tremendous attention due to the fast-growing 

market for portable devices and sensors. However, these devices usually suffer from 

internal and external forces, which can lead to the failure of interconnects in the circuit. 

To address this issue, some passive and active strategies have been developed for 

improving the reliability of interconnects in circuits. Although all these strategies are 

effective in tackling problems related to the mechanical stress, they have inherent limit 

in dealing with other failure causes or repairing the open fault. Therefore, in this 

dissertation, a particle-based self-healing (PBSH) technique has been developed. 

The detailed study starts with an overall review of the state of the art in techniques 

developed for improving the reliability of interconnects in flexible circuits. Then the 

mechanisms of the PBSH technique are analysed and the chemical treatment of metal 

particles are explored. The physical modelling of the healing is established, and 

relations between the healing time with the suspension concentration, electric field, 

length of open gap, and external resistance are verified by experimental results. In 

addition, to avoid the inherent conductivity of the suspension and the aggregation of 

micro-particles, they are modified by the oleic acid. This chemical treatment of metal 

particles improves the uniformity of the suspension and sets a threshold electric field 

for the occurrence of self-healing. 

As a key component in flexible circuits, an organic thin-film transistor (OTFT) 

fabricated by all inkjet-printing process has been developed and characterised in this 

study. This transistor uses 6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-

Pentacene) as the semiconductor, poly (vinyl cinnamate) (PVC) as the dielectric, silver 

as the electrodes, and CYTOP as the encapsulation. Based on this device, two basic 
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circuits: the current mirror and the common-source (CS) amplifier have been 

successfully built on flexible substrates. The proper functioning of the printed devices 

and circuits becomes the base for the study of the self-healing in flexible circuits. 

Subsequently, the PBSH in OTFT device and circuit interconnects is verified. This 

technique can successfully repair open faults at both source and drain sides in OTFT 

device interconnects. Simultaneously, it can heal open faults occurring at different 

locations in flexible current mirror and common-source amplifier circuits biased at the 

static state. Moreover, the self-healing is also proved to be effective and stable in 

common-source amplifier when processing alternating current (AC) signals. 

In order to demonstrate the feasibility of the PBSH technique in real-world 

applications, more performance characterisations have been conducted. The bending 

test shows the reliability and stability of the healing in the bent condition. And the dual-

faults test verifies the ability of the PBSH technique for healing more than one open 

fault in interconnects. In addition, methods of packaging the circuit and confining the 

healing material in the expected region are also developed, which prove the feasibility 

and manufacturability of the PBSH technique in integrated circuits. This study sets a 

new benchmark for improving the reliability of inkjet-printed flexible circuits. 
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EM electro-migration 

F8BT poly[(9,9-din-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]-

thiadiazol-4,8-diyl)] 

FEA finite element analysis 

FESEM field emission scanning electron microscope 

FET field effect transistor 

FTIR Fourier transform infrared 

G gate electrode 

Ga gallium 

Ge germanium 

GND ground 

HfO2 hafnium oxide 

HOMO highest occupied molecular orbital 

IPA isopropyl alcohol 

LMs liquid metals 

LTPS low-temperature polycrystalline 

LUMO lowest unoccupied molecular orbital 

MTF mean time to failure 

O2 oxygen 

OA oleic acid 

OLED organic light-emitting diode 

OSC organic semiconductor 

OTFT organic thin-film transistor 

PAN polyacrylonitrile 
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PαMS poly(α-methylstyrene) 

PBSH particle-based self-healing 

PBTTT poly[2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene] 

PCB printed circuit board 

PCDTPT poly[(4,4-bis(2-ethylhexyl)cyclopenta[2,1-b:3,4-b0]dithio-

phene)-2,6-diyl-alt-[1,2,5]-thiadiazolo[3,4-c]pyridine] 

PDMS polydimethylsiloxane 

PEN polyethylene Naphthalate 

PET polyethylene Terephthalate 

PFBT pentafluoro-benzenethiol 

PFDT 1H,1H,2H,2H-Perfluorodecanethiol 

PI polyimide 

PMMA polymethyl-methacrylate 

P(METAC-co-

MPTS) 

poly[2-(methacryloyloxy)ethyl trimethylammonium chloride-

co-3-(trimethoxysilyl)propyl methacrylate] 

PS polystyrene 

PTAA polymer poly(triarylamine) 

PTFE poly(tetrafluoroethylene) 

PU polyurethane 

PUF poly(urea-formaldehyde) 

PVA poly (vinyl alcohol) 

PVC poly (vinyl cinnamate) 

PVP poly (4-vinylphenol) 

P(VDF-TrFE-CFE) poly[(vinylidene-fluoride-co-trifluoroethylene] 

rms root-mean-squared 

rr-P3HT regioregular poly (3-hexylthiophene-2,5-diyl) 

rr-PQTs regioregular poly-quaterthiophenes 

RFID radio frequency identification 

S source electrode 

SAM self-assembled monolayer 

SCS semiconductor characterisation system 

SEM scanning electron microscope 

SID Society for Information Display 
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Si silicon 

Si3N4 silicon nitride 

SiO2 silicon oxide 

SMU source measure unit 

SPICE simulation program with integrated circuit emphasis 

SS subthreshold swing 

SWCNT single-walled carbon nanotube 

TFT thin-film transistor 

TGBC top-gate bottom-contact 

TGTC top-gate top-contact 

TiO2 titania 

TIPS-pentacence 6,13-Bis(triisopropylsilylethynyl)pentacene 

TTF-TCNQ tetrathiafulvalene–tetracyanoquino-dimethane 

VLSI very large-scale integration 

ULSI ultra large-scale integration 

UV ultraviolet 
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1 INTRODUCTION 

This chapter provides the background for large area flexible electronics and self-

healing techniques. Further the motivation to develop the particle-based self-healing 

(PBSH) technique for flexible circuits is discussed. Section 1.1 reviews the 

development and promising applications of flexible electronics. Section 1.2 introduces 

major types of interconnects in flexible circuits. Section 1.3 describes several factors 

threatening the reliability of interconnects in flexible circuits. To improve the reliability, 

some passive and active healing techniques are introduced, meanwhile, advantages of 

the PBSH technique developed in this work over these healing techniques are described 

in Section 1.4. The objectives of this dissertation are revealed in Section 1.5. Finally, 

the overall outline of this dissertation is listed in Section 1.6. 

1.1 Large Area Flexible Electronics 

Flexible electronics has attracted tremendous attention due to the increasing 

demand for portable devices and sensors [1-8]. The popularity of the new concepts, 

such as flexible display screens [1], printed radio frequency identification (RFID) tags 

[5], disposable medical sensors [6, 7], and artificial e-skin [8-10], has bloomed the 

flexible electronics market dramatically. According to a report from Grand View 

Research, in Asia-Pacific region, the market size has expended over three times in the 

past 8 years, increasing from USD 4 billion to 13 billion, and is estimated to reach USD 

28 billion in 2024 (shown in Fig. 1.1). As the key element for functional large-area 

circuits such as displays and sensors, thin-film transistor (TFT) has been widely 

researched and developed. In flat-panel display industry, amorphous silicon (a-Si), low-

temperature polycrystalline (LTPS) and oxide TFTs have been well developed and 

applied in commercial products for years. Compared to these inorganic counterparts, 
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organic TFTs (OTFTs) hold several advantages for its mechanical flexibility [11], low-

temperature processibility [12, 13], and roll-to-roll compatibility [14]. These unique 

features make OTFT a promising candidate for fabricating flexible circuits.  

 

In the display industry, flexible screens have been developed for years and become 

the symbol of flagship products for smartphone manufacturers. In 2010, SonyTM 

unveiled an 80 μm-thick, 4.1-inch, 121 ppi, OTFT-driven full colour organic light-

emitting diode (OLED) display at the Society for Information Display (SID) 

International Symposium. The proper functioning and rollable capability of this OLED 

panel represent the future of the display technology [15]. In 2019, SamsungTM [16] and 

HuaweiTM announced their first foldable smartphones, which have 7.3-inch and 8-inch 

foldable displays, respectively. Following them, other manufacturers publicised or plan 

to develop their foldable products. The prosperity of this market shows the trend for the 

development of portable device industry in the future. 

Flexible electronics also dominate the research in the wearable device area. In 

2013, Someya et al. published the design of an ultrathin active-matrix sensor array [4]. 

Each sensor pixel consists of a resistive tactile sensor and a dinaphtho[2,3-b:2’,3’-

f]thieno[3,2-b]thiophene (DNTT)-based OTFT. This sensor array is as light as a feather 

Figure 1.1. Asia-Pacific flexible electronics market size, 2013 – 2024. Source: Grand 

View Research 
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and remains fully functional when being bent and stretched. In 2015, Bao et al. 

demonstrated a skin-inspired artificial mechanoreceptor system, which is composed of 

a pressure-sensitive tactile element and an organic three-stage ring oscillator [8]. The 

tactile element is a piezoresistor, whose impedance is changed by the external pressure. 

The changing impedance affects the supply voltage to the ring oscillator, deciding the 

frequency of the output signal. The large-scale integration of this system can be 

potentially used as electronic skins for conventional neural prosthetics. 

 

Flexible electronics are promising for next-generation displays and sensors. 

However, this technique faces several challenges, and the biggest one is its reliability. 

1.2 Interconnects in Flexible Electronics 

In conventional printed circuit board (PCB) circuits, there are various types of 

interconnects, and two of them are also widely-used in flexible electronics: one is metal 

foils connection, which is used to connect most devices and components; the other one 

Figure 1.2. (a) Flexible OLED display with OTFT backplane by SonyTM [15]; (b) 

SamsungTM Galaxy Z Fold2 [16]; (c) Illustration and photo of a thin large-area active-

matrix sensor with 12×12 tactile pixels [4]; (d) Schematic of the artificial 

mechanoreceptor system composed of a pressure-sensitive tactile element and an 

organic ring oscillator [8]. 

(a) (c) 

(b) (d) 

1 cm 
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is wire bonding, which mainly acts as the first-level chip interconnects or the jump wire 

in flexible circuits. 

1.2.1 Metal Foils 

Metal foils are the most dominant form of interconnects in both PCB circuits and 

flexible circuits. Metals for fabricating these conductive foils include copper (Cu), 

silver (Ag), and aluminium (Al), etc., and they are embedded in or directly deposited 

on the substrates. In PCB circuits, metal foils are deposited on the entire surface of the 

substrate, the interconnect is formed by removing the unwanted part through etching, 

ablation or other mechanical processes. However, in flexible circuits, the interconnect 

is formed by additive processes, including the thermal evaporation, sputtering, ink-

printing and direct transferring of the patterned foils onto the substrate. The advantages 

of applying metal foils interconnects in flexible circuits include: (a) High conductivity. 

Metal foils deposited on the flexible substrates have similar conductivity to metal wires 

used in PCB circuits. Compared to most basic components in circuits (e.g., large resistor, 

transistor, capacitor, etc.), the impedance of metal foils interconnects can be neglected. 

(b) High flexibility. Because of the low thickness of metal foils, when they are tightly 

adhered to flexible substrates, they can be bent, compressed and stretched together with 

substrates. (c) High utilisation rate of materials. In most cases, the deposition of metal 

foils on flexible substrate is an additive process, which means “manufacturing-on-

demand” can be realised and few materials are wasted in this process.  

1.2.2 Wire Bonding 

Wire-bonding is the most widely-used method for first-level chip or integration 

circuit interconnect throughout the electronics industry. Compared to other first-level 

microelectronic interconnect method, wire-bonding is reliable and low-cost. The failure 

rate is typically at the single digit parts per million level [17]. In PCB circuits, wire-

bonded interconnects are usually applied to connect pins of integrated circuit (IC) chips 

with the package or substrate. While in flexible circuits, except for that used as the first-

level chip interconnects, wire-bonding is applied to create the jump wire as well, 

connecting pads which are non-connectable in two-dimensional (2D) plane. Materials 

for bonding wires include a variety of pure and alloy metals. The major materials are 
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pure gold (Au), aluminium (Al), copper (Cu), aluminium (Al) with 1% silicon (Si), and 

aluminium (Al)-magnesium (Mg) alloy. 

Three major techniques have been developed for microelectronic wire-bonding: 

thermo-compression bonding, ultrasonic bonding, and thermo-sonic bonding. The 

thermo-compression bonding brings the surface of bonding wire and pad together to 

form an intimate contact with controlled temperature, pressure, and time. In this process, 

the bonding wire and metal pad undergo plastic deformation and interdiffusion in the 

atomic scale. If the bonding wire and pad have the same composition, the atomic inter-

diffusion can result in a uniform welded interface. Otherwise, if the bonding wire and 

pad have different compositions, the atomic interdiffusion can lead to the formation of 

intermetallics [17]. The ultrasonic bonding uses the ultrasonic energy to weld metals. 

In this process, a transducer vibrates the bonding wedge in the frequency range of 20-

300 kHz, and the direction of vibration is parallel to the bonding pad. One main 

advantage of ultrasonic bonding is the ability to form the strong bonds with little or no 

extra heat, which is mild with the plastic substrate for flexible circuits. Another 

advantage is the possibility of performing the bonding at narrower space or finer pitches, 

as the shape of bond is narrower and more elongated compared to the ball bonding 

method [17]. The third microelectronic wire-bonding technique is the thermo-sonic 

bonding, it combines the ultrasonic energy with the ball bonding capillary technique in 

thermo-compression bonding, and is performed in a way similar to the thermo-

compression bonding. The difference is that in thermo-compression bonding the 

capillary is heated at a high temperature to create a melted soft ball at the end of bonding 

wire; in thermo-sonic bonding, the high-temperature heating is not required, and the 

interfacial heat needed for welding is mainly generated by short bursts (10-100 

milliseconds level) of ultrasonic energy. Because of the existence of both heat and 

ultrasonic energy, the applied temperature and ultrasonic energy in thermo-sonic 

bonding can be much lower than those in thermo-compression bonding and ultrasonic 

bonding, respectively. This advantage makes thermo-sonic bonding an ideal technique 

for bonding metals with large hardness, such as Au, Cu, etc. 

1.3 Reliability of Interconnects in Flexible Electronics 

Flexible displays and sensors are commonly based on ultra-thin plastic or glass 

substrates. During their lifetime, these devices will suffer from internal and external 
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forces and corrosions, which can lead to the failure of interconnects in the circuit. The 

typical reasons causing reliability problem include: 

1.3.1 Mechanical Stress 

Mechanical stress refers to the force per unit area in the cross-section of the 

interconnect. It can be caused by the external-applied force during bending and 

stretching [18], or the different thermal expansion of the adjacent components when 

heating up and cooling down (due to the different coefficients of thermal expansion 

(CTE) of the respective materials). If a material is repeatedly loaded with the external 

force, it would continuously transform between the deformed and non-deformed states, 

leading to the weakening of the material named as fatigue. The structural failure 

normally goes through three stages: (1) The formation of the crack. At the point which 

bearing large stress or the region with a high density of defects, the nucleation of a 

crack occurs. From this nucleus, the cracks start to grow. (2) The growth of the crack. 

In the early stage these cracks propagate slowly along the crystallographic planes, 

where the shear stress is highest. When the size of the cracks reaches a threshold value, 

these cracks propagate quickly, along the direction perpendicular to the applied external 

force. (3) The permanent failure. As these cracks grow to a detectable size, the metal 

materials are split in two parts and the permanent deformation occurs in polymer 

materials. 

 

200 μm 

Figure 1.3. Micrograph of Ag wire on PEN substrate (a) Before the flexural test (b) 

Bending for 1000 cycles. (c) Bending for 2000 cycles (d) Bending for 3000 cycles. 

(a) 
(

b) 

(c) (d) 

(b) 
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To reveal the influence of the mechanical stress on flexible substrates, the flexural 

test was conducted using the Polyethylene Naphthalate (PEN) substrate. Fig. 1.3 shows 

the micrograph of the printed silver (Ag) wire on PEN substrate (thickness: 125 μm), 

which was bent for 3000 times. In these micrographs, after being bent for 1000 times, 

some tiny cracks were found on the surface of the Ag wire. When being bent for 2000 

times, obvious cracks appeared on both Ag wire and PEN substrate. The Ag wire was 

split into flakes, as shown in Fig. 1.3(d), when the number of bending cycles reached 

3000. The average width of cracks was measured to be 8 μm and these cracks lead to 

the open fault in the Ag wire. The result of this flexural test indicates that the 

mechanical stress is a huge threat to flexible devices and circuits. 

1.3.2 Electro-migration (EM) 

Electro-migration (EM) is caused by the momentum transfer between electrons 

and ionised metal atoms. When an electrical field is applied in the conductor, there are 

two forces affecting the ionised atoms: One is the electrostatic force 𝐹𝑒. The ionised 

atoms carry the positive charge, so they will be motivated by a field force, which has 

the same direction with the electrical field. The other one, 𝐹𝑝, is the force arising from 

the collision with electrons, resulting in the exchange of momentum between ionised 

atoms and electrons. The direction of this force is opposite to the electrical field. 

Therefore, the effective force upon an ionised atom is calculated as: 

 𝐹𝑒𝑓𝑓 = 𝐹𝑒 − 𝐹𝑝 (1-1) 

When the EM occurs, a large number of moving electrons, which are called Ion 

Wind, transfer momentum to nearby ionised atoms, leading to the displacement of these 

atoms from their original positions. There are two cases: one is the accumulation of 

such displacement, creating voids in some regions. Then these voids expand and 

connect to each other, and finally generate an open fault in the conductor. This is called 

the void failure or the internal failure. Another case is that the moving ionised atoms 

stack at one point, making the undesired connection between two separated parts and 

causing the short in the circuit. This is called the hillock failure or whisker failure. 

To estimate the failure speed of the EM, an empirical model was developed to 

calculate the MTF (mean time to failure, in hours) [19]: 

 𝑀𝑇𝐹 = 𝐴𝐽−2𝑒𝑥𝑝 (
𝜙

𝑘𝑇
) (1-2) 
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where A is a constant, which is related to the cross-sectional area of the wire. J is the 

current density (A/cm2). 𝜙 is an activation energy (eV).  k is Boltzman’s constant, and 

 T is wire’s temperature (K). For the higher current density and higher temperature, the 

failure in the conductor would be accelerated. That is because the high current density 

increases the number of electrons in a unit area and the high temperature accelerates 

the thermal motion of carriers, causing an increase in the amount of electron scattering 

against the atoms and the momentum transfer between these two charge carriers. Hence 

the displacement of the ionised atoms is accelerated and the MTF is shorten. 

In Very Large-scale Integration (VLSI) or Ultra Large-scale Integration (ULSI) 

systems, the influence of the EM becomes more severe, as the size of devices and wires 

in these systems are commonly at micrometer (μm) or even nanometer (nm) level. The 

small cross-sectional area of the wire or device significantly increases the current 

density, and the high power consumption increases the temperature in the whole system, 

raising the probability of failure caused by the EM in this system [20]. To solve this 

problem, people apply the high conductive metals for the wire and optimise the layout 

of circuits by using Electronic Design Automation (EDA) tools to avoid the EM 

problems [21].  

 

1.3.3 Chemical Corrosion 

Wearable devices are usually exposed to the ambient environment and are prone 

to be permeated by oxygen and moisture, so they are easily influenced by chemical 

Figure 1.4. (a) Two forces act on metal ions when applying an electrical field in a 

conductive material. (b) Void and Hillock failures in wires due to EM [21]. 

(a) (b) 
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corrosions. Corrosion is a process converting the pure metal into a more chemically 

stable form, such as oxide, chloride or sulphide. It is a gradual destruction of the metal 

caused by the chemical or electrochemical reactions. One common example of the 

corrosion is rusting, the oxidation of the meatal surface. The mechanism of corrosion 

can be simplified as an electrochemical process. Taking the oxidation as an example, 

in ambient environment it originally takes place at a particular spot on the surface of 

the metal, then this spot acts as an anode. The metal atom M turns into the ion Mn+, 

releasing electrons to adjacent regions. If the water film dissolving the carbon dioxide 

(CO2), sulphur dioxide (SO2), or hydrogen sulphide (H2S) gas exists at these regions, 

the spots inside would act as the cathode and the reaction is: 2H+ + 2e- == H2↑. In this 

case the metal is damaged like being etched by the acid. If the ambient environment is 

not in acid condition, the electrons combines with the oxygen (O2) in the water film and 

the reaction occurring at the cathode is: 2H2O + O2 + 4e- == 4OH-. Then the hydroxyl 

ions combine with the metal ions and form the metallic oxide.  

Apart from the hydrogen evolution reaction and oxygen abstraction reaction 

introduced above, there are other forms of corrosions. One is the galvanic corrosion, it 

occurs when two types of metals contact with each other (physically or electrically), 

immersing in the common electrolyte, or when a metal is immersed in the electrolyte 

with different concentrations. In the galvanic corrosion, two different parts are named 

as the galvanic couple, in which the more active component acts as the anode and 

releases electrons, and this part corrodes at an accelerated rate. On the contrary, the 

more noble component acts as the cathode and corrodes at a slower rate. The 

mechanism of the galvanic corrosion can be used to protect one metal by adding a more 

active metal as the sacrificial anode, so it is usually used in the marine and hydropower 

industries. However, in the electronic industry, the contact of different metals (metals 

for bonding wires, printed circuit board (PCB) wires, soldering spots) may lead to 

unexpected damage of the interconnects under the ambient environment. 

Another type of corrosion is the high-temperature corrosion. It is a chemical 

destruction occurring when the metal is exposed to a high-temperature atmosphere 

containing oxygen, sulphur, chlorine or similar gas capable of oxidising metals. In the 

electronic industry, the high-temperature commonly exists in resistive devices and 

large-scale integrated circuits, like central processing unit (CPU). And it can accelerate 

the oxidisation of metal on the surface, leading to the degradation of conductivity. If 
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the size of wires in the circuits is extremely small, the high-temperature corrosion may 

oxidise the whole wire and permanently damage the interconnects, causing the failure 

of the entire circuit. 

1.3.4 Thermal Stress 

Thermal stress refers to the mechanical stress caused by the change of temperature 

in one material or two contacted materials. In a solid or liquid, under a specific 

temperature, the cohesive forces between atoms or molecules are kept in a dynamic 

balance, thus the distance between them can remain constant. The increase of 

temperature results in longer distance between atoms or molecules, causing the volume 

expansion of a material. If the crystalline material has the same structural configuration 

in all dimensions, it is defined as an isotropic crystal and the deformation will be 

uniform in all directions. For an anisotropic crystalline material, its structural 

configuration varies in different directions, leading to different expansion coefficients 

along these directions. When the temperature changes, this anisotropic characteristic 

can cause the inner stress in solid material, resulting in the change of shape or even the 

breakdown of crystalline structure. 

For two different materials, the cohesive forces maintaining dynamic balance 

between atoms or molecules are different. Therefore, different materials normally have 

variations in their expansion coefficients. This poses a great threat to interconnects 

between two or more materials (e.g. the bonding between Cu wire and Al pad). When 

the temperature changes, different expansion coefficients lead to the difference in 

thermo-mechanical distortions of two contacted materials, causing the mechanical 

stress at the contact interface. When this stress grows larger than the binding force 

between two crystalline materials, cracks and the failure of interconnects may take 

place. Therefore, when designing the interconnects in circuits, especially in high-power 

circuits, the selection of materials with matched coefficient of thermal expansion (CTE) 

is critical.  

1.4 Improving the Reliability of Interconnects 

To improve the reliability of the whole system, several strategies have been 

developed and adopted, which can be divided into two categories: passive strategies 

and active strategies.  
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In passive strategies, novel geometric structures or materials are applied to make 

the circuit more robust to the mechanical stress. The special geometric structures 

include helical coils [22, 23], meandered wires [24-26] and three-dimensional (3D) 

mogul-patterned or porous spongy structures [27-30]. The novel materials include 

metal or carbon based composites [31-33], nano-particles [34], nano-wires [35-39], and 

conductive polymers [40-42]. These materials have high conductivity and can bear 

large strain or stress. 

In active strategies, conductive particles or powders dispersed in insulating 

microcapsules or liquid are widely applied. These suspensions can permit the real-time 

repair of the open fault. One typical approach is to encapsulate the conductive ink into 

microcapsules [43-46]. When the external force breaks the interconnect, the 

microcapsules are ruptured and the inner conductive ink is released. This ink fills up 

the open gap and repairs the interconnect.  

Details about these strategies will be discussed in Chapter 2. While all these 

strategies can improve the reliability of systems, they have inherent shortcomings. 

Passive strategies using novel geometric structures or materials cannot heal the open 

fault after the break of the interconnect. Active strategies usually use relatively rare 

materials (e.g., Ga and In) [47] or complex fabrication processing (e.g., chemical 

reaction to form the polymer shell) [46], and can only repair the mechanical force-

caused disconnection. To avoid these shortcomings, a particle-based self-healing 

(PBSH) technique that is of interest to this study is developed [48]. This approach can 

heal the disconnection caused by various reasons and does not need the rare materials 

or complex fabrication process. The mechanism and the breakthrough of this technique 

will be discussed in Chapter 2 as well. 

1.5 Objectives 

There are two sub-objectives in this dissertation: one is to understand and develop 

the PBSH technique. The other one is to design, fabricate and characterise the inkjet-

printed OTFT devices and circuits. The final objective is to prove the feasibility of 

applying the PBSH technique in OTFT-based flexible circuits. The main challenges 

include: 

 To understand the mechanism and establish the theoretical model of the PBSH 

technique.  
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 To achieve the homogenous and insulating suspension. 

 To select the proper materials and optimise the fabrication process for inkjet-

printed OTFTs. 

 To design, fabricate and characterise the OTFT-based flexible circuits. 

 To characterise and evaluate the PBSH at the wire, device and circuit levels. 

 To realise the packaging of the circuit and confine the suspension in the 

expected region. 

 To evaluate the reliability and stability of the PBSH after the open fault is 

repaired. 

1.6 Dissertation Outline 

This dissertation investigates the feasibility of applying the PBSH technique in 

OTFT-based flexible circuits. The outline of this dissertation is shown as follows: 

Chapter 2 reviews the state of the art in techniques developed for improving the 

reliability of interconnects. Then the mechanism of the PBSH technique investigated in 

this work is explained. A theoretical model is established, and advantages of the PBSH 

technique over other reliability-improving techniques are discussed. Limitations of this 

technique are also introduced and to address these issues, a chemical coating process to 

modify the surface of conductive particles is developed. 

Chapter 3 introduces the inkjet-printed OTFT devices. OTFTs are basic 

component for flexible circuits in this study, thus material properties, device structures 

and fabrication process of this key component are discussed in detail. The challenges 

in achieving stable OTFTs are also discussed in this chapter. 

Chapter 4 describes the PBSH in inkjet-printed interconnects. Relationships 

between the healing time with the concentration, electric field strength, length of the 

open gap and external resistance are analysed in this chapter, proving the feasibility of 

the PBSH at the wire level. Part of the chemical and electrical experimental results in 

Chapter 2 and Chapter 4 were collected with the assistance from Dr. Pushkaraj Joshi, 

here I acknowledge Dr. Joshi’s contributions to this study. 

Chapter 5 investigates the PBSH in OTFT electrodes. The healings of the open 

faults occurring at Source (S) and Drain (D) electrodes are analysed, which show the 

feasibility of the PBSH at the device level. 
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Chapter 6 explores the PBSH in OTFT-based flexible circuits. Two types of 

circuits are analysed: current-mirror and common-source (CS) amplifier. The circuit 

performance before and after the open fault is analysed and the effect of the PBSH is 

evaluated. This chapter reveals the feasibility of the PBSH at the circuit level. 

Chapter 7 characterises the performance of the healed interconnection. The 

influence of the repeated bending, the ability of healing the multi-open-faults, and the 

noise of the healed part are analysed. In addition, as PBSH is a particle-based and fluid-

carried healing technique, the healing materials are expected to appear in the 

damageable regions. Therefore, the packaging of the circuits which can confine the 

healing materials in the expected region and the self-healing in the confined region are 

also included in this study. 

Chapter 8 summarises the conclusions obtained from this dissertation. The 

technological outlook for future exploration of this study are proposed as well. 
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2 TECHNIQUES FOR IMPROVING 

THE RELIABILITY OF 

INTERCONNECTS 

This chapter introduces the passive and active strategies developed for improving 

the reliability of interconnects. Then the particle-based self-healing (PBSH) technique 

investigated in this work is discussed in detail. The mechanism of this technique is 

analysed and its advantages over other reliability-improving techniques are listed. 

Section 2.1 and Section 2.2 review the typical passive and active techniques, 

respectively. Section 2.3 describes the theoretical models of the PBSH technique 

developed in this work. The advantages and limitations of this PBSH technique are 

summarised in Section 2.4. Finally, to address the technique limitation, a pre-treatment 

of metal particles is introduced in Section 2.5. 

2.1 Passive Techniques 

In this section several passive techniques developed for improving the reliability 

of interconnects are reviewed. These techniques use novel geometric structures or 

materials to make the circuit more robust to mechanical stress. 

2.1.1 Helical Coils and Meander Design 

In recent years, stretchable and twistable wires have been developed for artificial 

skin and fabric electronics. Among this research, wire shaped in helical coils is a 

promising candidate for flexible and stretchable electronics. Compared with a straight 

wire, helical wires are more robust to stretching and twisting. A structure of helical 

wire-based sensor is shown in Fig. 2.1(a). Conductive wires are wound around a 
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stretchable insulating core, and a piezo-resistive layer is coated as the outer layer. There 

are two functions of this piezo-resistive outer layer: one is to prevent the direct contact 

of two conductive wires, and the other is to form a sandwich structure (conductor - 

piezo-resistive layer - conductor) acting as a sensor unit to detect pressure on it. Fig 

2.1(a) shows helical conductive wires used in a stretchable fabric artificial skin. The 

length of these wires can increase up to 200% and the sensing unit can maintain its 

functionality for up to 100,000 cycles [22]. Fig. 2.1(b) shows the helical conductive 

wires applied in a twistable tactile sensing array, which can withstand a twisting angle 

of 70 ° without any damage in structure or functionality [23]. In these examples, the 

mechanical properties and the reliability of the whole system are significantly improved 

by using helical wires. 

 

The reason helical wires can improve the reliability is that the helical coil structure 

can help release internal stress in the wire while being stretched. Here a simulation was 

conducted using a commercial finite element analysis (FEA) software COMSOLTM 

Multiphysics 5.3. In this simulation, a straight wire with the length of 0.1 m and a helical 

coil with the axis length of 0.1 m were stretched to extend by 1%, simultaneously, the 

radius and material of these wires were set to be the same. Fig. 2.2 shows the simulated 

results of the internal stress in these wires while being stretched. When the Nylon wire 

was set to be stretched by 1%, the simulated von Mises stress inside the straight wire 

Figure 2.1. Two stretchable and twistable sensor systems using helical wires: (a) The 

fabric artificial skin [22], and (b) The tactile sensing array [23]. 

(a) 

 

(b) 
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was 15 ~ 20 MPa, and inside the helical wire the result was 0.5 ~ 2 MPa. With the same 

load, the von Mises stress in the straight wire was 10 times larger than that in the helical 

wire. As the internal stress is the main factor leading to the mechanical failure in the 

interconnect, the helical coil structure shows a remarkable advantage in enhancing the 

reliability. 

 

Another geometric design for releasing internal stress in wires is the meander 

design. Different from the helical coil structure, the meander design is mainly for two-

dimensional (2D) layouts of interconnection, but their physical principle is the same: 

using the meandering or helical structure to release the internal stress in the 

interconnection wire. The meander designs are usually applied to membrane electrodes 

and wires on the flexible substrates [24, 25, 49]. Fig. 2.3 shows the von Mises stress in 

Figure 2.2. Simulated von Mises stress in (a) straight and (b) helical Nylon wires while 

being stretched to extend by 1%. 

 

(a) 

(b) 
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2D wires shaped in the straight and horseshoe patterning. The material and width of 

these wires were set to be the same, and they were set to be stretched by 1%. 

 

In Fig. 2.3 the von Mises stress in the horseshoe-shaped wire was not more than 

0.3 MPa, while it was 60 times larger in the straight wire, reaching 20 MPa. The result 

of the simulation reveals advantages of the meander design for the 2D layout of wires 

in flexible circuits. 

2.1.2 Geometric Patterning of Substrates 

This method is utilised in flexible circuits which use a part or whole substrate as 

the conductive path. By changing the substrate into a porous structure and coating 

conductive materials inside or at the surface of it, the interconnection can be more stable 

Figure 2.3. Simulated von Mises stress in (a) straight and (b) horseshoe-shaped wires 

while being stretched to extend by 1%. 

 

(a) 

(b) 
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when the whole circuit suffers repeated stretching, compressing, or twisting [27, 29, 30, 

50]. Fig. 2.4 describes work using the functionalised metal-coated porous polyurethane 

(PU) sponge as the conductive flexible substrate [27]. 

 

Fig. 2.4(a) illustrates the fabrication process of this flexible substrate. The PdCl4
2− 

moieties loaded on the poly[2-(methacryloyloxy)ethyl trimethylammonium chloride-

co-3-(trimethoxysilyl)propyl methacrylate] P(METAC-co-MPTS) copolymer layer act 

as the adhesion layer between the substrate surface and the thin metal film. The 

(a) 

(b) 

(d) 

(c) 

(e) 

Figure 2.4. (a) Scheme for the preparation of conductive composites. (b) Bending (c) 

Compressing (d) Stretching tests of conductive composites. (e) Stretching test of the 

LED array using PU-CuAg-PDMS conductive composites. [27] 
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precursors of polydimethylsiloxane (PDMS) were infiltrated into the PU-metal sponge 

to form the PU-metal-PDMS conductive composite. Fig. 2.4(b)-(d) demonstrate the 

variation of the resistance in bending, compressing, and stretching tests. From these 

figures, it can be concluded that when the radius of curvature was not less than 4 mm, 

or when the compression strain and the stretching strain were not more than 30%, the 

normalised resistance (R/R0) remained stable at ca. 1.0. Simultaneously, this conductive 

composite can resist over 1000 cycles of bending, compressing or stretching without 

any change in resistance. Fig. 2.4(e) shows a flexible and stretchable LED array using 

PU-CuAg-PDMS conductive composite as the interconnect. This array can maintain 

remarkable stability upon stretching by 30%, proving the effectiveness of this 

conductive composite in improving the reliability of the system. 

2.1.3 Novel Materials 

To replace the metal interconnects in flexible circuits, which are easily damaged 

by mechanical, electrical, and chemical factors. Some new conductive materials have 

been researched and developed as interconnects for flexible electronics. Features of 

these materials include good stretchability, conductivity, and chemical stability. 

Materials which can meet these requirements are metal- or carbon-based composites 

[31, 32, 35], nano particles or wires [36, 39, 51], and conductive polymers [40, 42, 52]. 

Silver nanowire (AgNW) is a widely-used conductive material to fabricate 

stretchable electrodes. The good electrical and mechanical properties of the AgNW-

based bulk or film come from the dense network structure shown in Fig. 2.5(a). When 

being stretched or bended, although the mesh space in the network expands, the high-

density and the large length-to-diameter aspect ratio of the AgNW guarantees the 

complete connection between these nano-wires and maintains the conductivity of the 

network. Advantages of AgNW include high conductivity, high visual transparency, 

and good mechanical compliancy, making this material a popular choice for transparent 

electrodes. However, the impedance of the AgNW-based film changes with increasing 

strain, influencing the current flowing in interconnects. Although this characteristic has 

a reverse effect on the electrical stability of the circuit, some studies use it to fabricate 

high-performance strain sensors [53, 54]. 

Another type of under-researched material for better reliability are carbon-based 

composites. One such material is the carbon nanotube (CNT), which has several unique 
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advantages: First, it can be solution processed, which means it can be patterned to form 

uniform films. Second, it is inert in biomedical applications. These advantages make 

CNTs a good alternative for biomedical electrodes or sensors. However, the weakness 

of this material is also obvious: it has a relatively large sheet resistance (>100 Ω/sq) 

[55]. To address this shortcoming, research has been conducted to combine CNTs with 

other materials to synthesize hybrid nanocomposites. Fig. 2.5(b) shows a hierarchical 

multiscale AgNW/CNT hybrid nanocomposite for highly stretchable conductors [31]. 

In this structure, the highly conductive AgNWs act as a backbone for fast electron 

transport, while the elastic but relatively resistive CNT network provides high 

stretchability and flexibility. In addition, the CNT network can further enhance the 

conductivity of the whole composite as it fills the mesh space of the backbone, 

providing more local paths for electron transport. 

Conductive polymers are also investigated to improve the reliability. Among these 

polymers the conductive PEDOT:PSS has been an attractive material [42, 52]. One 

feature of this material is that its conductivity can be modified by post-treatment with 

different solvents. Fig. 2.5(c) illustrates the modified conductivity of PEDOT:PSS 

treated by methanol (MeOH), ethanol (EtOH), isopropyl alcohol (IPA), and i-butanol. 

The pure PEDOT:PSS has a low conductivity of only 0.3 S/cm, while being treated by 

MeOH, the maximum conductivity can reach 1015 S/cm. This makes PEDOT:PSS a 

good candidate for making electrodes or wires. In terms of the stability, the resistance 

change during the twist test is shown in Fig. 2.5(d). After being twisted for 2000 cycles, 

the resistance remained constant with small variation (∆R/R ≈ 0). This result indicates 

that the post-treated PEDOT:PSS is an outstanding conductive polymer for stable 

interconnects in flexible circuits. 

To summarise, passive techniques utilise the mechanical and electrical properties 

of unique geometric structures or materials to achieve the improved reliability in 

flexible electronics. However, these methods can only deal with issues caused by 

mechanical stress, and they cannot provide the real-time repair (healing) for open-

circuit faults. Therefore, some conductive liquid-based new techniques are developed 

to complement these shortcomings. 
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2.2 Active Techniques 

In this section several active techniques developed for strengthening the 

robustness of flexible circuits are reviewed. These techniques utilise novel materials to 

provide the real-time repair for open-circuit faults.  

2.2.1 Liquid Metals 

Some synthesised liquid metals (LMs) are used to fabricate stretchable 

interconnects, which can heal an open-circuit fault after being damaged. Fig. 2.6(a) 

shows a kind of LM–elastomer composite which is composed of droplets of gallium 

(Ga)-based LM alloy (eutectic gallium–indium, EGaIn) embedded in a silicone 

AgNWs 

Backbone 

CNT Branch 300 nm 

(a) (b) 

(c) (d) 

Figure 2.5. (a) SEM image of the dense AgNW network structure [36] and (b) The 

hierarchical multiscale AgNW/CNT hybrid nanocomposite [31] (c) Conductivities of 

PEDOT:PSS films treated with different chemicals [52] (d) Twisting reliability of the 

gravure-printed PEDOT:PSS electrode [42]. 
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elastomer [47]. This composite is intrinsically insulating, while applying the external 

forces, the local stress in the composite can rupture the LM droplets and form 

conductive pathways. The conductivity of this pathway is determined by the volume 

ratio of the LM alloy in the composite. When the volume ratio is 50%, the conductivity 

of the pathway can reach 1370 S/cm. Fig. 2.6(b) is a four-channel serial clock display 

connected to the power (Vcc and GND), data and clock signal terminals by the LM–

elastomer composite. Although these four lines experienced extreme mechanical 

damage (tearing, cutting and the complete removal of material), the clock display 

continues to work. 

 

(

a)

Figure 2.6. (a) The mechanism of the self-healing using LM–elastomer composite. (b) 

A four-channel serial clock display connected by the LM–elastomer composite [47] (c) 

The disconnection and reconnection of a LED circuit using a self-healing wire [56]. 

(a) 

 

(b) (c) 
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Fig. 2.6(c) shows a stretchable self-healing coaxial wire, which is fabricated by 

injecting EGaIn LM into the polymer microchannel [56]. When rejoining two severed 

wires, the inner liquid metal components merge together, forming the conductive path 

again. Meanwhile, functional groups grafted in the polymer generate strong hydrogen 

bonding and permits the polymer to self-heal in minutes [57]. Therefore, this self-

healing wire can enable both mechanical and electrical healing of an open fault in 

interconnects. 

2.2.2 Conductive Ink in Microcapsules 

Microcapsules with conductive ink inside is another active technique used to repair 

open faults caused by mechanical damage. Materials for conductive ink include single-

walled carbon nanotubes (SWCNTs) [43, 44], graphene [44], tetrathiafulvalene–

tetracyanoquino-dimethane (TTF-TCNQ) [45], carbon black [46] and metal particles 

[58]. Materials for the outer capsule are molecule-level polymer materials like 

poly(urea-formaldehyde) (PUF) or polyurethane (PU). These polymers are intrinsically 

insulating so the whole suspension is non-conductive until microcapsules are ruptured 

by an external force. There are two approaches to release the conductive solution. One 

is directly encapsulating the conductive particles into insulating polymer shells [43]. 

When the outer shell is damaged, the conductive solution inside is released and fills up 

the open gap in interconnects. Another one is to separately embed the non-conductive 

components (e.g. TTF and TCNQ) into insulating microcapsules (e.g. PUF) [45]. 

Rupture of TTF-containing and TCNQ-containing microcapsules leads to the release of 

these two materials and the reaction between them results in the formation of the 

conductive crystalline salt. The conductivity of the crystalline TTF-TCNQ salt formed 

by the solution reaction can reach 5-10 S/cm, which is comparable to that of vacuum-

deposited TTF-TCNQ films. The non-conductive precursors and damage-triggered 

reactions make this microcapsule system a promising technique for the restoration of 

conductivity in mechanically damaged electronic devices. 
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2.3 Theoretical Models of the PBSH Technique 

To understand the mechanism of the PBSH, we consider the case of an open-

circuit fault taking place in a current-carrying interconnection. Before establishing the 

stable healing, conductive micro-particles have to go through three stages: 

Stage 1: The formation of the single bridge 

When the circuit suffers from mechanical stress, thermal stress, chemical 

corrosion or other external factors, an open circuit fault occurs in the interconnection. 

Upon the occurrence of this fault, an electric field (𝜉0), forms in the open gap: 

 𝜉0 =
𝑉

𝐿
 (2.1) 

where V is the initial potential difference across the open gap and L is the length of this 

gap. Because of the existence of this electric field, the conductive particles in the 

suspension present in the open gap are polarised to have a dipole moment (p), which is 

calculated as: 

 |𝑝| = 4𝜋𝛽𝜖𝑓𝑟𝑝
3𝜉 (2.2) 

Figure 2.7 (a) SEM image and (b) optical micrograph of microcapsules containing 

SWNTs (0.05 wt%) suspended in PhCl [43] (c) reaction equation of the formation of 

the TTF/TCNQ charge-transfer salt [45]. 

(a) (b) 

(c) 
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where 𝜖𝑓 is the permittivity of the fluid, 𝛽 is the Claussius-Mossotti factor and 𝑟𝑝 is the 

effective radius of the particles. The polarised particles in the suspension now 

experience dipole–dipole attractive forces (𝐹𝐷), and this attractive force between two 

particles is scaled as: 

 𝐹𝐷(𝑡)~
|𝑝|2

𝜖𝑓𝑥(𝑡)4 (2.3) 

where 𝑥(𝑡) is the distance between particles at time t. This attractive force can drive 

particles moving in the suspension, causing a viscous drag force (𝐹𝑣) opposing to the 

moving direction. According to Stoke’s law, this drag force is scaled as: 

 𝐹𝑣~𝜂𝑓𝑟𝑝
𝑑𝑥

𝑑𝑡
 (2.4) 

with 𝜂𝑓 being the viscosity of the fluid. By equating 𝐹𝐷 and 𝐹𝑣, the time taken for the 

chaining up of one conductive bridge can be got: 

  𝑡~
𝜂𝑓

𝜖𝑓

1

𝜉
2 (

𝑥

𝑟𝑝
)

5
 (2.5) 

According to Equation 2.5, the chaining time for one bridge is proportional to 𝑥5. 

Replacing 𝑥 with the initial distance between particles 𝑑𝑝 = 𝑥(𝑡 = 0), the chaining 

time can be scaled as: 

 𝑡~
𝜂𝑓

𝜖𝑓

1

𝜉2 (
𝑑𝑝

𝑟𝑝
)5

 (2.6) 

If the number of particles in unit volume is 𝑛𝑝, then 𝑑𝑝 can be represented as: 

 𝑑𝑝~(1/𝑛𝑝)
1/3

 (2.7) 
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Stage 2: The formation of stable bridges 

Generally, after the formation of the first conductive pathway, the strength of the 

electric field across the gap decreases. But the field still remains in the gap and drive 

particles to form new bridges. Eventually, multi-bridges can form across the gap and 

become the stable connection for the failed interconnects. While the impedance of the 

external circuit is 𝑍0 and the impedance of the healed bridge is 𝑍ℎ, the electric field 

reduces by a factor of α: 

Figure 2.8. Illustration of the PBSH occurred at an open gap. 
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 𝛼 =
𝑍ℎ

𝑍0+𝑍ℎ
 (2.8) 

After the formation of the first healed bridge, the initial electric field 𝜉0 reduces to 

𝛼𝜉0. And upon the formation of the jth bridge, the electric field changes to 𝛼𝑗𝜉0. Thus, 

the effective time taken to stably heal the open gap is scaled as: 

 𝑡𝑒𝑓𝑓 = ∑ 𝑡𝑛 ~ 
𝜂𝑓

𝜖𝑓

1

𝜉0
2 (

𝑑𝑝

𝑟𝑝
)5 ∑

1

𝛼2𝑛

𝑗
𝑛=0

𝑗
𝑛=0   

                        ~ 
𝜂𝑓

𝜖𝑓

1

𝜉0
2 (

𝑑𝑝

𝑟𝑝
)5 𝛼2

𝛼2𝑗(1−𝛼2)
 (2.9) 

Stage 3: Sintering 

Upon the formation of bridges across the open gap, the current flows through each 

of them. With time, in each bridge, the current causes Joule heating (𝑄), which is scaled 

as: 

 𝑄 = ∫
𝐿

2𝑟𝑝

𝑡1

0
𝑅𝑝𝐼2𝑑𝑡 (2.10) 

where 𝑅𝑝 is the mean impedance of the single metal particle. 𝐼 is the current flowing 

through the bridge. This Joule heating leads to two changes in the healed bridge: 

(a) The first change is the sintering of particles in the bridge. The current-caused 

heating accumulates in the bridge, especially at the contact points of the adjacent 

particles. Fig. 2.9 reveals the simulated result of the heat distribution in the particle-

based bridge when a current flows through this bridge. The simulation was conducted 

by COMSOLTM Multiphysics 5.3. 

 
Figure 2.9. Simulated heat distribution in the particle-based bridge. 
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The yellow or white parts represent the extremely high density of heat and these 

parts are distributed at the contact points of the adjacent particles in Fig. 2.9. The high 

temperature melts a small amount of metal at the contact points and welds two particles 

together. The sintering creates a more stable structure for the healed bridge, and makes 

the bridge able to resist the repeated bending after the healing. 

(b) The second change is the oxidation at the surface of metal particles. The 

heating accelerates the combination of oxygen molecules with metal atoms and the 

generation of the metallic oxide at the metal surface. The metallic oxide layer acts as a 

shell to protect the sintered bridge and make it stable against the ambient environment. 

 Fig 2.10 shows the scanning electron microscope (SEM) image of the sintered 

particle-particle binding [59]. In this image the melted particle-particle joint and the 

metallic oxide shell are observed, indicating the sintering and oxidation occurred in the 

healed bridge. With these changes, the discrete metal particles can unite together and 

form firm bridges across the open gap. These strengthened bridges can heal the open 

faults in interconnects and help the circuit resist mechanical or electrical stress. 

 
Figure 2.10. SEM image of the sintered particle-particle binding [59]. 
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2.4 Advantages and Limitations of the PBSH Technique 

The comparison of the PBSH technique with other reliability-improving 

techniques is summarised in Table 2.1.  

Compared with all passive techniques, the PBSH technique has some obvious 

advantages. Firstly, passive techniques can only handle issues related to the mechanical 

stress, while the PBSH technique can deal with all interconnection failures caused by 

mechanical stress, electrical stress and chemical erosion. Secondly, passive techniques 

improve reliability by releasing mechanical stress in interconnects, but they cannot 

repair the open gap when open failure occurs in interconnects. As introduced in Section 

2.3, the main function of the PBSH technique is to improve the reliability by realising 

the real-time repair in the open gap. So compared with passive techniques, the PBSH 

technique can provide longer range protection for the circuit. 

The PBSH technique also has some advantages over other active techniques. 

Liquid metals use relatively rare materials (e.g., Ga, In), which are in the eutectic state. 

These increase the complexity of preparing materials. For the PBSH technique, the 

commonly-used materials are Ag or Cu particles, and insulating liquids like silicon oil. 

These materials are easily-achieved in the commercial market, making the PBSH an 

accessible technique for common users. In addition, LM–elastomer composite can only 

address mechanical-stress-related faults, while the PBSH technique can handle 

interconnect failures caused by other reasons. 

The preparation of the conductive ink in microcapsules requires complex chemical 

reactions, making the fabrication process of the ink-filled microcapsules more complex 

than that of the suspension used in the PBSH technique. Moreover, this material faces 

the same challenge as liquid metals. Because the rupture of microcapsules can only be 

triggered by external force, the ink-filled microcapsules can only repair open faults 

caused by mechanical stress. Another challenge for this technique is that after the 

rupture of microcapsules, the insulating suspension turns into a conductive liquid. 

Different from using electric field-driven conductive particles to connect the open gap, 

this technique fills up the open gap with the conductive ink. However, if the suspension 

covers more than one wires, the conductive ink may lead to short failure in the circuit. 

Therefore, the suspension should only cover one wire and the confinement of the liquid 

should be conducted when applying it in the circuit.
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Table 2.1 The comparison of the PBSH technique with other reliability-improving techniques. 

 Simple 

Material 

Simple 

Structure 

Simple 

Fabrication 

Process 

Resistant to the 

Mechanical 

Stress 

Resistant to 

Other Stress 

Healing 

Ability 

Reference 

Helical Coils ○ ○ ○ ○ × × [22,23] 

Meanders Design ○ ○ ○ ○ × × [24,25,49] 

Geometric 

Patterning of 

Substrates 

× × × ○ × × [27,29,30,50] 

Novel Materials × ○ ○ ○ × × 
[31-36,40, 

42,51,52] 

Liquid Metals × ○ × ○ × ○ [47,56] 

Conductive Ink in 

Microcapsules 
× × × ○ × ○ [43-46,58] 

PBSH Technique ○ ○ ○ ○ ○ ○ [48] 
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Each technique has its own strength and weakness. The PBSH technique has many 

advantages over other reliability-improving techniques, but it still faces some 

challenges before it can be put into real-world applications. The major one is the risk 

of short failure when applying the metallic micro-particle suspension in the circuit. As 

introduced in Section 2.3, metal particles in the open gap are driven by dipole–dipole 

attractive forces, which are generated by the potential difference across the open gap. 

However, in a working circuit, potential difference may exist not only in the open gap, 

but also between the neighbouring wires. The potential difference between the adjacent 

wires can generate an electric field and drive metal particles in the suspension to form 

an unexpected conductive bridge, leading to short failure in the working circuit. In 

addition, if the concentration of metal particles in the suspension is too high, conductive 

particles may contact to each other, making the suspension intrinsically conductive. To 

address this problem, it is necessary to set a threshold value of the electric field for the 

start of self-healing and to maintain the insulativity of the suspension. In this work, a 

chemical pre-treatment was used to coat metal particles with an insulating layer. This 

layer impedes the direct contact of the conductive particles, guaranteeing the intrinsic 

insulation of the suspension. Moreover, the electric field needed for driving metal 

particles with the insulating layer is higher than that for driving untreated metal particles, 

increasing the threshold value of the electric field for the start of the self-healing. 

2.5 Chemical Coating of Metal Particles 

To realise the practical application of healing an open fault in interconnects, a 

uniform and stable micro-particle suspension is required. When metal particles are 

directly added into the fluid media, these particles usually aggregate and sediment 

because of the poor compatibility between the metal particles and the fluid media. 

When applying such suspension in the failed circuit, the agglomerated particles are 

likely to cause an unexpected short. Therefore, an appropriate surface modification 

process is needed for the preparation of a uniform and stable suspension. 

In this study, an effective way for the modification of particle surface was 

developed using the oleic acid (OA) as the ligand and silicon oil as the liquid for 

suspension. After this surface modification, the uniform dispersion of metal particles 

within silicon oil was achieved. 
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2.5.1 Preparation of the Suspension 

A suspension of silver (Ag) particles in oleic acid with a concentration of 10 

mg/mL was stirred furiously by a magnetic stirrer at 35 ℃ for 24 h. Then it was 

centrifuged at 4500 rpm for 20 min to remove the supernatant. The Ag particles were 

re-suspended in ethanol then centrifuged with the same setting (4500 rpm for 20 min) 

to remove the excess oleic acid. After three complete washing cycles in ethanol, Ag 

particles are dried overnight. Before using for self-healing, the optimised amount of 

oleic acid-coated Ag particles was added to silicone oil and mixed with a vortex mixer 

at 1000 rpm for 1 min. Then the suspension was sonicated in a water bath for 5 min. 

2.5.2 Mechanism of Modification 

The surface modification of the metal particle is a coordination reaction. In this 

reaction, the central metal atom or ion and the surrounding molecules or ions are linked 

by the metal–ligand bond, forming a coordination complex. The central metal atom or 

ion is known as the coordination centre and the surrounding molecules or ions are 

named as ligands or complexing agents. In addition, the atom within in the ligand which 

is bonded to the coordination centre is called the donor atom. Unlike the covalent 

compound, in which each atom contributes one electron to form the covalent bond, in 

coordination complex, the donor atom donates a pair of electrons and the central metal 

atom or ion accepts this electron pair to form the coordinate bond. In this work, the Ag 

ions (Ag+) act as the coordination centre and oleic acid molecules and ions are served 

as ligands. The molecular structure of the oleic acid is shown in Fig. 2.11(a), the 

carboxylate radical -COOH in molecular can be ionised to -COO- and H+.  

The distribution of peripheral electrons for -COO- are shown in Fig. 2.11(b). In 

this radical ion, both oxygen atoms can act as the donor atom: they have the peripheral 

electron pairs which can be provided to form the covalent bond between the central 

atom (Ag+) and ligand (-COO-). So there are two types of single-bonded COOAg 

coordination complex. When the two donor atoms are linked with the same central atom 

and form a closed-loop structure, this mode of coordination is named as the bidentate 

coordination. Furthermore, the two donor atoms within the ligand can connect two 

central atoms, this type of connection is called a bridging coordination and the ligand 

in this connection is known as the bridging ligand. 
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Fourier transform infrared (FTIR) spectra of Cu and Ag particles treated by oleic 

acid and the oleic acid-olamine mixture were recorded and shown in Fig. 2.12. The 

range of the wave number is from 400 cm-1 to 4000 cm-1. Two conclusions can be drawn 

from this FTIR spectra. The first one is the correspondence of wave peaks. The oleic 

acid-treated metal particles have the similar FTIR spectra with the oleic acid, indicating 

the successful modification of the metallic surface. The second conclusion which can 

be drawn from the FTIR spectra is the mode of the coordination. The absorption bands 

of the -COO- group in the FTIR spectra are 1630, 1562, 1463, 1420 cm-1. The 

carboxylate coordination mode can be deduced from the position and separation (Δ) of 

-COO- bands in the 1300 – 1700 cm-1 region [60-63]. These modes include the ionic, 

unidentate, bidentate, and bridging coordination. For Δ < 110 cm-1, the bidentate mode 

is confirmed, whereas for 140 < Δ < 200 cm-1, the bridging coordination is expected. 

When Δ > 200 cm-1, the unidentate ligands exist in the coordination complex. For oleic 

acid-treated Ag particles used in this work, the separation of the two major peaks at 

1420 and 1562 cm-1 is 142 cm-1, indicating that the major mode of the oleic acid-Ag 

coordination is the bridging coordination. The difference between the two shoulder 

Figure 2.11. (a)Molecular structure of the oleic acid. (b) Formation of the covalent 

bond between the central atom (Ag+) and ligand (-COO-). 

(a) 

(b) 
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peaks 1463 and 1630 cm-1 is 167 cm-1, further proving that the bridging mode dominates 

the oleic acid-Ag coordination. 

 

The surface modification of the metal particle can improve its suspension 

behaviour in the fluid media. In the suspension system, the dominant factor affecting 

the suspension behaviour is the surface forces between particles. In the particle-based 

suspension system, van der Waals attraction between neighbouring particles is the main 

driving force triggering agglomeration of particles. If particles agglomerate and form 

the larger cluster, the force exerted on the agglomerated cluster (mainly the gravity) 

becomes the dominant force, resulting in the sedimentation of the agglomerated 

particles. The van der Waals attraction between two particles can be calculated as: 

 𝐹𝑣𝑑𝑊 ≅ −
𝑟

12
[

(√𝐴𝑚𝑒𝑑𝑖𝑢𝑚−√𝐴𝑙𝑖𝑔𝑎𝑛𝑑)
2

𝐷
+

(√𝐴𝑙𝑖𝑔𝑎𝑛𝑑−√𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)
2

𝐷+2𝐿
 

 +
(√𝐴𝑚𝑒𝑑𝑖𝑢𝑚−√𝐴𝑙𝑖𝑔𝑎𝑛𝑑)(√𝐴𝑙𝑖𝑔𝑎𝑛𝑑−√𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)

𝐷+𝐿
] (2.11) 

Figure 2.12. FTIR spectra of oleic acid-treated Cu and Ag particles and the oleic acid-

olamine mixture. 
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where  𝑟 is the radius of particles,  𝐿 is the layer thickness of the treatment agent, 𝐷 is 

the distance of the neighbouring particles, and 𝐴𝑖 (i = medium, ligand, and particle) is 

the Hamaker constant of corresponding materials [64, 65]. This constant is calculated 

by the following equation: 

 𝐴𝑖 =
3

4
𝑘𝐵𝑇(

𝜀𝑖−𝜀𝑣𝑎𝑐

𝜀𝑖+𝜀𝑣𝑎𝑐
)2 +

3ℎ𝑣𝑒(𝑛𝑖
2−𝑛𝑣𝑎𝑐

2 )2

16√2(𝑛𝑖
2+𝑛𝑣𝑎𝑐

2 )3/2 (2.12) 

where kB is the Boltzmann constant (1.38×10−23 J/K), 𝑇 is the absolute temperature, 𝜀𝑖 

and 𝜀𝑣𝑎𝑐 are the static dielectric constant of corresponding materials and vacuum. ℎ is 

the Planck constant (6.626×10−34 J∙s) and 𝑣𝑒  is the electronic absorption frequency 

(~3×1015 s−1). 𝑛𝑖  and 𝑛𝑣𝑎𝑐  are the refractive index of corresponding materials and 

vacuum. The specific parameters for different materials and the calculated Hamaker 

constant values are listed in Table 2.2. 

Table 2.2 Parameters and calculated Hamaker constant for different materials. 

 𝜺𝒊 𝒏𝒊 A (10-20 J) 

Ag 3.45 0.12 25.15 

Oleic Acid 2.46 1.38 4.39 

Silicon Oil 2.40 1.41 5.03 

Using the parameters in Table 2.2, assuming the separation distance between the 

adjacent particles to be D ≈ 1 μm, and ignoring the thickness of the ligand layer, the 

van der Waals attraction force between neighbouring particles can be calculated by 

Equation 2.11. Without the surface modification, the van der Waals attraction force 

between Ag particles is calculated as 3.81kBT. After the surface modification, this 

attraction force decays to 1.63kBT. Therefore, the possibility of the agglomeration and 

the sedimentation can be reduced and the suspension with better uniformity and 

stability can be achieved. Fig. 2.13 gives the images taken by the field emission 

scanning electron microscope (FESEM). The untreated Ag particles agglomerated and 

formed the clusters with large size (APS > 20 μm). After the oleic acid modification, 

Ag particles were observed to be uniformly dispersed (APS < 4 μm) in the hexane. To 

evaluate the stability of the suspension, the untreated and treated suspensions with 

different Ag particle concentrations (10, 20, 40 mg/mL) were prepared and settled for 

35 days. Fig. 2.14(a) shows the settling behaviour of the untreated and oleic acid treated 

Ag particles suspended in silicone oil observed on day 0, 3 and 7. It could be observed 
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that the obviously faster sedimentation of Ag particles occurred in the suspension with 

untreated Ag particles. The stability of the suspension with oleic acid treated Ag 

particles could be further proved by the UV-Visible absorption spectra shown in Fig. 

2.14(b). The light absorption of the suspension with oleic acid treated Ag particles was 

7 times higher than that of the suspension with untreated Ag particles, on both day 0 

and day 35, indicating the larger range of the distribution of particles in the fluid. These 

results evidenced the lower agglomeration and sedimentation rate of the modified Ag 

particles, thus further proved the better stability of this suspension. 

 

Figure 2.13. FESEM images of (a) untreated and (b) oleic acid treated Ag particles 

suspended in hexane and drop-casted on silicon wafer. 
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Figure 2.14. (a) Photographs illustrating the settling behavior of untreated and oleic 

acid treated Ag particles suspended in silicone oil with varying concentrations observed 

on day 0, 3, and 7. (b) UV-Visible absorbance of the freshly prepared and 35-day settled 

untreated and oleic acid treated Ag particles. 

(a) 

(b) 
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2.6 Summary 

In this chapter, some passive and active strategies developed for improving the 

reliability of interconnects are reviewed. The mechanism of the PBSH technique 

developed in this work is analysed and the physical models are built in this chapter. To 

achieve the uniform and stable suspension, a method of modifying the particle surface 

using the oleic acid (OA) has been developed in this study. After the modification, Ag 

particles become inherently insulating, which can avoid the unexpected short of the 

adjacent interconnects when applying a particle-based suspension in the circuit. 

Simultaneously, the agglomeration and sedimentation rate of particles can be slowed 

down by surface modification. The suspension containing the modified Ag particles 

and silicon oil are the basic chemicals for healing open faults in interconnects, and the 

detailed process of healing will be analysed in the following chapters. 
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3 INKJET-PRINTED ORGANIC 

THIN-FILM TRANSISTORS 

As described in Chapter 1, due to the advantages of the mechanical flexibility and 

the low-temperature processibility, the OTFT becomes an ideal candidate for 

manufacturing flexible circuits, thus it is selected as the key component in this study. 

For the fabrication of OTFT devices and circuits, inkjet printing technique is applied.  

In this chapter, basic factors about the OTFT are reviewed. These include the 

carrier transport in organic semiconductor (OSC) materials, device structures, basic 

materials and fabrication processes. Moreover, the inkjet printing process and the 

characterisation of OTFTs fabricated in this work are described in detail. 

3.1 Carrier Transport in Organic Semiconductor Materials 

In conventional semiconductors like silicon (Si) or germanium (Ge), atoms are 

connected by the covalent bond, the charge carriers are transported in delocalised states. 

In that case their transport is mainly limited by the thermally induced lattice 

deformations [66]. But in low conductive organic semiconductors, its semiconductivity 

is caused by the sp2 hybridisation of carbon atoms. The electron structure of a carbon 

atom is 1s22s22p2. There are two electrons in the third orbit, which is also the outermost 

orbit of the carbon atom. When carbon atoms are connected in the organic molecules, 

the orbital hybridisation occurs because of the interaction of the electron wave function. 

As shown in Figure 3.1, one 2s orbit and two 2p orbits hybridise, forming three 

equivalent hybrid orbits. These orbits are in one plane (with 120° angles) and they are 

called sp2 hybrid orbits. The remaining 2p orbit forms a pz orbit which is perpendicular 

to the plane of sp2 orbits. The sp2 hybrid orbits can form a strong covalent bond with 
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the adjacent carbon atoms, which is named as the 𝜎-bond. The bonding force in the 𝜎-

bond is so strong that electrons can hardly transport in this bond. However, the bond 

between the adjacent pz orbits, which is called the 𝜋-bond, is much weaker than the 𝜎-

bond. The weak force in 𝜋-bond makes it easy for electrons to transport inside it, thus 

contributing to the semiconductive characteristics of the organic semiconductor. 

 

To describe the charge carrier transport in the OSC material, a range of physical 

models have been developed over the past 30 years, and two widely-accepted models 

are listed as follows: 

3.1.1 Hopping Model 

The first model is the Hopping model. In this model it simply estimates that the 

mean free path of charge carriers is shorter than the average atomic distance. So the 

hopping of charge carriers between the localised states is the main transport method in 

OSC materials. Compared with the conventional Si semiconductor whose charge 

carrier transport occurs in delocalised states, the OSC material has the inverse 

temperature response. That is because in delocalised transport, the charge carrier 

transport is limited by phonon scattering, here phonons are mainly created by thermally 

induced lattice deformations [66]. But in localised transport, the charge carrier transport 

is assisted by phonons. So in the Hopping model, charge mobility increases with 

Figure 3.1. sp2 hybridisation of two carbon atoms, sp2 orbitals are connected by 𝜎-bond 

in one plane, while pz orbitals (perpendicular to sp2 plane) are connected by 𝜋-bond. 
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temperature in OSC materials, and the temperature dependence of the mobility is 

described as: 

 𝜇 =  𝜇0𝑒𝑥𝑝[−(𝑇0/𝑇)1/𝛼] (3.1) 

where α is a constant ranging from 1 to 4. 

3.1.2 Multiple Trapping and Release Model 

In the Multiple Trapping and Release (MTR) model, during charge carriers’ 

transport through the delocalised levels, they interact with the localised levels by 

trapping and thermal release [66]. In this transport process two assumptions are made: 

one is that carriers arriving at a trap will be trapped instantaneously, the other one is 

that the release of trapped carriers is a thermally-related process. The electrons drift in 

the extended states near Ec, and the time a charge carrier takes in the localised states is 

included in the total transport time, so the drift mobility in this model is described as: 

 𝜇𝐷 = 𝜇0𝛼𝑒𝑥𝑝 (−
𝐸𝑡

𝑘𝑇
) (3.2) 

where 𝜇0  is the mobility in the delocalised band, which is near the bottom of the 

extended states. α is the ratio of the effective density of states at the delocalised band 

edge to the density of traps. Et equals to Ec-E, which is the difference between the 

delocalised band edge and the trap level. 

 

Figure 3.2. Temperature dependence of the electron drift mobility μ0 (Inset) model of 

the electronic-state distribution in an amorphous solid [64]. 

(

a) c) 

(

b) 

(

d) 
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3.2 OTFT Structures 

Conventionally, OTFT devices have six parts: substrate, gate (G) electrode, 

dielectric layer, source (S) and drain (D) electrodes, semiconductor layer and 

passivation layer. If the gate electrode is deposited before the source/drain electrodes, 

the device is classified as a bottom-gate structure, conversely, it is a top-gate structure. 

If source/drain electrodes are deposited on the semiconductor layer, the device is 

defined as a top-contact structure, conversely, it is a bottom-contact structure. As shown 

in Fig. 3.3, depending on the relative location of these layers, the device structure can 

be divided into four categories: the inverted staggered (bottom-gate top-contact, 

BGTC), the coplanar (top-gate top-contact, TGTC), the inverted coplanar (bottom-gate 

bottom -contact, BGBC) and the staggered (top-gate bottom-contact, TGBC) structures. 

When selecting the device structure in this study, the first choice is to decide 

whether to use the bottom-gate (inverted coplanar and inverted staggered) structures or 

the top-gate (coplanar and staggered) structures. In solution processes, bottom-gate 

structures are preferred because they are more process-compatible. In OTFT the 

semiconductor layer is the most sensitive and can easily be affected by impurities from 

other layers. And in bottom-gate structures, the semiconductor layer is deposited after 

the deposition of the dielectric layer, so these structures can avoid the influence on the 

semiconductor from other layers. When comparing the inverted staggered (top-contact) 

structure and the inverted coplanar (bottom-contact) structure, the former one has a 

larger effective contact area between source/drain electrodes and the semiconductor 

layer [67, 68]. So the carrier injection is more efficient and many reported OTFTs with 

high-mobility have been fabricated using this structure [69, 70]. However, in solution-

based processes, when depositing metal electrodes onto the semiconductor layer, it is 

easy to implant impurities into the semiconductor material. In addition, the 

conventional photolithography patterning process may damage the semiconductor layer 

(for example, when etching or lifting off the photoresist layer). These unexpected 

circumstances may cause the failure of the semiconductor material. So top-contact 

structures bring a big challenge to the fabrication process. For bottom-contact structures, 

semiconductor layer is formed after the deposition of metal electrodes, avoiding the 

impurities from the post-process. Another advantage of bottom-contact structures is 

that a thiol self-assembled monolayer (SAM) can be applied to the metal surface to 

lower the contact barrier and get a better ohmic metal/semiconductor contact [71]. In 
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this work, the inverted coplanar (BGBC) structure was selected. Because the dielectric 

layer is formed before the deposition of the semiconductor layer and the dielectric 

material can be cross-linked. In this structure materials in different layers do not 

interfere and can maintain their functionalities well. 

 

3.3 OTFT Materials 

As described in the above section, OTFTs typically have six parts: substrate, gate 

electrode, dielectric layer, source/drain electrodes, organic semiconductor (OSC) layer 

and passivation layer. In this section, materials for respective parts are introduced. 

3.3.1 Substrate 

Like other TFTs, the commonly-used substrates for fabricating OTFT devices are 

glass slides or silicon (Si) wafers. In recent years to meet the requirement in flexible 

and wearable electronics, OTFT devices and circuits are frequently manufactured on 

plastic [3, 72, 73] and paper [74, 75] substrates. Fig. 3.4 gives some examples of plastic 

substrates. For plastic and paper substrates, the main threat in the device fabrication 

process is the damage caused by high temperatures. Therefore, low-temperature 

processibility of OTFT makes it an ideal candidate to eliminate this threat. 

 

Coplanar (TGTC) 
 

Staggered (TGBC) 
 

Inverted Staggered (BGTC) 
 

Inverted Coplanar (BGBC) 
 

Figure 3.3. Illustration of the OTFT device structures. 
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In this work, there are several requirements for the substrate. First, to prove the 

compatibility with flexible displays and sensors, a transparent film with no colour is 

preferred. In this regard PAN and PI are excluded since they are non-transparent or 

have colours. Second, the surface roughness is significant as it determines the 

morphology of the deposited film. The rough surface of the film generates defects at 

the interface which degrade the device performance. Therefore, a substrate with low 

surface roughness is expected. Third, in the solution process, the wettability of the 

substrate surface is also important as it determines the uniformity of the film formed by 

the deposition of the liquid drops. With these considerations, a 125 μm-thick 

transparent PEN film is selected in this work. Fig. 3.5 shows the atomic force 

microscopy (AFM) image of PEN and CorningTM glass. The root-mean-squared (rms) 

roughness for PEN and glass are 1.6 nm and 0.8 nm. This means in terms of the surface 

roughness, PEN film is comparable with CorningTM glass, which is widely used in the 

display industry to manufacture panels. Fig. 3.6 shows the contact angles of deionised 

(DI) water droplets on the two substrates. The average contact angles of 80.60° on the 

PEN film and the 34.67° on the CorningTM glass indicate that both substrates are 

hydrophilic, and the PEN surface has a smaller interfacial surface energy. In the inkjet 

printing process, a hydrophilic substrate with smaller interfacial surface energy is 

expected, as the spread of the ink droplets would be limited, which can help with the 

(a) (b) 

(c) (d) 

Figure 3.4. Molecular structures of four plastic substrates: (a) Polyethylene 

Terephthalate (PET), (b) Polyethylene Naphthalate (PEN), (c) Polyimide (PI), (d) 

Polyacrylonitrile (PAN). 
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control of the morphology of printed patterns. So a more precise pattern and uniform 

film can be achieved on the PEN substrate when applying solution process. 

 

 

3.3.2 Electrodes 

The most popular and widely-used electrode materials in industry are metals (such 

as gold (Au), silver (Ag), copper (Cu), aluminium (Al), etc.). Metals have high 

conductivity and are abundant in the nature. Since these materials are generally in bulk 

forms in the natural state, electrode films are usually deposited by the thermal 

evaporation. In this process precisely-patterned shadow masks or photoresist layers are 

needed, and an ultra-high vacuum environment is required, increasing the complexity 

Figure 3.5. The AFM topographic images of the surface of: (a) PEN film, (b) CorningTM 

glass. 

2 μm 

(a) 

2 μm 

(b) 

RMS : 0.8 nm 

Figure 3.6. The contact angles of the DI water droplets on the surface of: (a) PEN film, 

(b) CorningTM glass. 

(a) (b) 
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and the cost of fabrication. To address this issue, researchers have worked on making 

metals into printable inks. Generally, there are two strategies: synthesising 

nanoparticles and metallising metal salts. The former one is to use chemical reactions 

to synthesise nano-scale particles, which are dispersed in the liquid. By annealing this 

nanoparticle suspension, the conductive metal bulk can be achieved [76-78]. The later 

method is to apply a metal salt, which is highly dissolved in the solvent. With the redox 

reaction, the metal salt can be transferred into metals [79, 80]. Comparing these two 

methods, the former one is preferred because residues of salts are unavoidable in the 

solvent and these impurities can influence device performance. 

In an OTFT device, the gate electrode controls the depth of the channel and the 

density of charge carriers in the channel. Source/drain electrodes directly contact the 

semiconductor, controlling the injection and collection of charge carriers. The ideal 

assumption is that there is no barrier at the metal-semiconductor junction, which is 

called the ohmic semiconductor/metal contact. In that case the work function of the 

source/drain electrodes should match the highest occupied molecular orbital (HOMO) 

level in p-type OSC or the lowest unoccupied molecular orbital (LUMO) level in n-

type OSC. However, a contact barrier exists between most OSCs and metals (for 

example, most p-type OSCs’ HOMO levels are higher than 5 eV while most metal work 

functions are lower than 5 eV), so in real circumstances, the contact between 

source/drain electrodes and the OSC is a Schottky semiconductor/metal contact. To 

lower the Schottky-barrier height, source/drain electrodes are treated by self-assembled 

monolayers (SAMs) [81, 82]. Fig. 3.7 shows two types of SAMs materials. SAMs can 

increase or lower the work function of the electrode metal due to the dipole moment of 

the molecule [83]. 

 

Figure 3.7. Molecular structures of two SAMs materials: (a) Pentafluoro-benzenethiol 

(PFBT), (b) 1H,1H,2H,2H-Perfluorodecanethiol (PFDT). 

(a) (b) 
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In this work, a commercially synthesised Ag nanoparticle ink was selected. And 

Pentafluorobenzenethiol (PFBT) was used to modify the Ag source/drain electrodes. 

The work function of the bare Ag is 4.26 eV, and after the PFBT treatment the work 

function increases to 5.2 eV. Given the HOMO of TIPS-pentacene as 5.4 eV [84, 85], 

the height of Schottky-barrier between Ag and TIPS-pentacene narrows from 1.14 eV 

to 0.2 eV after the PFBT treatment of the Ag electrode. In addition, the sheet resistance 

of the printed Ag bulk is measured as 25 ~ 30 Ω/sq. 

3.3.3 Organic Semiconductor (OSC) 

The OSC layer is a critical component in OTFTs, since it provides the channel for 

the transport of charge carriers. According to the type of major charge carriers, OSC 

materials can be categorised into n-type and p-type semiconductors. And based on the 

molecule size, OSC materials can be categorised into small molecule and polymer 

semiconductors. The p-type OSCs were developed earlier than n-type OSCs, and they 

are also the most common for both small molecule and polymer semiconductors. One 

reason is that electrons are prone to being trapped at the interface of the gate dielectric, 

and that the barrier for electron injection is higher than that for the hole injection 

because the work function of accessible materials for the electrode is relatively high 

[86, 87]. In 1986 the first OTFT was fabricated utilising a p-type OSC, polythiophene. 

At that time the carrier mobility was only 10-5 cm2/Vs [88]. Later a lot of OSC materials 

were synthesised and the material performance has been greatly improved. Typical 

OSC materials including both small molecule and polymer semiconductors are 

summarised in Fig. 3.8. In these materials, regioregular poly (3-hexylthiophene-2,5-

diyl) (rr-P3HT) was a widely-used polymer OSC in the 1990’s, and its carrier mobility 

ranged from 0.001 to 0.1 cm2/Vs [89, 90]. The requirement for higher mobility has 

pushed the development of more polymer OSCs. These newly-developed materials 

include regioregular poly-quaterthiophenes (rr-PQTs) (0.14 cm2/Vs) [91], poly[2,5-

bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT) (0.1 - 0.6 cm2/Vs) [92, 

93], poly[(9,9-din-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]-thiadiazol-4,8-diyl)] 

(F8BT) (0.4 cm2/Vs) [94], and poly[(4,4-bis(2-ethylhexyl)cyclo-penta[2,1-b:3,4-

b0]dithiophene)-2,6-diyl-alt-[1,2,5]-thiadiazolo[3,4-c]pyridine] (PCD-TPT) (0.45 

cm2/Vs) [95]. Compared with the early OSCs like rr-P3HT, these polymer OSCs have 

made large progress in the material performance. But their mobilities still did not 
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exceed 1 cm2/Vs. To solve this issue, donor–acceptor (D–A) copolymer OSC materials 

have been developed. Among these materials the representative and widely-used ones 

are indacenodithiophene-co-benzothiadiazole (C16IDT-BT) (1.5 - 3.6 cm2/Vs) [96, 97] 

and poly[2,6-(4,4-bis-alkyl-4H-cyclopenta[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (CDT-BTZ) (3.3 cm2/Vs) [98]. Mobilities of these D-A copolymer 

OSCs are generally over 1 cm2/Vs, but their cost is much higher than other polymer 

OSCs.  

To balance the performance and the cost, some researchers tend to choose small 

molecule OSCs. Mobilities of small molecule OSCs are generally comparable to those 

of polymer OSCs, and most of these small molecule OSCs are available in the market 

and the price is normally acceptable. Popular small molecule OSCs reported in other 

works include 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-Pentacence) (0.01 - 

1.2 cm2/Vs) [12, 99-104], 2,7-alkyl[1]benzo-thieno[3,2-b][1]benzothiophene (C8-

BTBT) (0.42 - 5cm2/Vs) [85, 105, 106], and 2,8-difluoro-5,11-bis(triethyl-silylethynyl) 

anthradithiophene (diF-TES-ADT) (0.13 - 2.41 cm2/Vs) [71, 107-109]. These materials 

show high performance when they form crystals with good morphology. To grow large 

crystals, two strategies are taken: 

(a) The first strategy is to control the growth of semiconductor crystals, which is usually 

realised by applying specific film deposition processes. In these processes, a 

unidirectional moving meniscus [12, 100, 110-112] or nozzle [113, 114] is used to 

control the crystallographic orientation. This moving guide carries the OSC solution 

forward, making it gradually exposed to the ambient environment and controlling the 

volatilisation rate with moving speed and ambient temperature. The control of 

volatilisation rate is critical as it determines the size of crystalline grains. The growth 

of the crystalline grain occurs in the solvent and starts from the nucleation. If the 

volatilisation rate is too high, there is no carrier for the growth of crystalline grains. If 

the volatilisation rate is too low, part of the grown crystalline grain is re-dissolved by 

the solvent and a new nucleus forms, leading to an increasing number of crystalline 

grains and grain boundaries in the unit area. For OTFTs, the larger crystalline grain size 

and less grain boundaries in the channel region are preferred because grain boundaries 

act as barriers blocking the transport of charge carriers. As a consequence, controlling 

the volatilisation rate of the solvent to match it with the growth rate of the crystalline 

grain is critical in this method. 
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(b) The second strategy is to blend polymer binders with OSC solutions. According to 

Flory-Huggins theory, the difference between solubility parameters of these two 

materials can lead to vertical phase separation when the blended solution evaporates on 

a surface [115, 116]. A sandwich-like structure (semiconductor-polymer- 

semiconductor) forms inside the semiconductor layer, and this vertical phase separation 

can induce a better crystallisation of the semiconductor phase [117]. To achieve better 

crystallisation, polymer materials with large relative molecular mass (𝑀𝑟 > 20000) are 

preferred, and reported polymer binders used to facilitate OSC crystallisation include 

polystyrene (PS) [12, 48, 69, 78], polymer poly(triarylamine) (PTAA) [107, 109, 111], 

amorphous polycarbonate (APC) [115], and poly(α-methylstyrene) (PαMS) [116-118]. 

In this work, a p-type small molecule OSC TIPS-pentacence blended with PS was 

used. TIPS-pentacence is a relatively high-performance and market-available OSC 

material, and PS is a polymer with large molecular mass (𝑀𝑟 ≈ 35000). These material 

properties make this blended system an ideal choice for fabricating OTFTs. 

 

(a) 

(b) 

NDI-Ph P(NDI2OD-T2) 

C60 NDI3HU-DTYM2 TIPS-TAP 
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(c) 

(d) 

Pentacene 

P3HT 

C16IDT-BT 

diF-TES-ADT 
TIPS-Pentacene 

C10-DNTT 

C8-BTBT 

PCDTBT 

F8BT 

PBTTT-C12 

Figure 3.8. Molecular structures of typical OSCs: (a) n-type small molecule OSCs, (b) 

n-type polymer OSCs, (c) p-type small molecule OSCs, (d) p-type polymer OSCs. 
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3.3.4 Dielectrics 

Dielectric layer is another critical component in OTFTs. The function of this layer 

is to separate the gate (G) electrode with the source/drain (S/D) electrodes and the 

semiconductor layer. It blocks the leakage current from gate to source/drain electrodes. 

This layer also prevents the direct contact of the gate electrode with the semiconductor 

layer, blocking the charge carrier injection from the gate electrode into the 

semiconductor. For OTFTs, organic polymer materials and inorganic oxide/nitride 

materials are commonly utilised for the dielectric layer. Typical organic dielectric 

materials include poly (vinyl alcohol) (PVA) [78, 119], poly (4-vinylphenol) (PVP) [74, 

99, 103]， poly (vinyl cinnamate) (PVC) [12]， polymethyl-methacrylate (PMMA) 

[70, 93, 120], poly[(vinylidene-fluoride-co-trifluoroethylene] (P(VDF-TrFE-CFE)) 

[121], and poly(perfluoro-alkenylvinyl ether) (CYTOP) [75, 107], etc. And popular 

inorganic oxide/nitride materials for dielectric layers include silicon oxide (SiO2) [112], 

silicon nitride (Si3N4) [122], alumina (Al2O3) [123], and hafnium oxide (HfO2) [124], 

etc. 

 

In this study, as organic polymer materials are compatible with the inkjet printing 

process, they are chosen as the candidate for the dielectric layer. Regarding the selection 

of the specific organic dielectric material, there are two factors to be considered:  

PVP PVA PVC PS 

PMMA P(VDF-TrFE-CTFE) CYTOP 

Figure 3.9. Molecular structures of typical organic dielectric materials for OTFTs. 



 

 

52   

 

(a) The organic polymer material for the dielectric layer should be able to be cross-

linked. Most polymer materials are in the form of independent chains, which are soluble 

in compatible solvents. As OTFT is a multi-layer structure, the solvents of other layers 

may dissolve the dielectric polymers. To solve this issue, a cross-linking process is used 

to link the polymer chains by covalent or ionic bonds. With these bonds, the 

independent chains are weaved into a mesh, increasing the mass of the polymer 

molecular and making it more resistible to its compatible solvents.  

(b) The dielectric constant (k) of the polymer material for the dielectric layer should be 

moderate. According to the physical theory in Field Effect Transistor (FET), the 

subthreshold swing (SS), which is defined as the change in gate voltage needed to 

increase the drain current by one order of magnitude, can be described as: 

 𝑆𝑆 = 𝑙𝑛(10)
𝑘𝐵𝑇

𝑞
(1 +

𝑞2𝑁𝑆𝑆

𝐶𝑖
) (3.3) 

where 𝑘𝐵 is Boltzman’s constant, T is absolute temperature, q is the elementary charge, 

NSS is the trap density, and Ci is the gate dielectric capacitance per unit area, which is 

calculated as: 

 𝐶𝑖 =
𝑘𝑘0𝑆□

𝑑
 (3.4) 

where  𝑘  is the relative dielectric constant for the dielectric material, 𝑘0  is the 

permittivity of vacuum, 𝑆□ is the unit area, and 𝑑 is the thickness of the dielectric layer.  

A high-performance OTFT is expected to have a large on/off current ratio and a 

steep slope in the transfer curve. So a small value of SS is required. In Equation 3.3, 
kBT

q
 

is a constant, so the value of SS depends on NSS and Ci, and a lower NSS and large 𝐶𝑖 is 

required. As mentioned in Section 3.3.3, NSS  can be lowered by improving the 

crystallisation of the semiconductor. And derived from Equation 3.4, Ci  can be 

increased by choosing the material with high-k value. However, the large Ci may limit 

the frequency response of OTFTs [125]. The trade-off between SS and the response 

speed has to be balanced when choosing the polymer material for the dielectric layer.  

Taking all factors into consideration, PVC was selected as the dielectric material 

in this work. The main reason is that it can be cross-linked under ultraviolet (UV) 

exposure. The cross-linking in PVC is known as (2+2) cycloaddition [126], which is 

shown in Fig. 3.10. 
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In this process, the C=C bonds (red circle) break due to the energy of the UV rays 

and two free C- bonds are formed in the cinnamoyl chain. Then free bonds in adjacent 

molecules connect as the C-C bonds and form cyclobutane rings (blue circle). Depends 

on the combination mode of the C-C bonds, cyclobutane rings can be classified into 

trans isomer and cis isomer. These cyclobutane rings act as the cross-links in the 

polymer mesh, and the existence of the different isomers makes PVC prone to being 

cross-linked and becoming more chemically inert. 

3.3.5 Encapsulation 

Oxygen and moisture are major factors threatening the stability of OTFTs, as they 

can cause the oxidation of the electrodes and degradation of the OSC materials [127]. 

To prevent the permeation of the oxygen and moisture and improve the stability of the 

OTFTs, a passivation layer is needed on the top of the device. Materials for the 

encapsulation include organic materials like polytetrafluoroethylene (PTFE) [128], 

CYTOP [99] and inorganic materials such as alumina/titania (Al2O3/TiO2) composites 

[129] and glass [130]. 

In this study, CYTOP is selected for the passivation layer. The first reason is that 

CYTOP is a fluoropolymer, and the rich fluorine atoms in polymer chains make it 

intrinsically hydrophobic and effective in preventing the moisture diffusion. In addition, 

the main solvent for CYTOP is perfluorotributylamine, which is also a fluoropolymer 

Figure 3.10. The cross-linking process of PVC under UV exposure. 
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[131]. An important requirement for passivation material is that it should not dissolve 

any prepositive materials, and this fluorinated solvent does not dissolve the non-

fluorinated semiconductor and dielectric materials. These factors make CYTOP 

solution a good candidate for the passivation layer. 

3.4 Inkjet Printing Process 

To fabricate OTFTs, a range of thin film deposition techniques have been 

developed. 

For electrodes, vacuum thermal evaporation is the most common-used process for 

the film deposition. In this process, a high vacuum level and designed shadow masks 

with high precision are required. For OTFTs with short channel (< 10 μm), a 

photolithography technique is needed and the photoresist material should be carefully 

chosen as the organic photoresist may dissolve or blend with the organic dielectrics or 

semiconductors, influencing the device performance of OTFTs. 

For dielectrics, both organic and inorganic materials are used. One popular 

inorganic dielectric material is aluminium oxide (AlOx), and the processes for 

depositing the AlOx film include sputtering [132], oxygen (O2) plasma treatment [3], 

and atomic layer deposition (ALD) [5]. For organic solutions, spin-coating is the most 

widely-used process for the formation of films [12, 119, 133, 134]. However, this 

process has two drawbacks: One is the nonuniformity of the film thickness caused by 

the different tangential velocities. The other one is the high possibility of having defects 

in the film because particles easily enter the film when the substrate rotates at a high 

speed. 

Many studies have focused on the deposition of semiconductor layers, as this layer 

is the most critical layer deciding the device performance of OTFTs. The reported 

solution-based processes include spin-coating [71, 107, 119, 135], slot-die coating 

[110], solution shearing [100, 112], and blade-coating [12], etc. These processes used 

a high-speed spin coater or designed guide-blade to spread the OSC solution and form 

the semiconductor film.  

In this work, an inkjet printing process was utilised to deposite all layers in OTFTs. 

This process used a functional materials printer (Dimatix DMP-2831, Fujifilm), 

accompanied with an organic-compatible cartridge (DMPLCP-11610, Dimatix, 

Fujifilm), to print functional inks at the designed positions. This cartridge has 16 
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nozzles and the drop size is 10 pL. Fig, 3.11 shows the functional inkjet printer and 

cartridge used in this study. 

Compared with other film deposition techniques, this process has several 

advantages. First, in this process, the precise shadow masks or photoresist are not 

needed. Patterns for each layer are designed in computer aided design (CAD) softwares. 

With the ultra-small size of the ink drop from one single nozzle and the ability of precise 

positioning of the cartridge, high-resolution patterns can be achieved. Second, this 

process does not require a vacuum environment and all layers can be printed in the 

ambient-air environment, which can reduce the cost of device fabrication. Third, inkjet 

printing is an additive process and all layers are printed-on-demand, so there is almost 

no waste of ink in this process. The high utilisation efficiency of materials also makes 

this process an economical choice for manufacturing OTFTs. 

 

3.5 Experiment 

3.5.1 Preparation of Inks 

Electrode: A type of commercial Ag ink (JET-605C) provided by Hisense 

Electronics, Kunshan, China, was used in this work. As the solvent for this Ag ink is 

an alcohol, an organic-compatible cartridge (DMPLCP-11610, Dimatix) was used to 

hold the ink. To remove large particles and solid impurities in the Ag ink, it was injected 

into the cartridge through a 0.2 μm poly(tetrafluoroethylene) (PTFE) filter. 

Dielectric: The PVC powder (CAS NO. 9050-06-0, Sigma-Aldrich) was dissolved 

in anisole (CAS NO. 100-66-3, Sigma-Aldrich) with a concentration of 45 mg/mL. 

Figure 3.11. Photographs of (a) Dimatix DMP-2831 inkjet printer, (b) Dimatix 

DMPLCP-11610 cartridge. 

 

(a) (b) 



 

 

56   

 

Since PVC is sensitive to UV rays, the solution should be kept in an amber bottle 

wrapped with the aluminum foil. The dielectric ink was stirred by a magnetic stirrer for 

12 h, then it was injected into the DMPLCP-11610 cartridge through a 0.2 μm PTFE 

filter. 

Semiconductor: TIPS-pentacene (CAS NO. 373596-08-8 Sigma-Aldrich) and PS 

(CAS NO. 9003-53-6, Sigma-Aldrich) powders were dissolved in anisole with a 

concentration of 10 mg/mL, respectively. Then they were mixed with a volume to 

volume ratio of 3:1 (TIPS-pentacene:PS =3:1). The blended semiconductor ink was 

also kept in an amber bottle and stirred by a magnetic stirrer for 12 h. After the intensive 

mixing, it was injected into the DMPLCP-11610 cartridge through a 0.2 μm PTFE filter. 

Encapsulation: The blending system of CYTOP (CTL-809M) and its thinner (CT-

Solv. 180) were utilised as the ink for passivation layer. Both of them were supplied by 

Asahi Glass, Japan. They were mixed at a mass ratio of 1:3 (CYTOP:thinner = 1:3) and 

the blending system was stirred by a magnetic stirrer for 2 h. 

3.5.2 Device Fabrication 

As shown in Fig. 3.12(a), an inverted coplanar (BGBC) device architecture was 

applied in this work. At the bottom a 4 cm × 3 cm PEN film (Teonex Q65HA, 125 μm, 

Pütz GmbH & Co. Folien KG) was used as the substrate. The Ag ink was deposited 

onto the PEN substrate to pattern the gate electrode. The drop space (𝐷𝑆 ) and the 

distance from the cartridge nozzles to substrate surface (𝐷𝐻) were set as 50 μm and 1 

mm, respectively. After the deposition of the Ag ink, the substrate was transferred to a 

hot plate and annealed at 130 °C for 15 min. By this treatment a uniform conductive 

film with sheet resistance of 25–30 Ω/sq can be obtained. Then the PVC solution was 

printed onto the substrate with a 𝐷𝑆 of 10 μm and a 𝐷𝐻 of 1 mm, covering the whole 

gate electrode, followed by a 30 min UV (λ ∼ 254 nm) exposure and 30 min annealing 

at 100 °C for the cross-linking of the PVC molecules. Subsequently, the source/drain 

electrodes were formed by printing Ag ink onto the dielectric layer with the same jetting 

parameters when printing the gate electrode, and then annealed at 120 °C for 15 min. 

All OTFTs fabricated in this work were designed to have a constant aspect ratio for 

their channels, with a width of 1600 μm and a length of 80 μm. To lower the Schottky-

barrier height between source/drain electrodes and semiconductors, the sample was 

immersed into the PFBT solution (volume to volume ratio: PFBT:ethanol = 1:1000 ) 
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for 15 min and rinsed with pure ethanol. This treatment attaches self-assembled 

monolayers onto the surface of source/drain electrodes, lowering the difference of the 

work function between source/drain electrodes and semiconductors. The 

semiconductor ink was then printed on the sample, covering both source/drain 

electrodes and the whole channel region. The 𝐷𝑆 and the 𝐷𝐻 were set to be 10 μm and 

1 mm, and the platen temperature in the printer was set to be 40 °C to control the 

volatilisation rate of the solvent in the OSC ink. After the formation of OSC crystalline 

grains, the sample was annealed at 100 °C for 15 min. Finally, the CYTOP ink was 

deposited onto the sample as the passivation layer, covering the whole device (except 

the extended pads of gate/source/drain electrodes for testing). After the annealing at 

100 °C for 15 min, the sample was ready for the measurement. The fabricated sample 

and the single OTFT device is shown in Fig 3.12(b). 

 

3.5.3 Device Characterisation 

The electrical characteristics of OTFTs were measured by the KeithleyTM 4200 

Semiconductor Characterisation System (SCS). A probe station system supplied by 

SEL-TEK Ltd. was connected with KeithleyTM 4200 SCS, and probe tips in the probe 

station contact the extended pads for gate/source/drain electrodes. The film thickness 

was measured by the Dektak 6M stylus profilemeter. All measurements were conducted 

in an ambient-air environment. 

Figure 3.12. (a) Schematic image of an OTFT with the BGBC structure, (b) Photograph 

of a flexible sample and microscopic image of a single OTFT. 

(a) (b) 
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3.6 Properties of OTFTs 

3.6.1 Film Thickness 

As shown in 3.5.2, the OTFT fabricated in this work has a BGBC architecture, so 

the thickness of the bottom layers has great influence on the device performance. For 

the gate electrode, its thickness should not influence the surface morphology of the 

dielectric layer covering it. Therefore, the gate electrode should have a relatively small 

thickness compared with the dielectric layer. In addition, for the dielectric layer, there 

is a trade-off when deciding the thickness of the film:  

On the one hand, a thick dielectric layer is expected as it has to prevent the gate 

leakage current flowing from gate electrode to source or drain electrode.  

On the other hand, the large thickness of the dielectric layer would degrade the 

device performance, which can be explained by the threshold voltage (Vth) and 

subthreshold slope (SS) relations: 

 𝑉𝑡ℎ = 𝑉𝑡ℎ,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 +
𝑄𝑡

𝐶𝑖
 (3.5) 

 𝑆𝑆 = 𝑆𝑆𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙(1 +
𝑞2𝑁𝑆𝑆

𝐶𝑖
) (3.6) 

where 𝑉𝑡ℎ,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  and 𝑆𝑆𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  are the theoretical threshold voltage and 

subthreshold slope without defects, 𝑄𝑡 is the charge density of defect-trapped carriers, 

𝑁𝑆𝑆  is the density of defect trap (per eV and unit area), and 𝐶𝑖  is the gate insulator 

capacitance per unit area, which is calculated by Equation 3.4. According to Equation 

3.4, the increase of the film thickness would lead to the decrease of the gate insulator 

capacitance 𝐶𝑖, causing an increase of the Vth and SS values. The large value of Vth 

means larger gate-source voltage (Vgs) is needed for the operation of the device. And 

the large value of SS means the slower increase of the working current (Ids) with the rise 

of the gate-source voltage (Vgs) in the transfer characteristic. Because of these 

influences, a thin dielectric layer is expected for the better device performance. 

To modulate the thickness of the dielectric layer, the inkjet printer was set to 

deposit the single- and double-layer PVC film. The thicknesses of the single- and 

double-layer films were measured by the profilemeter and the result is shown in Fig. 

3.13. The average thickness of the single-layer PVC film was measured to be 236 nm 

while for the double-layer PVC film, the value was measured as 486 nm. However, 

when the relatively high voltage was applied on the gate electrode (Vgs ≥ 25 V) of the 
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OTFT with the single dielectric layer, it was highly possible that the dielectric layer 

broke down and lost its function of isolating the gate voltage and modulating the 

channel region. Meanwhile, in the experiments, most of OTFTs with double-layer 

dielectric film could resist high voltages. Therefore, at least two layers of the dielectric 

film were needed for the fabrication of OTFTs. 

 

Figure 3.13. Thickness of the printed films: (a) single-layer PVC (b) double-layer PVC 

(c)single-layer Ag. 

(a) 

(b) 

(c) 
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The thickness of the Ag electrode film is shown in Fig. 3.13(c). The average value 

is calculated as 57.1 nm, and the peak of the film is less than 140 nm. Therefore, it can 

be concluded that compared with the dielectric layer, the electrode film is thin enough 

and has no influence on the surface morphology of the dielectric layer. 

3.6.2 Electrical Properties 

 

Figure 3.14. (a) Measured transfer characteristics of 46 OTFTs, (b) Typical output 

characteristics of one OTFT. 

(a) 

(b) 
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The total number of fabricated devices was 54 and when the functional device was 

defined as having an on/off current ratio over 103, the yield of these OTFTs was 85.19% 

(46 out of 54). The transfer characteristics of these functional OTFTs are shown in Fig. 

3.14(a). In this figure the red line represents the typical transfer curve for the p-type 

OTFT, and the typical output characteristic is shown in Fig. 3.14(b). 

To evaluate the device performance of manufactured OTFTs, the threshold voltage 

(Vth), device mobility (μ), on/off current ratio and SS were extracted and counted. The 

extraction methods of these parameters are summarised below: 

Mobility (μ): The mobility is defined as the average drift velocity of the charge 

carriers under an electric field: 

 𝜇 =
𝑣

𝐸
 (3.7) 

where 𝑣 is the drift velocity of the charge carriers in the semiconductor and 𝐸 is the 

external electric field. It describes how well the charge carriers in the semiconductor 

can move due to an electric field, and its unit is expressed as cm2/Vs. When voltages 

applied on the S/D/G electrodes meet the condition: |𝑉𝐷𝑆| < |𝑉𝐺𝑆 − 𝑉𝑡ℎ|, the OTFT is 

operating in the linear region. In this region the current from the Source to the Drain 

(𝐼𝐷𝑆) is calculated as: 

 𝐼𝐷𝑆 = 𝜇𝑙𝑖𝑛𝐶𝑖
𝑊

𝐿
(𝑉𝐺𝑆 − 𝑉𝑡ℎ −

𝑉𝐷𝑆

2
) 𝑉𝐷𝑆 (3.8) 

where 𝜇𝑙𝑖𝑛 is the mobility in the linear region, 𝐶𝑖 is the dielectric capacitance per unit 

area, and W/L is the aspect ratio of the channel. When voltages meet the condition: 

|𝑉𝐷𝑆| > |𝑉𝐺𝑆 − 𝑉𝑡ℎ| , the OTFT is biased in the saturation mode region, and 𝐼𝐷𝑆  is 

calculated as: 

 𝐼𝐷𝑆 =
1

2
𝜇𝑠𝑎𝑡𝐶𝑖

𝑊

𝐿
(𝑉𝐺𝑆 − 𝑉𝑡ℎ)2 (3.9) 

here 𝜇𝑠𝑎𝑡 is the mobility in the saturation region. Based on Equation 3.8 and Equation 

3.9, 𝜇𝑙𝑖𝑛 and 𝜇𝑠𝑎𝑡 can be calculated as: 

 𝜇𝑙𝑖𝑛 =
𝐿

𝐶𝑖𝑊𝑉𝐷𝑆

𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
 (3.10) 

 𝜇𝑠𝑎𝑡 =
2𝐿

𝐶𝑖𝑊
(

𝜕√𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
)

2

 (3.11) 

In this work, the OTFT was usually biased in the saturation region, so the mobility 𝜇 

appearing in this dissertation is 𝜇𝑠𝑎𝑡 . In addition, based on Equation 3.11, 𝜇 can be 

extracted from the transfer characteristics curve (|𝐼𝐷𝑆|1/2 − 𝑉𝐺𝑆). The value of 
∂√IDS

∂VGS
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can be achieved by calculating the average slope of tangents to several specific points 

on the curve. 

Threshold Voltage (Vth): Vth is defined as the gate voltage required to meet the 

condition: 𝜙𝑠 = 2𝜙𝑓𝑝 , here 𝜙𝑠  is the surface potential and 𝜙𝑓𝑝  is the difference 

between the intrinsic Fermi level (𝐸𝐹𝑖 ) and Fermi energy level ( 𝐸𝐹 ) in a p-type 

semiconductor. Based on Equation 3.9, 𝑉𝑡ℎ can be calculated as: 

 𝑉𝑡ℎ = 𝑉𝐺𝑆 − (
2𝐿𝐼𝐷𝑆

𝐶𝑖𝑊𝜇𝑠𝑎𝑡
)1/2 (3.12) 

𝑉𝑡ℎ  can be extracted from the |𝐼𝐷𝑆|1/2 − 𝑉𝐺𝑆  curve, as shown in Fig.3.14(a). It is 

determined as the intersection of the X-axis and the tangent extended from the curve. 

Subthreshold Swing (SS): SS is defined as the change in gate voltage needed to 

increase the drain current by one order of magnitude. It is calculated by Equation 3.3, 

and is extracted from the transfer characteristics curve (𝐼𝐷𝑆 − 𝑉𝐺𝑆). The value of SS 

equals to the reciprocal of the slope of the tangent derived from the curve. In addition, 

based on Equation 3.3, at the room temperature (300 K), the theoretical limit of SS for 

OTFT is ln(10)
𝑘B𝑇

𝑞
 ≈ 60 mV/dec. 

On/Off Current Ratio: The value of the on/off current ratio is usually used to 

evaluate the switch performance of the OTFT device. It is extracted from the transfer 

characteristics curve (𝐼𝐷𝑆 − 𝑉𝐺𝑆) and is calculated as: 

 𝑂𝑛 𝑂𝑓𝑓⁄  𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝐼𝑜𝑛

𝐼𝑜𝑓𝑓
 (3.13) 

The average values and histograms of these extracted parameters are shown in 

Table 3.1 and Fig. 3.15, respectively. 

Table 3.1 Average values of extracted parameters for inkjet-printed OTFTs 

 Mobility 

(cm2/Vs) 

Vth 

(V) 

On/off 

ratio 

SS 

(mV/decade) 

Yield 

Average 

Values 
0.125 -0.53 3.17×106 240.8 85.19% 
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3.7 Summary 

In this chapter, the mechanism of the carrier transport in organic semiconductor, 

device structures, materials for different layers, fabrication process and the electrical 

(a) 
  

(b) 
 

Figure 3.15. Histograms of 46 inkjet-printed OTFTs over the 4 cm × 4 cm size flexible 

substrate: (a) mobility, (b) threshold voltage, (c) on/off ratio and (d) subthreshold slope. 

(c) 
  

(d) 
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properties of the OTFT are introduced. Taking the manufacturability and device 

performance into consideration, a BGBC-structured OTFT device has been selected in 

this work. Materials used in this device include: PEN film for the flexible substrate, Ag 

for the electrodes, TIPS-pentacence for the semiconductor, PVC for the gate dielectric, 

and CYTOP for the encapsulation layer. All layers on the substrate have been deposited 

by the inkjet printing process, showing a better manufacturability compared with other 

fabricating process. Compared with the previously reported works, OTFTs fabricated 

in this work have shown relatively good yield and electrical properties, thus they are 

qualified to be the basic device for the further research about the self-healing of device 

and circuit interconnects in the following chapters. 
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4 SELF-HEALING OF INKJET 

PRINTED INTERCONNECTS 

To reveal the feasibility of the PBSH technique in flexible circuits, this dissertation 

follows a wire-device-circuit logic. This chapter shows the self-healing of an open fault 

in inkjet-printed wires. Relationships between the healing time with the concentration, 

electric field strength, and external resistance are analysed in this chapter. Section 4.1 

introduces the experimental set-up and shows results proving the healing of the open-

fault. Section 4.2 analyses the relationships between the healing time with the 

concentration and figures out the most appropriate concentration by the calculation. 

Section 4.3 reveals the influence of the electric field strength on the healing time. 

Section 4.4 explores the dependence of the healing time on the length of open gap, and 

Section 4.5 analyses the relationships between the healing time with the external 

resistance. Finally, the stability of the healed pathway when reducing the external 

voltage is proved in Section 4.6. 

4.1 Self-healing of Open-fault in the Wire 

In this section the experimental set-up and some evidences proving the occurrence 

of the self-healing in the open gap are shown and discussed. 

4.1.1 Experimental Set-up 

The experimental set-up for the optical observation and electrical measurement of 

the self-healing are shown in Fig. 4.1. In this experiment, an Ag wire with the width of 

200 μm was inkjet printed on a PEN substrate. An open gap was reserved in the middle 

of the printed wire. A Source Measure Unit (SMU) was connected to two terminals of 
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the printed wire. The SMU functions as a voltage source to provide direct voltage (volts 

D.C.). At the same time, it functions as an ammeter to measure the current flowing 

through the printed wire. A resistor was connected in series with the printed wire and 

the SMU. The function of this resistor was to limit the current in the circuit to protect 

the SMU, and to replace the external circuit and simulate the influence of the impedance 

of an external circuit on self-healing. A microscope lens connected to a charge coupled 

device (CCD) camera was fixed above the open gap to observe the movement of metal 

particles in the open gap. 

 

4.1.2 Self-healing in the Open Gap 

The suspension with oleic acid (OA)-coated Ag particles was dropped to cover the 

open gap. Meanwhile the current flowing through the circuit and the movement of Ag 

particles in the open gap were recorded. According to the theory in Section 2.3, after 

dropping the suspension in the open gap, it takes time to drive metal particles to form 

the bridge. As soon as the conductive bridge is built, the current can return to the 

original level before the open-fault occurs. The result shown in Fig. 4.2 matches well 

with theory. In the first 33 seconds (s), the current stayed at the low level (10-12 – 10-11 

A), indicating the open state of the printed wire. The measured current did not equal 0 

Ammeter Volts D.C. 
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Figure 4.1. Schematic of the experimental set-up for measuring the self-healing in 

printed interconnects. 
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A because of the noise in the circuit and the SMU (will be analysed in Chapter 7). At 

the 33rd second, the conductive bridge was built and the current jumped to the original 

level (10-4 A) before the open-fault, which indicated the healing of the open gap in the 

interconnection. After that jump the current remained at the normal level, proving that 

the conductive bridge had been effective at healing the open-fault in the circuit. 

 

The movement of metal particles and the formation of the conductive bridge 

recorded by the CCD camera is shown in Fig. 4.3. In this process the OA-coated Ag 

particles were driven by the dipole-dipole attractive force arising from the electric field 

in the open gap. At time t = 15 s the bridge was built and due to the large external 

impedance, the potential difference across the open gap dropped to a low level, thus the 

electric field in the open gap was sharply weaken. After the time t = 15 s, the sintering 

occurred in the healed bridge, fixing the bridge across the open gap. As the strength of 

electric field weakened across the gap, Ag particles did not move and no new bridge 

formed in the open gap. The current flowed through the healed bridge and the whole 

circuit returned to the original state before the open-fault occurred. The SEM image of 

the healed bridge is shown in Fig. 4.3(f). A complete pathway is confirmed in this image, 

indicating the successful repairing of the open gap. 

Figure 4.2. Self-healing of inkjet-printed interconnects on flexible substrates. 

33 
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4.2 Dependence of Healing Time on Suspension Concentrations 

This section discusses the impact of changing the concentration of Ag particles in 

the suspension. Three different concentrations, i.e., 10, 20, and 40 mg/mL were adopted 

in this work. For each concentration, 6 to 9 sets of data were collected. Fig.4.4(a) is 

typical dynamics of the current flowing through the printed wire circuit for different 

suspension concentrations. In this circuit, the length of the open gap was set as s ≈ 80 

μm, the external resistance was Rext ≈ 220 kΩ, and the electric field strength was fixed 

at ξ ≈ 1.1 V/mm. For each concentration, one typical data set is picked, as shown in Fig. 

4.4(a). In this figure, suspensions with all these concentrations could heal the open fault, 

and the healing time decreased with the increase in the suspension concentration. The 

distribution of the healing time (τh) in experiments with different concentrations is 

shown in Fig. 4.4(b). The black dashed line represents the trend of the mean τh versus 

suspension concentration. The linear fitting of the data points in a log–log scale shows 

the slope of this dashed line to be ∆y/∆x ≈ -2.13, indicating that τh varies as the -2.13th 

power of the concentration. The theoretical relationship between the healing time and 

t=6 s t=12 s 

Figure 4.3. (a)-(e) Optical micro-photos showing the formation of the conductive 

bridge [48] (f) SEM image of the healed particle-based conductive bridge. 
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the concentration can be derived from equations in Section 2.3. By substituting 

Equation 2.7 into Equation 2.6, the following equation can be achieved: 

 𝑡~
𝜂𝑓

𝜖𝑓

1

𝜉2
(𝑛𝑝𝑟𝑝)−

5

3 (4.1) 

In Equation 4.1, 𝑛𝑝 is the number of particles in unit volume, which represents the 

concentration of particles in the suspension. Then by taking logarithm of both two sides, 

Equation 4.1 is presented as: 

 𝑙𝑜𝑔10 𝑡 ~ 𝑙𝑜𝑔10(
𝜂𝑓

𝜖𝑓

1

𝜉2) −
5

3
𝑙𝑜𝑔10(𝑛𝑝𝑟𝑝) (4.2) 

In Equation 4.2 the constant coefficient for the concentration-related term 

log10(𝑛𝑝𝑟𝑝)  is -5/3 ≈ -1.67. This theoretically derived coefficient is near the 

experimental result -2.13, indicating the good agreement of the experimental result with 

the theoretical modelling. 

 

As seen from Fig. 4.4(b), the modified micro-particle suspension was inherently 

insulating when the concentrations were 10 and 20 mg/mL, and the healing was 

observed with τh ≈ 10–100 s and τh ≈ 1–10 s, respectively. When the concentration 

reached 40 mg/mL, many samples showed the inherent conductivity as the open faults 

were repaired as soon as the suspension was dropped onto the open gap. For those 

nonconductive samples, the healing was much quicker than the former two 

concentrations with τh ≈ 0.01–1 s. To avoid the crosstalk and to improve the reliability 

Figure 4.4. (a) Typical dynamics of current for suspension concentrations of 10, 20, 

and 40 mg/mL (b) The dependence of the healing time on suspension concentrations. 

(a) (b) 
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of the healing circuit, the inherently insulating suspension is preferable. Therefore, the 

high concentration is undesirable for the self-healing in this work. 

The optimum concentration for the Ag particle-based suspension can be calculated 

based on the previous research about using Cu particles for the self-healing [59]. 

Optimum concentrations for Ag and Cu particles in silicon oil in weight/volume are 

defined as 𝜙𝐴𝑔 and 𝜙𝐶𝑢, respectively. And the suspension is assumed to have a two-

dimensional (2D) spread. If the number of particles in unit volume is defined as n, for 

Ag and Cu particles in silicon oil, the number can be calculated as: 

 𝑛𝐴𝑔 = 𝜙𝐴𝑔 (4 3⁄ 𝜋𝑟𝐴𝑔
3 𝜌𝐴𝑔)⁄  (4.3) 

 𝑛𝐶𝑢 = 𝜙𝐶𝑢 (4 3⁄ 𝜋𝑟𝐶𝑢
3 𝜌𝐶𝑢)⁄  (4.4) 

where rAg and rCu are radiuses of Ag and Cu particles. 𝜌𝐴𝑔 and 𝜌𝐶𝑢 are mass densities 

of these two particles. In the 2D geometry the distance between two particles is scaled 

as (1/n)1/2, therefore, the particle distance in these two suspensions can be scaled as: 

 𝑥𝐴𝑔 ≅ (1 𝑛𝐴𝑔⁄ )
1 2⁄

= [(4 3⁄ 𝜋𝑟𝐴𝑔
3 𝜌𝐴𝑔) 𝜙𝐴𝑔⁄ ]1 2⁄  (4.5) 

 𝑥𝐶𝑢 ≅ (1 𝑛𝐶𝑢⁄ )1 2⁄ = [(4 3⁄ 𝜋𝑟𝐶𝑢
3 𝜌𝐶𝑢) 𝜙𝐶𝑢⁄ ]1 2⁄  (4.6) 

To estimate the optimum concentration of the Ag based on the optimum condition 

of the Cu, the healing time is aimed to be kept constant. According to Equation 2.6 

𝜏ℎ,𝐴𝑔 ∝ (𝑥𝐴𝑔 𝑟𝐴𝑔⁄ )5  and 𝜏ℎ,𝐶𝑢 ∝ (𝑥𝐶𝑢 𝑟𝐶𝑢⁄ )5 , the healing time is defined constant 

𝜏ℎ,𝐴𝑔 = 𝜏ℎ,𝐶𝑢, therefore the relationship of these parameters is shown as:  

 𝑥𝐴𝑔 𝑟𝐴𝑔⁄ = 𝑥𝐶𝑢 𝑟𝐶𝑢⁄  (4.7) 

By substituting Equations 4.5 and 4.6 into Equation 4.7: 

 (𝑟𝐴𝑔𝜌𝐴𝑔)1/2 (𝜙𝐴𝑔)1/2⁄ = (𝑟𝐶𝑢𝜌𝐶𝑢)1/2 (𝜙𝐶𝑢)1/2⁄  (4.8) 

Finally, the optimum concentration of the Ag is: 

 𝜙𝐴𝑔 = 𝜙𝐶𝑢(
𝑟𝐴𝑔

𝑟𝐶𝑢
)(

𝜌𝐴𝑔

𝜌𝐶𝑢
) (4.9) 

In the previous work, the optimum concentration of the Cu 𝜙𝐶𝑢 is concluded to be 

150 mg/mL, so the optimum concentration of the Ag is calculated as: 

 𝜙𝐴𝑔 = 150 × (
0.5

5
) (

10.49

8.96
) ≈ 17.56 mg/mL (4.10) 

The result is near 20 mg/mL, thus in subsequent experiments of this work, the Ag 

particle-based suspension with the concentration of 20 mg/mL was used. 
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4.3 Dependence of Healing Time on Electric Field 

This section investigates the impact of the electric field (ξ) on the healing time. 

Experiments were performed using suspensions with the optimised concentration of 20 

mg/mL, the length of the open gap was set to be s ≈ 80 μm, and the external resistance 

connected to the printed wire was Rext ≈ 220 kΩ. For each sample, the actual length of 

the open gap was first measured, then an appropriate voltage was subsequently set in 

the SMU to be applied to the circuit, in this way a specific value of the electric field 

across the open gap could be achieved. By conducting the verification test, it was found 

that the healing was not consistent when ξ < 0.6 V/μm. When ξ > 1.3 V/μm, the healing 

occurred rapidly, but the corresponding voltages were too high, resulting in damage to 

the active devices like transistors. Therefore, electric field strengths selected in this 

work were 1.0, 1.1, 1.2, and 1.3 V/μm. For each electric field strength, about 12 sets of 

data were collected, and typical data sets are drawn in Fig. 4.5(a). The Ag particle-

based suspensions could heal the open faults under all these electric fields, and the 

healing time decreased with the increase of the electric field strength. 

 

Fig. 4.5(b) shows the distribution of the healing time (τh) as a function of the 

electric field (ξ). The black dashed line reveals the trend of the mean τh versus ξ in a 

log– log scale. When fitting this line, the average value of the healing time for ξ = 1.0 

V/μm was modified because one or two abnormal data points (like τh ≈ 650 s) had a 

Figure 4.5. (a) Typical dynamics of current for the self-healing occurred under electric 

fields of 1.0, 1.1, 1.2, and 1.3 V/μm (b) The dependence of the healing time on electric 

field strengths. 

(a) (b) 
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great influence on the average result. The linear fitting of the data points on a log–log 

scale shows the slope of this dashed line to be ∆y/∆x ≈ -2.58, and this result indicated 

that τh varies as the -2.58th power of the electric field strength. The theoretical relation 

between these two variables can be derived from Equation 4.1. By taking the logarithm 

of both sides, Equation 4.1 can be transformed to: 

 𝑙𝑜𝑔10 𝑡 ~ −2𝑙𝑜𝑔10(𝜉) +𝑙𝑜𝑔10
𝜂𝑓

𝜖𝑓
(𝑛𝑝𝑟𝑝)

−
5

3 (4.11) 

In Equation 4.11 the constant coefficient for the electric field strength-related term 

log10(ξ) is -2, which is approximate to the experimental result of -2.58. This result 

indicates that τh varies as around 1/ξ2 as predicted by theory. 

As described earlier, this work follows a wire-device-circuit logic. To prove the 

feasibility of using the PBSH technique for TFT devices or circuits, the case of healing 

an open gap length of s ≈ 20 μm with ξ ≈ 1.05 V/μm was also performed in this work, 

since this represents the typical operating voltage for TFTs. The result shown in Fig. 

4.5(b) indicates that in this case the open gap can be repaired in a short time, and this 

result becomes the base for further studies in Chapter 5 and 6.  

4.4 Dependence of Healing Time on Open Gap 

This section explores the impact of the length of open gap (s) on the healing time 

(τh). Open gaps with the length of s ≈ 28 μm and 80 μm were purposely created in 

printed wires. Suspensions with the optimised concentration 20 mg/mL were utilised in 

this experiment to repair the open gap, and the electric field across the open gap was 

controlled to be in the range of 1.05 ~ 1.10 V/μm. Fig. 4.6(a) shows the time of healings 

occurred in different gaps (s = 28 and 80 μm) when printed wires were connected to 

various external resistances. From this figure it can be concluded that the healing time 

becomes longer when the open gap is widened. To explain this phenomenon, Ag 

particles are assumed to be evenly aligned in the open gap and the distance between 

two particles is assumed to be constant. In that case the longer gap distance needs more 

Ag particles to form the conductive pathway. Fig. 4.6(b) analyses the dipole-dipole 

attraction forces in two-particle and four-particle systems, respectively. F12 represents 

the attraction force between Particle 1 and 2 experienced by Particle 1. Case 1 simulates 

the short gap condition and Case 2 simulates the long gap condition. In each case 

particles at the middle position are focused. In Case 1, Particle 1 only experiences one 
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attraction force F12 from Particle 2 while in Case 2, Particle 2 bears three forces: F21, 

F23, and F24. According to Coulomb's law, the relationship between these forces is: F12 

= F23 = -F21 > F24, so when only considering the attraction force, the resultant force in 

Particle 1 (Case 1) F12 is larger than that in Particle 2 (Case 2) F23 + F24 + F21 = F24. 

Derived from this model, the resultant force experienced by middle particles decreases 

with the increase of particle numbers, and weaker attraction force leads to longer times 

for particles to move over the same distance. Since the healing requires the connection 

of all particles in the bridge, the healing time (τh) becomes longer when it needs more 

time for driving middle particles. 

 

4.5 Dependence of Healing Time on External Resistance 

This section discusses the impact of the external resistance (Rext) on the healing 

time. As the initial field across the gap ξ ~ Vext /s is independent of Rext, the time taken 

for the healing does not show any inner connection with Rext. However, Rext can 

determine the level of current flowing in the circuit, and further influence the dynamics 

of sintering in the healing bridge. Dynamics of the healing current for different external 

resistances were shown in Fig. 4.7. It was found that large open gaps (here s ≈ 80 μm) 

did not show successful healing when the printed wire was connected to large Rext (here 

when Rext > 4.7 MΩ). On the other hand, successful healing was achieved for smaller 

open gaps (s ≈ 20 μm) even when connecting to large Rext (up to Rext ≈ 68 MΩ). The 

reason for this is the difference of the heat needed in short and long gaps to remove the 

insulating coating and sintering the particles. The heat needed for the healing increases 

Figure 4.6. (a) Distribution of the healing time against the external resistance in 

different open gaps (b) Analysis of the dipole-dipole attraction force in Ag particles. 

(a) (b) Case 1 

Case 2 
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exponentially with the linear increase in the number of particles. Since the PBSH 

technique also aims to heal the interconnect fault in a high-impedance OTFT device 

and circuit, this result is significant and should be taken into consideration for the 

further experiments. 

 

The impedance of the TFT is given by: 

 𝑅𝑇𝐹𝑇 = [𝜇𝐶𝑖(𝑊/𝐿) (𝑉𝑔𝑠  − 𝑉𝑇 −  𝑉𝐷𝑆)]−1 (4.12) 

As described in Section 2.5 and 2.6, the inkjet-printed OTFT fabricated in this 

work has an aspect ratio of W/L = 1600 μm/80 μm = 20. In addition, it has a mobility 

of 𝜇 = 0.1 cm2/Vs and the dielectric capacitance per unit area is 𝐶𝑖 ≈ 10 nF/cm2. The 

typical threshold voltage for this OTFT is 𝑉𝑇 = -1 V, and the gate–source voltage 𝑉𝑔𝑠 

and drain–source voltage 𝑉𝑑𝑠 are set to be -30 V and -25 V, respectively. Bringing all 

these value into Equation 4.12 the impedance is calculated as 12.5 MΩ. Based on this 

value and the result shown in Fig.4.7, it can be concluded that when the open gap is s 

≈ 20 μm, the self-healing of OTFT devices and circuits could be possible. 

4.6 Stability of the Healing 

The stability of the healing is a topic of concern in this work. As mentioned in 

Section 4.3, the healing does not occur under the low electric field (in this work, when 

ξ < 0.6 V/μm). The concern is, if the high electric field under which the healing occurs 

drops to a low level, can the healed bridge sustain and continue to act as the pathway 

for the current? To give the answer to this concern, a stability test was designed. In this 

Figure 4.7. Dynamics of the healing current for different external resistances for (a) 80 

and (b) 28 μm open gaps. 

(a) (b) 
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experiment, the Ag wire with an open gap (s ≈ 28 μm) was printed on the PEN substrate, 

and an external resistor (Rext ≈ 1 MΩ) was connected to this printed wire. The healing 

was then achieved by applying an external voltage Vext = 25 V with the SMU and 

holding for 1000 s, then the voltage was reduced to 5 V, holding for 1000 s and 

subsequently set to 1 V for another 1000 s. The current in the circuit was continuously 

monitored through the experiment. The original electric field ξ1 was 0.9 V/μm, which 

was above the threshold value for triggering the self-healing. However, in the later two 

cases, the theoretical electric field ξ2 and ξ3 were calculated to be 0.18 V/μm and 0.04 

V/μm, both of which were far below the threshold value for triggering the healing. As 

shown in Fig. 4.8(a), the open gap in the printed wire was repaired at the time t ≈ 30 s 

(inset) under the electric field of ξ1 ≈ 0.9 V/μm. After the healing, the current was kept 

at I1 ≈ 25 μA during the first 1000 s. When the electric field dropped to ξ2 ≈ 0.18 V/μm, 

the bridge did not break and the current at the level of I2 ≈5 μA could stably flow 

through the healed bridge for the second 1000 s. As the electric field continued to 

decrease to 0.04 V/μm, the bridge still existed in the open gap and the low current (I3 

≈1 μA) could keep stable during the last 1000 s. Through this test, the current was 

observed to be stable and dependent on Rext alone. This result indicates the permanence 

and low resistance of the healed bridge. The resistance of the healed bridge was 

measured when using the PBSH technique to heal open gaps (s = 20 – 30 μm). Fig. 

4.8(b) is the histogram of resistances for steady-state healed bridges. The typical 

healing resistance in steady state is ≈ 400 Ω, and compared with the external resistance 

in the TFT-based circuit (MΩ level), the healing resistance can be neglected. 

 

Figure 4.8. (a) The stability of the healing when the external voltage is sequentially 

lowered (b) The histogram of resistances for steady-state healed bridges. 

(a) (b) 
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4.7 Summary 

In this chapter, self-healing in inkjet-printed interconnects has been investigated. 

The impact of suspension concentrations, electric field, length of open gap and external 

resistance on the healing time have been revealed by theoretical derivations and 

experimental results. The healing time is proven to decrease with the increase of the 

suspension concentration and electric field strength. In contrast, the increase of the 

length of open gap would lead to an increase in healing time. The external resistance 

does not directly determine the healing time, but it influences the dynamics of sintering 

in the healing bridge. Once the conductive pathway has formed and sintered across the 

open gap, the interconnection can be stable even when the external voltage drops to a 

level lower than the threshold voltage for the occurrence of the self-healing. The 

feasibility and stability of applying the PBSH technique to printed interconnects has 

given the possibility of using this technique in OTFT devices and circuits, which are to 

be presented in later chapters. 
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5 SELF-HEALING IN OTFT 

INTERCONNECTS 

As mentioned in the previous chapter, this dissertation follows a wire-device-

circuit logic. Chapter 4 has proven the feasibility of self-healing in printed interconnects. 

This chapter shows the self-healing of an open fault in OTFT device interconnects. 

Healings at both source and drain sides are discussed in this chapter. Section 5.1 

introduces the experimental setup and the layout of OTFTs used in this experiment. 

Section 5.2 analyses the dynamics of the healing occurred at the source side while 

Section 5.3 focuses on the healing at the drain side. These sections prove the feasibility 

of the PBSH technique in OTFT device interconnects by showing the healing in both 

transfer and output curves. 

5.1 Experimental Set-up 

As described in Section 3.5, the inkjet-printed OTFT device with an inverted 

coplanar (BGBC) structure was utilised in this work. The schematic diagram and 

microscopic image of this printed OTFT are shown in Fig. 5.1(a). The source and drain 

electrodes were deposited along the top and bottom edges of the gate electrode. The 

area between these two electrodes is the channel region, and the distance between them 

is the channel length. To simplify the measurement, extended wires connecting to pads 

of source and drain electrodes were printed, as illustrated in Fig. 5.1(b). The 

measurement was conducted using the Semiconductor Characterisation System (SCS) 

and the probe station system. In this measurement, probe tips were placed on the pads 

of the Gate electrode and two extension wires. The SCS kept the source of the OTFT 

at ground, and provided dc bias voltages to the drain and gate electrodes, respectively. 
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Since the OTFT device used in this work is a p-type one, the voltage was set as Vd < 0 

and Vg < 0 with respect to ground. 

 

Self-healing in OTFT interconnects was characterised by the following steps: First, 

the original characteristics of the OTFT were measured, including the transfer and 

output characteristics. Then the open fault was purposely created in the extension wires, 

and the transfer curve was swept again showing the change of the current Ids flowing 

through the drain and source electrodes. The last step was to drop the particle-based 

suspension on the open fault and sweep the transfer and output curves once again. The 

healing process was continuously monitored and the final current curve was compared 

with the original characteristics measured in the first step. 

5.2 Self-healing of the Fault Located at the Source Side 

In this work, both cases of the fault occurred at the source and drain sides were 

considered. In case 1, an open fault with the length of s was introduced in the extension 

wire between the ground probe and the source electrode. The equivalent circuit is 

shown in Fig. 5.2, here Vh(t) is the voltage drop across the open gap, which is time-

dependent and affects both the drain–source voltage (Vds) as well as the gate–source 

voltage (Vgs) of the OTFT. The experiment was started by dropping the suspension onto 

Figure 5.1. (a) Schematic and microscopic image of an OTFT printed on flexible 

substrate. (b) Layout and patterns of various layers in printed OTFT.  

(a) (b) 
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the open gap and then applying voltage bias at three terminals, i.e., the gate electrode, 

extension wires connecting to source and drain electrodes. The voltage bias applied to 

them were Vg (Vg – VT < 0), ground, and Vd (Vd < 0), respectively. Meanwhile, the 

dynamics of the current flowing through the OTFT was monitored. To fully reveal the 

healing in interconnects, three results were shown in this experiment: the dynamics of 

the transfer curve (Ids - Vgs), the output curve (Ids – Vds), and the curve showing the 

dependence of the drain-source current with time (Ids – t). 

 

During the sweep of the transfer curve, extension wires connecting to source and 

drain electrodes were applied with voltages Vs = GND (ground) and Vd = -25 V, while 

the voltage applied to the gate electrode Vg swept from 5 V to -25 V. At time t = 0, Vg 

was biased at a positive value, for p-type OTFT there was no passable channel for the 

transport of charge carriers (holes), so the impedance between source and drain Rds was 

very large and Vds ≈ Vd, Vh(t=0) ≈ 0. At this time no electric field existed in the open 

gap. When the gate voltage swept to the negative value whose absolute value was larger 

than that of the threshold voltage for the OTFT (|Vg| > |VT|), the channel between source 

and drain formed and made it conductive between source and drain. At this time, the 

large resistance of the open fault led to Vh(t) ≈ Vd and caused an electric field ξ = Vd/s 

in the open gap. Then this electric field polarised metal particles in the suspension, and 

drove them to heal the fault. Before the completion of the healing there was no current 

flowing through source and drain (Ids ≈ 0), but once the healing was completed, the 

Figure 5.2. Schematic of the circuit for simulating the healing of the open fault at the 

source side of an OTFT. 
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current Ids jumped to the original level before the open fault occurred. Fig. 5.3(a) gives 

the transfer curves of an OTFT without the open fault (original level, black line), with 

the open fault at the source side (circuit failed, red line), the sweep showing the healing 

(blue line), and another sweep taken after 5 min of the first healing (green line). Without 

the open fault, the device showed an off-current of Ioff ≈ 10-12 A and an on-current of 

Ion ≈ 10-6 A, so the on-off current ratio was 106. When the open fault occurred, the 

current kept constant below the off-current level (10-14 ~ 10-12 A). Then after applying 

the suspension, the healing started when Vg < 0, |Vg| > |VT| and finished when Vg ≈ -7 V. 

The healing is clearly shown in the blue line, jumping from the off-level to the on-level. 

After the completion of the healing, the blue line coincides with the black line, 

indicating the same electrical characteristics of the device before the failure and after 

the healing. The green line proves the stability of the healing, it shows that after 5 min 

of the healing, the healed bridge still existed, guaranteeing the normal operation of the 

OTFT device. Fig. 5.3(b) shows the output curve of the OTFT without the fault (original 

level, black line), the sweep immediately after the healing (blue line), and another 

sweep taken after 5 min of the first healing (green line). As shown in the figure the 

curve immediately after the healing coincides with the original output curve, and only 

has small variation after 5 min. This result indicates the effectiveness and stability of 

the healing in OTFT interconnects. 

 

The curve showing the dependence of the drain-source current on the time (Ids – t) 

was also measured in this experiment. Applied voltages remained constant and the 

current through the source and drain was monitored by the SCS. Fig. 5.4 shows the 

Figure 5.3. The (a) transfer and (b) output characteristics of the OTFT before and after 

the healing of the open fault at source side. 

(a) (b) 
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dependence of Ids on t when applying different Vd and Vg. In Fig. 5.4(a), the voltage 

applied on the gate electrode was Vg = -25 V. The red line showed no healing because 

the electric field across the open gap was 10/19 ≈ 0.53 V/μm, which was less than the 

threshold value for the healing. The green line showed the most rapid healing since it 

had the largest electric field strength 20/12 ≈ 1.67 V/μm and the shortest open gap 12 

μm. This result has a good agreement with the theoretical conclusion in Section 4.3 and 

4.4. In Fig. 5.4(b), the voltage applied on the extension wire connecting to the drain 

electrode was Vd = -25 V, and the voltages applied on the gate electrode were -5 V, -10 

V and -15 V. All these voltages were larger than the threshold voltage (VT) of the OTFT, 

so all OTFTs were kept in the ON state. As Vd was fixed, the red line takes longer time 

than the other two lines because of the longer gap distance and the weaker electric field. 

At the same time, the blue and green lines showed the same healing time since their gap 

distance was closed. This result also matched well with the relations predicted by theory 

in Section 4.3 and 4.4. 

 

5.3 Self-healing of the Fault Located at the Drain Side 

In case 2, an open fault with the length of s was created in the extension wire 

between the Vd probe and the drain electrode. Different from case 1, in this case the 

open gap only affected the drain–source voltage (Vds) and did not affect the gate–source 

voltage (Vgs). Fig. 5.5 illustrates the equivalent circuit for this experiment. The 

measuring process was the same as that in case 1. The voltage bias Vg (Vg – VT < 0), 

Figure 5.4. Dynamics of the source-drain current (Ids) in the OTFT during self-healing 

of the open fault at the source side when applying (a) various drain voltages (Vd) and 

(b) various gate voltages (Vg). 

(a) (b) 
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GND, and Vd (Vd < 0) were applied on the gate electrode and extension wires connecting 

to source and drain electrodes. The suspension was dropped onto the open gap and 

dynamics of the current flowing through source and drain (Ids) was monitored. Also, 

the data to be measured in this case stayed the same with those in case 1: the dynamics 

of the transfer curve (Ids - Vgs), the output curve (Ids – Vds), and the curve showing the 

dependence of the drain-source current on the time (Ids – t). 

 

When measuring the healing in the transfer curve, extension wires connected to 

source and drain electrodes were applied by the voltage bias of Vs = GND and Vd = -20 

V, while the voltage applied on the gate electrode Vg swept from 3 V to -20 V. The 

difference between case 1 and case 2 was the initial stage of the healing. In case 1, at 

time t = 0, the OTFT was biased at the OFF state and the voltage across the open gap 

at the source side was Vh(t=0) ≈ 0, so there was no electric field in the open gap and no 

healing occurred. The healing started to occur when Vg swept to the negative value and 

|Vg| > |VT|. However, in this case, at time t = 0, the OTFT was biased at the OFF state 

but the voltage across the open gap at the drain side was Vh(t=0) ≈ Vd, which means the 

electric field existed in the open gap and could drive particles to heal the open fault. 

Therefore, in this case, the healing started from the beginning of the voltage sweep. Fig. 

5.6(a) gives the transfer curves of an OTFT without the open fault (original level, black 

line), with the open fault at the drain side (circuit failed, red line), the sweep showing 

Figure 5.5. Schematic of the circuit for simulating the healing of the open fault at the 

drain side of an OTFT. 
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the healing (blue line), and another sweep taken after 5 min of the first healing (green 

line). 

In the original transfer curve, this device showed an off-current of Ioff ≈ 10-12 A 

and an on-current of Ion ≈ 10-6 A, thus the on-off current ratio was 106. The current 

dropped to 10-14 - 10-12 A upon the occurrence of the open fault, indicating the failure 

of interconnects in the device. Then the suspension was applied, as the electric field 

Vd/s existed in the open field, the healing started immediately. The blue line in Fig. 

5.6(a) showed a gradual process of the healing because the strength of the electric field 

was ξ = 20/19.3 ≈ 1.04 V/μm, and under this electric field it needed a long healing time 

as shown in Section 4.3. However, after the completion of the healing, the healed curve 

coincided well with the original transfer curve. The curve was swept again after 5 min 

of the healing, and the result (green line) showed a good stability of the healed 

interconnects. Fig. 5.6(b) shows the output curve of the OTFT without the fault 

(original level, black line), the sweep immediately after the healing (blue line), and 

another sweep taken after 5 min of the first healing (green line). These curves had the 

good match at the ON state region, which indicated the successful healing in 

interconnects. The variation and hysteresis in transfer and output curves near the OFF 

state region were because of the high density of defects at the semiconductor-insulator 

interface. In this region a lot of charge carriers were trapped by the defects, causing the 

degradation of the current. However, when all defect states were filled, charge carriers 

could fluently transport in the semiconductor and the current could return to the normal 

level. 

 

Figure 5.6. The (a) transfer and (b) output characteristics of the OTFT before and after 

the healing of the open fault at drain side. 

(a) (b) 
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Like in the previous experiment, the curve showing the dependence of the drain-

source current on the time (Ids – t) was measured, and the result was shown in Fig. 5.7. 

In Fig. 5.7(a), the gate electrode was supplied by the voltage bias of Vg = -25 V. Under 

the weak electric field ξ = 10/17 ≈ 0.59 V/μm, which was less than the threshold value 

for the healing, the healing could not occur in the open gap (red line). The green line 

was achieved with the condition of the strong electric field ξ = 20/15 ≈ 1.33 V/μm and 

the short open gap (s = 15 μm), so it had the shortest healing time in these experiments. 

In Fig. 5.7(b), the voltage bias of Vd = -25 V was supplied by the SCS, applying on the 

extension wire connecting to the drain electrode, and the voltages applied on the gate 

electrode were -5 V, -10 V and -15 V. Since these gate voltages were above the 

threshold voltage (VT) of the OTFT, the devices remained at the ON state. As Vd was 

fixed at -25 V, the healing time was determined by the length of the open gap. In Fig. 

5.7(b) the healing time decreased with the narrowing of the open gap, agreeing with the 

relations revealed in Section 4.3 and 4.4. 

 

To further verify the relationship between the healing time and the electric field in 

OTFT interconnects, the dependence of the healing time on the electric field when 

applying various Vg in OTFT interconnects were counted in Fig. 5.8. The distributions 

of the data were fitted by the dashed line on a log–log scale. This line showed the trend 

of the mean τh versus ξ and had a slope of -(2-1)/[0.3-(-0.2)]= -2. This experimentally 

derived value conformed to the theoretical value derived from Equation 4.11. This 

Figure 5.7. Dynamics of the source-drain current (I
ds

) in the OTFT during self-healing 

of the open fault at the drain side when applying (a) various drain voltages (V
d
) and (b) 

various gate voltages (V
g
). 

(a) (b) 
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indicates that the self-healing of the open fault in the OTFT interconnects follows the 

same physical mechanism as the self-healing in wire interconnects. And when the self-

healing occurs in OTFT interconnects, the gate-source voltage Vgs controls the ON/OFF 

state of the channel while the drain-source voltage Vds modulates the electric field in 

the open gap, and further influences the healing time τh. 

 

5.4 Summary 

In this chapter, the self-healing in interconnects for inkjet-printed OTFT devices 

has been investigated. The open faults at the source and drain sides have been purposely 

created and the healing process has been monitored. In each case, the details of healings 

in the transfer curve (Ids - Vgs), the output curve (Ids – Vds), and the dependence of the 

drain-source current on the time (Ids – t) have been researched. All results indicate the 

successful healing of the open fault in OTFT interconnects. In addition, the healing in 

OTFT interconnects is proven to follow the same physical mechanisms as that in wire 

interconnects. The feasibility and stability of the self-healing in OTFT interconnects 

proved in this chapter have become the base for using the PBSH technique in OTFT-

based circuits, which will be presented in the next chapter. 

Figure 5.8. Impact of the electric field on the healing time with various gate voltages. 
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6 SELF-HEALING IN OTFT-

BASED CIRCUITS 

The feasibility of the self-healing in printed wire and OTFT interconnects has been 

proved in the previous chapters. This chapter analyses the self-healing of the open fault 

in OTFT-based circuits. Two circuits are investigated in this work: the current mirror 

and the common-source (CS) amplifier. Open faults are intentionally created in 

different nodes of the circuit, and healings of these open faults are discussed in this 

chapter. Section 6.1 introduces the experimental setup and the healing of open faults in 

different nodes for the current mirror circuit. Section 6.2 and Section 6.3 analyse the 

healing of open faults in the CS amplifier circuit. Here dynamics of both static 

characteristics and alternating current (AC) characteristics of the CS amplifier circuit 

before and after the healing are analysed in detail. 

6.1 Self-healing in the Current Mirror 

A current mirror is a circuit which functions to produce current in an output 

terminal by replicating the current flowing into or out of an input terminal. 

Conceptually, it is simply an ideal current amplifier with a gain of -1. There are two 

features of the current mirror: the first one is the relatively high output impedance which 

helps to keep the output current constant regardless of load conditions. Another one is 

the relatively low input impedance which helps to keep the input current constant 

regardless of drive conditions. Due to these features, the current mirror is often used in 

amplifier stages to provide bias currents and active loads.  
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6.1.1 Circuit and Characteristics 

The current mirror has a symmetrical structure consisting of two transistors 

located at the input (reference) stage and the output stage, as illustrated in Fig. 6.1(a). 

The input part (left) is a current-to-voltage converter, in this part the gate is connected 

to the drain to incorporate negative feedback in the circuit. In the current mirror the two 

transistors are biased in the saturation region, in that case the drain-source current (Ids) 

is controlled by the gate-source voltage (Vgs) with the equation: 

 𝐼𝑑𝑠 =
1

2
𝜇𝐶𝑖

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2
 (6.1) 

and in turn Ids can influence Vgs by the relation: 

 𝑉𝑔𝑠 =  𝑉𝑖𝑛 − 𝑅𝐼𝑑𝑠 (6.2) 

By substituting Equation 6.2 into Equation 6.1, it can be concluded that the input 

current Iin can be controlled by changing the input voltage Vin. At the same time, Vgs 

converted from Iin can be the input signal for the output stage. As shown in Fig. 6.1(a), 

Vgs from the input stage is directly applied to the gate of the transistor in the output 

stage (right). As this transistor is also biased in the saturation region, the output current 

(Iout) is determined by Equation 6.1. When values of parameters for two transistors are 

the same, Iout equals to Iin, the copy of the current is achieved. 

 

Figure 6.1. (a) Schematic circuit diagram and (b)Photo of an inkjet-printed current 

mirror. 
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To verify the function of the current mirror, a simulation was conducted using the 

simulation program with integrated circuit emphasis (SPICE). The version used in this 

work was Automatic Integrated Circuit Modelling Spice (AIM-Spice). In AIM-Spice 

simulation, the circuit was established by the netlist, and parameters for components 

are also defined in a netlist. In this work, the netlist for the current mirror circuit is 

shown in Appendix A. The input and output voltages were set as Vref = Vout = -25 V, 

and parameters for OTFTs used in the simulation were extracted from inkjet-printed 

OTFTs in the current mirror circuit (Fig. 6.1(b)), which are summarised in Table 6.1. 

Table 6.1 AIM-spice simulation: Parameters for OTFTs in current mirror 

 

Mobility 

(cm2/Vs) 

Aspect ratio 

(W/L)(μm) 

Thickness of 

dielectric layer 

(nm) FET models 

TFT1 0.131 1600/80 500 Level=2 

TFT2 0.146 1600/80 500 Level=2 

The simulated and measured results are shown in Table 6.2. The current ratio of 

output and input currents was not 1 (|Iout| / |Iin| ≠ 1), because a difference existed in the 

mobility of the two OTFTs located at the input and output stages, leading to the 

variation between these currents. In Table 6.2, the measured data approximated the 

simulated result, indicating the proper functioning of the printed current mirror circuit 

in the experiment. This conclusion is important as it is the basis for further study of the 

self-healing in the current mirror circuit. 

Table 6.2 The simulated and measured currents in the current mirror. 

|Iref| (μA) |Iout| (μA) 

AIM-spice simulated data 5.83 6.30 

Experimental data 5.65 6.13 

6.1.2 Self-healing in the Current Mirror Circuit 

To study the impact of self-healing in the current mirror circuit, open-circuit faults 

(s ≈ 20 μm) were purposely introduced in the circuit as shown in Fig. 6.2. Six cases 

were studied based on the location of the fault. 
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In Case 1, the open fault occurred in the wire connecting the input voltage (Vin) 

and the common gate for drive and load TFT. This fault disabled the gate voltage for 

both TFTs, and cut the supply of the drain voltage for the drive TFT. So the voltage 

bias in the circuit was: for drive TFT (T1), Vgs = 0 V and Vds = 0 V, while for load TFT 

(T2), Vgs = 0 V and Vds = -25 V. In that case, there is no current flowing through the 

drain-source of the drive TFT (Iin ≈ 0 A), and output current (Iout) dropped to the level 

when fixing Vgs = 0 V and Vds = -25V in the transfer characteristic curve. Subsequently, 

the suspension was dispensed over the region of the fault. At time t = 0 s, the electric 

field across the open gap was ξ = 25/20 = 1.25 V/μm, which was over the threshold 

value for the self-healing. Under this electric field, particles in the suspension could be 

driven to form the conductive bridge to heal the open gap. As soon as the fault was 

repaired, both of input and output current jumped to the original level. The measured 

data were shown in Fig. 6.3(a), the original level for input and output current was Iin ≈ 

Iout ≈ 6×10-6 A, and after the occurrence of the open fault the input current dropped to 

Iin ≈ 10-14 A and the output current decreased to Iout ≈ 6×10-9 A. Upon the drop of the 

suspension, the open gap was repaired at the time t = 7 s. 

Figure 6.2. Schematic circuit diagram of a current mirror with faults located at various 

locations as defined by six cases. 
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In Case 2, the open fault was in the interconnects joining the drain of the load TFT 

and the output voltage (Vout). This fault only cut the supply of the drain-source voltage 

(Vds) for the load TFT and did not influence the voltage at other nodes. So the voltage 

bias in the circuit was: for drive TFT (T1), Vgs = -25 V and Vds = -25 V, while for load 

TFT (T2), Vgs = -25 V and Vds = 0 V. Therefore, the input current (Iin) would remain 

unchanged while the output current (Iout) would drop to Iout ≈ 0 A. When dispensing the 

suspension over the fault region, particles were driven and healed the open gap under 

the electric field created by the output voltage Vout, causing the jump of Iout back to the 

original level. The measured data were shown in Fig. 6.3(b), the original level was Iin 

≈ Iout ≈ 6×10-6 A. When the open fault occurred, the input current remained unchanged 

while the output current decreased to Iout ≈ 10-14 A. Then the open gap was quickly 

repaired (τh < 5 s) upon the drop of the suspension. 

In Case 3, the diode-connect at the drive TFT side was cut, which disabled the 

supply of the gate voltage (Vgs) to the drive TFT. In that case, the voltage bias in the 

circuit was: for drive TFT (T1), Vgs = 0 V and Vds = -25 V, while for load TFT (T2), Vgs 

= -25 V and Vds = -25 V. So the input current (Iin) would drop to the level when taking 

Vgs = 0 V and Vds = -25V in the transfer characteristic curve and the output current (Iout) 

would remain unchanged. Due to the diode-connect structure, an electric field was 

created across the open gap by the input voltage (Vin). So the metallic micro-particle 

suspension could heal the open gap when being dispensed onto the fault region, 

bringing Iin back to the original level. Fig. 6.3(c) showed the measured current, the 

original level was Iin ≈ 4.3×10-6 A and Iout ≈ 2.7×10-6 A. When the open fault was 

introduced in the circuit, Iin dropped to Iin ≈ 3.1×10-9 A while Iout remained unchanged. 

Subsequently, with the suspension, the healing was achieved in a short time (τh < 2.5 s) 

and Iin returned to the original level. 

In Case 4, the interconnection between the diode-connect node and gate of the load 

TFT was cut, which removed the gate voltage (Vgs) from the load TFT. Therefore, the 

voltage bias in the circuit was: for drive TFT (T1), Vgs = -25 V and Vds = -25 V, while 

for load TFT (T2), Vgs = 0 V and Vds = -25 V. In contrast to Case 3, the input current 

(Iin) would remain unchanged while the output current (Iout) would drop to the level 

when fixing Vgs = 0 V and Vds = -25V in the transfer characteristic curve. As the diode-

connect structure provided gate voltage for both OTFTs in the circuit, like in Case 3, 

an electric field could also be created across the open gap by the input voltage (Vin), 
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driving particles in the suspension to heal the open fault. The experimental result was 

shown in Fig. 6.3(d), the original level was Iin ≈ 1×10-6  A and Iout ≈ 1.8×10-6 A. When 

the open fault was introduced in the circuit, Iin remained unchanged while Iout dropped 

to Iout ≈ 10-9 ~10-11 A. Like in Case 3, after dispensing the suspension over the fault 

region, the healing could be achieved in a short time (τh < 2.5 s) and Iout returned to the 

original level. 

In Case 5, the open fault was introduced in the interconnection connecting the 

source of the drive TFT and the ground (GND). This fault cut off the pathway for the 

drain-source current (Ids) in the drive TFT but did not influence the load TFT. So with 

this fault the input current (Iin) would drop to Iin ≈ 0 A while the output current (Iout) 

would remain unchanged. In the input part, the drive TFT acted as a resistor with large 

impedance. As there was no current flowing in the input part, the voltage across the 

open gap equalled to the input voltage (Vin), creating an electric field in the open gap 

and driving particles to heal the fault. The measured dynamics of the current were 

shown in Fig. 6.3(e), without the open fault the two currents were Iin ≈ Iout ≈ 6×10-6  A. 

The occurrence of the open fault brought Iin down to Iin ≈ 2×10-13 A. After applying the 

suspension, particles were driven by the electric field and healed the open fault in a 

short time (τh < 2.5 s). 

Being symmetrical to Case 5, in Case 6, the open fault was introduced in the 

interconnection connecting the source of the load TFT and the ground (GND). The 

pathway for the drain-source current (Ids) in the load TFT would be cut off by this fault. 

So with this fault the input current (Iin) would remain unchanged while the output 

current (Iout) would drop to Iout ≈ 0 A. Like in Case 5, in the output part, the load TFT 

acted as a resistor with large impedance, and there was no current flowing in the output 

part, the voltage across the open gap equalled to the output voltage (Vout), creating an 

electric field in the open gap and driving particles to heal the fault. The measured 

dynamics of the current were shown in Fig. 6.3(f), the original level for Ids in two 

OTFTs was Iin ≈ Iout ≈ 6×10-6  A, and the open fault in the output part brought Iout down 

to Iout ≈ 1×10-13 A. By applying the suspension, the open fault was repaired when t = 

6.5 s and Iout went back to the original level. 
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To summarise, in the above six cases, the PBSH technique repaired all open faults 

in the current mirror circuit. The voltage existed in all open gaps in these cases, as well 

as the electric field, which was the driving source for the self-healing in the 

interconnection. In addition, in all six cases, the healing did bring the input and output 

current back to the original level, which proves the effectiveness of the self-healing 

technique in the current mirror circuit. 

6.2 Self-healing in the Common-source Amplifier (DC) 

6.2.1 Circuit and Characteristics 

Common-source (CS) amplifier is one of the most basic amplifiers in analogue 

circuits. Depending on the amplified parameters, it can be classified as either a 

transconductance amplifier or a voltage amplifier. In this work, a CS amplifier 

consisting of two transistors, i.e., a drive TFT (TD) and a load TFT (TL), was used to 

amplify the voltage. The configuration of the CS amplifier is shown in Fig. 6.4(a). It 

was driven with a dc supply voltage VDD = 30 V. The input voltage (Vin), sweeping from 

35 V to -5 V, was supplied to the drive TFT while the load TFT was diode-connected 

to ground. Fig 6.4(b) is the photo of the inkjet-printed CS amplifier fabricated in this 

work. 

Figure 6.3. Self-healing in the current mirror circuit with the fault located at various 

locations as defined by six cases. 

(

f) 

(f) 
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To analyse the electrical characteristics of the CS amplifier, the dynamics of the 

circuit performance was divided in three stages: 

Stage 1: Vin > 30V 

For the drive TFT, Vgs = Vin – VDD > 0 V, the p-type OTFT was biased at the OFF 

state (Ids(drive) ≈ 0 A). So there was no current flowing through the drive TFT and Vout ≈ 

0 V. For the load TFT, the gate-source and drain-source voltages were calculated as Vgs 

= -Vout ≈ 0 V, and Vds = -Vout ≈ 0 V. So the load TFT was also biased at the OFF state 

and Ids(load) = Ids(drive) ≈ 0 A. In conclusion, in this stage, there was no current in the 

circuit and Vout ≈ 0 V. 

Stage 2: Vin < 30V and Vout < Vin - Vth(drive) 

For the drive TFT, as Vout < VDD , Vin < VDD, and Vth < 0 V, the absolute values of 

the drain-source (Vds) and gate-source (Vgs) voltages were:  

 |𝑉𝑑𝑠| = |𝑉𝑜𝑢𝑡 − 𝑉𝐷𝐷| =  𝑉𝐷𝐷 − 𝑉𝑜𝑢𝑡 (6.3) 

 |𝑉𝑔𝑠 − 𝑉𝑡ℎ| = |𝑉𝑖𝑛 − 𝑉𝐷𝐷 − 𝑉𝑡ℎ| =  𝑉𝐷𝐷 − 𝑉𝑖𝑛 + 𝑉𝑡ℎ (6.4) 

With Vout < Vin - Vth(drive), the relationship between Vds and Vgs turned into: 

 |𝑉𝑑𝑠(𝑑𝑟𝑖𝑣𝑒)| > |𝑉𝑔𝑠(𝑑𝑟𝑖𝑣𝑒) − 𝑉𝑡ℎ| (6.5) 

In this case, the drive TFT was biased in the saturation mode, and the drain-source 

current (Ids) flowing through the drive TFT was: 

Figure 6.4. (a) Schematic circuit diagram and (b)Photo of an inkjet-printed common-

source amplifier. 

(a) 

 

(b) 
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 𝐼𝑑𝑠(𝑑𝑟𝑖𝑣𝑒) =
1

2
𝜇𝐶𝑖

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2
=

1

2
𝜇𝐶𝑖

𝑊

𝐿
(𝑉𝐷𝐷 − 𝑉𝑖𝑛 + 𝑉𝑡ℎ)2 (6.6) 

For the load TFT, it was diode-connected so the gate and drain electrodes were 

grounded. Therefore, the gate-source (Vgs) and drain-source (Vds) voltages were 

calculated as Vgs = -Vout, and Vds = -Vout, as Vth < 0 V, the relationship between Vds and 

Vgs was: 

 |𝑉𝑑𝑠(𝑙𝑜𝑎𝑑)| > |𝑉𝑔𝑠(𝑙𝑜𝑎𝑑) − 𝑉𝑡ℎ| (6.7) 

So the load TFT was also biased in the saturation mode, and the drain-source current 

(Ids) flowing through the load TFT was: 

 𝐼𝑑𝑠(𝑙𝑜𝑎𝑑) =
1

2
𝜇𝐶𝑖

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2
=

1

2
𝜇𝐶𝑖

𝑊

𝐿
(𝑉𝑜𝑢𝑡 + 𝑉𝑡ℎ)2 (6.8) 

In the CS amplifier circuit, the drain-source current in the drive and load TFTs 

should be equal, when the dielectric property and threshold voltage for the TFT 

remained constant Ci(drive) = Ci(load) and Vth(drive) = Vth(load), the following equation could 

be achieved: 

 𝜇𝑑𝑟𝑖𝑣𝑒(
𝑊

𝐿
)𝑑𝑟𝑖𝑣𝑒(𝑉𝐷𝐷 − 𝑉𝑖𝑛 + 𝑉𝑡ℎ)2 = 𝜇𝑙𝑜𝑎𝑑(

𝑊

𝐿
)𝑙𝑜𝑎𝑑(𝑉𝑜𝑢𝑡 + 𝑉𝑡ℎ)2 (6.9) 

In conclusion, in this stage, the relationship between Vin and Vout was: 

 √
𝜇𝑑𝑟𝑖𝑣𝑒(

𝑊

𝐿
)𝑑𝑟𝑖𝑣𝑒

𝜇𝑙𝑜𝑎𝑑(
𝑊

𝐿
)𝑙𝑜𝑎𝑑

=
𝑉𝑜𝑢𝑡+𝑉𝑡ℎ(𝑙𝑜𝑎𝑑)

𝑉𝐷𝐷−𝑉𝑖𝑛+𝑉𝑡ℎ(𝑑𝑟𝑖𝑣𝑒)

 (6.10) 

Stage 3: Vin < 30V and Vout > Vin - Vth(drive) 

In this stage, the absolute values of the drain-source (Vds) and gate-source (Vgs) 

voltages for the drive TFT were the same as Equation 6.3 and 6.4. With Vout > Vin - 

Vth(drive), the relationship between Vds and Vgs was described as: 

 |𝑉𝑑𝑠(𝑑𝑟𝑖𝑣𝑒)| < |𝑉𝑔𝑠(𝑑𝑟𝑖𝑣𝑒) − 𝑉𝑡ℎ| (6.11) 

Therefore, the drive TFT was also biased in the linear mode, and the drain-source 

current (Ids) in the drive TFT was: 

𝐼𝑑𝑠(𝑑𝑟𝑖𝑣𝑒) = 𝜇𝐶𝑖

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ −

𝑉𝑑𝑠

2
) 𝑉𝑑𝑠 

 = 𝜇𝐶𝑖
𝑊

𝐿
(𝑉𝑖𝑛 − 𝑉𝐷𝐷 − 𝑉𝑡ℎ −

𝑉𝑜𝑢𝑡−𝑉𝐷𝐷

2
)(𝑉𝑜𝑢𝑡 − 𝑉𝐷𝐷) (6.12) 

For the load TFT, the diode-connected structure decided the same gate-source (Vgs) 

and drain-source (Vds) voltages as in Stage 2. So the relationship between Vds and Vgs 

followed Equation 6.7 and the drain-source current (Ids) flowing through the load TFT 

followed Equation 6.8. Like in Stage 2, the current in the circuit should be equal and 
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the dielectric property and threshold voltage for the TFT were assumed to be the same: 

Ci(drive) = Ci(load) and Vth(drive) = Vth(load), the following equation could be achieved: 

 𝜇𝑑𝑟𝑖𝑣𝑒 (
𝑊

𝐿
)

𝑑𝑟𝑖𝑣𝑒
(

𝑉𝑜𝑢𝑡+𝑉𝐷𝐷

2
− 𝑉𝑖𝑛 + 𝑉𝑡ℎ) (𝑉𝐷𝐷 − 𝑉𝑜𝑢𝑡) 

 =
1

2
𝜇𝑙𝑜𝑎𝑑(

𝑊

𝐿
)𝑙𝑜𝑎𝑑(𝑉𝑜𝑢𝑡 + 𝑉𝑡ℎ)2 (6.13) 

In conclusion, in this stage, the relationship between Vin and Vout was: 

 
2𝜇𝑑𝑟𝑖𝑣𝑒(

𝑊

𝐿
)

𝑑𝑟𝑖𝑣𝑒

𝜇𝑙𝑜𝑎𝑑(
𝑊

𝐿
)𝑙𝑜𝑎𝑑

=
(𝑉𝑜𝑢𝑡+𝑉𝑡ℎ)2

(
𝑉𝑜𝑢𝑡+𝑉𝐷𝐷

2
−𝑉𝑖𝑛+𝑉𝑡ℎ)(𝑉𝐷𝐷−𝑉𝑜𝑢𝑡)

 (6.14) 

To verify the function of the CS amplifier, the AIM-Spice simulation was 

conducted. The netlist for the CS amplifier circuit is shown in Appendix A and 

parameters for OTFTs in the simulation were extracted from inkjet-printed OTFTs in 

CS amplifier circuit used in this experiment, which were summarised in Table 6.3. 

Table 6.3 AIM-spice simulation: Parameters for OTFTs in CS amplifier 

 

Mobility 

(cm2/Vs) 

Aspect ratio 

(W/L)(μm) 

Thickness of 

dielectric layer 

(nm) FET models 

TFT1 0.291 1600/80 500 Level=2 

TFT2 0.132 1600/80 500 Level=2 

The simulated and measured results are shown in Fig.6.5, three stages for the 

dynamics of the circuit performance are marked in the simulated curves. For the 

simulated results, in Stage 1, Vin swept from 35 V to 30 V, and Vout remained constant 

at Vout = 0 V. in Stage 2, Vin swept from 30 V to 18.3 V, and Vout increased from 0 V to 

18.1 V. In the simulation, the thickness of the dielectric layer and the aspect ratio of the 

drive and load TFTs were set to be the same. Vout/(VDD-Vin) was calculated as 1.55, and 

√𝜇𝑑𝑟𝑖𝑣𝑒/𝜇𝑙𝑜𝑎𝑑 was √0.291/0.132 ≈ 1.48. In Stage 3, Vout and Vin no longer followed 

the linear relationship. When neglecting the threshold voltage for OTFTs, 

2𝑉𝑜𝑢𝑡
2 /[(𝑉𝑜𝑢𝑡 + 𝑉𝐷𝐷 − 2𝑉𝑖𝑛)(𝑉𝐷𝐷 − 𝑉𝑜𝑢𝑡)] was calculated as 4.80, and 2𝜇𝑑𝑟𝑖𝑣𝑒/𝜇𝑙𝑜𝑎𝑑 

was 2×0.291/0.132 = 4.41. The proximity of the numerical result in Stage 2 and 3 

indicated the coincidence of the simulated result with the theoretical model. In Fig. 

6.5(b), the measured data showed the proximate curve compared with the simulated 

result, and the small variation was due to the difference of other parameters in real 
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OTFT devices and other components in the circuit. The proximate value of the 

measured electrical characteristics with the simulated results and the theoretical models 

indicated the proper function of the inkjet-printed CS amplifier circuits. This proper 

function was critical to the further study, as the feasibility and effectiveness of the self-

healing should be proved in a working circuit. 

 

6.2.2 Self-healing in the Common-source Amplifier Circuit (DC) 

Like in the current mirror circuit, several open-circuit faults (s ≈ 20 μm) were 

purposely introduced in the interconnects of the circuit as shown in Fig. 6.6. In the CS 

amplifier circuit, three cases were studied based on the location of the fault. 

During the experiment, the transfer characteristics of the CS amplifiers for each 

case were measured before the occurrence of the fault by sweeping the input voltage 

Vin from +5 to −35 V with the corresponding output voltage Vout being measured. After 

the creation of the fault, the characteristics were measured again to check the circuit 

performance with the open fault. Subsequently, the metallic micro-particle suspension 

was dropped over the region of the fault and the transfer characteristics were measured 

again to check the healing of the open gap. Finally, the transfer characteristics were 

Figure 6.5. The (a) simulated and (b) measured curves of output voltage (Vout) and gain 

(∆𝑉𝑜𝑢𝑡/∆𝑉𝑖𝑛) as a function of input voltage (Vin) in the common-source amplifier. 

(a) 

  

(b) 
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swept one more time after 5 min of the first healing to examine the stability of the 

healed part. 

 

In Case 1, the open fault was introduced in the wire connecting the supply voltage 

(VDD) and the source electrode of the drive TFT (Fig. 6.6(a)). The supply voltage for 

the drive TFT was cut so Vds(drive) would drop to 0 V, then there was no current through 

the circuit and Vout = 0 V. After dispensing the suspension, at t = 0 s, the voltage across 

the open gap was Vh(t=0) = 30 V. With the distance of the open gap s ≈ 20 μm, this 

voltage could create an electric field which was higher than the threshold field for the 

healing. Therefore, the field in the open gap could drive particles in the suspension to 

form the healing bridge. As analysed in Section 4.3, with the short open gap (s ≈ 20 μm) 

and under the field of ξ ≈ 30/20 = 1.5 V/μm, the healing would be completed in a short 

time (τh < 1 s). The measured result was revealed in Fig. 6.7(a), which coincided with 

Figure 6.6. Schematic circuit diagram of a CS amplifier with faults located at various 

locations as defined by three cases. 

(a) 

(b) 

(c) 
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the analysis of the circuit dynamics. The fault dragged Vout down to 0 V and was found 

to be healed during the first sweep after the dispensing of the suspension. The 

completion of healing was seen by the abrupt change in Vout from “disabled” level to 

the original “working” level. After 5 min of the first instance of the healing, the transfer 

characteristic was proved to remain stable by a repeated sweep. 

In Case 2, the open fault occurred in the interconnects joining the drain electrode 

of the drive TFT and the source electrode of the load TFT (Fig. 6.6(b)). The path for 

the current flowing through the circuit was cut off and the terminal for Vout was 

separated from the drive part, thus Vout = 0 V. When Vin < 30 V, Vgs(drive) = Vin – VDD < 

0 V, at this moment, the drive TFT was turned ON and would act as a resistor with high 

impedance. As there was no current in the circuit, the voltage across the open gap 

equalled to VDD and the electric field would be created. With the suspension, the open 

fault could be quickly repaired. The measured data (Fig. 6.7(b)) followed the analysis 

of the circuit dynamics, and the healing could be stable as the curve measured 5 min 

after the first sweep overlapped the original curve of the CS amplifier operation. 

In Case 3, the open fault cut the interconnects between the drain electrode of the 

load TFT and the ground (GND) (Fig. 6.6(c)). The whole circuit was disconnected with 

the ground and no current flowing in the circuit. In this case, when Vin < 30 V, the drive 

TFT was turned ON and both TFTs turned into resistors with high impedance. 

Therefore, the electrical potentials before the open gap were equal in the circuit and Vout 

would jump to Vout = VDD. The voltage across the open gap also equalled to VDD and the 

electrical field was created in the gap. After applying the suspension, the particles were 

driven by the field and healed the open fault. Once the open fault was repaired, Vout 

would drop from VDD to the original working level. Another sweep was conducted 5 

min after the first instance of the healing and the curve coincided with the transfer 

characteristics of the working CS amplifier, indicating the stability of the healing in this 

case. 
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6.3 Self-healing in the Common-source Amplifier (AC) 

The main function of the amplifier is to amplify a signal, and in most cases, an 

alternating current (AC) signal. In real-world applications, it is usually used to amplify 

sensing, controlling and communicating signals. These wide-range applications make 

Figure 6.7. Self-healing in the common-source voltage amplifier circuit (left: Vout - 

Vin, right: Gain) with the fault located at various locations as defined by three cases. 

(a) 

(b) 

(c) 
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the amplifier a key component in analogue circuits. To verify the feasibility of the 

PBSH technique in the CS amplifier when processing AC signals, the frequency 

response of the amplifier was measured for all cases in Fig. 6.6. The experimental setup 

for the AC signal measurement is shown in Fig. 6.8, and the photo of this setup is shown 

in Appendix B. 

 

In the measurement circuit, a unity gain buffer unit (AD795) was used. The 

function of this unit is to separate the CS amplifier circuit and the oscilloscope, 

therefore providing the stable output voltage shown on the oscilloscope. The connection 

diagram of this unity gain amplifier is included in Appendix C. In addition, from Fig. 

6.5, it could be concluded that at Vin ≈ 25 V, the voltage gain (∆𝑉𝑜𝑢𝑡/∆𝑉𝑖𝑛) could reach 

its peak value, so in the measurements the signal is expected to vary around this voltage 

bias point. Therefore, three power supplies were utilised in this experiment: One was 

placed to act as VDD for the CS amplifier. Another one was used to supply power to 

activate the AD795 microchip. The final one was set to provide the DC bias carrying 

the AC signal. A signal generator was used to generate the sinusoidal signal with an 

amplitude of ±1 V and frequencies from 0.1 to 105 Hz. This AC signal was series 

connected to the DC bias and acted as Vin to the CS amplifier. The oscilloscope was 

connected to monitor the input and output signals. 

Figure 6.8. Schematic of the experimental setup for measuring the frequency response 

of the inkjet-printed CS amplifier. 
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In this experiment, the input and output signals were monitored and peak voltages 

vin(max) and vout(max) under different frequencies were measured. The gain of the AC 

signal was calculated as: 

 𝐺𝑎𝑖𝑛 =  
𝑣𝑜𝑢𝑡(𝑚𝑎𝑥)

𝑣𝑖𝑛(𝑚𝑎𝑥)
 (6.15) 

The Bode magnitude plot was then drawn based on the signal gain measured under 

different frequencies. To verify the effectiveness of the healing to the AC signal in the 

CS amplifier, one curve was plotted after the amplifier was fabricated. After the healing 

of an open fault in each case, the signal gains under various frequencies were measured 

again and the corresponding curve was plotted. The Bode plot measured after the 

healing of open faults in all cases were summarised in Fig. 6.9. 

 

Two conclusions can be drawn from the result shown in Fig. 6.9. The first one is 

that the amplifier showed a −3 dB cut-off frequency at around 500 Hz before and after 

the healing, irrespective of the location of the fault. The other one is that there was no 

significant change in the frequency response measured after the healing compared to 

that measured before the occurrence of the fault, indicating the feasibility and 

effectiveness of the self-healing in the CS amplifier when processing AC signals. 

Figure 6.9. Frequency response of the CS amplifier before the fault and after the healing 

for each case. 
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6.4 Summary 

In this chapter, the self-healing in interconnects for current mirror and CS 

amplifier circuits has been investigated. The open faults have been created at various 

locations in circuits and these faults have been successfully healed in all cases. The 

healing can remain stable once the healed bridges have been formed in the open gap. 

For the CS amplifier, the frequency response has also been measured before the 

occurrence of the fault and after the completion of the healing. And the result indicates 

the effectiveness of the self-healing in the CS amplifier when processing AC signals. 

So far the self-healings in interconnects for wires, devices and circuits have all been 

proved feasible and effective. To further demonstrate the likelihood of applying the 

PBSH technique in the real-world application, more tests are to be conducted which 

will be discussed in the next chapter. 
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7 PERFORMANCE CHARACT-
ERISATIONS OF THE PBSH 

TECHNIQUE 

In the previous chapter, the PBSH technique has been proven effective in healing 

interconnects for wires, devices and circuits. This chapter continues to conduct several 

performance characterisations of the PBSH technique to further demonstrate the 

feasibility of this technique in real-world applications. Section 7.1 reveals the impact 

of the bending on the healed interconnects. Section 7.2 analyses the dynamics of the 

healing when double open faults exist in the interconnection. Section 7.3 gives the 

example of encapsulating the suspension in a patterned region, which is critical to 

achieve the manufacturability in real applications. Section 7.4 analyses the noise in the 

healed interconnects.  

7.1 Bending 

For the flexible electronics, mechanical stress is the main threat to its reliability, 

and in most cases the mechanical stress comes from the repeated bending in real life. 

Therefore, to prove the feasibility of applying the PBSH technique in flexible 

electronics, a study of the impact of the bending on the self-healing is essential. In this 

experiment, an OTFT device with extended wire was printed on the PEN substrate (the 

same pattern as used in Section 5.1). An open fault (s ≈ 20 μm) was purposely 

introduced in the extended wire connecting to the source electrode. The experimental 

setup is shown in the inset of Fig. 7.1, the substrate was gently bent to have a radius of 

curvature of r ≈ 7 cm, and contacts were drawn out by probe tips connected to the SMU. 
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The micro Ag particle-based suspension was then dispensed in the region of the open 

gap and the SMU supplied voltages to measure the transfer characteristics of the OTFT. 

In Fig. 7.1, when the gate-source voltage (Vgs) was swept to -4 V, the curve showed an 

instant healing of the transfer characteristics of the OTFT. The healed part remained 

stable after 5 min of the first instance of the healing. Then, the substrate was removed 

from the probe station and subjected to repeated bending for 100 cycles. The transfer 

characteristics of the OTFT were measured again after the completion of this bending 

tests. The result revealed that even after 100 cycles of the bending the healed bridge 

still existed in the open gap and the OTFT device could still show the proper function. 

This means once the healing had been completed, it remains unaffected by the further 

bending. 

 

7.2 Double Faults 

All experiments conducted in previous chapters only had one open fault in the 

interconnect. However, for the real flexible electronic circuits, the mechanical stress or 

Figure 7.1. Self-healing with bending (bending radius ≈ 7 cm) and the demonstration 

of the healing stability after 100 bending cycles. 
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chemical corrosion usually creates two or more faults in interconnects. So it is essential 

to explore the ability of the PBSH technique for healing more than one fault. The 

experimental setup is shown in Fig. 7.2, this setup was the same as that used in studying 

the self-healing in printed interconnects (Chapter 4) but two open faults were created. 

The Ag-particle based suspension was dispensed in the open gaps. Then the SMU 

started to supply voltage and measured the current in the circuit. 

 

As shown in Fig. 7.2, the two open faults divided the printed wire into three 

interconnect islands, W1, W2 and W3. The electrical potential at W1 equalled the 

supplied voltage, while at W3 equalled ground (GND). The potential difference between 

W1 and W3 caused an electric field across these two islands. At the same time, the 

existence of W2 narrowed the effective distance between the terminals of the potential 

difference (like inserting a metal plate into a plate condenser). If the distance of the two 

open gaps were assumed as d1 and d2, the electric field across the gap was scaled as 

VDD/(d1+d2), here VDD was the voltage supplied by the SMU. Driven by this electric 

field, Ag micro particles would move in the liquid and form the bridge to heal the open 

gap. However, because the strength of the electric field in this case was only half of that 

Figure 7.2. Schematic of the experimental setup for measuring the self-healing in 

printed interconnects with dual open faults. 



 

 

   107 

 

with the single fault, the healing time became longer compared with the previous cases. 

In the experiment, circuits with various external resistors (0.47 MΩ, 0.99 MΩ, and 

10.56 MΩ) were measured and results were shown in Fig. 7.3. 

 

The healing of the open faults was seen in all cases, and the healed current obeyed 

Ohm's law I = VDD/Rext, here VDD = 25 V. The trend of the healing time (τh) followed 

the conclusion summarised in Section 4.3, as the effective gap distance deff = d1 + d2. 

These results have proved that the PBSH technique has the ability to heal more than 

one open fault in interconnects. 

7.3 Packaging 

All the above studies on the PBSH technique were performed by manually 

dispensing the metallic micro-particle suspension over the known location of the open 

Figure 7.3. Dynamics of current showing the healing of dual faults for external resistors 

of 0.47, 0.99, and 10.56 MΩ (Inset) Microscopic images of open gaps in various 

interconnects. 

0.47 MΩ 

0.99 MΩ 

10.56 MΩ 
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fault. However, to achieve manufacturability in the real-world applications, the 

suspension needs to be encapsulated in a specific region or contained along the 

interconnects without interfering with the circuit operation. There are two approaches 

to realise this goal, the first one is to utilise the inherently insulating nature of the 

suspension and fill the interconnect regions with it. The common size of open faults 

caused by mechanical stress in flexible electronics is in the range of 1 ~ 10 μm. But the 

distance between two adjacent wires in the layout of the circuits is usually more than 

100 μm. Section 4.3 concluded that the electric field should be above a threshold value 

for driving metal particles to heal the faults. The large distance between different 

interconnects limits the maximum electric field between them and therefore avoids 

unwanted short circuits in the suspension -covered regions. The second approach is to 

borrow ideas from microfluidic techniques and restrict the suspension in an area 

patterned by the hydrophobic or oleophobic materials, or contain the suspension in 

micro-channels located along the interconnects. However, when it comes to high-

density circuits, the increase in manufacturing complexity when applying this approach 

becomes a non-negligible issue. 

This study adopted a combination of both concepts, and an approach as illustrated 

in Fig. 7.4 was processed. The pattern was designed on the protective film of the PEN 

substrate and was cut by scalpel. Then the protective film for the oleophobic region was 

peeled off and the surface of the PEN substrate was exposed to the ambient environment. 

Subsequently, the flexible substrate and a piece of watch glass holding drops of 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane (97%, Sigma Aldrich) were placed in the 

dessicator and the air pressure inside was reduced to -0.08 Mpa using a vacuum pump. 

The low pressure inside the dessicator accelerated the volatilisation of the 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane and then part of it would be deposited on 

the surface of the substrate. After this procedure, the exposed part was covered with the 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane, which turned into the oleophobic region. 

And by peeling off the remaining protective film, the patterning of the oleophobic and 

oleophilic region was completed. The oleophilic regions were prepared for the printed 

OTFT devices and interconnects while the oleophobic regions were used to restrict the 

location of the suspension and separate different interconnects. The oleophobicity of 

the trichloro(1H,1H,2H,2H-perfluorooctyl) silane is due to its low surface energy 

caused by the fluorine atom and the polarity in the molecule. Thus the silicon oil used 
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as the liquid for the suspension could be incompatible with the trichloro(1H,1H,2H,2H-

perfluorooctyl) silane and could be confined by the deposited oleophobic regions. 

 

The suspension was dispensed freely over the substrate and remained confined in 

the oleophilic regions. Fig. 7.5(a) showed the comparison of the spread of the 

suspension with and without the trichloro(1H,1H,2H,2H-perfluorooctyl) silane 

treatment, and Fig. 7.5(b) gave the cross-sectional image of the confined suspension 

taken by microscope on a goniometer (Appendix D). Without the coating, the 

suspension spread and covered a large area of the circuits, after tens of minutes it spread 

and covered the whole surface of the substrate. With the coating, the suspension 

remained confined in the patterned oleophilic regions (marked by the rectangle dotted 

box) along the interconnects, and the suspension only healed the open faults that 

occurred in the covered area without interfering with other components in the circuit. 

The transfer characteristics of the OTFT device printed on the treated PEN substrate 

before the fault, after the fault and after the healing was shown in Fig. 7.6. The proper 

function of the OTFT device and the successful healing of the open faults in 

Figure 7.4. Method to package the suspension using an inkjet-printing compatible 

process and add self-healing ability to a circuit. 
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interconnects were revealed in the result, proving that the ability of self-healing was 

unaffected by the oleophobic treatment. This approach preliminarily showed promise 

with regard to manufacturing flexible electronic platforms with the self-healing ability. 

However, to demonstrate the feasibility of applying the PBSH technique in higher-

integrated circuit, further studies are needed to be conducted. These studies include 

methods for patterning the oleophobic and oleophilic regions with higher resolution, 

and metal particles with smaller size for the self-healing of the interconnects in large 

scale integrated (LSI) or even very large scale integrated (VLSI) circuits. 

 

Figure 7.5. (a)The microscope photo and (b) The cross-sectional image demonstrating 

the containment of the suspension between trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane -treated regions. 

(a) (b) 
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7.4 Noise 

The noise in the self-healed interconnects was also studied in this work, as it is a 

critical parameter for analogue circuit operation, which determines the minimum level 

of the detectable signal and is particularly crucial at low frequencies where most 

flexible electronic circuits lie (<100 Hz). In most studies associated with the circuit, 

there are typically three types of noise, which includes thermal noise, flicker noise [136] 

and shot noise. 

Thermal noise is caused by the thermal motion of charge carriers, and is mainly 

associated with the resistive devices. This noise is calculated as: 

 〈𝑖𝑡ℎ
2 〉 = 4𝑘𝐵𝑇𝑔𝑚 (7.1) 

where 𝑘𝐵 is Boltzmann’s constant, 𝑇 is the absolute temperature, and 𝑔𝑚 represents the 

trans-conductance of the resistive devices like the transistor. In Equation 7.1, there is 

no frequency-related parameter, so the intensity remained unaffected over the whole 

frequency spectrum, proving the thermal noise to be a white noise. 

Figure 7.6. The transfer characteristics of the OTFT showing the successful self-healing 

with the trichloro(1H,1H,2H,2H-perfluorooctyl) silane-based packaging. 
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Flicker noise results from the trapping-detrapping events of different time 

constants in electronic components. This noise is inversely proportional to the 

frequency (𝑓), i.e., it is a noise with a 1/f spectrum, which is scaled as: 

 〈𝑖1/𝑓
2 〉 =

𝐾𝐼2

𝑓
 (7.2) 

where 𝐾 is a coefficient depending on the density of the defect states in electronic 

components, and 𝐼  is the direct current in the circuit. As the intensity is inversely 

proportional to the frequency, the flicker noise is a pink noise and it dominates at low 

frequencies. 

Shot noise exists in active devices and it is due to the fluctuation in number of 

charge carriers. At low frequencies, it is a white noise, which is scaled as: 

 〈𝑖𝑠
2〉 = 𝑁𝑞𝐼 (7.3) 

where 𝑁  is a constant depending on the characteristics of the device, 𝑞  is the 

elementary charge, and 𝐼 is the direct current in the circuit. At low frequencies the 

intensity of the noise is independent of the frequency. However, at high frequencies, 

the coefficient N is greatly affected by the frequency, making shot noise prevail at high 

frequencies. 

In this study, noise measurements of the healed interconnects were conducted with 

the two circuits shown in Fig. 7.7 in flat and bent (1cm bending radius) conditions. The 

photo of the measurement setup is shown in Appendix E. The measurements were 

performed in a copper shielded box, and a charge amplifier was connected to the circuit. 

There are two functions of this amplifier: one is to amplify the noise and the other one 

is to filter out the DC component of the noise current. A spectrum analyser was 

connected to the output port of the charge amplifier to measure the noise current at 

different frequencies. It is worth noting that to avoid the noise from AC power sources, 

both the amplifier and the circuit were powered by batteries. 
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Because of the absence of the active devices, the dominant noises in the circuit 

were thermal noise and flicker noise, and flicker noise existed when there was an 

external voltage supply or direct current in the circuit. First, the noise in open- and 

short-circuit conditions was measured. The result measured in the open-circuit 

condition represented the noise of the measurement setup, and the result from the short-

circuit condition yielded the noise of the interconnection itself. Subsequently, the noise 

in the circuit having a DC voltage supply (2.5 V) were measured. The maximum current 

for the charge amplifier was 10-5 A, to protect the circuit, an external resistor with high 

resistance (980 kΩ) was connected in series with the healing part and the charge 

Figure 7.7. Schematic of the experimental setup for noise measurement (a)without the 

direct current (b)with the direct current. 

(a) 

(b) 
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amplifier. The noise caused by the external resistor was also measured for calibration. 

All data were shown in Fig. 7.8. 

 

When the DC voltage supply was absent, the noise measurement was expected to 

show only the thermal noise. The measured noise currents for the original and healed 

interconnects were about 0.03 nA/√Hz. When the DC voltage and the external resistor 

were added in the circuit, flicker noise was expected to appear in the circuit as well. In 

Fig. 7.8, the flicker noise was superior to the thermal noise at low frequencies. The 

external resistor dragged the thermal noise down to 0.01 nA/√Hz, and the flicker noise 

in the voltage source-resistor circuit without the healing part changed from 0.4 nA/√Hz 

to 0.01 nA/√Hz with the frequency sweeping from 100 Hz to 50 k Hz. For the healed 

voltage source-resistor circuit, the flicker noise was measured to be in the range of 3 

nA/√Hz to 0.02 nA/√Hz, which was higher than that in the circuit without the healing 

part. This could be explained by the increased trap density in the circuit. The healed 

bridge was formed by the metal particles, and the charge carriers should transport 

between these particles. In this process the boundaries of particles would become the 

barrier for the carrier transportation and increase the trap density in interconnects. Since 

Figure 7.8. Measured noise currents in different cases. 
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the flicker noise is associated with the trapping/detrapping effect, the noise current in 

the healed circuit would be higher than the original circuit without the healing. 

7.5 Summary 

In this chapter, several performance characterisations of the PBSH technique have 

been explored and summarised. First, the impact of the bending on the self-healing has 

been studied, the circuit can be repaired in the bent condition and the healing part can 

remain stable after being bent for 100 cycles. Then the healing of double faults has been 

explored. The double faults in all cases were successfully repaired and this result proved 

the ability of the PBSH technique to heal more than one open fault in interconnects. 

Subsequently, to achieve manufacturability in the real-world applications, the OTFT 

device and interconnects have been encapsulated in the oleophobic- and oleophilic-

patterned substrate. The suspension used for the healing has been confined in the 

designed region along the interconnects. Meanwhile, the proper function of the OTFT 

device and the successful healing of the open faults in the interconnects have been 

achieved in this packaged circuit. Finally, the noise of the healed interconnects has been 

measured. The boundaries of particles increase the trap density in interconnects, leading 

to the larger flicker noise current in the circuit. The performance characterisations in 

this chapter have demonstrated the feasibility of the PBSH technique in real-world 

applications. 
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8 CONCLUSIONS AND FUTURE 

WORK 

This research aims to thoroughly investigate the particle-based self-healing (PBSH) 

technique for improving the reliability of the organic thin-film transistors (OTFTs)-

based flexible electronics. This is achieved following a division and combination logic: 

the research started with the separated investigations of the inkjet-printed OTFT device, 

circuits and the mechanisms of the PBSH technique, then these two parts were 

combined and the ability of the PBSH technique for healing the interconnects in flexible 

electronics was analysed and verified. 

In the device part, a range of device structures and materials were investigated, 

and the proper structure and functional material systems which were compatible with 

the inkjet printing process were selected. In addition, the suitable fabrication process 

was explored and the inkjet printer was set with the optimised parameters. Finally, an 

inkjet-printed BGBC-structured OTFT with a TIPS-Pentacene-PVC material system 

was successfully fabricated. The fabrication process was proved to be reliable since the 

yield could reach 85%, and the devices fabricated in this work could achieved the 

average performance compared to devices fabricated by other process reported in 

previous work. Extracted from the measured data, the average mobility (μ) reached 0.13 

cm2/Vs, the average subthreshold swing (SS) value was down to 240 mV/dec, and the 

average on/off current ratio was up to 3.2×106. The reliability of the process and the 

stability of the device performance are important for the follow-up experiments, as 

OTFT is the basic component for the flexible circuits constructed in this study. 

In the circuit part, two basic circuits: the current mirror and the common-source 

(CS) amplifier were successfully built. Both devices and interconnects in the circuit 
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were inkjet-printed, and the proper functioning of these printed circuits was proved by 

comparing with the AIM-Spice simulated results. The current mirror is a basic module 

which is usually used in the power management circuit and the DC motor control circuit. 

And the CS amplifier is another widely used module in most analogue circuits for 

amplifying signals. Because of the popularity of these circuits in real-world applications, 

they were selected as the representative circuits for verifying the feasibility of applying 

the PBSH technique in flexible electronics.  

In the self-healing part, the mechanism of the PBSH technique was analysed and 

its theoretical modelling was established. One issue for this technique was the inherent 

conductivity of the suspension, which would cause the short of the adjacent 

interconnects. To solve this issue, metal particles were modified by the oleic acid, and 

by this chemical pre-treatment, the suspension containing these metal particles showed 

the inherent insulativity. In that case, the self-healing could only occur when the electric 

field (𝜉) across the open gap was over a threshold value (𝜉𝑡ℎ, and in this work, 𝜉𝑡ℎ ≈ 

0.6 V/μm). 

After confirming the fabrication process of the OTFT-based flexible circuit and 

the preparation process of the particle-based suspension, the ability of the PBSH 

technique for healing the interconnects in flexible electronics was investigated. The 

whole investigation followed a wire-device-circuit logic. The first stage was to 

demonstrate the self-healing in inkjet-printed interconnects. In this stage, the PBSH 

technique has been proved to be effective in healing the open faults in interconnects, 

and the impacts of suspension concentration, electric field, length of open gap, and 

external resistance on the healing time have been revealed by the theoretical equations 

and experimental results. The second stage was to investigate the self-healing in 

interconnects for inkjet-printed OTFT devices. In this stage the self-healing of open-

faults at source and drain sides has been respectively researched. Details of the healing 

in the transfer (Ids - Vgs), the output (Ids – Vds) characteristics have been researched. All 

results indicate the successful healing of the open fault in OTFT interconnects, and the 

healing in OTFT interconnects followed the physical mechanisms summarised in wire 

interconnects. The final stage was to explore the self-healing in interconnects for 

flexible circuits: the current mirror and the CS amplifier. The open faults were created 

at various locations in circuits and all these faults have been successfully healed. For 

the CS amplifier, the frequency response has also been measured before the occurrence 
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of the fault and after the completion of the healing, indicating the effectiveness of the 

self-healing in the CS amplifier when processing AC signals. 

To demonstrate the likelihood of applying the PBSH technique in the real-world 

application, more performance characterisations of the PBSH technique have been 

conducted. The bending test proves the reliability and stability of the healing in the bent 

condition. The dual-faults test verifies the ability of the PBSH technique for healing 

more than one open fault in interconnects. The proper functioning of the OTFT device 

and the successful healing of the open faults in the oleophobicly- and oleophilicly-

treated substrate indicate the feasibility and manufacturability of the PBSH technique 

in the real-world integrated circuits. Finally, the noise of the healed interconnects has 

been measured. The boundaries of particles increase the trap density in interconnects, 

causing the larger flicker noise current in the circuit. 

The study presented in this dissertation gives an idea of increasing the reliability 

of flexible circuits by providing them with an ability to heal themselves. However, due 

to time limitations, some detailed work could not be completed. In order to fabricate 

the flexible circuits with higher performance and further develop the PBSH technique 

for healing the large-scale circuits, the following work needs to be accomplished: 

Optimisation of the inkjet-printed OTFTs. Although the material system used 

in this work (TIPS-Pentacene-PVC) is widely-used in OTFT research and the fabricated 

device has the relatively high performance compared with some OTFTs reported in 

previous work. There is still a large gap in device performance between organic TFT 

and oxide or low-temperature polycrystalline (LTPS) TFTs, while the later ones have 

been maturely developed for industrial applications. This is also the main reason 

limiting the large-scale fabrication and application of the OTFT-based electronics. This 

issue needs to be addressed by optimising the material (especially the organic 

semiconductor) and the fabrication process. The development of the material science 

in recent years has brought some new organic semiconductors and insulators with better 

electrical properties. And they are promising for developing the high-performance 

devices and circuits. In addition, in a complex circuit system, in most cases, both n-type 

and p-type TFTs are needed to build the complementary devices for improving the 

circuit performance. Thus the material systems for n-type OTFTs should also be 

investigated in the future work. 
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Preparation of the suspension with smaller particles. In this study the metal 

particles have the average particle size (APS) of 1 μm, and are applicable to healing the 

open gap with the size of 10 – 100 μm. However, for complex circuits, especially the 

large-scale integrated (LSI) or the very large-scale integrated (VLSI) circuits, 

dimensions of the device and the wire (including the wire spacing) become very small, 

usually scaling down to 0.1 – 1 μm level. Therefore, it is necessary to explore the self-

healing technique using the metal particles with the APS of 0.1 μm or less. With the 

scaling down of the particle size, the specific surface area (S = surface area / mass) of 

the particle increases, leading to the strengthening of the adsorb-ability for metal 

particles. And in this case the oxidation becomes more likely to occur on the surface of 

particles, making the metal particles permanently nonconductive. To address this issue, 

the further research about the method of preparing the suspension with smaller particles 

should be conducted. 

Optimisation of the chemical coating process. The pre-treatment with the oleic 

acid made the metallic micro-particle suspension inherently insulating, and set a 

threshold value of the electric field (𝜉𝑡ℎ) for the occurrence of the self-healing. However, 

in this work, the relationship between the coating effect and treating parameters 

(composition, PH value, coating time, concentration) was not studied, and 𝜉𝑡ℎ for the 

self-healing could not be controlled. When the length of the open gap is fixed, the 

electric field is proportional to the voltage across the gap. If 𝜉𝑡ℎ is high, then the high 

voltage is needed in the circuit, and the large current caused by this high voltage may 

damage the components in the circuit. To protect the circuit and make the PBSH 

technique applicable to all types of circuits, it is necessary to further study and optimise 

the chemical coating process for metal particles. 

Fabrication of the large-scale circuits. In this work, two basic circuits – the 

current mirror and the common-source (CS) amplifier were fabricated and used as demo 

circuits for verifying the effectiveness of the PBSH technique in healing the circuit 

interconnects. To further study the PBSH technique for healing circuits, the large-scale 

flexible circuits with more complex functions are needed. The fabrication of the all-

inkjet-printed large-scale circuits is also a challenging topic in flexible electronics area. 

It requires the good uniformity of all transistors and the precise layouts and via holes in 

each layer. In addition, wires and devices in large-scale circuits usually have smaller 

dimensions, and this requires the higher resolution of the inkjet printing process. To 
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handle these challenges, more studies about the layout design and the optimisation of 

the inkjet printing process are needed. And organic materials with better uniformity are 

also needed to be investigated. 

Packaging for the large-scale circuits. In Section 7.3, the packaging of the 

sample was achieved by the shadow mask and the low-pressure volatilisation. But in 

large-scale circuits, the shadow masks with higher precision and resolution are required. 

Thus the fabrication method of the shadow mask in this study should be altered and 

other masking process should be introduced in future study. To achieve the shadow 

mask with higher precision, the photolithography technique can be used. The 

photoresist used in the photolithography process can act as the shadow mask covering 

the oleophilic region, or directly act as the barrier confining the suspension in the 

specific region. In addition, it is important to develop a method to store the suspension 

along the interconnects, the proper storage and slow volatilisation of the insulating 

liquid is essential to unlock the possibility of using the PBSH technique in real-world 

applications. 
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APPENDIX A 

TFT Current Mirror 

vref 1 0 dc -25v 

vout 4 0 dc -25v 

r1 1 2 0 

r2 4 3 0 

T1 2 2 0 0 ptype1 l=80u w=1600u 

T2 3 2 0 0 ptype2 l=80u w=1600u 

.model ptype1 pmos(level=2) u0=0.131 tox=5e-7 

.model ptype2 pmos(level=2) u0=0.146 tox=5e-7 

TFT Common-Source Amplifier 

vdd 1 0 dc 30 

vin 3 0 dc 0.0 pulse(0 2 5ns 2ns 2ns 40ns) 

T1 1 3 2 1 ptype1 l=80u w=1600u 

T2 2 0 0 2 ptype2 l=80u w=1600u 

.model ptype1 pmos(level=2 tox=5e-7 u0=0.291)  

.model ptype2 pmos(level=2 tox=5e-7 u0=0.132) 

(

a) 

(

b) 

Figure A. Schematic of the circuit and the netlist coding in AIM-Spice simulation for 

(a) Current mirror and (b) Common-source amplifier. 
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APPENDIX B 

 

 

Figure B. Photograph of the experimental setup for measuring the AC signal processing 

by the common-source amplifier (Inset) The input and output signals shown on the 

oscilloscope. 
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APPENDIX C 

 

 

Figure C. Connection diagram of the AD795 chip. 

Connected to the 

oscilloscope 
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APPENDIX D 

 

 

Figure D. Photography of the goniometer under tilting mode. The goniometer is used 

for visualising the stability of silicone oil over the silane coated and uncoated PEN 

substrate. 
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APPENDIX E 

 

 

Figure E. Photography of the experimental setup for the noise measurement before covering 

the lid of the copper shielding box. 
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