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Investigations on the application of self-assembled monolayers (SAM) to indium 

gallium zinc oxide (IGZO) thin film transistors (TFT) for fabrication and channel 

modification are presented. The back channel of IGZO thin film transistors can be 

modified by the absorption of self-assembled monolayers. The electrical properties of 

the IGZO exposed back channel are sensitive to surface chemistries and can be 

tailored using SAMs. Chemistry at the back channel interface alters device 

performance. The back channel surface sensitivities can be used in applications for 

chemical sensing TFTs. IGZO TFTs with and without octadecyl phosphonic acid 

applied to the back channel with varied channel thicknesses (10-50 nm) were 

examined. TFT parameters, such as, turn-on voltage, hysteresis, mobility, 

subthreshold swing, and current on/off ratio were evaluated by current-voltage 

electrical measurements. 

 



 

 

The use of electrohydrodynamic ink jet (EHDP) printing as non-contact method for 

patterning etch resists with sub-10 μm features was demonstrated for fabrication of 

IGZO TFTs. EHDP uses an electric field to generate ink droplets that can be smaller 

than the nozzle diameter. EHDP was used for depositing a self-assembled monolayer, 

n-hexyl phosphonic acid (HPA), and photoresist, SU8, as etch resists for patterning 

the IGZO TFT channel. Drop on demand printing is accomplished by overlapping of 

discrete droplets to form the desired feature. The optimal ink formulations and EHDP 

parameters were determined for each ink. Parameters were optimized for producing 

the smallest, uniform printed features. Bottom gate IGZO TFTs were fabricated by 

plasma sputtering IGZO onto a SiO2/Si substrate. The IGZO TFT channels were 

patterned by printing HPA or SU8 ink as the etch resist, and using HCl as the etch 

solution. Indium tin oxide source and drain were deposited over the patterned channel 

using plasma sputtering. The electrical performance of IGZO TFTs patterned using 

HPA and SU8 were compared and evaluated using I-V electrical measurements. Drop 

on demand printing offers a high-speed, low cost route to TFT fabrication and 

manufacturing. The long narrow channels produced have applications for TFT sensor 

technologies. EHDP was shown to be capable of printing etch resists for the 

patterning and fabrication of IGZO TFTs on the scales relevant for digital displays. 
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Chapter 1: Introduction 

Next Generation Electronics 

Consumer demand for faster, energy efficient, more durable, portable electronics pushes 

the need for developing new materials and processes for next generation applications. 

Sensors are a crucial component for human interactions with electronics, where 

electrochemical sensing of molecules or mechanical sensors has led to vast improvements 

in quality of life for consumers. Patients with Type-I diabetes can tightly control their 

glycemic levels using continuous monitoring and delivery systems that control insulin 

levels in real time [1], [2]. For these systems to be of practical use, the patient needs to 

retain their mobility while using the system. Size reduction in sensors allows for the 

development of portable glucose sensing and delivery systems. These electrochemical 

sensors should be small enough to be minimally invasive while implanted in the body. 

Other chemical sensors such as gas and DNA greatly benefit from miniaturization by 

allowing the sampling and analysis to be done on site wherever the test is required [3], 

[4]. Portable products such as smart phones require increased processing speeds to meet 

the versatile computing needs of users. Increasing the capabilities of portable personal 

computing devices such as smart phones comes with a drawback by requiring higher 

power consumption in devices limited by battery storage capacity. New materials that 

draw lower power but have electrical performances equal or greater to their predecessor 

are needed to meet the increased computing needs while retaining portability.  
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Among other consumer technologies that are greatly desired are transparent displays and 

flexible displays. Transparent displays are a technology that has wide spread applications 

[5]. For example, vehicle windows equipped with transparent displays can indicate 

crucial information to the driver without obstructing their view to the outside world. To 

obtain fully transparent displays, all the materials used must be transparent within the 

visible spectrum. This requires conducting and semiconducting materials with wide band 

gaps. Specialized polymers and amorphous oxides have shown to be possible candidates 

[5], [6].  

 

Amorphous oxides have also shown applications in flexible electronics [7]–[9]. Bending 

of a film causes tangential stresses along the plane normal to the surface. Flexible 

electronics require the components to retain their electrical properties while exposed to 

bend induced stressing [10], [11]. Mechanical failures such as cracking or delamination 

occur from excessive stresses and these failures degrade the electronic properties of 

components in the device [12]. Amorphous oxides have been shown to have higher 

resistances to failure when subjected to bending stresses [11]. Indium-gallium-zinc-oxide 

(IGZO) has shown potential as a semiconducting material for sensing, transparent, and 

flexible displays [4], [7].  

 

Thin Film Transistors 

Transistors are a crucial component for most electronic devices. They act as the physical 

components in logic gates required for digital circuits or as switches for displays. A 
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typical bottom gate thin film transistor is shown in Figure 1. The channel is composed of 

a semiconducting material. Conducting materials such as metals, conductive polymers, or 

conductive oxides are used for the source, drain, and gate.  

 

 

When a constant bias is kept between the source (VS) and drain (VD) a current flows 

through the channel from the source to the drain, when the device is at its on state. The 

threshold voltage (Vth) is the gate voltage required to create a conducting pathway 

through the channel [13]. The channel’s conductance can be controlled by changing the 

carrier concentrations in the conduction band [13], by applying a gate voltage (VG) low 

amounts of current flows through the channel when the device is off (VG < Vth). A 

significant increase in current flows through the channel when the device is on (VG > 

Vth). The gate dielectric blocks the flow of electrons from the gate to the source or drain. 

The dielectric allows an increase in the electric field imposed by VG to influence the 

channel conductivity [13]. The back channel is the interface located across from the 

channel/gate dielectric interface. These components all work together to modulate 

channel conductivity allowing for switching between on and off states, as is required for 

switching pixels in displays. 

 
Figure 1. Typical bottom gate structure TFT. 
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The relative number of donors and acceptors in a semiconductor indicates if it is an n-

type or p-type semiconductor [13]. All semiconductors contain acceptor and donor charge 

states above 0 K. Donor states are negatively charged and contribute an electron to the 

conduction band. Acceptor states are electron deficient and contain positively charged 

holes that can be excited into the valence band. N-type semiconductors have a majority of 

negatively charged electron carriers, and p-type semiconductors contain a majority of 

positively charged hole carriers [14]. Since IGZO acts as an n-type semiconductor only n-

type devices will be discussed from this point on. 

  

Thin film transistors (TFT) are a common class of transistors. TFTs differ from 

traditional metal oxide semiconductor field effect transistors (MOSFET) mainly by their 

fabrication methods [15]. TFTs are fabricated by serial deposition and patterning of thin 

films of functional materials to form a transistor. The deposited films intrinsically exhibit 

their desired electrical properties with little or minor post deposition processing 

requirements. Traditional MOSFET fabrication generally involves modifications to a 

monolithic substrate, typically crystalline silicon, to alter electrical properties [16]. The 

films in MOSFETs must undergo many processes to reach the required electrical 

properties. Ion doping and diffusion processes require complex, high energy, and high 

temperature processes to achieve the desired electrical properties [16].  

 

While TFTs may not always offer the flexibility or the highest performance compared to 

MOSFETs, they do offer advantages in relatively simpler processes, such as plasma 
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sputtering, and potentially easier post process requirements, and applications to large 

areas [15]. Amorphous films can be deposited using sputtering allowing for deposition of 

amorphous oxide semiconductors [14]. Plasma sputtering has been successfully 

implemented for large area manufacturing of electronic displays [13]. Polymer substrates 

are also compatible with sputtering due to the low deposition temperatures that can be 

achieved. The mechanical properties of polymer substrates make them ideal for use in 

flexible displays. 

 

TFTs can be used for both chemical and mechanical sensing [4], [17]–[19]. One type of 

electrochemical sensor measures current generated by the oxidation and reduction of the 

analyte [20]. The sensitivity of these sensors depends on the sensor’s ability to measure 

current or modulate the gate potential generated from the reaction. The size and electrical 

properties of TFTs allow them to be highly sensitive to their environment. These 

sensitivities can be utilized for sensing by measuring changes in the TFT response such 

as threshold voltage or conductance [18], [21], [22]. The back channel can be 

functionalized using SAMs to promote chemical reactions with the analyte of interest 

[22]. The reactions cause local changes in electric properties that change the TFT’s 

response. The high sensitivity allows for molecular detection at lower concentrations. 

The small size of TFTs allows for dense packing of multiple sensors on a single chip. The 

cost of these chips can be reduced by using industrial mass production processes 

currently available. 
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Thin Film Transistor Electrical Properties and Characteristics 

The threshold voltage (Vth) is defined as the minimum gate voltage required to generate a 

conductive pathway within the channel [13]. For AOSs the value of Vth is dependent on 

the number of carriers in the channel [23]–[25]. Vth near 0 V is often desirable for 

obtaining devices with lower power consumption. The field effect mobility (μFE) relates 

carrier velocity in an electric field [13]. This velocity is a ratio of free carriers to trapped 

carriers [26]. The highest possible mobility is usually desired as higher carrier mobilities 

enable higher currents to pass through smaller devices. The subthreshold swing (SS) 

measured in V/decade relates the current output to the gate potential [13]. Low SS means 

that lower ΔVG, when VG > Vth, is required to increase the output current to turn on the 

device. The value of SS is governed by the sub-bandgap trap state densities in the channel 

[27]. The Ion/Ioff ratio is the ratio of current in the on state to the current in the off state. 

Low off state currents are important for reducing noise and leakage while the device is 

turned off. The on state current can be defined as a specific current when the device is 

turned on. The channel current, threshold voltage, mobility, subthreshold swing, and 

on/off ratio are all dependent on device geometry [13]. The output current is normalized 

using the channel length and width. Normalization allows for devices with different 

channel lengths and widths to be directly compared with each other. Methods used to 

measure TFT performance and calculate these parameters are discussed in Chapter 2. 

More in-depth discussion of these electrical parameters is presented in Chapter 3.  
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The electrical properties of amorphous oxide semiconductor (AOS) TFTs are highly 

sensitive to their environment. These sensitivities can be used for chemical sensing of the 

TFT’s local environment [19], [21], [22]. Local chemical changes from molecules 

absorbed to the back channel can change the Vth, mobility, SS and on/off ratio. TFTs can 

be used as a sensor by understanding how molecules exposed to the IGZO back channel 

changes the channel properties. The high sensitivity of these parameters amplifies the 

sensors sensitivity. 

 

Indium Gallium Zinc Oxide 

The semiconducting material examined in this thesis is indium gallium zinc oxide 

(IGZO). IGZO is currently used in a range of LG and Sharp electronic displays [28], [29]. 

IGZO TFTs operate as n-type semiconductors due to their high donor concentrations 

[30]. IGZO is transparent to the visible spectrum with a band gap of ~3.1 eV. The 

amorphous state of IGZO means no grain boundaries form, where grain boundaries can 

cause variations in electrical properties. IGZO can be uniformly deposited over large 

areas using plasma sputtering making it an excellent option for large area display 

manufacturing [31], [32]. As deposited IGZO can readily obtain exceptional field effect 

mobilities > 3 cm2 / V s, while laser or thermal annealing below the crystallization 

temperature further increases the mobility to above 10-40 cm2
 / V s [33], [34]. An 

interesting characteristic observed in IGZO and other AOSs is that Vth shifts positive as 

channel thickness is decreased [24], [35], [36]. For AOSs, the location of Vth is dependent 

on the absolute number of carriers. As the channel thickness is decreased the number of 
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free carriers is decreased causing ΔVth to shift positively. The value of Vth can also be 

controlled by thermal annealing and varying oxygen concentrations during deposition 

[37]. As the thickness is decreased surface states become more important, influencing 

device operation. Absorbed oxygen and water act as electron acceptors and donors, 

respectively, for the IGZO channel [38]. Atmospheric water and oxygen absorbed to the 

TFT back channel can vary the electron carriers causing instabilities in Vth [39]. 

Passivation of the IGZO back channel using insulators such as TiO2, SiO2, Al2O3 and 

photoresist has been shown to increase stability ΔVth by blocking absorption of 

atmospheric contaminants to the back channel [40], [41]. For sensors the IGZO channel 

needs to be exposed to the environment. The use of self-assembled monolayers can act as 

a protective coating while allowing the channel to be influenced by the environment. 

 

Self-Assembled Monolayers 

Self-assembled monolayers (SAM) are molecules that readily form a single molecular 

layer on a material. The SAM consists of a head and tail group. The head group 

chemically reacts with the substrate and binds the SAM to the surface [42]. The tail group 

does not bind to the surface and is used to modify the surface properties of the underlying 

surface. Because the head group only binds to the surface a self-limiting mono layer of 

molecules is formed on the surface. Thiol head groups have been observed to 

spontaneously adsorb to noble metals such as gold [43]. Silanes and phosphonic acid 

head groups adsorb to oxide surfaces [44], [45]. An example of a phosphonic acid with 

tail group “R” bound to an oxide surface is shown in Figure 2. The tail group can be 
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chosen to tailor the surface properties. For instance surfaces can be modified to become 

hydrophobic or hydrophilic depending on the tail group used. 

 

 

 

In Chapter 4, n-hexyl phosphonic acid (HPA) is used to create hydrophobic regions on 

IGZO surfaces for selectively etching structures using aqueous HCl as an etchant. The 

HPA is used for patterning IGZO channels for TFTs. 

 

SAMs can be used for passivating exposed back channels on IGZO TFTs to improve 

stability. Oxygen and water absorbed to the back channel surface of IGZO and other 

AOSs can affect TFT performance by altering the carrier concentrations. Densely packed 

SAMs can form a barrier layer to prevent molecules from absorbing to the bare IGZO 

[46]. Different tail groups can cause band bending at the back channel [47]. The effects 

of band bending on the surface becomes more pronounced as the channel thickness is 

reduced. Alternatively SAMs can be used to modify TFT back channels for molecular 

detection [22]. The tail group of SAMs can be tailored to selectively interact with 

 

 

 
Figure 2. a) Phosphonic acid SAM and example oxide surface. b) SAM bound to surface as monodentate.  

c) SAM bound as tridentate. The R group can be chosen to provide the desired surface properties. 
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molecular analytes. The chemical interactions produce local changes in the IGZO energy 

bands. The changes in band energies and carrier concentrations reproducibly alter TFT 

behavior. A range of analyte concentrations can be quantified by calibrating TFT 

electrical responses to various known concentrations of analyte. High sensitivity and 

wide detection ranges have been demonstrated in glucose TFT sensors functionalized 

using SAMs [22]. As the thickness of the channel is reduced, the IGZO back channel 

surface becomes more apparent in the TFT electrical response. Understanding how SAMs 

can influence IGZO TFT behavior as the channel is reduced is important to developing 

smaller TFT chemical sensors. Chapter 3 examines the application of 

octadecylphosphonic acid (ODPA) and HPA on the back channels of IGZO TFTs with 

various channel thicknesses. 

 

Fabrication of Thin Film Transistors 

TFTs are fabricated using a variety of methods. Films can be deposited using 

sputtering, chemical vapor deposition, pulsed laser deposition, electrodeposition, 

solution based condensation reactions [14], [16]. Most of these methods, except 

electrodeposition, cover the entire substrate with a homogeneous film and need to 

further patterned to obtain the desired structures. Photolithography and etching is 

commonly used for patterning of TFT and other electronic structures. The process 

photolithography using a negative tone resist is outlined in  

Figure 3.  
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This process requires first coating the blanket films with a photoresist as shown in  

Figure 3a. The photoresist is designed to change solubility when exposed to radiation. A 

mask is positioned over the resist to isolate regions from radiation as shown in  

Figure 3b. The development step shown in  

Figure 3d, uses a chemical developer to remove the soluble regions. The exposed regions 

of the underlying film is then etched using solution based etchants or plasma etching 

shown in  

Figure 3e. Finally the remaining photoresist is stripped from the substrate leaving only the 

patterned thin film shown in  

Figure 3f. Photoresist can be deposited and patterned prior to the thin film deposition to 

selectively deposit films without etching using a lift off process. Complex electronic 

structures are built by repeating these deposition and patterning steps.  

 

 
 

Figure 3 a) Photoresist spin coated onto substrate. b) Selective radiation exposure using mask. c) 

Solubility change in photoresist, soluble regions removed using developer. d) pattern to be 

transferred by photoresist etch remains. e) Exposed regions are etched. f) Photoresist stripped 

leaving desired pattern in thin film. 
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Drop on demand printing, or digital patterning, of solution based functional materials is 

another method for selectively patterning thin films. Printing allows for direct patterning 

of materials without the need for photolithography. The process of digital patterning is 

shown in Figure 4. 

 

In Figure 4a. the resist is printed in the desired pattern. Figure 4b shows the resist 

forming a protective layer above the underlying film, where heat is applied promote 

crosslinking in the photoresist. Figure 4c the film is etched. Figure 4d the resist is 

removed leaving the underlying film with the desired pattern. Printing can be 

advantageous due to reduced material consumption and does not need energy intensive 

vacuum and radiation systems. The high speed and selective deposition capabilities of 

printing make it suited for industrial mass production. However, solution deposition of 

 
Figure 4. Digital patterning of a thin film. a) The resist is selectively 

patterned on the film. b) For photoresist, heat is applied to crosslink 

and harden the resist. c) Etching solution is used to remove the 

exposed film. d) The resist is removed leaving the desired pattern. 
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electronic materials requires specialized solution based chemistries, and it can be difficult 

to achieve film qualities with qualities that match vacuum deposited films. Adapting 

existing solution based processes to printing methods may provide easier routes for 

reducing total production costs. Solution based photoresist, such as SU8, can be modified 

for printing as an etch resist without the requirement of radiation exposure. Self-

assembled monolayers can also be printed to modify the thin film surface and act as an 

etch resist. The 4th chapter of this thesis focuses on electrohydrodynamic ink jet printing 

of SU8 and HPA as an etch resists for fabrication of TFTs. 

 

Electrohydrodynamic Ink Jet Printing 

Reducing the size of TFTs and other electrical components is crucial to increasing circuit 

density. One of the major draw backs to conventional printing of functional materials for 

fabricating TFTs is the printing resolution limits often encountered. Piezoelectric and 

thermal ink jet printers are the most common systems used for drop on demand printing. 

These systems rely on generating pressure forces to eject droplets from the print nozzle. 

The formation of droplet size is limited by the generated pressure wave, fluid’s surface 

tension, and viscosity. The practical resolution to these systems is 10-30 μm [48].  

 

Electrohydrodynamic ink jet printing (EHDP) is a printing method in which an electric 

field is used to generate droplets. The electric field concentrates ions and deforms the 

meniscus into a cone shape, known as a Taylor cone [49]. When the repulsive ionic 

forces overcome the surface tension forces a droplet is ejected. The ejected droplet is 
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generated only at the tip of the Taylor cone which provides droplets with diameters 

smaller than the nozzle diameter. This droplet generation technique can easily achieve 

resolutions sub 10 μm [50]–[52]. Here EHDP is used to demonstrate printed etch resists 

for patterning TFT channels with narrow channel widths (<5 μm). The smaller printed 

feature sizes offered by EHDP can be used to realize even smaller printed circuits. 

Successful printing of SAMs demonstrates that EHDP can be used to deposit SAMs for 

modifying and functionalizing IGZO channels. Further details of printing and EHDP will 

be described in Chapter 4. The development of EHDP can help achieve cheaper 

manufacturing of smaller integrated circuits and sensors. 
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Chapter 2: Instruments and Techniques 

Semiconductor Parameter Measurements 

Electrical measurements for TFTs are made using a semiconductor parameter analyzer 

(Agilent 4155C) and probe station (Alessi REL 4800). The probe station provides 

structural support, and positioning of the probe needles with respect to the sample stage. 

The housing of the probe station is closed to provide a dark environment to prevent light 

induced current and instabilities. Needle like tungsten probes, held using 

micromanipulators, are used to make contact with the TFT electrodes. A microscope on 

the probe station is used to ensure good contact between the electrodes. The positioning 

of the probes on the TFT source, drain, and gate electrodes is shown in Figure 5.  

 

 
Figure 5. Semiconductor parameter analyzer probe placement on source, drain, 

and gate electrodes for a TFT. L is the channel length from source to drain. W 

is the channel width. 
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The semiconductor parameter analyzer (SPA) individually controls the voltage while 

measuring the current for each probe. The Agilent 4155C SPA can measure currents from 

the pico to milliamp range [53].  

 

TFT current-voltage (I-V) transfer characteristic curves are generated by setting the drain 

voltage (VD) and sweeping the gate voltage (VG), while measuring current at all three 

electrodes. The output drain (ID) current, at VD, for a single sweep is plotted various ways 

to obtain different parameters. A typical I-V transfer plot is shown in Figure 6, for an n-

type TFT, with log ID of current plotted on the left axis and ID on the right axis. For the 

measurements performed here, VG is swept from negative to positive and back down to 

the starting value. When sweeping VG from low to high and back from high to low there 

can be a shift in the VG for a given current, which is called hysteresis. This hysteresis can 

be caused from instabilities caused by trapped charge in the channel or gate dielectric 

[54].  
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Plotting the output current on the two different axes helps to graphically obtain important 

TFT parameters. The current through the device is strongly related to the device 

geometry. In order to retrieve intrinsic properties and compare devices with different 

geometries, the current is normalized using the device geometry where L is channel 

length from source to drain, W is the channel width. When VD >> Vth the channel 

operates in saturation mode, where the channel induced current reaches a maximum, and 

ID is independent of VG [55]. This behavior is due to the high drain voltage fully 

depleting the carriers at the drain, and the current is limited by the depleted drain region 

[56]. However, when VD < Vth the device operates in linear mode, where ID increases 

linearly as VD increases. In linear mode, carriers still exist at the drain and can be excited 

into the conduction band by VG. The drain output current in TFTs can be approximated 

using the gradual channel approximation for operating in linear mode, given in Equation 

 
Figure 6. Typical TFT I-V transfer plot for n-type AOS TFT. The gate voltage is swept and the log ID of 

output current is plotted on the right for identifying mobility and subthreshold swing. Square root of ID is 

plotted on the right for identification of turn-on voltage. 
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1 [56]. Cg is the gate dielectric capacitance, μ is the mobility, W is the channel width, and 

L is the channel length. The turn-on voltage (Von) is used instead of Vth for determining 

ID. Von is defined as the point at which current begins to rise when plotted log(ID) vs VG, 

as shown in Figure 6. Von and Vth are different, but share similarities and are affected 

similarly by channel properties such as carrier and defect concentrations. The devices 

examined in this thesis were operated in linear mode and Von is used for IGZO TFT 

characterization. 

 

 
𝐼𝐷 =

𝑊

𝐿
 𝜇 𝐶𝑔 𝑉𝐷 (𝑉𝐺 − 𝑉𝑜𝑛 −

𝑉𝐷

2
)  ( 1 )  

 

In linear mode, carrier transport is sensitive to both bulk and interface defects; interface 

effects become more significant. Vth is used in context of an ideal MOSFET, but is 

insufficient for determining current through the non-ideal semiconductors such as IGZO 

while operating in linear mode; Von is better used for modeling AOS TFTs behavior 

operating in linear mode [57]. 

 

The average mobility (μavg) is non-linear and is a function of VG. The average mobility 

can be evaluated from the experimental I-V transfer curves, using Equation 2 [55]. Where 

gm is the transconductance (Δlog(ID)/ΔVD). 

 

 

 
𝜇𝑎𝑣𝑔 =

𝐿 𝑔𝑚

𝑊 𝐶𝑔 (𝑉𝐺 − 𝑉𝑜𝑛)
 (2)  
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The inverse of the subthreshold swing is calculated by finding the maximum slope of the 

log normalized output current shown in Figure 6. Current through the channel is 

primarily due to charge transport through the semiconductor between the biased drain and 

the source. The off current (Ioff) is the current that is observed while VG < Von. Gate 

leakage can be measured as a current through the gate dielectric and is monitored by 

measuring current between the gate and source electrode. The on current (Ion) can be 

defined as the output current required by device specifications. For these experiments the 

highest current achieved is used as the on current. The Ion/Ioff ratio is calculated by the 

ratio of on current to off current. 

 

The turn-on voltage, mobility, Ion/Ioff ratio, and subthreshold swing are important 

parameters for examining device physics and TFT computer modeling. More on the 

details of these parameters and their significance will be presented in Chapter 3. 

 



 

 

 

20 

 

 

Electrohydrodynamic Ink Jet Printer 

A custom built electrohydrodynamic ink jet printer was used to print etch resist which is 

used to pattern the channel width on the micron scale. A schematic of the printing system 

is shown Figure 7. Glass pre-pulled needles (World Precision Industries), with inner 

diameters of 1 and 5 μm, were sputter coated with ~20nm of Au/Pd (40/60) to provide 

high conductivity. A high voltage amplifier (Trek 677B) is used to apply a voltage to the 

metal coated needle with the substrate held at ground. The self-assembled monolayer, 

1H,1H,2H,2H-perfluorodecanethiol (Sigma Aldrich), was used to modify the Au/Pd 

surface by dipping the needle in 5 mM SAM in ethanol for 5 minutes. This surface 

treatment provides a hydrophobic surface that reduces hydrophilic ink wetting of the 

outer surface of the needle. 

 

 
 

 
Figure 7. a) Schematic diagram of EHDP system. b) Image of printing stage, light sources, ground needle, 

and printing needle. 
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The position of the stage and substrate can be translated using linear x and y axis stepper 

motors (Parker MX80L TO3MP). Video feedback is provided using a microscope camera 

(Edmund Optics Infinity2).  The needle tip was held at a constant height above the 

substrate with a constant air pressure applied to the back of the needle. The height of the 

needle is controlled by a z-axis stepper motor (Parker MX80ST 02MSJ). Back pressure is 

controlled using pressure transducer (ControlAir 500-AF). The pressure helps deliver ink 

from the syringe barrel to the tip of the needle. All hardware is controlled using custom 

LabVIEW software.  

 

Printing is achieved by biasing the needle with respect to the grounded substrate. The 

bias results in the formation of a Taylor cone, and a square voltage pulse is used to 

control droplet generation timing and placement. The droplets generated from the square 

pulse is shown in Figure 8.  
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Where the time between pulses (t) is controlled by the frequency (f). Careful control of 

the pressure, height, potential bias, pulse height, and pulse frequency can be used to print 

small droplets onto the substrate. The details of optimizing these parameters for specific 

inks will be discussed in Chapter 4. 

 

 

 

 

 

 

 

 
Figure 8. Voltage bias between the needle and substrate with a square pulse 

applied at a constant frequency. The bias maintains the Taylor cone at the tip 

and each pulse ejects a single ink droplet. 
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Chapter 3: Self Assembled Monolayers Applied to the Back Channel of 

IGZO Thin Film Transistors 

 

Introduction 

Next generation digital displays require new materials to meet consumer demands. 

Demands include enhanced product lifetimes, durability, higher resolution, and reduced 

power consumption [58]. By their nature, portable electronics require low energy 

consumption and excellent durability. Flexible displays are another desired technology 

requiring new semiconducting materials that can retain their electrical properties when 

stressed by applying curvature [7]. Polymer substrates are favored for flexible technology 

due to their ability to withstand large radii of curvature [59]. The use of polymeric 

substrates requires low temperature processing (<300 oC) to limit damage to the substrate 

which makes traditional silicon processing techniques incompatible. Furthermore, flat 

panel displays require materials that can be uniformly deposited over large areas, and 

product lifetimes (10,000 hours) necessitate the need for stable devices with prolonged 

use and storage.  

 

Molecular sensors with lower detection limits and larger detection ranges can be realized 

using TFTs as the sensing component [19]. The inherently small size of TFTs allows for 

array of sensors on a single chip. These arrays can include redundant sensors for 

increased accuracy or multiple sensors for sensing different molecules. Functionalizing 

the back channel of TFTs with molecules that react with the analyte of interest can lead to 
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electrical changes that can be used for molecular detection. Functionalization can be 

accomplished by using SAMs or reactive thin film membranes such as enzymes [3], [22]. 

 

Amorphous oxide semiconductors (AOS) show good promise for use in many next 

generation electronics [60]. In particular, amorphous indium gallium zinc oxide (IGZO), 

meets many of these processing and electrical requirements electronics [61]. IGZO TFT 

sensors capable of detecting glucose, pH, and gases such as ammonia and NO have been 

demonstrated [22], [62], [63].  A full understanding of IGZO must be realized in order for 

its integration into consumer products. Knowledge of instabilities is crucial for 

developing durable products with prolonged lifetimes. Instabilities in IGZO TFTs are 

attributed to charge trapping in the gate dielectric, in the bulk channel, at the 

channel/insulator interface, at the back channel surface, and deep acceptor traps [24]. As 

the thickness of the IGZO channel decreases, surface states at the exposed back face 

become more prominent in the TFT performance [36], [64]. The reduction in surface 

states and absorbed species improves stability and hysteresis of the threshold voltage. It is 

believed that absorbed oxygen acts as an electron acceptor and water acts as an electron 

donor [65], [66]. The absorbed species alter the concentration of carriers and causes 

changes in Vth. For example, increases in carrier concentration decreases both Vth and 

Von. The existence of surface states results in instabilities in TFTs which limits their 

application in displays. Self-assembled mono layers (SAM) can be used to passivate the 

back channel and reduce surface trap states. SAMs are molecules composed of a head, 

spacer, and tail group. The head group reacts with the oxide to covalently bond to the 
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surface and the tail group prevents further layers from attaching, creating a self-limiting 

monolayer. In this thesis the TFT performance with different IGZO thicknesses was 

compared with and without the application of SAMs to the back channel. The use of 

SAMs on the back channel of TFTs improves the electrical stability of TFTs and provides 

means to examine the effects of the exposed back channel chemistry on performance. 

Understanding how SAMs modify the back channel chemistry can also help to further 

develop functionalized IGZO surfaces for molecular detection. 

 

Amorphous Oxide Materials and Processing Requirements 

AOSs must have enhanced properties for thin film in order for to replace Si TFT 

technologies for these applications. IGZO meets many of the processing and electrical 

requirements for next generation electronics [60]. Examples of other AOSs are zinc tin 

oxide (ZTO)[55], hafnium indium zinc oxide (HfIZO) and indium zinc oxide (IZO) [64], 

[67]. Amorphous silicon (a-Si) is an industry standard for displays but suffers from poor 

mobility (> 1 V/cm2 s) and stress induced hysteresis [68]. Amorphous materials do not 

contain grain boundaries that are known to cause short range variations in electrical 

properties in polycrystalline materials, i.e. polysilicon (p-Si) devices [69]. The use of 

polymers in flexible displays poses another challenge for manufacturing. Processing 

temperatures for polymer substrates must be kept below the glass transition temperature, 

typically 100-300 oC depending on the polymer [70]. Thin film semiconductors must be 

deposited uniformly over large areas for use in large screen consumer displays. Non-

uniformities cause variations in electrical properties which limit pixel brightness 
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uniformity across the display and decrease device reliability. Low temperature deposition 

methods such as pulsed laser deposition and sputtering can be used to deposit IGZO 

[71]–[73]. TFTs using IGZO channels can have mobilities ranging from 4-40 V/cm2 s 

[71], [72], [74]. Low temperature post deposition annealing (>400 oC) has been shown to 

further enhance mobility [75]. IGZO is transparent in the visible spectrum making it 

excellent for use in traditional and fully transparent displays. Full color 12.2” WXGA 

AMOLED, 15” XGA AMLCD, and 32” AMLCD displays, along with a 2.4” fully 

transparent display have been demonstrated using IGZO TFTs [31], [32], [60]. Flexible 

displays have also been fabricated using IGZO TFTs [7]. Currently LG, Samsung, and 

Sharp are producing 32”-50” displays for the consumer market [28], [29]. Apple uses 

these display manufactures IGZO displays for their next-generation high resolution 

Retina display [76]. 

 

IGZO Structure & Electron Transport 

The structure of amorphous IGZO is complicated due to its highly disordered nature. 

IGZO deposited by pulsed laser deposition or sputtering remains amorphous until 500 oC 

[77]. X-ray diffraction (XRD) measurements on IGZO films annealed (400-600 oC) is 

shown in Figure 9a. where amorphous halo peaks at 34o and 58o for samples annealed up 

to 500 oC are observed [77]. Sharp peaks emerging after annealing to temperatures above 

500 oC, and are attributed to crystallization of IGZO. Post deposition annealing of IGZO 

films can drastically alter device performance. Figure 9b. shows that the Hall mobility of 

“low quality” amorphous IGZO increases with annealing temperature, where the mobility 
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saturates just before the onset of crystallization [77]. The increase in mobility is attributed 

to structural relaxation and reduction of trap states. It should be noted that while the 

mobility of crystalline IGZO is the highest, it requires a higher processing temperature. 

One of the major advantages of AOSs is that their low thermal budget is compatible with 

low temperature processes and polymer substrates. 

 

The conduction band minimum (CBM) in IGZO is composed of unoccupied s orbitals 

located on the heavy metal cations [26], while the valence band maximum (VBM) is 

primarily composed of the oxygen 2p orbitals. The large non-directional overlapping of s 

orbitals is what allows amorphous IGZO and other AOSs to have large electron 

mobilities. In contrast the low mobility in a-Si results from the directionality of sp3  their 

poor overlap for disordered materials [78]. The temperature dependent mobility can be 

explained using Alder’s percolation theory, where carriers can follow multiple 

 

 
Figure 9. a) XRD patterns of deposited amorphous IGZO annealed 400-600 oC. Onset 

of crystallization is observed at 525 oC. b) Mobility of deposited amorhpous IGZO 

annealed 0-600 oC. “Reprinted from Phys. Stat. Sol., 205 / 8, Nomura et al., 

Relationship between non-localized tail states and carrier transport in amorphous 

oxide semiconductor, In–Ga–Zn–O, pg. 1910-1914 Copyright (2008), with permission 

from John Wiley and Sons.” 

a) b)
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conduction pathways [78]. At low temperatures the carriers take longer paths related to 

the lowest energy pathways. At higher temperatures the carriers can be thermally excited 

into higher energy levels allowing them hop over higher energy barriers and take a more 

direct path. 

 

TFT Mobility 

The carrier mobility is a parameter used to describe the conductivity of charge carriers in 

an electric field [13]. It is an important parameter for TFT performance as it is required to 

describe and model the on-state current though a semiconductor channel. In AOSs the 

mobility is dictated by the total free carrier density (NGS) in the film and the number of 

density carriers trapped by defects (Nt,tot) [79]. The equation for field effect mobility 

(μFE) relating the carriers and carrier traps is shown in Equation 3 where μd is the drift 

mobility. The difference in NGS and Nt,tot represents the number density of untrapped 

carriers moving from source to drain. The measurement of field effect mobility can be 

used to evaluate the ratio of free carriers to the number of trapped carriers.   

 

 
𝜇𝐹𝐸 =

𝑁𝐺𝑆 − 𝑁𝑡,𝑡𝑜𝑡

𝑁𝐺𝑆
𝜇𝑑 (3) 

 

For AOS, the highly disordered tail states means the number density of free carriers and 

trapped states is a function of VG. In crystalline Si and a-Si TFT devices the mobility 

increases as a function of VG until it reaches a maximum. However in AOSs, such as 
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IGZO, the mobility monotonically continues to increases with increasing VG [26]. The 

differences are attributed to scattering effects known in the crystalline and a-Si channel. 

The large overlapping s orbitals in the conduction band of IGZO are less affected by 

scattering effects. 

 

Subthreshold Voltage Swing 

The subthreshold swing (SS) is an important parameter for determining the minimum 

gate voltage required for turning on a TFT. It is defined as the voltage required to 

increase the current by a factor of 10 (SS = dVg/d log(IDS)) [13]. The SS can be used to 

evaluate the trap density in the AOS channel. The SS is related to the depletion 

capacitance (CD), trapped interface capacitance (CIT), and gate capacitance (Cg) by 

Equation 4 [13]. Assuming the channel is fully depleted so CD is negligible, Equation 5 

can be used to convert the interface capacitance obtained from the SS (mV/decade) as a 

function of trap density near the Fermi level (Dsg), and is given in Equation 6. Where kB 

is Boltzmann’s constant, e is the elementary charge, Cg is the gate capacitance, and T is 

the temperature (293 K). 

 

 𝑆𝑆 = (
𝑘𝐵𝑇

𝑒
) ln(10) (1 +

𝐶𝐷 + 𝐶𝐼𝑇

𝐶𝑔
)  (4) 

 𝐶𝐼𝑇 = 𝑒 𝐷𝑠𝑔 (5) 

 𝑆𝑆 = 59.5 (1 +
𝑒𝐷𝑠𝑔

𝐶𝑔
) (6) 
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A lower SS is indicates decreased trap state densities. A steeper transfer curve is obtained 

with lower values of SS indicating a higher quality channel. The value of Dsg is based on 

both trap density in the bulk channel and surface traps given in Equation 7 [80]. 

 

 𝐷𝑠𝑔 = ∫ 𝑁𝑏𝑠 𝑑𝑥 + 𝑁𝑖𝑡 = 𝑁𝑏𝑠 𝑡 + 𝑁𝑖𝑡

𝑡

0

                 (7) 

 

Sub Bandgap States 

The density of subgap states (DOS) is important for understanding semiconductor 

performance and directly impacts TFT mobility and SS variations [81], [82]. These are 

states that exist within the band gap of semiconductors and can trap charge carriers 

leading to decrease in device performance. The density of subgap states calculated using 

capacitance-voltage measurements for IGZO has been found to be 1 to 2 orders of 

magnitude lower than in a-Si TFTs [83]. The difference in trap densities explain why 

IGZO has higher mobility and lower SS than in a-Si TFTs. Figure 10 shows the DOS for 

IGZO and their energy levels [79]. The optical band gap of IGZO is ~3.2 eV and has 

been determined using the Tauc relation [30], [84], [85]. The highly disordered state of 

AOSs gives a distribution of subgap states. Density functional theory calculations 
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indicate that oxygen vacancies contribute to both the shallow donor and deep donor states 

depending on the local atomic bonds [84]. 

 

Absorption spectra of IGZO shows shallow donor states, located ~0.1 eV from the CBM, 

and follow an Urbach relation (α = A exp(hν/Eu) where A is a constant and Eu is the 

Urbach energy. The Fermi level is located ~0.2 eV below the conduction band making 

IGZO a n-type semiconductor [86].  

 

The carrier concentration follows thermally activated behavior for films with carrier 

concentrations less than 1017 #/cm3 and becomes degenerate at higher carrier 

concentrations [85]. The degenerate states cause carrier concentrations to be independent 

of temperature while exhibiting thermally dependent Hall mobilities [85]. Percolation 

 
Figure 10. Summary of density of states in IGZO films and their 

relative energy levels. Created using literature data from [79]. 
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theory suggests that when the Fermi level is located within the tail states there are 

potential barriers that must be overcome before electron conduction can occur [78], [87]. 

When the Fermi level is raised by increased carrier concentrations they are less affected 

by their potential barriers. Conduction of carriers at lower temperatures requires longer 

tortuous routes following the lowest energy barrier pathway. When thermally activated, 

carriers can take more direct high energy paths. Percolation theory applied to IGZO 

shows that narrowly distributed shallow donor states located ~0.1 eV under the CBM are 

responsible for electron transport and high mobility [27]. 

 

There is a high density of deep level DOS that are found above the valence band 

maximum (VBM). These deep states do not contribute to electron transport. XPS 

measurements of IGZO shows DOS around 1.5 eV for 9.3x1021 and 1.6x1021 #/cm3
 from 

low and high quality unannealed films, respectively [30]. Studies on the effects of 

thermal annealing found a decrease in the density of deep gap states indicating that 

thermal annealing decreases the number of trap states near the VBM by half. The high 

number of DOS (~1020 #/cm3) near the VBM compared with hole densities generated by 

Vg (~1018 #/cm3) is the reason it is difficult to produce IGZO devices operating as p-type 

TFTs.  

 

IGZO Instabilities 

In order for IGZO to be used for consumer electronic devices the IGZO TFTs must have 

both long-term stability and reliability. Shifts in the threshold voltage or mobility can 
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alter the current supplied to pixels and effect brightness [88]. Sputtered IGZO films 

exhibit instabilities in Vth for prolonged gate voltage (Vg) stresses. Instabilities in AOS 

TFTs are attributed to charge trapping in the gate dielectric, in the bulk channel, at the 

channel/insulator interface, at the back channel surface, and deep acceptor traps [80]. 

Charge trapping in the gate dielectric can be avoided using high quality dielectrics. 

 

Thermal annealing (200-500 oC) has been found to increase the stability of Vth, μ, and the 

SS by reducing bulk defect states [34], [86]. Annealing in inert N2, O2, and wet 

atmospheres has shown to have an effect IGZO TFT characteristics. Annealing in various 

O2 partial pressures shows increases in mobility and decreased SS compared with devices 

annealed in N2, while annealing in a wet atmosphere further improves these parameters. 

These results indicate that annealing with water or O2 further reduces trap states near the 

CBM by reducing oxygen vacancies [34]. Device stress tests show that changes in Vth  

can be reduced when annealed in oxygen or water atmospheres[34], [54]. 

 

Channel Thickness 

Studies have indicated that threshold voltage shift depending on channel thickness [37]. 

IGZO TFTs with various channel thicknesses show threshold voltages from 9.1 V to 1.9 

V for channel thickness from 30 to 85 nm, respectively [24]. The thickness dependent 

shift in Vth is attributed to changes in the number of carriers, which shifts positive as 

carrier concentration decreases [24], [35], [89], [90]. Similar behavior has been reported 

in amorphous HfIZO where an increase in the number of carriers results in a decreases in 
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Vth [23], [64]. Studies on IGZO TFTs using hard x-ray photoelectron spectroscopy (HX-

PES) found tail states ~1.5 eV above the VBM, with increasing thickness [91]. The HX-

PES studies indicated that the decrease in tail states is related to surface states. The O 1s 

core level also shifted from 0.3 to 0.4 eV with decreasing thickness indicating surface 

band bending. The electron mobility also increased as channel thickness increased which 

corresponds with increased carrier concentrations. The mobility changes are attributed to 

the number of free carriers and reduction of surface effects as thickness increases 

indicating that surface chemistry can effect TFT performance [36].  ZTO TFT devices 

show similar behavior with Vth and mobility, where the changes in electric characteristics 

with thinner channels were attributed to surface absorbed oxygen or water [25]. The 

absorbed oxygen and water are believed to act as electron donors and acceptors, 

respectively. Trapped charges at the back channel can play a significant role in 

instabilities. Atmospheric H2O and O2 absorbed onto the IGZO back channel can act as 

electron donors and acceptors, respectively [38], [65]. Absorbed molecules can alter the 

TFTs performance, suggesting that thinner channels can be influenced more than thicker 

channels. A linear decrease in the SS with increasing thickness that IGZO TFT 

performance is dependent on the surface [92]. Passivation of the back channel using 

barrier layers such as SiO2 and SiNx can effectively reduce instabilities in mobility and 

subthreshold swing. There are many studies that suggest that the performance of IGZO 

and other AOS TFTs are extremely sensitive to the back channel surface. 
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Materials and Methods 

A bottom gate TFT test structure fabricated where the active channel layer can be 

exposed to the atmosphere. A heavily doped p-type substrate was used as the gate, and 

the thermally grown SiO2 (100nm) was used as the gate dielectric. Substrates were 

cleaned using acetone, methanol, DI water, and blow dried using N2. After solvent 

cleaning the substrates were exposed to UV-ozone (Novascan PSD Pro) for 15 minutes .  

The source, drain, and channel were patterned using shadow masks.  The ITO (source 

and drain (thickness: ~160nm) were deposited first using RF magnetron sputtering using 

a 3 inch target with a composition of 90:10 wt. % (In2O3:SnO2). ITO deposition 

conditions were 100 W RF power, 20 sccm Ar, and a chamber pressure of 4 mTorr.  The 

IGZO channel was deposited on top of the source and drain using RF sputtering. IGZO 

was deposited using a 3 inch target with a molar composition of In2O3:Ga2O3:ZnO, at 100 

W, gas flow rates of 1 sccm O2 and 19 sccm Ar, and a chamber pressure of 4 mTorr.  The 

thicknesses of the IGZO channel was controlled by the deposition time. The final channel 

thicknesses were 10, 20, 35, and 50 nm.  Thickness of the source, drain, and channel 

layers were measured using profilometry. Two different channel width/length (W/L) 

ratios were examined.  TFTs had the same channel width of 1000 μm and lengths of 100 

or 200 μm. After deposition, the TFTs were annealed in air at 300 oC for 1 hr to improve 

the electric properties. Prior to applying the SAM to the back channel, the samples were 

rinsed using acetone, methanol, DI water, dried using N2, and exposed to UV-ozone for 

15 minutes. Octadecylphosphonic acid (ODPA) was applied by immersing the TFTs in 2 

mM ODPA in 95% ethanol for 24 hours.  Physisorbed SAMs were removed by 
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sonication for 5 minutes in 5% triethylamine and 95% ethanol and dried with N2.  

Uncoated samples were prepared using the same method but without immersing in SAM 

solution.  

 

TFT I/V transfer characteristics were measured using a semiconductor probe station 

(Alessi REL 4800, CascadeMicrotech) and a tungsten probe tips (Cascade Microtech).  

Measurements were performed by biasing the source at 0 V and drain voltage at 0.1 V for 

ODPA and 1 V for FPA samples.  The gate voltage was swept up and back down from -6 

V to 20 V for FPA and -15 V to 25 V for ODPA TFTs.  Data was taken after multiple 

sweeps were performed until the transfer characteristics were stable and repeatable. 

Transfer curves for the different W/L ratios were compared by normalizing the drain 

current with the device’s W/L. An example of parameter extraction from the transfer 

curve for a 20 nm device with ODPA is shown Figure 11.  

 

 

 

 
Figure 11. TFT parameter extraction from 20 nm thick channel IGZO TFT transfer 

curve. Arrows show the direction of VG sweep. 
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Von was obtained from the increase in current just below SS. SS was calculated from the 

inverse of the max slope. Hysteresis was calculated by the difference in VG evaluated at a 

drain current of 10-10 (A) for the up and down VG sweeps. Ioff was calculated by the 

averaging the drain current for VG < Von, and Ion was found at the max current at VG = 25 

V. The average mobility was calculated using Equation 2 with a gate oxide capacitance 

set to 3.455x10-8 F/cm2. 

 

Results and Discussion 

The electrical parameters of IGZO TFTs with and without ODPA were evaluated to 

determine how ODPA effects device performance for various thicknesses. The channel 

thickness of the bottom gate structure TFTs was 10, 20, 35, and 50 nm. A schematic of 

the final devices with and without ODPA is shown in Figure 13 a) and b), respectively. 

Device performance was noticeably different between IGZO TFTs with and without 

ODPA. Transfer curves for devices with 10, 20, 35, and 50 nm thick channels, with and 

 
Figure 12. a) Schematic of experimental IGZO bottom gate TFT structure. b) Experimental IGZO TFT 

device with ODPA applied to the back channel. 
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without ODPA are shown in Figure 12 a-d. These curves were used for calculating Von, 

mobility, SS, hysteresis, and Ion/Ioff, which will be discussed in the following sections. 

 

 

Turn-on Voltage and Hysteresis 

The turn-on voltage for devices with and without ODPA on the back channel is shown in 

Figure 14 for each channel thickness with 95% confidence intervals.  As the thickness is 

decreased the total number of carriers in the film decreases, lowering the Fermi level, and 

causes Von to shift positively. This is in excellent agreement with previously IGZO TFT 

studies [24], [35], [89].  

 
 

Figure 13 Transfer curves for 10, 20, 35, and 50 nm IGZO TFTs with and without ODPA. Curves show both 

the up and down VG sweeps with VD = 0.1 V. 
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It was found that IGZO TFTs with ODPA absorbed to the back surface causes a 

significant reduction in Von compared to bare IGZO TFTs. The shift in Von may be caused 

by band bending at the back channel as has been observed for ITO devices [47]. 

Increasing electron concentrations near the semiconductor back channel increases the 

Fermi energy and reduces Von at the back channel. Another possibility is that the ODPA 

is acting as a donor for electron carriers causing the Fermi level to rise and lowering Von. 

This behavior has been identified as a source of  Vth instabilities from water and oxygen 

absorbing to the IGZO back channel [38], [65]. However due to the small differences in 

SS and mobility for devices with and without ODPA, which will be discussed later, it 

does not seem reasonable to attribute carrier donation to the shifts in Von. 

 

 
 
Figure 14. Turn-on voltage for devices with varying channel thickness with and without 

ODPA passivation. 95% confidence intervals are also shown. 
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The hysteresis of devices with and without ODPA applied for different IGZO channel 

thicknesses is shown in  

Figure 15. Device hysteresis causes variations in current between switching the device on 

and off for a given set of VG. Variations in current can cause unreliable performance in 

the devices. Therefore it is important for hysteresis between the up and down sweeps of 

VG to be minimized to obtain the best performance.  

 

All devices with ODPA on the back channel showed significantly lower hysteresis. Shifts 

in Vth caused by changing VG are attributed to charge trapping at the channel interfaces, 

and atmospheric oxygen or water absorbed to the back channel [80]. Passivation by 

encapsulating the back channel using thin films such as SiO2 or TiOx or SAMs has been 

shown to reduce oxygen and water from absorbing to the back channel surface [40], [74], 

 
 

Figure 15. TFT hysteresis between VG up and down sweeps for devices with and without ODPA on the 

IGZO channel surface. 
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[93]. It is possible that the decrease in hysteresis is due to the non-polar tail group of 

ODPA preventing absorption of water molecules at the IGZO back channel surface. 

 

Subthreshold Swing and Interface Trap Densities 

The subthreshold swing can be used to quantify the subgap density of defect states as 

shown in Equation 6. The subthreshold swing trended upwards as the channel thickness 

increases, with the exception of the 35 nm devices with ODPA.  Figure 16 shows the 

subthreshold swing for devices with and without ODPA, along with 95% confidence 

intervals. 

 

 

The 10, 20, and 50 nm thick IGZO devices show similar SS values indicating similar trap 

state densities, however a small upward trend in SS with increasing thickness was 

 

 
 
Figure 16. Subthreshold swing for various thicknesses of IGZO channels with and without ODPA. The 

vertical bars indicate 95% confidence intervals. 
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observed. The large discrepancy for SS in the 35 nm devices may be a result from the 

deposition chamber. A considerable leak in the vacuum chamber was discovered after the 

completion of these experiments by another researcher. The leak may have allowed water 

and oxygen to enter the system during deposition. This could have introduced 

unintentional water and oxygen into the films. Oxygen vacancies in IGZO are known to 

create shallow donor states [26], [65]. Where water absorbed into the IGZO film can act 

as electron doping and can be used to stabilize IGZO by decreasing trap states [34]. The 

increase in SS with respect to channel thickness has been observed in IZO devices [94]. 

The behavior is attributed to a decrease in VG’s influence on the back channel as 

thickness increases. For the IZO devices it was estimated that the majority of carriers are 

accumulated within 10nm of the semiconductor/dielectric interface. In thicker films the 

carriers must pass through more of the bulk film as they traveled from source to drain 

increasing the resistance [94]. The increase in bulk resistance causes the SS to increase as 

channel thickness increases. However, the opposite behavior has also been observed in 

IZO and is attributed to the reduction in the number of bulk state traps as thickness is 

decreased [95]. Contradicting studies have found that the SS of the IGZO devices 

decreases as thickness increases [24]. This is attributed to the number carriers being 

reduced in thinner films causing a larger percentage of carriers in trap states. At higher 

thicknesses (<130 nm) the SS increases, which is attributed to bulk resistance effects, 

similar to the IZO devices [35]. Investigations using computer simulations for IGZO 

TFTs estimated that the gate voltage can fully control the channel for thicknesses up to 

~40 nm [96]. Above 40 nm it was found that charge shielding decreased the electric field 
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at the back channel. The thicknesses of IGZO investigated in this study are near or below 

the thickness expected for charge shielding to occur. Therefore it is expected that the gate 

is able to fully control the channel conductance without interference from carrier charge 

shielding. In contrast to previous studies, the SS has also been observed to increase as 

thickness increases due to the increase in the number of bulk trap states increasing as 

indicated in Equation 7 [65]. Devices with and without ODPA had similar subthreshold 

swings, but with an upward trend in SS as thickness increased. The similar SS between 

devices with and without ODPA suggests that ODPA does not significantly alter the trap 

state density in the IGZO. Equation 7 can be used to estimate the density of surface 

defect states in the IGZO channel using the subthreshold slope. The surface density of 

defect states for each thickness is shown in Table 1.  

 

 

Both surface and bulk trap states contribute to the total surface trap state density as 

shown in Equation 7. We find that there is little difference between trap density for IGZO 

TFTs devices with and without ODPA. The results indicate an increased density of trap 

states with increasing thickness, which is consistent with Equation 7. These results are 

reasonable since ODPA only resides on the surface of the IGZO channel, as such the bulk 

trap state density is likely unaffected. 

 

Table 1. Trap state density of IGZO with and without ODPA, calculated from the SS using Equation 7. 

Surface Density of Trap States (# / cm2 eV) 

Channel Thickness 10 nm 20 nm 35 nm 50 nm 

Bare IGZO 6.2E+10 7.5E+10 5.8E+10 9.2E+10 

IGZO ODPA 7.1E+10 8.9E+10 1.0E+11 8.5E+10 
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Field Effect Mobility 

The average mobility for each of the devices is shown in Figure 17. The mobility of the 

devices with and without ODPA are very similar for the 10 and 50 nm devices. However 

large variations in the data make it difficult to determine if the 20 and 35 nm devices 

have similar mobilities. The mobility was observed to increase from ~5 to ~8 cm2/ V s as 

the channel thickness increases for devices with and without ODPA. This is attributed to 

the increase in total number of carriers in the channel as the thickness increases decreases 

[24], [35], [90]. 

 

The variations in the 20 and 35 nm devices could be caused variations in carrier or defect 

densities incorporated during the annealing process. These may be attributed variations in 

oxygen and water incorporated into the films as previously discussed. The similarities 

between devices with and without ODPA for the 10 and 50 nm channels suggests that 

 
 

Figure 17. Average mobility of IGZO TFTs with different channel thicknesses, with and without ODPA. 

The bars shown 95% confidence level. 



 

 

 

45 

 

 

ODPA does not significantly alter the ratio of free carriers to trapped carriers. Since 

ODPA generates a low energy surface, the adsorption of atmospheric water is minimized. 

Water adsorbed to the IGZO back channel is known to act as an electron donor causing 

shifts in carrier concentrations and altering TFT performance [97]. This would suggest 

that the contributions of ODPA to the channel are primary from band bending and not 

caused by carrier donation. A band diagram comparing the IGZO channel with and 

without ODPA is shown in Figure 18. In Figure 18a the conduction band minimum (EC) 

and valence band maximum (EV) shift at the SiO2 / IGZO interface due to charge 

accumulation from the gate potential (VG). The metal work function (Φm), band gap (Eg) 

and electron affinity (χ) are shown for referencing the relative energies to the vacuum 

level. Figure 18b shows the band structure with ODPA at the back channel interface. The 

dipole moment (δODPA) created by the head group causes a shift in the conduction band 

near the surface [47]. 
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For ODPA, the tail group is a non-polar group, while the head group is polar. The 

distribution of electrons around the more electronegative oxygens causes head group to 

form a negative polarity with respect to the IGZO surface. While the SS and mobility are 

nearly the same for devices treated with and without ODPA. The constant ~1 V shift in 

Von  between devices with and without ODPA for all thicknesses suggests that ODPA’s 

major contribution to variations in Von is due to the ODPA dipole. The dipole of ODPA 

has been observed to cause a negative shift in the VBM and CBM [47]. The decrease in 

band bending at the back channel surface increases the electron concentration at the 

surface. The increased electron concentrations at surface decrease the surface trap 

densities. 

 

 
Figure 18. Band diagrams of IGZO channel in the bulk and at the dielectric and back channel interface. 

a) shows band diagram with bare IGZO exposed air. b) Shows the band diagram with ODPA bidentatly 

bonded to the IGZO surface. 
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IOn/IOff Current Ratio 

The Ion/Ioff ratio of the devices with and without ODPA is shown in Figure 19. The Ion/Ioff 

ratio is similar for most of the devices. The primary difference in on/off ratios is due to 

variations in the off state current. The low off state current is due to the high density of 

deep accepter like traps. The high density of deep acceptor traps constrains the hole 

carriers from becoming the majority carriers [98].  

 

For sensor applications the back channel interaction with the analyte can lead to changes 

in the electronic performance. If the sensing is measured by changes in Von, it is 

important that the interactions from the analyte are unshielded by the channel thickness. 

If VG is unable to fully control the back channel, then sensitivity to the analyte on the 

back channel could be decreased or unobservable. Thin films for passivating the back 

channel may be too thick and shield the channel from electrical interactions with the 

 
 

Figure 19. Ion/Ioff ratio for different IGZO channel thicknesses with and without ODPA on the back 

channel. The bars shown 95% confidence level. 
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molecules of interest. On the other hand the IGZO surface needs to be protected from 

other molecules that may be in the same media as the analyte. The densely packed nature 

of SAMs can help passivate the surface from interference of other molecules. This has 

been successfully demonstrated for passivating against absorbed atmospheric water and 

oxygen [38], [66], [93]. SAMs allow for highly customizable surfaces that can directly 

influence the underlying IGZO channel properties. The electrical sensitivities of thin 

IGZO channels to their environment coupled with tailored SAMs can be a cost effective 

method for developing field effect sensors. 
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Chapter 4: Patterning of IGZO Thin Film Transistors Using 

Electrohydrodynamic Ink Jet Printing 
 

Introduction 

Electrohydrodynamic ink jet printing (EHDP) can be used to fabricate circuits by 

depositing functional inks [99]–[101]. EHDP is an effective non-contact method for 

depositing materials below the resolution limits of traditional printing, such as thermal 

and piezoelectric inkjet printing. Printed features using EHDP can vary from micron to 

submicron scale [50], [101], [102]. Typical drop on demand (DOD) thermal and 

piezoelectric printing methods are limited to feature sizes of ~30 μm with a droplet 

volumes ~1 pL, although larger features are much more common [48]. Microelectronics 

manufacturing requires producing feature sizes on the micro to nano scale. The resolution 

of traditional printing methods limits their use to applications with larger features (>30 

μm). EHDP can be utilized for fabrication of microelectronic components with smaller 

features (<30 μm). Direct patterning of materials allows for reduced waste compared to 

commonly used photolithography. The cost of materials such as, precious metals, 

functional polymers, and enzymes can be significant. The cost of production can 

therefore be reduced by reducing the amount of materials needed to pattern. Printing is 

advantageous for rapid patterning of precise amounts of functional materials. EHDP has 

been used for depositing precise amounts of enzymes for biosensors, and ibuprofen for 

drug delivery systems [20], [52], [103]. High resolution patterns achieved with EHDP 

allow for direct patterning of micro and nano scale features. For example, EHDP 

deposition or patterning of inorganic materials is also of much interest. Micro wires (25-
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100 μm) using silver and copper nano particle inks have been demonstrated [101], [104]. 

Quantum dot inks have been deposited with line widths of 25 nm [50]. Since the process 

is a noncontact approach, there is minimal risk of contamination from the nozzle to the 

substrate. Contamination is a serious issue for producing patterns of high quality thin 

films and biomedical materials such as proteins and drugs. IGZO semiconductors have 

been shown to be an excellent candidate for display applications. A single pixel is 

composed of at least 3 sub-pixels that control red, green, or blue light; each sub-pixel is 

controlled using a TFT to control the orientation of the liquid crystal in liquid crystal 

displays. A schematic of a liquid crystal display pixel is shown in  

Figure 20 [105]. 

 

 

In order for pixel density to be high enough for high resolution displays, the TFTs and 

other components needs to be considerably smaller than the pixel. Current Mac Book 

Pros using Apple’s Retina displays utilizing IGZO TFTs have 227 pixels per inch [106]. 

An image showing pixel size in a pixel array from Samsung’s Super-AMOLED display 

used for the Samgsung Galaxy S4-mini is shown in Figure 21. The display features 256 

pixels per inch [107]; with an approximate pixel length and width of 100 μm. 
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The features, such as electrodes and channel, of the TFTs must be much smaller than the 

pixel which require high resolution patterning techniques such as photolithography. 

Traditional printing methods are unsuitable for high resolution display manufacturing due 

to the resolution limits previously discussed. However, EHDP has the resolution required 

for patterning TFTs in displays. 

 

Electrohydrodynamic Ink Jet Printing 

Electrohydrodynamic ink jet printing is achieved by applying an electrical field between 

the print nozzle and substrate. The electric field draws ions in the fluid to the surface of 

the meniscus. At elevated voltages the meniscus of the fluid deforms into a cone-like 

 
Figure 20. Pixel and subpixel array for the Samsung Galaxy S4 Mini. 

“Samsung SuperAMOLED : weekend die-shot” (c) by ZeptoBars, retrieved 

from http://zeptobars.ru/en/read/Samsung-SuperAMOLED-TFT-display-

Galaxy-S4-mini, used under Creative Commons Attribution 3.0 Unported. 

Image was modified to include dotted outline and “100 μm” 
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structure, known as a Taylor cone [49]. At a sufficiently high potential the ionic repulsion 

at the Taylor cone tip overcomes the surface tension and a droplet is ejected. Various 

droplet ejection modes can be obtained by varying printing parameters such as voltage 

bias, voltage pulse height, pulse time, and pulse frequency. The different ejection modes 

are drip, micro-drip, jet, spindle, and spray [108]–[110]. Figure 22 shows how voltage 

pulse amplitude effects the generated printing mode [110]. As can be seen in  

Figure 22, droplets formed from the tip of Taylor cone can be considerably smaller than 

the diameter of the nozzle. 

 

Drip and microdrip are characterized by a single droplet being ejected for each voltage 

pulse [110]. Spindle mode generates elongated droplets. Spindle mode occurs at higher 

voltage pulses than drip mode or when the pulse time is long [109]. Spray mode occurs at 

 
 

Figure 21. Different droplet ejection modes generated by varying the voltage pulse amplitude. 

Note the droplet size difference between droplet and nozzle diameter. “Reprinted from J. Aero. 

Sci., 46, M.W. Lee et al,, A study of ejection modes for pulsed-DC electrohydrodynamic inkjet 

printing, 1-6, Copyright (2012), with permission from Elsevier.” 
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the highest electric pulses, where the high ionic repulsion causes the multiple droplets to 

break from the Taylor cone, forming a spray [110]. The desired printing regime used for 

study was drip mode. Drip mode generally exhibits the greatest control over precise and 

discrete droplet placement.  

 

Droplet formation in thermal and piezoelectric printers is governed by nozzle size and 

fluid velocity, viscosity, and surface tension [48]. Spreading of the droplet on the 

substrate influences the final deposited resolution [111]. These interactions limit the 

feature size of traditional printing methods to ~30 μm with a droplet diameter of ~2 μm 

[48]. Lowering the viscosity and surface tension of functional inks to achieve smaller 

printable droplets is not always desirable as it may impact the final material properties. 

The printing mechanism of EHDP allows printing of finer droplet sizes while using inks 

that normally would not be possible using printing methods such as piezoelectric, 

thermal, and screen printing.  

 

A widely used method for micro and nano patterning of electronic devices is 

photolithography [16]. Photolithography requires specialized photosensitive materials 

and complex optical tools [16]. To further complicate the process, the wavelength of 

radiation needs to be narrowly distributed and typically smaller than the desired feature 

sizes which require higher energy light sources. The use of photolithography equipment 

can be avoided by directly depositing resist materials using DOD printing techniques. In 

this thesis a polymer based photoresist, SU-8, was crosslinked using thermal heating 
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making it suitable for patterning without photon induced crosslinking. SAMs can offer an 

alternative to photoresists as etch resists. SAMs readily attach to the surface of oxides 

and metals to form a self-limiting monolayer. The SAMs can be tailored to include tail 

groups that are hydrophobic or hydrophilic allowing the surface to be functionalized.  

The functionalized surface can act as an etch protectant allowing for selective etching of 

materials. The resist is removed after etching to produce the final desired pattern. 

 

EHDP was used for indirect patterning of the IGZO TFT channel and will be the focus of 

this chapter. Indirect patterning of IGZO is achieved by depositing materials to act as 

etch resists directly on top of a blanket film of IGZO. Once the pattern is formed by 

etching, the resist is removed to produce the desired material in specific regions. EHDP 

can be used in place of photolithography to directly pattern etch resists. EHDP is 

advantageous over traditional printing methods for micro and nano fabrication due to the 

higher resolution that can be obtained with a wide range of fluid properties. Here micron 

wide channels are formed in IGZO TFTs using EHDP. The micro channels are realized 

by first depositing IGZO, followed by the patterning of an etch resist. The IGZO sample 

is then etched in regions not protected by the resist using an etchant, such as HCl. Both 

printed traditional photoresist, SU8, and the self-assembled monolayer, n-hexyl 

phosphonic acid (HPA) are demonstrated as etch resists in these studies. The electrical 

performance of IGZO TFTs patterned using HPA and SU8 were evaluated using I-V 

electrical measurements described in Chapter 2. The parameters obtained from the I-V 

measurements were used to evaluate the quality and effects of EHDP patterning. 
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Literature Review 

Electrohydrodynamic Ink Jet Printing (EHDP) 

The phenomena of fluid ejection under the influence of an electric field was first studied 

in 1964 by Sir Geoffrey Taylor [49]. When a fluid in an open capillary has an electric 

field applied, the ions collect at the surface of the meniscus. The Coulombic forces 

deform the meniscus to form a cone as shown in Figure 23. The field induced cone is 

referred to as a Taylor cone [49]. The static Taylor cone in a constant field can be 

described as a point of equilibrium between surface tension forces (Fɤ), hydrodynamic 

forces (Fh), and ionic forces (FE) [49], [108]. 

 

 

When enough ions are concentrated at the tip of the Taylor cone by applying a sufficient 

electric field, the repulsive ionic forces overcome the surface tension forces and a 

 
Figure 22. Forces induced on a fluid in the presence of an electric field 

at the tip of a needle. 
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charged droplet is ejected [49]. The ejected droplet is accelerated towards the substrate by 

the applied potential. Generally, pressure is applied to the back of the needle to 

continuously supply fluid from the fluid reservoir to the needle tip [112], [113]. The flow 

rate of the ejected fluid under a constant potential follows a Poiseuille-type relation and is 

given by Equation 8 [114]. Where Q is the flow rate, ΔP is the pressure drop, μliq is the 

fluid viscosity, εo is the permittivity of free space, ɤ is the surface tension, E is the 

magnitude of electric field, dn and L are the diameter and length of the nozzle, 

respectively.  

 

 𝑄 ≈
𝜋𝑑𝑛

4

128 𝜇𝑙𝑖𝑞 𝐿
(∆𝑃 +

1

2
𝜀𝑜𝐸2 −

4𝛾

𝑑𝑛
)                 (8) 

 

It can be seen that the flow rate is dependent on the electric field squared. Variations in 

the height between the tip and substrate can alter the electric field strength and 

substantially change flow rates. To better control the droplet generation frequency, a 

constant DC bias combined with a pulsed voltage scheme has been employed [115]. The 

constant bias is used to maintain the static Taylor cone, while the voltage pulse generates 

a droplet. The optimized frequency of pulsed voltage leads to stable control in the desired 

printing regime. 

 

Many different ejection modes can be achieved depending on the voltage applied. Among 

the modes are drip, micro-drip, cone-jet, spindle, and spray [109]. Cone-jet is classified 

by a continuous fine stream of fluid extending from the tip to the substrate. Spindle mode 



 

 

 

57 

 

 

is similar to drip mode but the ejected fluid exhibits an elongated shape. Spray mode is 

achieved at the highest voltages and a fine mist of multiple droplets is ejected. In drip 

mode the ejected droplet is circular in shape. Drip mode produces uniform droplets that 

are desirable for uniform drop on demand printing. While operating in drip mode, 

continuous lines can be created by overlapping of uniform discrete droplets. Careful 

control over the printing conditions and parameters allow for maintaining the desired 

mode. 

 

Lithography 

Photolithography is a commonly used for the production of TFTs and other micro-

electronic structures [16]. The photolithography steps require high energy, complex 

optics, and intensive radiation exposures which contribute to high manufacturing costs 

[58]. In photolithography the substrate is coated with a photosensitive material, known as 

photoresist, which changes solubility when exposed to radiation. A mask is placed over 

the photoresist to selectively expose regions to radiation. The soluble regions are 

removed using solvent, usually known as developer, to expose the substrate. An etchant 

is then used to remove the exposed regions of the substrate while the regions covered 

with photoresist remain unetched. The industrial photoresist used for these studies is 

SU8, a negative tone resist [116]. Normally i-line radiation (365 nm) is used to cross link 

SU8 and render exposed regions insoluble. However, SU8 can also be crosslinked by 

annealing above 150 oC [116, p. 8]. Since printing SU8 directly transfers the desired 

pattern to the substrate the crosslinking can be achieved by thermal annealing, thereby 
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avoiding the radiation exposure step; ultimately the manufacturing costs of displays may 

be reduced, leading to cheaper consumer electronics. 

 

Self-Assembled Monolayers 

An alternative to patterning with photoresists is to use self-assembled monolayers to form 

an etch resist. Long alkyl chains with phosphonic acid tail groups such as n-hexyl 

octadecyl phosphonic acid (ODPA) and phosphonic acid (HPA) have been found to 

reactively bond to oxygen on metal oxide surfaces [45]. Phosphonic acid SAMs have 

been found to form mostly bidentatly bond, densely packed monolayers on ITO and SnO 

surfaces [47], [117], while the primary binding mode on ZnO has been found to be 

tridentates [44]. The n-hexyl phosphonic acid SAMs with alkyl chains form densely 

packed monolayers creating a surface with hydrophobic properties. Chemisorbed 

octadecyl phosphonic acid patterned IGZO by micro contact printing has been found to 

create a layer resistant to etching by aqueous oxalic acid [118]. In this study, HPA 

deposited using EHDP was used for the patterning of micro wires for the IGZO channel. 

After the etching process the SAM can be effectively removed from the oxide surface 

with an oxygen plasma [44], [118].  

  

Materials and Methods 

Printing of etch resists was accomplished using the electrohydrodynamic ink jet system 

described in Chapter 2. In order to achieve sub 30 micron printed features, both the ink 

properties and EHDP printing parameters were optimized. Individually printed droplets 
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were deposited by applying constant needle bias with a square pulse. The constant bias is 

important for maintaining the fluid meniscus in a Taylor cone. Pulsing the voltage allows 

for controlling and stabilizing the droplet ejection frequency.  

SU8 Ink Formulation 

The SU8 ink was modified in order for it to be printable using EHDP. Many 

concentrations of SU8-2000 (MicroChem) diluted in cyclopentanone (Sigma Aldrich) 

were investigated to determine the optimal ink formulation. The viscosity of the stock 

SU8 created too much resistance to flow through the narrow 5 μm diameter nozzle. The 

stock SU8 had a solids weight concentration of 30% and a viscosity of 7.5 cSt [116]. To 

reduce the viscosity the SU8 was diluted in cyclopentanone. Solid concentrations of 0.5% 

and above produced thin long streams or elongated droplets that made controlling the 

printing difficult. It is likely that the higher concentrations flow with non-Newtonian 

visco-elastic properties making it difficult for droplets to break off [119]. It is important 

to use the highest concentration possible to be able to deposit SU8 thick enough for it to 

adequately protect the material during the etch step. The optimal concentration that we 

found was a dilution ratio was 1:200 (SU8:cyclopentanone), corresponding to 0.15% (wt) 

of solids. The addition of the surfactant Triton-X 100 (Sigma Aldrich) was also evaluated 

to modify droplet formation. Concentrations of 0.1-0.001% with Triton-X 100 caused the 

droplets spread non-uniformly on the IGZO surface and was decided to be undesirable. 
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HPA Ink Formulation 

The self-assembly of HPA on oxide surfaces can be used to modify the IGZO surface to 

make it hydrophobic. The deposited HPA can serve as a hydrophobic etch resist for dilute 

HCl etchant. Ethanol was chosen as the solvent due to its ability to fully dissolve solid 

HPA in the concentrations of interest. A range of concentrations of HPA in ethanol (1-10 

mM) were examined to determine the optimal concentrations. Solutions were stirred for 5 

minutes and then sonicated for 2 minutes to ensure good dispersion of HPA in the ink, 

while concentrations above 5 mM caused precipitates to form in the bulk solution after 24 

hours. Concentrations above 3 mM resulted in nozzle clogging due to the formation of 

precipitates at the tip of the nozzle. It is likely that solvent evaporation at the nozzle 

increases the local concentration of HPA at the tip resulting in precipitate formation. 

Lowering the HPA concentration to 1 mM effectively prevented precipitation at the tip of 

the nozzle, and was used for patterning the IGZO channel.  

 

Printing Etch Resist Inks 

The EHDP parameters for both the SU8 and HPA inks were systematically varied to 

identify the optimal parameters for controllable and reproducible droplet placement. The 

conditions required to form a Taylor cone were determined by first using DC operation 

without the voltage pulses. By using DC operating, the voltage threshold to form a stable 

Taylor cone with and without droplet ejection was obtained. Determining the proper 

distance from the nozzle to the substrate is critical to obtain uniform droplet sizes and 

placement. Generally longer distances (>500 μm) produce droplets with more variation in 
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their placement on the substrate. Non-uniform placement resulted in producing lines with 

higher line edge roughness. A distance of 200-500 μm was found to produce the least 

variation in droplet placement. The distance from the tip to the substrate needs to be 

small (<500 μm) in order to obtain a high electric field strength. The optimal height of 

the needle tip above the substrate was determined by applying a constant bias and 

observing the height at which droplet generation occurs. By keeping a close distance the 

distribution of droplet placement could be readily controlled. Once the threshold bias and 

height was determined, the voltage pulse height was varied (20-300 V) to determine the 

ideal voltage pulse required to eject a single droplet. The voltage pulse frequency was 

varied from 1-200 Hz to determine the optimal frequency for producing the smallest 

lines. Printed lines were achieved by moving the stage to create overlapping of the 

ejected ink droplets. Printing parameters for each ink were optimized to produce the 

minimum uniform line widths possible.  

  

Microscope images of printed SU8 and HPA on IGZO are shown in Figure 24 a and b, 

respectively. Printed lines of SU8 was performed using a 5 μm diameter needle and 

resulted in 4 μm wide lines. Printed lines of HPA was performed using a 1 μm diameter 

needle and resulted in 4 μm wide lines. 
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TFT Fabrication 

The SU8 and HPA inks were printed using EHDP to define micron scale features of the 

IGZO channel. Shadow masks were used to roughly deposit the sputtered materials at the 

mm scale. First, square (750x1000 μm) IGZO pads, 50 nm thick, were sputter deposited 

onto heavily doped p-type Si with 100 nm of thermally grown SiO2. 50 nm of IGZO was 

sputter deposited using a 3 inch target with a molar composition of In2O3:Ga2O3:ZnO, at 

100 W, gas flow rates of 1 sccm O2 and 19 sccm Ar, and a chamber pressure of 4 mTorr. 

Before deposition and patterning the samples were rinsed using acetone, methanol, water, 

and blow dried under N2 for 30 seconds. The samples were then exposed to UV-ozone 

(Novascan PSD Pro) for 15 minutes. EHDP was used to print 4 and 2 micron wide lines 

of SU8 and HPA ink, respectively, onto the IGZO surface. Samples patterned with SU8 

were annealed on a hot plate in ambient atmosphere at 95 oC for 5 minutes to crosslink 

the photoresist prior to etching. Etching of the IGZO was performed by immersing the 

 
Figure 23 Optical image of IGZO substrate with printed a) SU-8 and b) HPA lines with a line width of 

4 and 2 μm, respectively 
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patterned samples in dilute HCl (1:200, HCl:H2O) for 25 seconds. After etching the SU8 

was removed using SU8 developer and exposed to (50 W) oxygen plasma for 2 minutes 

to remove residual SU8. The printed HPA was removed by oxygen plasma (50 W) for 2 

minutes. An example of the patterning process using SU8 and a 30 micron diameter 

needle is shown in Figure 25 a-c.  

 

 

After etching the IGZO samples were annealed in a tube furnace in ambient atmosphere, 

at 300 oC for 1 hour. Aluminum source and drain were deposited and patterned using 

thermal evaporation and a shadow mask. The final channel length between the Al source 

and drain was 100 μm. Figure 26 shows a 2 μm wide line of printed HPA on the IGZO 

films. The final HPA patterned device with source and drain deposited is shown in Figure 

26c. Figure 26b shows a 4 μm wide line of printed SU8 on an IGZO film. The final 

device patterned by printed SU8 is shown in Figure 26d. The thickness of the IGZO 

channel was measured post patterning using a profilometry. The final channel thickness 

was ~50 nm. 

 
 

Figure 24. Optical microscope images of EHDP IGZO patterning process. a) SU8 printed on IGZO pad. b) 

SU8 and IGZO post etch. c) SU8 removed with only IGZO channel remaining. Channel width in these 

images is ~25μm and length ~ 750 μm. 
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TFT Transfer Characteristics 

Transfer characteristics were carried out to assess the electrical performance of 

microchannel TFTs using a semiconductor probe station (Alessi REL 4800, 

CascadeMicrotech). A schematic of the TFT and the probe locations is shown 

schematically in Figure 27. Electrical measurements were made by contacting the Al 

source (Vs) and Al drain (VD) electrodes, and the Si gate (VG) was made by scratching 

through the SiO2. Measurements were carried out with constant VD = 1 V and VS = 0 V. 

 
 

Figure 25. Microscope images of printed lines on IGZO using a) HPA and b) SU-8. Final devices 

with etched IGZO and Al source and drain patterned using c) HPA and d) SU-8. c) The width of the 

HPA patterned channel is ~2 μm.  d) the width of the SU8 patterned channel is ~4 μm. 
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The current through VG, VS, and VD was measured as VG was swept from -10 to 30 V and 

back from 30 to -10 V at a rate of 500 mV/s. The gate voltage was swept 15 times to 

obtain stable I-V curves. It was found that the I-V sweep curves no longer changed after 

5-7 sweeps. The turn-on voltage, hysteresis, mobility, subthreshold swing, and Ion/Ioff 

ratio for EHDP patterned IGZO TFTs were calculated using the methods described in 

Chapter 2. 

 

 

 

 

 

 
 

Figure 26. Schematic of EHDP patterned IGZO TFT. Probes for the source, drain, 

and gate were connected at Vs, VD, and VG respectively. 
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Results and Discussion 

HPA Patterned IGZO 

EHDP was utilized to produce printed HPA ink with feature sizes ~2 μm. Ethanol 

containing 1 mM HPA produced the best line resolution and repeatability. The resolution 

of the features was determined primarily by needle diameter. The diameter of the printed 

droplets decreased as nozzle diameter was decreased. Typical line widths obtained using 

various needle diameters are shown in Table 2. The HPA lines using the 1 μm diameter 

needle were larger than 1 μm. This is due to the droplets wetting the substrate, which 

results in larger features than the needle diameter or the droplet diameter. 

 

 

Stable drip mode was achieved using pulse heights of 50-100 V. The thinnest HPA lines 

were achieved using an electrical bias of 350 V and a pulse height of 50 V. We found that 

the voltage alone was not enough to continuously draw ink through the thin capillary, 

thus pressure was applied to the back of the needle to supply a continuous flow of ink to 

the tip of the needle. A pressure of ~1 psig was sufficient to deliver ink to the tip of the 1 

μm needle. Increasing the pulse frequency decreased the droplet size and subsequent line 

width. Figure 28 shows HPA lines printed on IGZO using a 5 μm diameter needle with 

Table 2. Printed line widths using various needle diameters. 

Needle Diameter (μm) Printed Line Width (μm) 

30 60 – 25 

5 30 – 5 

1 5 – 2 
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varying frequencies. The line width decreases from 28 to 17 μm as the frequency was 

varied from 40 to 100 Hz, little change was observed between 100 and 200 Hz. 

 

 

The droplet size dependence on frequency can be explained by the duration of the pulse 

which influences the concentration of ions in the Taylor cone. Shorter pulse durations 

concentrate fewer ions in the Taylor cone and generates smaller ejected droplets [120]. 

The optimal parameters for printing 2 μm features of HPA are provided in Table 3. 

 

 

 
Figure 27. Changes in printed HPA line width as pulse frequency is varied. Line widths 

shown are 17, 17, 22, and 28 μm for 200, 100, 60, and 40 Hz, respectfully. Bias = 350 V, 

pulse height = 100, pressure = 0.5 psig, needle diameter = 5 μm. Stage velocity was held 

constant at 0.12 μm/s. 
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Using the parameters from Table 3, 2 μm uniform lines could readily be printed using 

EHDP. The deposited HPA successfully formed a protective surface that was resistant to 

etching in the dilute HCl solution. 

 

SU8 Patterned IGZO 

Similar methods used for the HPA ink were used to determine the optimum printing 

parameters for the SU8 ink. The SU8 ink, SU8 2000 was diluted in cyclopentanone at a 

ratio of 1:200. This dilution corresponded to a solids concentration of 0.15% (wt). The 

concentration was found to greatly influence the minimum resolution that could be 

achieved using EHDP. Drip mode printing was not achievable for solids concentrations 

greater than 1% (wt). Concentrations greater than 1% (wt) were printable as a continuous 

jet but the minimum obtained feature size of 1% (wt) was 20-30 μm. Drip mode 

operation was obtainable for concentrations in the range of 0.15-0.5% (wt) with features 

size increasing with increasing concentration. Inks with 0.3% could regularly print 

individual droplets and lines with diameters and widths of 10-20 μm while using a 5 μm 

diameter needle. While SU8 diluted to 0.15% (wt) was able to produce 4-5 μm lines. 

There are numerous possible reasons for the dependence of resolution on SU8 

Table 3. EHDP printing parameters for producing 2 um features using HPA ink. 

Ink 
Bias   

(V) 

Pulse 

Height     

(V) 

Pulse 

Frequency    

(Hz) 

Height     

(μm) 

Nozzle 

Diameter 

(μm) 

Pressure 

(psig) 

HPA 350 50 100 100 1 1 
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concentration. Increased solids in the ink could cause the droplet to elongate prior to 

breaking free of the Taylor cone. Solvent evaporation may increase the monomer 

concentration at the ink surface. Crosslinking SU8 can be initiated by UV radiation (350-

400 nm) [116]. UV radiation from ambient light may initiate polymerization at the tip of 

the needle causing the viscosity to increase. Visco-elastic fluids exhibit a time dependent 

relation time that makes high speed droplet formation difficult. Elongated necking 

extending from the droplet to the meniscus is commonly observed for drop on demand 

printing of visco-elastic polymers [119]. By increasing solvent content in the ink the 

degree of unwanted polymerization can be minimized. Another factor contributing to 

wider line widths may be the high wettability of the SU8 ink on the outer surface of the 

Au/Pd coated needle. Even though the Au/Pd was coated with 1H,1H,2H,2H-

perfluorodecanethiol to increase the contact angle and decrease wetting of the outer 

surface of the needle, excessive back pressure or voltage caused the SU8 to wet and 

spread on to the exterior of the needle. This problem became worse without the use of the 

1H,1H,2H,2H-perfluorodecanethiol. A better surface treatment could improve resolution 

by restricting the diameter of the meniscus to the interior of the nozzle. Low temperature 

heating the SU8 ink to reduce the viscosity and increase flow rate could also assist in 

printing finer resolution at higher concentrations. This heating would need to be below 80 

oC to prevent unwanted crosslinking in the needle [121]. Reducing the viscosity by 

heating was not examined because the EHDP system lacked ink reservoir heating 

capabilities. 
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The EHDP electrical parameters required to print 4 μm features of SU8 were much 

higher than what was required for printing HPA. The optimal voltage bias was 600 V 

with a pulse amplitude of 150 V. One reason for the higher voltages is due to the 

increased distance between nozzle and substrate. A distance of 400 μm was necessary to 

obtain stable printing. At shorter distances the Taylor cone would extend very close to the 

substrate and minor deviations in conditions would cause large instabilities in the printing 

regime. A back pressure of ~0.5 psig was used for printing SU8. The required back 

pressure was lower than the HPA ink since the 5 μm diameter nozzle was much larger 

than used for HPA (1 μm diameter). A summary of the optimal printing parameters for 

SU8 in cyclopentanone diluted to 0.15% (wt) solids is provided in Table 4. 

 

 

Figure 29 shows continuous 4 μm wide SU8 lines printed using EHDP. From the optical 

microscope image the line edge roughness is significant. The high edge roughness may 

result from how the ink interacts with the substrate. Small variations in surface energy 

can modify how SU8 wets the IGZO surface causing edges that are not smooth.  

Table 4. EHDP printing parameters for producing 4 um features using 0.15% (wt) SU8 in cyclopentanone. 

Ink 
Bias   

(V) 

Pulse 

Height     

(V) 

Pulse 

Frequency    

(Hz) 

Height     

(μm) 

Nozzle 

Diameter 

(μm) 

Pressure 

(psig) 

SU8 600 150 60 400 5 0.5 
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Alternative surface cleaning treatments such as oxygen plasma or sonication in solvents 

could help decrease the edge roughness by reducing variations in surface energies caused 

by surface contamination. Another possible explanation for the rough lines is from 

droplet size variation. If the size of the droplets varies the surface coverage would also 

vary causing rougher line edges [48]. 

 

EHDP Patterned IGZO TFT Performance 

For EHDP printing HPA ink to be considered as an alternative path for patterning IGZO 

for TFT devices, good device characteristics are necessary. Ideally the resist should not 

alter IGZO electrical properties including mobility, turn-on voltage, and subthreshold 

swing. Transfer characteristics were obtained to evaluate the performance of the final 

devices with IGZO channels patterned using EHDP. Electrical parameters were 

calculated using methods described in Chapter 2. Optical microscope images of the final 

HPA and SU8 patterned devices are shown in Figure 30a and b, respectively. The 

 
Figure 28. Optical microscope image of 4 μm wide lines printed with SU8 on IGZO surface. 
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channel for both devices is 200 μm long and ~50 nm thick. The channel width for the 

HPA patterned IGZO TFT is ~2 μm. The channel width for the SU8 patterned is ~4 μm. 

Transfer characteristics of an unpatterned device were also obtained to compare with 

EHDP patterned devices. These devices were processed with identical 50 nm thick IGZO 

channels, but without patterning using etch resists.  

 

 

The channel width and length of the unpatterned devices was 1000 μm and 100 μm, 

respectively. The transfer curve for an HPA patterned device is shown in Figure 31a and 

the average mobility is plotted in Figure 31b. The devices fabricated using the HPA ink 

had a turn-on voltage of ~9.7 V and hysteresis of ~0.38 V. The overall average mobility 

was found to be ~11.5 cm2 / V s. The Ion/Ioff ratio was found to be ~7.3x103. The rather 

low Ion/Ioff ratio is due to the high Ioff current ~6x10-9 A, compared to bulk film IGZO 

TFTs which had an off current less than 10-11 A. The SS of the IGZO channel was ~1.3 

V/decade indicating a high number of trap states in the IGZO. Using the obtained SS and 

 
Figure 29. a) HPA patterned IGZO TFT with channel width ~ 2μm. b) SU8 patterned IGZO TFT. Source and 

drain is Al and the gate dielectric is SiO2. IGZO channels are 100 μm long and 50 nm thick. 
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Equation 6 the trap density (Dsg) was calculated to be ~4.3x1012 # / cm2 eV. As the 

channel width is decreased the surface area to volume ratio increases and surface traps 

may dominate. 

 

 

The electrical performance of TFTs patterned using SU8 was evaluated using the same 

methods and conditions as the HPA patterned devices.  

 

 
 
Figure 30. a) I-V transfer characteristic current output for IGZO TFTs patterned using HPA, normalized 

using L/W. b) Average mobility of HPA patterned TFTs. The arrows indicate the direction of the sweep. 
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Figure 32a shows the transfer characteristics obtained from the SU8 patterned device. The 

Von was ~7.9 V with a hysteresis of ~0.93 V between the up and down sweeps. The on/off 

ratio was ~7.8x104 with a SS of ~2.1 V/decade. The IGZO channel mobility shown in  

Figure 32b monotonically increases as a function of Vg with an average mobility of ~8.5 

cm2 / V s. 

 

 

Transfer characteristics were also obtained for a device without EHDP patterning for 

comparison. Table 5 summarizes the TFT electrical parameters for IGZO TFTs patterned 

 
 

Figure 31. a) I-V transfer characteristics of IGZO TFT patterned using SU8, normalized using L/W. 

b) Average mobility of SU8 patterned TFTs. The arrows indicate the direction of the sweep. 
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using EHDP and as deposited. The Von  of the unpatterned  device was ~4.3 V with 1.1 V 

hysteresis, an average mobility of 7.1 cm2 / V s, and SS ~0.38 V/decade. 

 

Table 5. Summary of TFT electrical parameters for IGZO channels patterned using EHDP and unpatterned 

  

Von       
(V) 

Hysteresis 
(V) 

Mobility 
(cm2/V s) 

Sub Thres. Swing 
(V/dec) 

On/off Ratio 

SU8 Patterned 7.9 0.94 8.5 2.10 1.9E+04 

HPA Patterned 9.7 0.39 10.5 1.26 7.3E+03 

Unpatterned 4.3 1.06 7.1 0.38 6.4E+06 

 

The on/off current ratio was lower for both the devices patterned using EHDP inks. All 

devices had similar Ion currents ~10-6 A. However the off state current for the unpatterned 

device is 2 orders of magnitude lower. This is due to the higher width where current is 

controlled by W/L. 

 

The unpatterned device showed the lowest Von with the HPA patterned device exhibiting 

the largest Von. The location of Von is strongly related to the absolute number of carriers 

in the IGZO channel where increasing the number of carriers decreases Von [35], [122]. 

One possible explanation for increases in Von for the EHDP patterned devices is the lower 

number of free carriers creating. Von shifted more positively for IGZO devices with 

decreased channel widths when stressed [123]. The shift was attributed to the trapping of 

holes at the channel/electrode interface. O2 and H2O absorbed to the IGZO surface is also 

known to effect IGZO TFT performance by acting as electron donor or acceptors, 

respectfully [38], [65], [97]. For the narrow IGZO channels, absorbed molecules may 

influence Von due to the higher surface area to volume. 
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The SS showed large differences between the patterned and unpatterned devices. The SS 

is determined by the trap state density in the channel. The films patterned using EHDP 

exhibit lower SS indicating a higher trap density. The total trap density is a combination 

of trap states in the bulk film and trap states at the channel interfaces. The ratio of surface 

area to volume increases significantly as the size of the channel is decreased, meaning 

that surface area becomes more significant as the volume is reduced. As the width of the 

channel is decreased the surface trap states become more important in the TFT 

performance. The bulk density trap states is expected be similar for all samples since all 

films were deposited using the same deposition and annealing conditions. The narrower 

channels resulted in a greater SS due to the increase in influences from surface trap states. 

XPS studies of various thicknesses of IGZO channels reveals that a majority of the 

surface traps are deep subgap states ~1.2 eV below the Fermi level, and just above the 

VBM [91]. Deep subgap states do not contribute to generating electron carriers but do act 

as recombination centers for holes and free electrons.  

 

Edge effects are known to influence polysilicon TFT performance due to variations in 

electric field [124]. Sharp edges concentrate the electric field causing non-uniform fields 

along the channel. Local variations in the electric field from VG causes regions of the 

channel to turn on non-uniformly, forming parasitic transistors within the channel [125]. 

Parasitic transistors create variations in conductance within the IGZO channel which 

degrades SS and shift Von. Parasitic transistor behavior has been observed in IGZO TFTs 

as indicated by a hump in the subthreshold regime on the transfer characteristic curve 
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[125]. The EHDP patterned devices in Figure 30 exhibit high edge roughness. High edge 

roughness suggests that the channel edges of the EHDP patterned devices may have non-

uniform thicknesses and sharp features. The combination of sharp features and variations 

in edge thickness result in different regions of the IGZO TFT to turn on at lower Von, 

resulting in larger SS. 

  

Overall EHDP has been demonstrated as a means to deposit both commonly used 

photoresist, SU8, and SAMs for use as etch resists for micro patterning of IGZO TFTs. 

Optimized printing parameters and ink formulation enables EHDP patterning of devices 

with feature sizes of sub 10 μm.  The use of EHDP surpasses the resolution limits of 

conventional thermal or piezoelectric printing techniques. The EHDP patterned devices 

showed significantly higher subthreshold swings compared with the unpatterned device.  

These differences are attributed to the physical dimensions of the devices and not to the 

use of EHDP. 
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Chapter 5: Future Directions 

Further Studies on ODPA Applied to the Back Channel 

It has been found that the application of ODPA to the IGZO TFT back channel decreases 

Von by at least 1 V for channel thicknesses 10-50nm. The device hysteresis is similarly 

decreased with the use of ODPA, while the mobility, SS, and on/off ratio are minimally 

impacted. For sensing purposes the gate needs to be able to control the channel 

conductivity while still being sensitive to the back channel chemistry. To further 

understand how ODPA influences the channel conductivity, thicker channels should be 

investigated. It has been estimated that VG can fully control the channel up to ~40 nm for 

IGZO [96]. For IGZO channel thicknesses greater than 40 nm, charge shielding from 

carriers diminishes the gate’s effective control over the surface region of the channel. For 

our studies, the 50 nm devices are still impacted by ODPA absorbed on the surface. 

However, we did not determine at what IGZO channel thickness that the back channel 

surface becomes shielded by charge in the bulk IGZO, or if shielding can block the 

effects of ODPA at all. Repeating these I-V studies and including 100, 150, and 200 nm 

thick IGZO channels could help determine the maximum thickness that can be used 

before charge shielding becomes a dominant factor in the device performance. For 

sensing purposes, this is important for understanding and optimizing the channel 

thickness for the highest sensitivity while retaining good reliability. The thinnest IGZO 

channel is likely to have the highest sensitivity to the environment exposed to the back 

channel. Thin channels (10-20 nm) may be more sensitive to the back channel chemistry. 
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Knowledge on how channel thickness effects molecular detection sensitivity will allow 

for design tradeoffs to be made between processing capabilities and device sensitivity.  

 

Examining a wider range of thicknesses allows for estimating the bulk and surface trap 

densities. According to Equation 7, the total trap density should linearly increase as 

thicknesses increases. A linear fit can be used to determine the bulk and interface trap 

densities. The differentiation of bulk and surface traps allows for understanding how 

effective ODPA is at passivating the back channel. There can be many reasons for the 

observe decrease in Von and hysteresis for devices with ODPA. The decrease in Von can 

be attributed to an increase in carrier concentration or band bending at the back channel 

interface. I-V measurements alone cannot determine the carrier concentration. 

Experiments utilizing Hall effect measurements can be used for determining the carrier 

mobility and free carrier concentration, as indicated by Equation 3 [85]. The difficulty 

with Hall effect measurements for IGZO is that the carrier concentration is low at room 

temperature. The Hall effect model for assumes Boltzmann transport theory and 

Arrhenius behavior of thermally activated carriers, where conductivity follows linear 

relationship with T-1 [27]. Since IGZO does not follow Arrhenius behavior of thermally 

activated carriers at low temperatures, Alder’s percolation theory must be applied to 

accurately model the thermal behavior of carriers [27]. The percolation model uses a 

distribution of potential energy barriers resulting in linear conductivity when plotted 

against T-1/4 [87]. The percolation model adds further complexity to the analysis but can 

accurately calculate intrinsic mobility and carrier concentration [27], [87]. An alternative 
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to Hall effect measurements for determining the carrier concentration is capacitance-

voltage (C-V) measurements [126]. The use of C-V measurements can provide 

information on trap densities, while I-V measurements provide mobility estimates. 

However, the TFT structure required for C-V measurements requires the deposition of an 

electrode over the backchannel for measuring capacitance between the channel and gate. 

The electrode covers the back channel preventing it from exposure to the atmospheric 

environment. The influence of SAMs on carrier concentration can be studied through the 

use Hall effect and I-V measurements.  

 

ODPA passivation can prevent from absorption of atmospheric molecules on the back 

channel which can also contribute to Von shifts in and hysteresis. Since water or oxygen 

absorbed to the back channel of IGZO TFTs is known to act as electron donors or 

acceptors, respectfully, experiments can be constructed to help determine if reduction in 

hysteresis and Von shifts are due to blocking absorption of atmospheric species [97]. I-V 

and Hall effect measurements can be made on devices with and without a SAM, exposed 

to controlled concentrations of water and oxygen. These experiments can provide 

information on how effective ODPA is at passivating the IGZO surface. Understanding 

how SAMs effect the back channel is important for developing functionalized IGZO 

TFTs as sensors. Similar experiments have demonstrated that SAMs are capable of 

effectively blocking water and oxygen from absorbing on surfaces [127], [128]. 

Molecules such as oxygen and water may interfere with the stability and reproducibility 

of measurements that are crucial for sensors. Sensors must be able to selectively detect 
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specific molecules while screening out interferent molecules. SAMs are advantageous for 

TFT sensing because they can both selectively functionalize and passivate the back 

channel. Therefore valuable information can be obtained by experiments that clarify 

whether the shifts in Von  and hysteresis are due to passivation of the IGZO surface or due 

to the bonding of ODPA to IGZO. Hall effect measurements can be combined to get 

further information on how SAMs can alter defect trap states. 

 

 

Further Studies for Electrohydrodynamic Ink Jet Printed IGZO TFTs 

The primary focus of Chapter 4 was to demonstrate sub-10 micron features by direct 

patterning using EHDP. The subthreshold swing and Von were significantly different for 

devices patterned using EHDP compared to unpatterned devices. Variations in edge 

roughness and edge thickness likely cause parasitic regions that degrade device 

performance. Further optimization of ink wetting the IGZO surface could improve the 

distribution of droplet placement. Improved droplet uniformity should decrease edge 

roughness and variations in channel width. Investigating different solvents or 

combinations of solvents to control the solvent evaporation can enhance the coalescing of 

droplets. Alkyl phosphonic acid SAMs are soluble in a wide range of organic solvents 

such as ethanol, isopropanol, methanol, tetrahydrofuran, and dimethyl sulfoxide [129], 

[130]. Mixtures of these solvents can be studied to obtain optimal ink properties such as 

viscosity, evaporation rate, and contact angle. Controlling the ink viscosity allows for a 

wider range of printing parameters. Managing the evaporation rate can greatly increase 
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the ink’s ability to form coalescing droplets and decrease line edge roughness. Control 

over the wetting of the printing surface is crucial for obtaining uniform droplet 

placement. The contact angle needs to be carefully considered when attempting to place 

droplets with uniform spreading. Examining mixtures of various solvents enables all 

these properties to be evaluated for optimizing printing conditions. 

 

The versatility of EHDP enables a wide range of TFT fabrication studies using EHDP. 

Both the SU8 ink and HPA ink can be used for fabrication depending on the process 

requirements. SU8 ink forms a thicker line and can be used with used etchants commonly 

used in photolithography. This extends the potential use of SU8 inks to patterning other 

materials. The HPA ink can achieve higher resolution, however it has only been 

evaluated for etching with dilute HCl. Both inks can be used for the appropriate 

processing needs. EHDP has been demonstrated to print feature widths down to 200nm 

[50], and should allow studies on EHDP patterned channel widths to be performed over a 

broad range. For example, features wider than a single printed line can be obtained by 

rastering overlapping printed lines. The channel width can be varied by rastering lines of 

etch resist. Because it is suspected that the channel edge conditions decreased the printed 

device’s performance, further studies varying the printed channel width are required to 

better evaluate EHDP for device fabrication. It would be expected that the edge effects 

will become less prominent as the channel width increases. Direct comparison of 

channels with the same width, as deposited and patterned using EHDP, would give a 

better evaluation of EHDP for patterning devices. EHDP allows for varying the 
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dimensions of micro scale devices without the need for designing multiple photomasks. 

This allows for easier fabrication and testing of various device layouts. Studying the 

effects of channel width is relevant to TFT sensors because the channel is used as the 

sensing region. Experiments for determining the best channel size can easily 

implemented using EHDP. By printing various channel widths the device sensitivity can 

be evaluated as a function of channel width. It could be expected that long narrow 

channels reduce the parallel pathways for carriers to traverse from source to drain. The 

smaller channel surface area, and increased surface area to volume ratio, can increase 

sensitivity to lower concentrations of molecules. EHDP can be used to rapidly evaluate 

this hypothesis. The flexibility of digital patterning makes EHDP a good tool for quickly 

developing test structures. Further development of EHDP can enable for rapid fabrication 

of prototype or research devices with complex structures. 
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