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4 Abstract 
In recent years researchers have invested much of their time and effort to lower the cost 

of standard  amorphous Si-based (α-Si) Thin-Film Transistors  (TFTs) technology by 

investigating new semiconductor materials and devices architectures. Organic and 

metal oxide semiconductor materials gained a great deal of attention in that respect. 

Organic and Metal-Oxide-based Field Effect Transistors (OFETs/ MOTFTs) can 

introduce capabilities like flexibility, transparency, and ease of production to the pool 

of microelectronics and nanoelectronics, making them appealing to some applications. 

However, organics fall short in performance concerning the industry-standard α-Si 

TFT. The carbon-based π-conjugated organic materials suffer from low mobility due to 

their disorder nature. Shortening the channel length may bridge the gap of the organic 

materials' low mobility; however, lithography processes have to be used to achieve it. 

Since lithography is well developed for inorganic materials but not for organic 

materials, it adds another level of complexity that discourages its implementation 

instead of Si-based devices. For metal oxides semiconductor, mobility is in pair with α-

Si base technology, but it suffers from device degradation over time due to its interface 

chemical interaction. Scientists use different passivation layers to suppress the metal 

oxide degradation, but short channel effects and injection mechanisms to the metal 

oxides are still an issue for those materials. Therefore, it is possible to implement them 

in insensitive applications like active-matrix organic light-emitting diode displays as 

the current driving elements, but it serves as a niche market. 

Vertical Field Effect Transistors (VFETs) architecture is one of the options to overcome 

the inherent disadvantages. VFETs are made of three terminals: source, drain, and gate, 

similar to the traditional TFTs. The difference between VFET and TFT architectures is 

the location of the drain contact with respect to the source contact. In the vertical 

architecture, the contacts are sandwiched on top of each other with a semiconductor 

material in between. Conversely, in a traditional planar transistor, the contacts are on 

the same plane, one next to the other, with a semiconductor in the middle. The unique 

vertical architecture promotes low-cost design to realize short channel transistors, 

improving the device performance with minimal added cost.  

This work addresses specific downfalls in the vertical architecture to investigate and 

improve the device's electrical performance. We have combined computer-aided design 
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2D simulation with device fabrication to study the device performance changes. First, 

we have focused our attention on the absence of saturation in vertical architecture and 

the short channel effect arising from the shortening of the device dimensions. After that, 

we invented a simple injecting electrode type that improves the short channel effects 

present in low mobility short channel vertical and planar transistors.  

In addition to the simulation and experimental work, we worked sequentially to tie the 

simulation knowledge to the experimental outcome. We invested many resources to 

develop a one-of-a-kind source contact; therefore, we gained a profound understanding 

of different fabrication techniques. In some cases, we had to do failure evaluations to 

understand why the fabrication process failed to give the intended results. 
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5 List of Abbreviations 
 

1D 1 Dimensional 

2D 2 Dimensional 

3D 3 Dimensional 

AFM Atomic Force Microscope  

Al Aluminum 

Al2O3 Aluminum Oxide 

ALD Atomic Layer Deposition 

AlN Aluminum Nitride 

AMO Amorphous Metal Oxides  

AOS Amorphous Oxide Semiconductor 

AP - CVD Atmospheric Pressure - Chemical Vapor Deposition 

BGBC Bottom Gate Bottom Contacts  

BGTC Bottom Gate Top Contact 

BSE Beak Scattered Electrons  

CAD Computer Aided Design 

CL Contact Limited 

CMOS Complementary Metal Oxide Semiconductor 

c - Si Crystalline Silicon  

CVD Chemical Vapor Deposition  

DC Direct Current 

DDF Double Doping Function 

DIBL Drain - Induced Barrier Lowering  

DOS Density Of States 

DWF Double Work Function 

EOT Effective Oxide Thickness  

FDTS  Heptadecafluoro-1,1,2,2-Tetrahydrodecyl Trichlorosilane  
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FET Field Effect Transistor 

FF  Fill Factor 

FIB Focused Ion Beam 

GIS Gas Injection System  

GUI Graphical User Interface  

HfO2 Hafnium Oxide 

HOMO Highest Occupied Molecular Orbital 

IGZO Indium Gallium Zinc Oxide  

IoT Internet of Things  

LED Light Emitting Diode 

LOR Lift - Of Resist  

LP - CVD Low Pressure - Chemical Vapor Deposition 

LUMO Lowest Unoccupied Molecular Orbital  

MIM Metal Insulator Metal 

MIS Metal Insulator Semiconductor 

Mo Molybdenum 

MOS Metal Oxide Semiconductor 

MOSFET Metal Oxide Semiconductor Feld Effect Transistor 

MOTFT Metal - Oxide Thin Film Transistor 

MVD Molecular Vapor Deposition 

NMP N-Methyl-2-Pyrrolidone 

OFET Organic Field Effect Transistor 

OLED Organic Light-Emitting Diode 

OPBT Organic Permeable Base Transistor 

OSC Organic Semiconductor 

PE Patterned Electrode  

PE - CVD Plasma - Enhanced Chemical Vapor Deposition 

PS Permeable Source  
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Pt Platinum 

PTCDI N,N′-Dioctyl-3,4,9,10-Perylenedicarboximide 

PVD Physical Vapor Deposition  

RF Radio Frequency 

RFID Radio Frequency Identification Document 

RF - PECVD RF - Plasma Enhanced Chemical Vapor Deposition 

RH Relative Humidity 

RIE Reactive Ion Etching  

RPM Revolution Per Minute 

SAM Self-Assembled Monolayer  

SB Schottky Barrier 

SB - VOFET Schottky Barrier Vertical Organic FET  

SC Semiconductor  

SCCM Standard Cubic Centimeters Per Minute  

SCLC Space Charge Limited Current  

SE Secondary Electron  

SEM Scanning Electron Microscopy 

Si Silicon 

SIMS Secondary Ion Mass Spectrometry  

SiO2 Silicon Oxide 

SIT Static Induction Transistor 

SL Sacrificial Layer 

SPA Semiconductor Parameter Analyzer  

SS Subthreshold Swing  

SWF Single Work Function 

TCAD Technology Computer-Aided Design  

TCO Transparent Conductive Oxides  

TFT Thin-Film Transistor 
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TGBC Top Gate Bottom Contacts 

TGTC Top Gate Top Contacts  

TLM Transmission Line Method 

TMAH  Tetramethylammonium Hydroxide 

TOF Time Of Flight  

TV Television 

UV Ultraviolet 

VFET Vertical Field Effect Transistor 

VHFET Vertical Hybrid Field Effect Transistor 

VOFET Vertical Organic Field Effect Transistor 

ZnO Zinc Oxide  

α - Si Amorphous Silicon  
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6 List of Symbols 
 

Nat Acceptor Tail States Max Density 

Eg 
 

Band Gap 

dBL Buried Layer Thickness 

°C 
 

Celsius 

E0 Center Energy 

L Channel Length 

Rch 
 

Channel Resistance 

W Channel Width 

Ec Conduction Band Edge Energy 

RC 
 

Contact Resistance 

Ndt Donor Tail States Max Density 

Ids Drain - Source Current 

Vds Drain - Source Voltage 

µn 
 

Effective Electron Mobility 

No Effective Density Of States 

qχ 
 

Electron Affinity 

q Electron Elementary Charge 

σat Exponential Decay of the Acceptor Tail States 

σdt 
 

Exponential Decay of the Donor Tail States 

Cox Gate Capacitance 

Igs Gate - Source Current 

Vgs Gate - Source Voltage 

εIGZO 
 

IGZO Relative Dielectric - Constant 

n Log-Log Linear Slope 

µ Mobility 

Ndox Oxygen Vacancy Max Density 
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ε0 Permittivity of Free Space 

π* Phi Anti-Bonding State 

π Phi Bonding State 

εr Relative Permittivity 

𝑅⊡ 
 

Sheet Resistance 

σ Sigma Bonding State 

σ* Signa Anti-Bonding State 

ϕ"# Source M1 Schottky Barrier Height 

ϕ$% Source M2 Schottky Barrier Height 

LM2 Source M2 Side Coverage Length 

LSO Source Oxide Side Coverage Length 

WSH Source Shield Length 

𝜌& 
 

Specific Contact Resistivity 

σdox Standard Deviation of Oxygen Vacancy 

Vt Threshold Voltage 

θ Tilt Angle 

Q 
 

Total Charge 

RT Total Resistance 

LT Transfer Length 

VON Turn-On Voltage 

Ev Valance Band Edge Energy 
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7 Introduction 
In the introduction, an overview of the basic building blocks is explained to help 

understand the research's full scope. The first chapter will explain the physical model 

of different disordered semiconductors used in the experiments, then the different 

transistor architectures and their operation mechanism will be covered. Finally, the text 

will cover the specific transistor architectures that were investigated during the study. 

Thus, the introduction serves as a background overview necessary to explain the 

research, while basic semiconductor physics knowledge is assumed for the prospective 

reader.   

7.1 Amorphous Semiconductors 

Devices based on ordered semiconductors materials are widely known for their superior 

performance and the extensive development of high-end electronics. The quest for the 

fastest, most capable transistor using ordered semiconductor materials shadowed the 

more widely used disordered semiconductors. The idea of using a material with an 

inferior capability emerges not from the need to improve device performance but from 

the need to produce cheap electronics that could reduce the cost of consumer electronics 

and make it available to all. Moreover, there is a technological limitation on using 

highly ordered electronics at the back end of the chip due to high-cost deposition 

techniques and the high temperatures needed to achieve electronically ordered material. 

According to Bloch's theorem, in an ordered semiconductor material, the atoms are 

treated as a repeatable periodic potential that raises delocalized states within the bands. 
1, 2 Unlike the ordered materials, a disordered (amorphous) material cannot be treated 

as an identical periodic potential but a collection of different potentials. 3 The 

disordered potential gives rise to localized states affecting specific energy within the 

forbidden gap. 4 The level of disorder defines, in essence, the mobility edge, which is 

the energy separating localized and delocalized states. 5 The number of localized states 

would dictate the deviation from an ideal transport capability of a perfect lattice. An 

illustration for the ordered and disordered material electronic density of state formation 

applying the Anderson localization potential with a tight binding approximation is 

presented in Figure 1. 
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Figure 1 Potential wells of an (a) ordered and (b) disordered material, and their corresponding density of states. 6  

In Figure 1, one can see the illustration of an ordered periodic system that would result 

in well-defined delocalized states (illustrated at the top right). On the other hand, at the 

bottom of Figure 1, the disordered potential is illustrated. In this system, the energy 

level of disorder (𝑉!) will dictate the density of states on the bottom right. Some states 

are defined within the band in the density of states, while others (tail states) are localized 

within the forbidden gap. Since the material that constructs the disordered 

semiconductor is vital for the details about the formation of the conduction and the 

valance bands, each material system used in this work will be discussed next. For ease 

of discussion, the conduction and valance band will be used interchangeably with the 

Lowest Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular 

Orbital (HOMO) terminology. 

7.1.1 Organic Semiconductor 

Organic semiconductors began their appearance in the late '70s.7 Researchers started 

looking into the π-conjugated carbon-based materials made from monomers, polymers, 

or small molecules. The unique chemical bond and the ease of tailoring new material 

to a specific need raised their attention and added new capabilities to consumer 

electronics. By manipulating the molecular structure, one can change the absorption 

and emission as well as the conductive property of the material. Their exclusive 

engineering capabilities make them ideal for optoelectronic applications like 

photovoltaic cells, specific wavelength photodiodes, and light-emitting diodes. Today's 
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most widely known application for organic semiconductors is the organic light-emitting 

diodes (OLEDs) used in TV and cell phone screens as the superior technology on the 

market. 

The simplest example of π-conjugated organic material is an Ethylene molecule (𝐶"𝐻#). 

In the Ethylene, illustrated in Figure 2b, the carbon Sp2 hybridizations create five-

strong sigma (σ) bonds (four between the carbon and hydrogen Sp2-S and one between 

the carbons Sp2-Sp2). In addition, the unhybridized Pz orbital of the two carbons 

creates weak Phi (π) bonds (Figure 2 b). The overlap of the σ bonds generates the 

bonding (σ) and antibonding (σ∗) states, and the Pz orbitals generate the weaker 

bonding (π) and antibonding (π∗) states. Since the π- π* has the lowest energy within 

the molecule, it assembles the system's molecular orbitals. Figure 2a presents the 

bonding and antibonding states of the molecule. An assembly of π bonding is called 

HOMO level, and π* antibonding is called LUMO level. The electrical properties of 

the organic materials are highly affected by different parameters of the chain molecule. 

The molecule length (conjugation length), its orientation with respect to neighboring 

molecules, and the number of twists within one chain are some parameters that 

determine an organic film's electrical and optical properties. For example, the gap 

between the HOMO and LUMO levels reduces as the molecule chain elongates and 

increases when it gets shorter.  

 
Figure 2 (a) Top, the Pz unhybridized orbital generates the bonding and antibonding π states; bottom, π bonding 
and anti-bonding collection that form the LUMO and HOMO levels. 8 (b) Illustration of the π and σ bonds in Ethylene 
molecule. 9   
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Organic materials store many benefits in their arsenal. The fact that organic 

semiconductor materials can be synthesized in many different molecular structures 

opens the door for extensive research in material science. Researchers can engineer the 

molecular backbone and force different electrical and optical properties, making 

organic electronics appealing for new research and industrial applications. 10-12 For 

example, bandgap tunability can lead to different OLED emission colors, improving 

screen quality. 13 Indeed, today, commercially available high-resolution OLED displays 

are becoming more popular. 

Furthermore, organic materials can quickly be processed from solutions, which reduces 

the cost of production and opens the door for large-area roll-to-roll manufacturing 

processes. Other deposition techniques like inkjet printing and thermal deposition for 

small molecules can also be used to justify the cost reduction. 14 Today, some industry-

leading companies are trying to harvest those advantages to create large flexible organic 

photovoltaic cells as a cheap, flexible, and lightweight energy harvest source. 15  

On the other hand, a significant disadvantage of organic semiconductor materials is 

their inherent low mobility. The organic material acts like a disordered material because 

it assembles many different molecule sizes and orientations. The disorder dictates a 

hopping charge transport mechanism related to the electron-phonon coupling (polaron). 
16 Since the charge transfer rate is bottlenecked between the adjacent molecules, the 

mobility of the organic material is low. The low intrinsic mobility for organic material 

prevents organic field-effect transistors (OFETs) from being used in today's consumers' 

applications. In addition, the fact that the band edge is not sharply defined limits the 

electrical performance of organic-based electrical devices.  

7.1.2 Amorphous Metal Oxide Semiconductor 

The relatively low mobility of organic semiconductor materials, and the need for low-

cost, high-performance, easy-to-process material, placed metal oxide semiconductor 

material as an excellent candidate to replace the traditional amorphous Silicon. The 

earliest demonstrated work of transparent conductive oxides (TCO) was done in 1907. 
17 In 1964, the first thin film transistor (TFT) with amorphous metal oxide 

semiconductor was demonstrated by Klasens and Koelmans. 18 In 1996, another use of 

amorphous metal oxide as TFT was done by Prins et al. 19; however, it showed poor 

switching qualities. Furthermore, in 1996, Hosono et al. proposed a working hypothesis 



13 
 

for exploring new amorphous metal oxide semiconductors. 20  It was not until the 2000s 

that metal oxides as semiconductors showed promising capabilities, with some reported 

metal oxide TFTs. 21-24  

In its early years, metal oxide semiconductors were composed of a binary mix of metal 

and oxygen atoms. High mobilities and good transparency can be obtained if carefully 

choosing the suitable post-transition-metal cations. 20 In most metal oxides 

semiconductors, the chemical bonding between the metal and oxygen is predominantly 

ionic, where the metal transfers its charges to the oxygen atom to complete the bond 

(Figure 3a). As a result, amorphous oxide semiconductors (AOS) materials have a large 

bandgap and good transparency to the visible light. In addition, most metal oxide 

semiconductors have high carrier concentrations due to their naturally doped 

characteristics. The high carrier concentration is due to the high oxygen vacancy and 

non-bonding metal atoms that act as donors.  

 
Figure 3 (a) charge transfer between the metal and the oxygen atoms (b)anions and cations of metal oxide s\d and 
p orbitals forming the LUMO and HOMO levels. 25 

As seen in Figure 3a, when the metal and oxygen are separated, their highest occupied 

atomic orbitals are similar in energy, with the metal electrons being at slightly higher 

energy. When the atoms get closer, an energy transfer occurs between the metal and the 

oxygen due to their affinity to form ions. In the film, the presence of cations and anions 

creates an electrostatic potential that alters the potential for the various atoms 

(Madelung potential). The above electrostatic potential (Madelung potential) raises the 

metal states and lowers the oxygen states. 26 Hence the LUMO level is formed by the 

unoccupied s orbitals of the metal and the occupied Oxygen 2p orbitals assemble the 

HOMO level. Since the s orbitals have large radii, they experience a significant overlap 



14 
 

between adjacent neighbors hence a larger coupling. Additionally, since the s orbitals 

are spherically symmetric, they are less sensitive to the material disorder; therefore, 

amorphous phase material can experience high mobilities in par with crystalline metal 

oxide materials. 27 Figure 4 illustrates the difference between amorphous and crystalline 

orbitals of covalent type semiconductor (Silicon) and metal oxide type semiconductor.   

 

 
Figure 4 Crystalline (top two figures) Vs. amorphous (bottom two figures) of Covalent semiconductor (left column) 
and oxide semiconductor (right column) orbitals illustration. 27 

Since metal oxide semiconductor materials have high mobility, they are already 

replacing traditional amorphous Silicon (α-Si) transistors as the LED current drivers in 

TV, cell phones, and other applications. One can deposit metal oxides semiconductors 

by different methods like RF magnetron sputtering, DC sputtering, and solution/wet 

processes. All of those fabrication techniques allow large-area fabrication and low-cost 

production. Although metal oxide semiconductors started to replace the traditional α-

Si, they still suffer from intrinsic defects that prevent them from becoming the leading 

transistor material in today's consumer electronics. It was reported that the electrical 

properties of the metal oxide material are susceptible to the production environment; 

therefore, it is crucial to control the environmental conditions when producing them. 28-

34 In addition, the metal oxides are suffering from short-range stability and illumination 

stress, which needs to be addressed as well. 32, 34-39 

7.1.3 Amorphous Silicon Semiconductor 

Today's most widely used semiconductor is Silicon; since the mid-40s, the industry 

quest for the best and fastest transistor was based on Silicon semiconductor material. 
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When the best performance is needed, a crystalline Silicon (c-Si) wafer is used to 

manufacture the best transistors. However, when a low-cost alternative is needed, a 

cheaper option is to produce transistors with Amorphous Silicon (α-Si). α-Si is one of 

the well-known material options to produce cheap electronics. α-Si is a disordered form 

of perfect silicon crystal. In a perfect silicon crystal, the electronic states are created by 

the bonding and antibonding states of the hybridized sp3 orbitals. When the material is 

disordered, it induces a different set of potentials within the lattice. The random 

potential disorder (different bond length and angle) can vary throughout the material 

and cause the characteristic band tails in the density of states within the bandgap. 40 The 

extent of the electronic disorder is determined by the different sets of variations that the 

deposition technique and post-deposition treatments can control. Figure 5 illustrates the 

conduction and valance bands that are created by the sp3 orbitals of the silicon atom. 

Since the p orbitals lie in higher energy than the s orbital in the sp3 hybridized state, 

the bottom of the conduction edge act like s orbitals, and the top of the valance band 

acts like p orbitals. Therefore, the top of the valance band is more sensitive to the spatial 

disorder of the lattice than the bottom of the conduction band. 

 
Figure 5 (a) illustrates amorphous Silicon sp3 hybridization splitting to bonding and antibonding states (b) 
illustrates the amorphous Si density of states. 41 

When a significant disorder variation, the covalent Si-Si bond does not exist, which 

forms dangling bonds. The dangling bond (non-bonding in Figure 5a) serves as a trap 

for charge carriers and degrades the device's performance (denoted as defects in Figure 

5b). The dangling bonds can be reduced by annealing the material in a hydrogen-rich 

environment to create Si-Hydrogen bonds and reduce the trap states.  
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One of the top features of the α-Si is its low-cost fabrication with large-area deposition 

capabilities. Some methods to produce α-Si films are RF-Plasma Enhanced Chemical 

Vapor Deposition (RF-PECVD) and RF-sputtering systems. 

7.2 Thin Film Transistor 

Before explaining the specific thin-film transistor technology, one must understand 

what a transistor is. A transistor is a three-terminal (drain-source and gate) electronic 

device that acts as a switch. The most known architectures of a transistor are the Metal 

Oxide Field Effect Transistor (MOSFET) used in the Complementary Metal Oxide 

Semiconductor (CMOS) logic gates and the Thin Field Transistor (TFT) used in a 

variety of low-cost applications. Figure 6 illustrates the two different architectures for 

the transistor design. 

 
Figure 6 a. TFT architecture b. MOSFET architecture. 

The operation mechanism will be discussed later, but for simplicity, the MOSFET 

operates in inversion mode, and the TFT operates in accumulation or depletion mode. 

For the MOSFET, two P-N diodes are connected in series while the gate overlap the 

center dopes semiconductor. When the gate is applied, it depletes the proximity 

semiconductor (N-type in Figure 6b) until the inversion point occurs. When that 

happens, charges will be able to flow by the applied source-drain field. On the other 

hand, for the TFT (Figure 6a), the semiconductor material is made from a single 

background doped semiconductor material. Depending on the doping concentration and 

the gate bias conditions, the gate can deplete the channel to turn the transistor OFF 

(depletion mode in a usually ON device), or the gate can accumulate charges to turn the 

device ON (enhancement mode in a usually OFF device). 

Transistor device origins go back to the early 30s' where Lilienfeld introduced the first 

Field Effect Transistor (FET). 42-44 Although the FET device was invented and patented 

in the early 30s', the TFT was presented by Paul K. Weimer only in 1962 45, two years 
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after the appearance of the first MOSFET by Bell Labs. Although the leading material 

choice to fabricate the early transistors relies on materials like Germanium and Silicon, 

some researchers looked at different materials matrixes. The usage of metal oxides as 

a semiconductor material for TFTs did not take long after; in 1964, Klasens and 

Koelmans demonstrated using such materials in a TFT structure.46 Organic polymers' 

usage to create TFTs took a bit longer since the conductive polymers did not exist yet 

until the 70s'. In 1987, about a decade after finding the conductive polymers, 

H.Koezuka A.Tsumura and T.Ando presented the first TFT using a polythiophene 

polymer. 47 The simple, low-cost fabrication technique and ability to fabricate them on 

large areas made TFTs the go-to architecture for applications like current driving 

elements in displays, RFID tags, and low-cost Internet of Things (IoT). 

TFTs' working principle is like those of MOSFETs used in conventional Si devices. In 

both transistor technology, the gate electric field induces a conductive channel for the 

carriers to flow. The main difference is that the MOSFET architecture uses doped 

semiconductor regions to create an energy barrier to block the current flow when 

voltage bias is applied between the source and the drain electrode. Simultaneously, the 

gate field can control its semiconductor proximity areas and create a conductive channel 

to allow current flow. In the TFT architecture, the gate electric field accumulates 

charges on the semiconductor-insulator interface to induce a conductive path for the 

charge carriers to flow; therefore, the TFT architecture does not require a different 

doping profile to block current in the OFF state. Since it is hard to find a suitable dopant 

or control the doping level of some specific semiconductors, TFT is an ideal structure 

that allows transistor formation from those semiconductors. Furthermore, the different 

architectures deal with different processing steps to achieve the final device. The 

MOSFET uses ion implantation and crystalline substrates, while the TFT uses different 

physical deposition techniques (sputtering, chemical vapor deposition, spin coating, 

etc.) for the active semiconductor allowing the TFT to be fabricated on almost any 

substrate. Additionally, the processing temperatures of the different technologies are 

different; MOSFET requires high temperatures while TFT can be processed in mid-low 

temperatures allowing the TFT to be fabricated on temperature-sensitive materials like 

plastics. This research focuses on the architecture of TFTs to allow more complex 

devices to be achieved (vertical field-effect transistors).   
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7.2.1 Structure 

Four distinct layouts define the TFT architecture: bottom gate top contacts (BGTC), 

bottom gate bottom contacts (BGBC), top gate top contacts (TGTC), and top gate 

bottom contacts (TGBC). In the scope of this research, we have used the BGTC 

configuration to ease the fabrication process. In Figure 7, one can see an illustration of 

the four layouts for TFT. 

 
Figure 7 a. bottom gate top contacts b. bottom gate bottom contacts c. top gate bottom contacts d. top gate top 
contacts. 

Since we have used a wafer with highly doped bulk silicon to serve as the gate and 

high-quality thermal SiO2 to serve as the gate oxide, it was simple to fabricate TFTs 

using the BGTC configuration.  

7.2.2 Device Operation and Parametric Extraction 

As mentioned before briefly, for the TFT architecture, when the gate bias is applied, 

charge carriers accumulate at the semiconductor-gate insulator interface to form a 

conductive path between the source and the drain electrode. After forming the 

conductive path, a current will flow when the source and drain contacts are biased. In 

the TFT configuration, the contacts serve as the charge injection limiters in the OFF 

state. The TFT electrical equations are similar to the MOSFET since both the gradual 

channel approximation and the drift-diffusion equation are used to solve the problem. 

The transistor's ideal current equation can be divided into two regions the linear and the 

saturation. In an ideal Metal Insulator Semiconductor (MIS), when the gate potential is 

higher than the minimum bias to induce a channel (Threshold voltage-Vt), the 
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relationship between the gate voltage and the mobile charges is illustrated by equation 

[1]. 

 [1] 

When introducing drain bias to the equation [1], the relationship of mobile charges 

changes along the channel, illustrated by equation [2].  

 [2] 

If we know that the TFT is a majority carrier device, we can assume that the current is 

mainly contributed from the drift portion of the drift-diffusion equation. Therefore one 

knows the current by taking into account the drift equation [3]. 

 [3] 

If one integrates the current along the channel length and the mobile charge along the 

potential across the channel, the ideal transistor equation in the linear region is 

generated [4]. The current equation is valid when the gate is above the threshold voltage 

and the drain voltage below the gate minus the threshold voltage, which means that a 

sufficient charge is built at the channel. 

 [4] 

If the drain bias increases, it will eventually deplete the proximity of the drain contact 

and the gate oxide interface next to it. This point is referred to as the pinch-off point. 

At that bias condition, the previous approximation is no longer valid because the current 

stopped from being drain dependent. In the ideal case, if one substitutes the drain 

voltage by the gate voltage minus the threshold voltage, it will result in the saturation 

current equation [5]. 

 [5] 

In equation [4] and [5] W and L are the width and length of the transistor, µ is the 

effective charge carrier mobility and 𝐶$% is the gate insulator capacitance. VT is the 

threshold voltage of the transistor, which can be extracted from the transfer curve using 

either the linear or the saturation current equations. Figure 8 shows the electrical 
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characteristics of the TFT transistor with different parameters that can be extracted from 

the electrical measurements. 

 
Figure 8 Illustrates the transfer (a) and output (b) characteristics of 10µm channel TFT. The graphs' markings show 
the different parameters that can be extracted from the characteristic current equation. 

In Figure 8a, one can see the ON/OFF ratio of the transistor. The ratio is the ON current 

level divided by the OFF current (leakage) level. This quantity resembles how well the 

device differs between the operation state of the transistor. The higher the ON/OFF 

ratio, the better a signal can be detected as either ON or OFF. Also, for some specific 

applications like LEDs' current driving elements, the current ratio will affect the ON 

and OFF illumination levels. Therefore, it serves as a quality number that can give an 

estimation of the transistor performance. 

The turn-on voltage (𝑉&') is the minimum voltage that experiences an exponential 

increase in current due to the applied gate voltage (in the limit of the measurement 

noise). When the gate is below that bias conditions, the transistor channel is OFF, and 

only the leakage current shows.  

On the other hand, the threshold voltage (𝑉() is the gate bias condition required for an 

accumulated channel to form. At that point, the delocalized states formed the 

conductive channel. In order to find the threshold voltage of the TFT, one can use 

different extrapolating techniques. 48 In this work, we primarily used the linear 

extrapolation x-axis cross of the &𝐼) Vs. 𝑉*  (shown in Figure 8a) in the saturation 

region, and the linear extrapolation of the x axis cross of the 𝐼) Vs. 𝑉*  in the linear 

region. For the second extraction method to work, the drain bias had to be low enough 
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to reduce the errors, and the gate bias had to be within the correct bias region. Also, any 

non-ideal transistor characteristics will hamper the correctness of the threshold voltage 

extraction method. 

The Subthreshold Swing (denoted as SS in Figure 8a) is the required gate voltage to 

increase the drain current by order of magnitude in the subthreshold region. 49 The 

subthreshold region is located between the turn-on voltage (denoted 𝑉$+ in Figure 8a) 

and the threshold voltage (denoted 𝑉( in Figure 8a). To find the SS one can evaluate 

the max inverse of the slop in the subthreshold region as in equation [6]. 

 [6] 

Since the subthreshold is related to the initial point of formation charge carriers next to 

the Fermi level at the gate oxide semiconductor interface, the SS can suggest the quality 

of the interface regarding the semiconductor trap density and the gate insulator surface 

traps. The insulator trap density can be calculated by having information about the 

semiconductor trap density and the doping levels. For our purposes, since the AOS can 

have a wide range of traps (associated with the process), this method of characterizing 

the surface quality cannot be used efficiently. 

Carrier mobility is one of the performance characteristics of a transistor. The mobility 

can be affected by different aspects of the device like interface and bulk traps states and 

the formation of the density of states. In highly disordered materials, charge mobility 

can be affected by energy width distribution near the conduction edge. Some of the 

highly disordered materials have highly localized states that promote the hopping 

conduction mechanism. The hopping mechanism is associated with the localized states 

proportional to the charge transfer probability between sights. The larger the energetic 

disorder, the lower the probability, therefore the lower the effective mobility. It is 

important to note that the gate effect on mobility is considered negligible in traditional 

mobility extraction methods. Therefore, when investigating disordered materials, the 

effect of gate-dependent mobility is sometimes necessary. 

The mobility can be extracted from the transfer characteristics using the linear or 

saturation region. The linear mobility can be evaluated by equation [7] together with 

the correct gate-voltage span. 
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 [7] 

If one wants to find the saturation mobility equation [8] is used. 

 [8] 

It is crucial to mention that equations derived using the gradual channel approximation 

are based on two assumptions. First, the transverse gate field (perpendicular to the 

channel) is larger than the longitudinal source-drain electric field. Second, mobility is 

not dependent on carrier density; therefore, if the transistor experience any nonideal 

characteristics, the mentioned mobility extraction methods would not be sufficient. 

7.2.3 Material Choice  

For years hydrogenated α-Si (α-Si:H) was the workhorse of the TFT technology; it was 

easy to use, cheap to make, and could potentially be applied to large-area integration. 

The use of large-area deposition tools, like RF-PECVD, made it ideal for active-matrix 

display applications. The mobility of α-Si:H is in the range of 1 − 10	 ,,-
!

.∙0
- and its 

electrical characteristics are mainly depending on its deposition procedure. 41 α-Si:H 

also suffers from bias stress fluctuation from hydrogen atom diffusion, which increases 

the dangling bond within the material, causing the device characteristics to shift over 

time. 50  For the last few decades, extensive research has been conducted to improve 

the TFT capabilities with different semiconductor materials. Materials like Organic and 

metal oxide semiconductors are in the frontier of TFT technology. Organic materials 

can be tailored to a specific application and deposit using spin coating, ink-jet, and 

thermal evaporation, making it ideal for large area fabrication. The fact that both 

organic and metal oxide semiconductor materials are flexible making them ideal for 

wearable electronics. In contrast to organic material, metal oxide semiconductors does 

not suffer much in respect of mobility in their amorphous phase due to the spherical s 

orbital overlap in the conduction band. Therefore, amorphous metal oxides (AMO) are 

being used in today's screens technologies.   
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Since we want to improve the device performance with respect to the drain current, one 

can look at the ideal transistor current equations to find ways to improve its 

performance. The first current gain can be achieved by replacing the semiconductor 

material with a higher mobility material or using higher gate capacitance. The new 

material capacitance will increase the current but decrease the device's max switching 

speed.  Another way to improve the device's performance is by either reducing the 

channel length or increasing its width.  Since increasing the width would consume 

valuable die real estate, reducing the device length would be a better solution. The 

reduced channel length can be achieved using high-resolution lithography processes. 

However, since our purpose is to create low-cost, large-area transistors, expensive and 

complicated lithography processes are inadequate. This is the primary motivation for 

going vertical, as discussed in the next chapter. 

7.3 Vertical Field Effect Transistor (VFET) 

In order to replace the traditional Si base electronics, reducing the channel length and 

maintaining the use of low-cost fabrication is critical for emerging materials. Since low-

cost large-area devices usually use amorphous materials, it is essential to improve their 

performance to justify their use in today's market. Increasing the device performance 

can lead to different research aspects, as the transistor current equation can suggest. The 

previously mentioned mobility and the gate insulator capacitance will not be addressed. 

Although important, they fall closer to the material aspect of the device. In the interest 

of our field, device architecture plays an important role. To improve the device output 

current and operation frequency, one can reduce the channel length.  

Different lithography methods can reduce the channel length 51, 52; however, those 

channel reduction methods add to the fabrication cost and are not viable for low-cost 

large-area electronics. Moreover, some of the techniques are not suitable for materials 

like organic semiconductors or AOS. Another way to reduce the effective channel 

length and increase the transistor performance is a structural change. Today must high-

end electronics use 3D fin-FET to harvest the vertical direction to increase the gate-

channel overlap and increase the gate controllability in short-channel transistors. 53 Still, 

this technique is very expansive and is not feasible for low-cost large-area applications. 

A different approach is to use a vertical channel to the benefits. Vertical Field Effect 

Transistor (VFET) architecture is one approach to reduce the channel length without 

the usage of complicated and costly lithographic processes. The main difference 
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between VFET and the TFT structures is the direction in which charge carriers flow in 

the channel, vertical for VFET and lateral for TFT. Since the vertical structure uses the 

semiconductor layer thickness to control the channel length, it can cost-effectively 

increase the device's performance. 54, 55 Therefore, the new vertical structure can be 

favorable for low mobility materials aiming for the low-cost market. 56-60   

As for the history of vertical transistors, in 1950, Watanabe and Nishizawa patented the 

so-called Static Induction Transistor (SIT), which was later demonstrated to work with 

conventional semiconductors ( Figure 9a). 58  In 1962, Weimer et al. presented the first 

vertical insulated gate transistor in his new TFT architecture made from Cadmium 

Sulfide. 45 Although the fabrication of such devices was not presented physically, the 

idea of using stacked electrode formation to improve the device performance was 

already out (Figure 9b). In 1994, Y. Yang, A. J. Heeger et al. reported the first none 

insulated organic SIT 61, and in 1998 Kudu et al. fabricated the insulated gate transistor 

architecture using organic materials (Figure 9c). 60 Thus, the early historical work on 

vertical transistors had used the SIT architecture with and without the gate insulator to 

prove the vertical device operation. 

 
Figure 9 (a) Nishizawa et al. Static Induction Transistor 58 (b) 1962 Weimer et al. vertical insulated gate transistor 
(idea) 45 (c) 1998 Kudu et al. vertical insulated gate organic transistor. 60 

The SIT operation mechanism can be explained by examining Figure 10. The Organic 

Permeable Base Transistor (OPBT) is a type of SIT that is made by using organic 

materials as the transport layer. In the OPBT, a thin base metal is sandwiched between 

the emitter and collector electrodes and organic semiconductor material. For n-type 

material, when the base is at low bias, there is a significant energy barrier between the 

emitter and collector so that almost no current can flow between them (OFF state). On 

the other hand, when the base bias is high, it reduces the barrier between the emitter 

and collector and allows the current to flow (ON state). This vertical architecture is 

highly dependant on the size of the holes in the base; the smaller the holes, the better 

the base switching controllability. Since the holes are nanometric size and the emitter-
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collector distance is short, it leads to high current densities, ideal for high power and 

high-frequency electronics. 

  
Figure 10 Organic permeable base example of SIT. 62 

Although the SIT was the first vertical structure to be explored, it was not the only one. 

Researchers had used another formation for charge transport in the vertical direction. 

In contrast to the SIT, the new vertical transistor had the gate at one side, and the source 

and drain were both above or below the gate insulator in a layered structure. There are 

two ways to construct this vertical architecture. First is a stacked formation that 

transports charges only vertically by using the gate to modulate the charge injection 

from the source contact (explained in detail later). The second is an edge-driven vertical 

architecture that uses lateral and vertical transport directions for the device operation. 

For the non-SIT architecture to work, the source electrode had to form a high-energy 

injection barrier to the semiconductor. The high injection barrier allows for a high 

ON/OFF ratio to be realized and better gate controllability. Many researchers attempted 

to construct the Schottky source vertical architecture with AOS and α-Si 63-66; however, 

organic materials, inferior to both AOS and α-Si with respect to mobility, needed the 

vertical architecture the most in order to justify their use in commercial applications.  

Although SIT and edge-on vertical technology of organic transistors were already out 

since the 90s', the first Schottky Barrier Vertical Organic FET (SB-VOFET) was 

demonstrated in 2004 by Ma et al. (Figure 11a). 57 Back then, the SB-VOFET 

demonstrated an ON/OFF ratio of 101 and less than 5V as its operating voltage. The 

performance of the first SB-VOFET transistor was possible due to the usage of a very 

thin source electrode. The thin source electrode and its intrinsic surface roughness 

allowed the gate electric field to form a channel and reduce the energy barrier at the 

source contact. Sheng-Han et al. had later indicated that a thin and rough source metal 

surface might be crucial, so the semiconductor layer reaches the gate oxide interface; 
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moreover, it allows the gate electric field to penetrate the source electrode and induce 

a vertical channel. 63   

 
Figure 11 (a) Ma et al. demonstrated SB-VOFET 57 (b) zoom out and (c) cross-section of the patterned source by 
Ben-Sasson et al. 64  

It was not until 2009 when the source architecture role was understood. In 2009, Ben-

Sasson et al. explored the operation mechanism of the unique SB-VOFET. Instead of 

fabricating the source electrode from thin (porous) aluminum, like previous works, a 

patterned source electrode was attained using the block copolymer technique. 65 

Together with 2D simulation, Ben-Sasson et al. found out that the source permeability 

and the type of source electrode are crucial to the vertical structure's operation.  

The primary device structure is a simple layered structure with the Patterned Electrode 

(PE) source between the gate and the drain electrodes (Figure 11 b and c). The 

proximity of the gate to the source electrode allows the control of the injection barrier 

height by the gate potential. By applying a gate bias, charges are accumulated on the 

semiconductor – gate oxide interface and create a virtual contact in the perforated areas. 
65 After that, by applying a drain bias, charges can drift upwards and be collected. At 

the ON state, the gate bias is sufficiently large so that the accumulated charges at the 

semiconductor (SC) gate-insulator interface can be accounted as an infinite sum. 

Additionally, if the size of the holes is small enough, the middle of the gap serves as a 

nonlimiting virtual contact to the vertical channel. Hence the current-voltage 

relationship will follow Mott Gurney law of Space Charge Limited Current (SCLC) 66 

at low drain biases.  
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Ben-Sasson et al. suggested a simplified SCLC for the PE-VOFET to include the fill 

factor (FF) in the SCLC equation (Equation [9]). It was justified by the fact that ideally, 

the device collects charges only from the perforated areas. The FF is the ratio between 

the sums of the perforations' area to the vertical transistor's area. ε0 and εr are the 

vacuum permittivity and relative permittivity of the semiconductor layer. L is the 

effective channel length, and 𝜇 is the semiconductor effective mobility.  

In his work, Ben-Sasson et al. also develop a simple model of the leakage current in the 

vertical transistor. He assumed that the drain field does not affect the perforated areas; 

thus, the OFF current is generated only at the source-drain overlap, which follows the 

limited contact current represented by equation [10]. 

  [10] 

Assuming only the drift current contributes to the OFF current, it will follow a contact-

limited injection behavior. The contact barrier height (𝜑2$) is reduced by the image 

force potential, showing in the square root term in equation [10]. The applied field is 

assumed uniform at the source-drain overlap area; therefore, the field is approximated 

to ."
3#$$

 . Finally, the (1-FF) is the non-perforated area overlap addition by its model. 

 
Figure 12 (a) Illustration of a cross-section of the PE-VOFET. 54 (b) ON/OFF ratio dependence of source barrier 
potential. 67 

 

The simplified ON and OFF current paths are shown in Figure 12a. Furthermore, Ben 

Sasson et al. observed the importance of the source electrode and its contribution to the 

device performance, like the ON/OFF ratio (Figure 12b). 54, 64, 65, 67-70 
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In 2013 Kleemann et al. published a paper that showed how the parasitic OFF current 

could be dramatically lowered. 71 In his paper, Kleemann introduced an intermediate 

insulator layer on top of the source electrode and a bottom active semiconducting layer 

under the source electrode. Since the new structure uses both lateral and vertical charge 

transport, it was named Vertical Organic TFT. The OFF current path in the suggested 

device did not play a significant role in the device operation (except direct current 

through the source insulator). Instead, charges are injected towards the buried layer and 

transported laterally to the drain exposed areas (perforation holes). As a result, the 

added source insulator further improves the ON/OFF ratio and the device performance, 

while the buried layer further improves the electrostatics control of the structure (Figure 

13).  

 
Figure 13 Kleemann et al. illustration of improved the vertical structure performance. 71 

In 2016 Günther et al. suggested that the injection blocking layer should cover the 

source contact from the sides to reduce the leakage current further. 72 In addition, he 

claimed that the effective channel length changes with respect to the gate bias. Hence, 

the injection from the source contact is not even throughout its interface. In the same 

year, Kwon et al. showed that the buried layer thickness is another important parameter 

since it can reduce the limiting factors between the vertical and lateral directions. Kwon 

also stated that the critical limiting factor of the vertical transistor is the source contact 

resistance since a Schottky barrier was used to get a proper ON/OFF ratio. 72  

7.4 Short Channel Effects 

Throughout the last two decades, many applications have been presented concerning 

the vertical field-effect transistors. Some applications include organic light-emitting 

transistors 72-76, vertical phototransistors devices 77, and integrated vertical devices in 

CMOS circuits.78 Nevertheless, the source contact issue of shortening the device 

dimensions has to be solved to encourage the use of vertical architecture in consumer 

electronics. As the channel length reduces, short channel effects are more pronounced. 
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Furthermore, in lower mobility materials, the short channel effects can appear in micron 

sized channel length79, 80, which makes it more urgent then ever.  

7.4.1 Threshold Voltage Roll-Off and Drain Induced Barrier Lowering 

Since most vertical field-effect transistors depend on a relatively high source injection 

barrier, they suffer from Drain Induced barrier lowering (DIBL) at short-channel 

transistors. Recalling the simplified equations developed by Ben Sasson et al. for the 

arbitrary VOFET. 64 The DIBL is considered in the OFF state in the form of the image 

barrier lowering potential (Figure 14). Since the electric drain field enhances in short-

channel vertical transistors, it will affect the current injection even for the ON current. 

Consequently, the short vertical devices will be saturation incapable, which prevents 

them from integrating into today's electronics. It will also degrade their subthreshold 

swing, making them harder to switch. Additionally, the high field will cause the 

threshold voltage to roll off (shift) with respect to the drain bias, showing a high 

dependency on the drain voltage. 71, 81 

 
Figure 14 Illustration of the image force inducing a barrier lowering effect at the semiconductor-metal interface. 82 

7.4.2 Channel-Length Modulation  

The pinch-off point location can explain the channel length modulation. The pinch-off 

point is defined as the point where the channel is depleted due to the drain voltage. 49 

As the channel length reduces, the pinch-off point at the drain side moves towards the 

source, reducing the effective channel length. The shorter the channel, the more 

significant this shift is. This phenomenon is more likely to occur in the lateral TFT as 

the effective channel length can be reduced by depleting the drain contact and 
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effectively reducing the channel length. On the other hand, the pinch-off point is close 

to the perforated area due to the vertical field originating from the drain. Therefore, the 

pinch-of stays close to the vertical channel edge when using the complete source 

insulator coverage.  

7.4.3 Hot Carriers 

Since the vertical architecture is associated with high fields due to the scaling of the 

channel, carriers can have high energy when transported along the channel, which 

increases the chance of inducing defects in the oxide. Those defects can change the 

surface potential and cause a shift in the operational threshold voltage. The hot carrier 

shift is irreversible due to the damage they induce; therefore, the hot carrier's signs will 

show over time.  

7.5 Research Aims and Objectives 

The Vertical Field Effect Transistor suffers from short channel effects due to its 

physical design. Therefore, this thesis aimed to understand the vertical architecture 

downfalls that cause the parasitic effects and suggest new ways to overcome them. 

During the study, different source architectures were investigated to allow for a low-

cost short channel device to have superior performance compared to the previously 

reported vertical transistor. Furthermore, the study used both simulation and device 

fabrication to prove that new architectural changes can improve the device performance 

and achieve superior vertical device control.  
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8 Methods and Techniques 
This section will present the general methods and techniques taken to fabricate nano 

and micro electronic devices. The general methods and techniques will follow more 

specific fabrication techniques used during the work.  

8.1 Substrate for Fabrication 

In the context of the initial point of the study, different platforms can be used to 

construct the device. Although Silicon is the most well-known platform for today's 

semiconductor industry, it is not always necessary to use it as the substrate material. 

For instance, different plastic substrates are chosen for their physical and mechanical 

properties if flexible electronics are made. Furthermore, if transparent electronics are 

of interest, different glass substrates and conductive transparent film are chosen.  

Although different substrates are available for different applications, it is convenient to 

use silicon wafers as the base structure. The processes for Si and SiO2 are well 

established and can give a rigid platform for the clean room process. Therefore, in all 

transistor device fabrication, the base substrate was a P doped Silicon wafer with a 100 

nm thermally grown SiO2 top layer (the substrates were purchased from NOVA 

Electronic Materials). When constructing a transistor, the doped Silicon served as the 

bottom gate, and the SiO2 served as a gate insulator for the ease of fabrication. On the 

other hand, when optical transparency of the substrate was needed, fused silica was 

used to resemble the same material interface between the SiO2 and the semiconductor 

material.   

One other parameter to consider when choosing the substrate material is the process 

max temperature. Since one uses different temperatures during the fabrication process, 

the substrate must withstand those temperatures and not deform or change its properties. 

Since our processing temperatures are considerable, we chose the Si+SiO2. 

8.2 Deposition Techniques  

The deposition techniques can be divided into three main methods that are used 

extensively throughout this work. The three techniques are Physical Vapor Deposition 

(PVD), Chemical Vapor Deposition (CVD), and spin coating. Some materials can be 

deposited by multiple methods (like oxides and organic materials), while others (like 

metals) are best if deposited in a specific method (PVD). Each method results in specific 

material properties; therefore, picking the best deposition technique for the needed 
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outcome is crucial. One parameter is the interfacial layer between the deposited material 

and the substrate material. The different techniques will affect the interface layer and 

therefore affect the device characteristics. Different deposition conditions can improve 

the interface; hence it is essential to control the pre-deposition conditions for the 

ultimate results.   

Not only the interfacial layer is essential but also the homogeneity of the film. For 

example, if the material is deposited on a smooth surface (like our SiO2 substrate) using 

the PVD method will result in smoot coverage (if the surface energy allows); however, 

if the substrate is not smooth, it will result in an uneven deposition cause by the method 

itself. In this case, the spin coat deposition method is preferred to create an even 

deposition pattern. Nevertheless, it will promote surface voids created by the fluid flow 

direction. 

The directionality of deposition is the last criteria for the deposition method decision, 

especially for PVD and CVD. Since CVD involves the gas phase interaction with the 

surface, it will be more conformal than the PVD method. Therefore, the PVD method 

would be preferred if the intention is to leave the side walls uncovered.  

Those are some but not all the deposition techniques considerations. Therefore, it is 

essential for the device fabrication and outcome results, and it is a necessary part of the 

experimental description. Some of the deposition techniques that were used in this work 

will be briefly described next. 

8.2.1 Spin coating 

Spin coating is a technique that results in uniform thin film deposition on flat surfaces. 

When using this technique, the spin-coated material has to be in a liquid form. In order 

to produce processable liquid material, the solute has to be dissolved in a specific 

solvent to create a homogenous solution. Sometimes, dissolving the solutes does not 

generate a uniform solution; therefore, it has to be filtered to even out the large particles 

of the solutes that were not dissolved. The filter membrane is solvent specific, and the 

max allowable particle size is marked on it. After the final solution is made and before 

the spin coat step, the substrate surface is treated if needed (different surface treatments 

are explained later). While placing the substrate on a vacuum chuck, the solution is 

extracted onto the middle of the substrate. The extraction can be either at rest or at slow 

rotation speed. After the solution is placed on the sample surface, the chuck rotation 
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speed increases to use the centrifugal force to push the fluid away from the substrate. 

The rotation evens out the film to create a complete thin-film coverage. The final film 

thickness depends on the solution viscosity and the rotation speed. Since some solvents 

are rapidly volatile at room temperature, the solvent's partial evaporation occurs within 

the spin stage. Therefore, the final thickness is also depending on the volatility of the 

solvent and the spin time. In extreme cases, if the solvents are very volatile, the film 

will dry out before the spin coat sequence ends, resulting in an uneven film formation. 

Additionally, considering the rotation time, if the spin is too short and the viscosity is 

high, the film might not even out before the end of the solution spreading, resulting in 

gradual thin film formation. 

If designed carefully, this technique can result in very smooth and thin films. However, 

as mentioned before, it is less suitable for rough surface deposition. The spin coat 

technique is common for organic polymers materials that can be dissolved in solvents 

to create thin films. One example of organic materials is the photoresists used in the 

lithography process to create an even layer. Additionally, the spin coat method is also 

known for metal oxide materials deposition. The solution of the metal oxide materials 

usually involves dissolving salts to create Sol-gel solutions. Since Sol-gel solutions are 

extensively used throughout the study, they will be discussed next.  

8.2.1.1 Sol-gel solutions 

In the context of creating uniform thin films of amorphous oxide semiconductors 

(AOS), the Sol-gel technique was used extensively. Here the processes of two Sol-gel 

solutions are explained in detail for future discussion. The two AOS materials used are 

Zinc Oxide (ZnO) and Indium Gallium Zinc Oxide (IGZO). 

8.2.1.1.1 ZnO thin film 

Different Sol-gel approaches can be used to produce the ZnO thin film. As S. Y. Park 

et al. explained, different Zinc sources can lead to ZnO thin-film outcomes. Also, the 

results showed that the TFT performance from the different sources is similar. 83 Figure 

15 illustrates the different chemical reactions taken to produce the ZnO thin film from 

different ZnO sources. 
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Figure 15 Different Zn sources chemical reaction that leads to the ZnO thin film. 83 

For the purposes of this work, the first approach (Zinc Oxide source in Figure 15) was 

used. The Zinc Oxide Sol-gel solution of Zinc amine complex was made by dissolving 

Zinc Oxide 99.999% trace metals basis (purchased from Sigma-Aldrich) in ammonium 

hydroxide (28–30%, from Sigma-Aldrich) to molar concentrations of 0.04M. The 

solution was stirred at room temperature in an ambient environment overnight before 

use. As a side note, 28–30% ammonium hydroxide at room temperature did not help 

utterly dissolve the higher concentration of ZnO solutions. Then, the solution was spun 

on top of a 15 min UV-Ozone treated Si/SiO2 substrate in an ambient environment at 

3000 RPM for 30 seconds.  Following the spin coat, the sample was fully annealed for 

1 hour in the air. The thermal annealing temperature was tailored to the specific 

experiment, but for most cases, we have used 150°C-300°C.  The final thickness of the 

ZnO was measured by ellipsometry to be ~5 nm.  

We have found that the TMAH photoresist developer solution rapidly etched the coted 

ZnO thin film; therefore, an Orthogonal resist was used in the photolithography process 

to protect the ZnO layer. The orthogonal lithography process is explained in detail in a 

later section.  

8.2.1.1.2 IGZO Thin Film 

The IGZO solution is produced mainly by dissolving metal nitrate salts in a specific 

solvent. Our precursor was made by premixing different molar concentrations (usually 

0.1M of each) of Zinc nitrate hydrate ( 𝑍𝑛(𝑁𝑂4)" 	 · 	𝑥𝐻"𝑂), Gallium(III) nitrate 

hydrate ( 𝐺𝑎(𝑁𝑂4)4 	 · 	𝑥𝐻"𝑂), and Indium(III) nitrate hydrate ( 𝐼𝑛(𝑁𝑂4)4 	 · 	𝑥𝐻"𝑂) all 

in 2-Methoxyethanol (all IGZO materials were bought from Sigma Aldrich). The 

solutions were left to mix overnight before being transferred to a final vile to create 
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different metal atomic ratios as mentioned in the experimental section (1:1:1 or 

70:15:15 In:Ga:Zn). The final solution was spun on top of a 15 min UV-Ozone treated 

Si/SiO2 substrate in a nitrogen-filled spin cote chamber at 3000 RPM for 30 seconds.  

Following the spin coat, the sample was partially dried at 150°C for 2 minutes on a hot 

plate before repeating the spin coat process. Each spin coat resulted in a ~5nm thick 

IGZO layer. The spin coat-dry process was repeated multiple times to generate the 

needed IGZO final thickness for each specific experiment. After the needed film 

thickness was achieved, the film went through a complete annealing process at 300°C-

350°C for 1-3 hours.  

The spin-coated film went through different stages to form the metal oxide thin film 

during the complete annealing. First, the low-temperature bake (hot plate) serves as the 

solvent evaporation stage to dry the film. Then, after all the layers got deposited, a 

higher temperature anneal initiated a thermal reaction in the following order: 

decomposition, hydrolysis, and dehydroxylation and alloying. 84 Figure 16 illustrates 

the different stages the Sol-gel solutions take place in high temperatures. 

 
Figure 16 Thermal annealing chemical reaction of the Sol-gel precursor. 84 

8.2.2 Physical Vapor Deposition 

Physical Vapor Deposition (PVD) is one of the oldest ways to deposit material on a 

given sample. In this technique, the material goes from a condensed phase to vapor 

phase and back to condensed phase on the target substrate. The environment of the 

deposition chamber has to be in low vacuum conditions to allow for the mean free path 

of the vapor phase atoms/molecules to reach the substrate. Upon arrival, the 

atoms/molecules of the target material condense in a film formation. The film 

characteristics depend on the deposition rate; therefore, the rate has to be carefully 

controlled. 

Additionally, it is essential to control the chamber environment to lower the 

contamination through the deposition process. On the way to the substrate, the 
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deposited material can react with different particles within the chamber. Hence, it is 

best if the deposition starts at a good base pressure to allow for high purity deposition. 

There are some ways to cause the transfer of the targeted material to the substrate, but 

the most widely known ones are thermal evaporation and sputtering. 

8.2.2.1 Thermal Evaporation 

The simplest way to produce vapors of a given material is by increasing its temperature. 

There are different ways to supply the evaporated material with the needed energy to 

increase its temperature. Some thermal sources include pulse laser ablation and arc 

vapor, but in this work, we mainly focused on electrically heated source (resistive) and 

electron beam (E-beam) sources. 

8.2.2.1.1 Electrically Heated Source 

When using electrically heated sources, one can use thermal energy directly or 

indirectly to increase the target material temperature. If a direct heat source is used, the 

heating element is made from a metal wire, boat, or metal foil (Figure 16b). In resistive 

heating, the heating power is supplied by Jules heating which is proportional to the 𝐼" 

and the resistance of the heater. Because there are many forms of heaters, their shape 

will change the required current needed for evaporation. The heater has to be rigid, and 

its material has to allow both temperature increase and current conductive path. 

Moreover, the heating element has to withstand high temperatures without deformation 

and have low vapor pressure to allow the deposition of only the target material. Since 

the heating elements can deposit different materials, they are usually made from 

Tungsten or Molybdenum, which have high melting temperatures and low vapor 

pressure. Some materials generate alloys with filament material, which degrades the 

lifespan of the deposition boat. Therefore, it is important to select the heating element 

that prevents alloying upon heating to increase the heater lifespan.  

Since direct resistive heating uses heat transfer from the heater to the material, heat 

conduction is limited when placing a solid material on a heater for the first time. Hence, 

the first melting step will require higher power. However, once the material melts, it 

will have higher surface contact with the heater and require less current to evaporate.  

Another form of thermal evaporation by electrically heated elements is the indirect 

heating of a crucible. For example, if the evaporated material can not be placed in a 

boat or a wire, it is essential to use indirect heating. In this method, a crucible is placed 
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in the middle of a metal wire spiral (Figure 17a). First, the spiral heats up by passing a 

current through it; then, the heat flows to the crucible material and from the crucible to 

the target material. This indirect heating is suitable for low temperatures evaporating 

materials like organic materials since the heat conduction from the source is limited. 

   
Figure 17 Different thermal sources (a) crucible heated by indirect resistive heated wire (b) direct boat resistive 
heater. 

The electrically-heated thermal sources are suitable for low melting temperature 

materials since the generated heat is limited by the heater material and its max power 

output. On the other hand, if one wants to deposit high melting temperature low vapor 

pressure materials, different heat sources like Electron-beam are used to generate the 

needed temperature rise. 

8.2.2.1.2 Electron Beam (E-beam) Source 

As mentioned before, the resistive thermal source is limited to low melting temperature 

materials. If higher temperatures are needed, one option is to use the Electron Beam (E-

beam) source. The E-beam source is generated by field-enhanced thermionic emission. 

Figure 18 illustrates the essential components of the E-beam source. In order to eject 

an electron from the filament, it has to overcome the work function of the tungsten 

filament. When current passes through the tungsten filament, it generates heat that has 

sufficient energy to cause the electron to eject in its proximity by thermionic emission 

(𝐽 ∝ exp	(− 5
6(
)). 85 After electrons are ejected, they will accumulate next to the 

filament surface and generate a space charge that will limit additional electron emission. 

Once the accelerator plates apply an electric field, electrons from the accumulated 

filament surface will be drawn towards the accelerator plates. The plates will collect 

some electrons, and some will pass through the slots of the plate and form the electron 

beam. The electron beam is steered by a magnetic field (not shown in Figure 18) to 

rotate 270° with respect to the ejected accelerator slot. The idea of "hiding" the filament 
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from the deposition material is to limit the interaction of evaporated material and the 

E-beam filament source and increase its life span.   

   
Figure 18 E-beam thermal source diagram.  

When the electron beam impacts the material within the crucible, it can interact with 

the evaporated material atoms. The different interactions can generate backscattered 

electrons, secondary electrons, and X-ray emissions. The majority of the kinetic energy 

of the electron beam is converted to the heat at the target material. High temperatures 

can be achieved since this heating phenomenon can be practically focused to a small 

point on the material surface. If the thermal conduction is too high to generate the 

desired temperature, different high-temperature crucibles (also called liners) can be 

used to reduce the thermal conduction property of the heated material to the water-

cooled copper holder. The thermal resistance of the crucible allows for the heat to 

accumulate at the target material, which allows for higher temperatures to be reached.   

Because the E-beam source can generate high local heat at the target material, low vapor 

pressure materials like Molybdenum, Platinum, and insulators can be evaporated using 

this technique. If an oxide material is evaporated with the E-beam system, it is usually 

treated as a low-quality insulator. During the evaporation, the chamber environment 

cannot be controlled easily to a high Oxygen partial pressure, resulting in poor 

stoichiometry to oxygen content. Therefore, the outcome of choosing an E-beam 

insulator is low-quality electrical insulation. If high control on the chamber 

environment is needed, a higher quality film can be achieved with the sputtering 

technique. 
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8.2.2.2 Sputtering Source  

Sputtering is a well-known physical vapor deposition (PVD) method for depositing 

thin-film materials in large-area applications. In the sputtering chamber (Figure 19), the 

deposition is enabled using a target plate bombarded by energetic ions generated from 

a discharge plasma. The plasma is created by injecting a novel gas in the vicinity of the 

target plate while biasing the target and sample terminals. A magnetic field parallel to 

the target surface carefully controls the plasma confinement to increase the plasma 

density in the target proximity. As a result, ions strike the target surface, causing the 

sputtering of the target material and eventually to film deposition on the sample. Since 

the gas composition can be controlled to high precision, the reaction with the charged 

particles can be highly controlled before the film condensation. The result is of a higher 

quality thin film that resembles better stoichiometry than the previous E-beam method. 

 
Figure 19 Basic schematic of an RF/DC sputtering system. 86 

For this work, sputtering was used to create a high-quality α-Si thin film. The α-Si films 

were deposited using the ATC 2200 sputtering system (AJA International MA USA) 

using a DC magnetron gun with a 2" Si target plate with a purity of 99.99%. Since no 

prior information was acquired on this specific system and the deposition of α-Si, 

different chamber pressures (3, 6, 8, and 10 mTorr) were used. A flow of Ar (99.9999% 

purity) at 50 Standard Cubic Centimeters per Minute (SCCM) was used during the 

processes. In all depositions, the DC gun was kept at a constant power of 160W. 

Furthermore, in all depositions, the sample temperature was carefully controlled to be 

at 23C.  

It is important to note that at the time of using the sputtering system, the choice of the 

gas inlet was limited and did not include hydrogen; therefore, hydrogen passivated α-
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Si could not be achieved. 87, 88 Furthermore, high temperature forming gas annealing 

was limited in the lab due to safety hazards. 

8.2.3 Chemical Vapor Deposition 

The last deposition method that will be discussed is the Chemical Vapor Deposition 

(CVD).  The CVD uses a volatile chemical precursor to generate thin film deposition. 

Many materials can be deposited using the CVD method as long as volatile precursors 

can be found. Using CVD, an example of metal deposition is the metal deposited during 

the focused ion-beam cross-section process. For platinum precursor, in this case, is 

Trimethyl (methylcyclopentadienyl) Platinum (IV) which is injected close to the 

sample surface using a Gas Injection System (GIS). One difference between the CVD 

and the PVD deposition method is the directionality of the deposition. In the PVD 

method, particles move (usually) in straight paths due to the large mean free path 

towards the target substrate, creating orientation-specific deposition. In contrast, the 

CVD generates deposition with no specific directionality. The volumetric deposition 

can be advantageous, or it can be a limitation depending on the specific task.  

CVD is a general name for many techniques that uses the same chemical principle. 

Some of the CVD methods include Atmospheric or Low Pressure-CVD (AP-CVD/ LP-

CVD), which uses the elevated temperature to initiate the chemical reaction on the 

substrate surface; Plasma-Enhanced CVD (PE-CVD), which uses the plasma to 

decompose the volatile precursor, therefore, uses low temperatures in its process, and 

Molecular Vapor Deposition (MVD). Because the MVD was extensively used in this 

work, we further elaborated on it next.  

8.2.3.1 Molecular Vapor Deposition  

The Molecular Vapor Deposition (MVD) enables thin layers of the target material to 

be deposited. The chamber deposition conditioned and cycles determined the quality 

and the thickness of the material. In this work, the primary usage of this system was to 

deposit a thin film of the ZnO semiconductor or an anti-sticking layer called FDTS. 

The general idea of the MVD is to create a surface reaction with the volatile precursor 

and water catalyst. Since this is a surface reaction and all remnants of the precursor or 

catalyst are washed away when each step is complete, this method is considered an 

epitaxial growth film (assuming the process is perfect). Therefore, it is crucial to 
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calibrate the time and precursor quantity needed for the complete chemical reaction to 

occur and generate a high-quality film.  

8.2.3.1.1 MVD ZnO 

For the ZnO thin film, the samples were placed in the MVD chamber in a vacuum. 

Before the chemical reaction started, the sample surface was treated with remotely 

generated plasma (200W for 30 seconds) to create hydroxyl groups on the sample 

surface. After the sample was surface treated, the gas phase of the diethylzinc molecule 

(Figure 20) was injected into the chamber to react with the surface hydroxyl and release 

ethane.  

 
Figure 20 Diethylzinc precursor molecule.  

Then a purge sequence was initiated to empty the chamber from the reaction products, 

and the non reacted Diethylzinc by nitrogen gas. The third step was to inject Di-water 

that acts as a catalyst to the Ethyl and promote the release of another Ethane followed 

by another nitrogen purge sequence to clear the chamber. Step one is only performed 

in the first cycle, while steps two and three are repeated to increase the layer thickness. 

8.2.3.1.2 FDTS MVD 

As for the anti-sticking layer, to create an FDTS covered surface, the sample was placed 

in the MVD chamber under a vacuum. As in the ZnO process, the sample surface was 

treated with remotely generated plasma to create the hydroxyl group on the sample's 

surface. After the sample was surface treated, the gas phase of the Heptadecafluoro-

1,1,2,2-tetrahydrodecyl Trichlorosilane molecule (Figure 21) was injected into the 

chamber to react with the surface hydroxyl and release hydrogen chloride. 

 
Figure 21 Heptadecafluoro-1,1,2,2-tetrahydrodecyl Trichlorosilane precursor molecule. 
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The fluorinated tail group in the FDTS molecule changes the sample's surface tension, 

giving it unique anti-sticking properties. Since the head group of the molecule reacts 

with the hydroxyl group on the surface and the tail group does not react upon the 

precursor sequential injection, the FDTS is considered a Self Assembled Monolayer 

(SAM). The SAM ensures a thin and homogeneous coating of the molecule even when 

multiple FDTS gas exposure is performed. 

8.2.3.2 Atomic Layer Deposition 

The Atomic Layer Deposition (ALD) is considered a CVD deposition method used to 

deposit various materials. The ALD was developed to advance the micro and nano 

fabrication capabilities. Using ALD, high density and high purity high-K dielectrics can 

be realized. It significantly contributes to the fabrication capabilities since the surface 

reaction of the process, and the gas-phase precursor usage make it an ideal method to 

cover 3D high aspect ratio structures. 89 The basic idea of an ALD is to use a sequential 

gas precursor to react with the substrate surface.89 Since the surface sights are limited 

in number, it is a self-limiting process in nature. The fact that this is a self-limiting 

process contributes to the controllability of the film thickness in remarkable accuracy. 

  
Figure 22 Illustration of an ALD cycle consisting of two half-reactions. 90  

Figure 22 represents the ALD complete cycle which is divided into two half-cycles with 

a purge stage in between. Because each precursor reacts at a different temperature, an 

ideal temperature is decided for each specific deposition. The cycle process temperature 

is usually called the temperature window. The temperature window is an optional range 

of temperatures that the film growth is constant for each ALD cycle. In low 

temperatures, condensation and low reactivity accrue, while decomposition and 

desorption accrue in high temperatures. All processes can affect the rapid increase or 

decrease of layer growth, making it a non-self-limiting process if the wrong temperature 

is used. An illustration of the temperature window can be seen in Figure 23. 
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Figure 23 The temperature window of the ALD process. 90 

During the work, the ALD tool was used primarily to cover the base wafer with a high-

quality high-K dielectric of AlN or HfO2 as a different surface for the Sol-gel thin film. 

8.3 Pattering Techniques 

In order to control the areas in which the needed material will reside, one can use 

different patterning transfer techniques. The two main pattering techniques used in this 

work are lithography and shadow masking. 

8.3.1 Shadow Mask 

Shadow masking is a technique where the sample is placed under a hard mask that 

contains the prepattern layout. During a physical vapor deposition, the evaporated 

material goes through the hollow parts of the mask and deposits on the sample's exposed 

surface. The mask shadows the unexposed surface of the sample, and therefore, the 

evaporated material does not accumulate there. This technique does not require any pre-

processing stages to create the needed pattern nor post-processing stages; therefore, it 

is considered simple to implement. This patterning technique is suitable in cases where 

low resolution (down to 1µm) is needed, and alignment is not an issue. Figure 24 shows 

the basic shadow mask technique in physical vapor deposition. 
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Figure 24 Shadow mask illustration patterning technique. 

When higher resolution or mask alignment is of importance to the process, lithography 

is used. 

8.3.2 Lithography 

The lithography patterning technique used specific photo-sensitive organic (or 

inorganic) polymers to create the needed pattern. Since the study's main goal was to 

keep the cost of fabrication to its minimum, the inorganic photoresist is not discussed 

here. There are three main categories of those organic polymers: a positive photoresist, 

a negative photoresist, and a lift-off resist—each material named after its reaction to 

exposed UV light. The positive and negative photoresist pattering process is illustrated 

in Figure 25. The unexposed positive photoresist is poorly soluble in its developer, and 

after it is exposed to the specific UV wavelength with specific energy flux, it becomes 

soluble. In contrast, the negative photoresist is insoluble to the developer before UV 

and highly soluble after exposure. The two photoresist types allow high-resolution 

pattering for processes like chemical and plasma etching. 
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Figure 25 Illustration of the positive (left) and negative (right) photoresist lithography. 

Two main lithography techniques are used if the lithography pattern intends to create 

high-resolution metal lines by lift-off. Both image reversal and two-layer lithography 

are suitable for the lift-off process. For the image reversal photoresist, a small UV light 

dose is delivered through the transparent areas of the mask (Figure 26). The lightly 

exposed areas become soluble to a developer, just like in a positive photoresist; 

however, it then goes through a reversal-bake. The reversal bake causes a cross-link 

reaction of the exposed areas while leaving the unexposed areas photoactive. Following 

the reversal bake, the sample goes through a flood exposure with no mask (total sample 

exposure) that transfers the previously unexposed areas to be soluble while not 

changing the crossed linked photoresist. The outcome of the process results in a unique 

negative slope on the photoresist sidewalls. The negative slope can create the 

shadowing effect under the photoresist sidewalls in directional deposition like PVD, 

which is favorable for lift-off.  
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Figure 26 Image reversal photoresist process. 

When a high-resolution lift-off is needed, the image reversal technique is not suitable 

since the negative sidewall slop of the photoresist is hard to control in high precision, 

and the photoresist is considerably thick. As a result, two-layer lithography is used to 

achieve higher resolution metal lines with lift-off. 

8.3.2.1 Two Layer Lithography 

The two-layer lithography technique is mainly used to allow lift-off capabilities for 

positive (or negative) photoresists when the image reversal photoresist has an 

insufficient spatial resolution. In this technique, two types of organic polymers are 

combined to create a mushroom-shaped lithography pattern illustrated in Figure 27. 

The bottom organic material is made of photo-inactive material called the resist and the 

top layer of positive (or negative) photoresist mentioned previously. The resist does not 

change its solubility when exposed to UV light, and its dissolution rate is dependent 

only on the time and temperature of the post-spin-coat bake step (assuming the 

developer is the same).  
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Figure 27 Two-layer lithography process using both resist and photoresist to achieve a mushroom shape pillar. 

During the work, this pattering technique was used as a complementary patterning 

technique for the angular E-beam deposition explained in section 8.4 as a high-

resolution lift-off technique. Depending on the sample surface, different types of resists 

can be used in the two-layer pattering. Next, the two main two-layer lithography 

patterning techniques in this work are presented. 

8.3.2.1.1 SL1 Orthogonal Resist 

One type of resist that was used in this work is the OSCaR-SL1 (SL stands for sacrificial 

layer). We used the resist to develop a vertical hybrid FET with ZnO as the buried layer. 

The orthogonal resist was used to protect the sensitive ZnO layer from the TMAH 

developer since the second causes the ZnO removal. The OSCaR-SL1 is unique since 

it is orthogonal to the TMAH, implying that the traditional photoresist developer does 

not dissolve it. To start the process, the OSCaR-SL1 was spin-coated at 3000 RPM and 

dried on the hot plate at 90°C. Since the resist prohibits the wettability by the top 

photoresist, the OSCaR-SL1 covered wafer was treated by 100W oxygen plasma for 3 

minutes to promote the photoresist adhesion. Then the photoresist (AZ 1518) was spin-

coated at 4000 RPM, dried at 100°C, and put under UV exposure to create the 

lithography pattern. TMAH was used to pattern the UV exposed AZ1518 photoresist 

while the under layer SL1 protected the ZnO thin layer from etching. In order to pattern 
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the SL1 resist, an Orthogonal developer 100 (proprietary solvent of Orthogonal Inc.) 

was used in a paddle-develop technique until the desired result was achieved. Because 

the OSCaR-SL1 went through plasma treatment, it created insoluble residuals on the 

surface. Therefore, after the paddle-develop of the bottom resist layer, the whole wafer 

was dipped in orthogonal developer 100 while sonicating for five seconds to remove 

the unwanted residuals physically. Figure 28 shows an optical image of the 

development pattern after the Orthogonal developer and before the ultrasonic stage. 

The image shows the typical ring shape at the outer edge of the photoresist layer, 

indicating the overdeveloped process was successfully achieved the mushroom shape 

pattern (similar to Figure 27). Moreover, one can notice the residual layer left after the 

puddle-develop stage by the light green color. This layer was removed entirely after the 

ultrasonic step. 

 
Figure 28 Optical image of the source electrode lithography pattern using the OSCaR-SL1 resist and AZ1518 
photoresist before sonication. 

The mushroom shape pillar's diameter was 10µm, and the undercut in the SL1 layer 

was approximately 0.5-1µm. 

8.3.2.1.2 LOR 5A resist 

Another resist that was used during the fabrication process is the Lift of Resist (LOR) 

5A. Unlike the OSCaR-SL1, the LOR 5A does dissolve in the photoresist developer 

(TMAH). Therefore the undercut below the patterned photoresist is controlled by the 

rate of dissolution, which is determined by the post-spin-coat bake stage. As a role of 

thumb, the higher and the longer the baking temperature, the slower the dissolution rate. 

In our process, the LOR 5A was spin-coated at 3000 RPM for one minute. Then it was 

dried at 180℃ for five minutes to allow for a controllable dissolution rate. After the 
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resist layer was dried, the process continued with a positive photoresist, as explained in 

prior sections. In contrast to the SL1, the LOR resist did not require surface treatment 

to achieve full wafer coverage due to the surface properties of the different resists. 

The angular deposition technique is explained next after one is familiar with both the 

E-beam PVD process and the two-layer lithography process. 

8.4 Angular E-beam Deposition 

One of the unique features of the studied architecture is a side-coverage of the bottom 

metal electrode of the VFET. In order to achieve the unique side coverage of different 

materials, an angular E-beam deposition was used together with the two-layer 

lithography, explained in prior sections. The angular deposition side coverage 

technique is based on the effect that the E-beam PVD is a directional deposition. 

Therefore, the coverage is highly dependent on the line of sight of the deposition source. 

Since the lithography mentioned in section 8.3.2.1 creates a mushroom shape 

photoresist profile, it is possible to tilt the sample and deposit it at an angle with respect 

to the E-beam flux plane. Since the deposition angle will dictate the lateral coverage 

length, one could control the device dimensions with great accuracy.  

Because the formation of the vertical device was in a staked layer architecture, it was 

essential to cover each previous layer in all directions. The complete coverage was 

achieved using a new wafer holder designed and fabricated to allow both sample 

rotation and tilt control with respect to the E-beam flux plane. 

Finally, since the lithography undercut length limits the coverage size, it is necessary 

to engineer the lithography undercut to support the intended layer coverage length. 

Figure 29 illustrates the sample cross-section during the angular E-beam deposition. 
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Figure 29 Illustration of the sample cross-section during the angular E-beam deposition process. The light grey 
material results from a zero-degree deposition with sample rotation, and the dark grey material results from 𝜃° 
degree larger than zero. The high angle results in a deposition under the lithography pattern. 

It is important to note that both resist and photoresist thickness highly affect the final 

coverage geometry. Therefore, if a specific final architecture is planned, it is crucial to 

design the lithography to support the angular deposition. 

8.5 Material Removal Techniques (Etching) 

In order to fabricate the electrical device, different etching processes are needed. In the 

etching process, the result is usually the removal of the target material or a wafer surface 

clean procedure. When etching is used as a material removal method, it is usually done 

by transferring the photoresist pattern to the underlayer material. Therefore, when 

designing the fabrication process, it is important to choose a photoresist layer that is 

thick enough and is resilient to the etchant. Another factor to keep in mind is the etching 

profile. The etching profile can be isotropic or anisotropic depending on the chosen 

etching method. In addition, different etching methods can result in different selectivity 

to the exposed target material. Therefore, if a specific material is targeted, it is vital to 

choose the proper method for the job. The etching methods can be divided into two 

main categories: wet etching and dry etching. 

8.5.1 Wet Etch 

The wet etching uses liquids to react with the surface material chemically and to remove 

them. Some benefits of the wet etching method are that it is cheap and easy to 

implement. Moreover, it is a fast process and could be selective depending on the 

exposed materials. However, since the process involves liquids, it is hard to control the 

etching time carefully. The etchant has to be removed from the surface before the 

reaction stops when one wants to terminate the wet etch process. Removing the etchant 
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is done by washing it with deionized water, which is time-consuming and less 

controllable. Another problem with this method is its poor directionality. In most cases, 

the wet etching is an isotropic process that limits the lateral resolution that can be 

achieved. In this work, the wet etch process was performed to pattern the metal oxide 

Sol-gel thin-film and expose the source-drain contacts from the Al2O3 insulator; 

therefore, a high resolution was unnecessary. 

8.5.2 Dry Etch 

Contrary to the wet etch, dry etch does not use liquids; therefore, it is easy to precisely 

control the etching exposure time. The dry etching could be either a chemical or 

physical process. The physical process is an ion milling where charged ions are 

generated and accelerated towards the target substrate. When the charged ions collide 

with the surface atoms, they could cause their removal in a process called sputtering. 

Since this is a physical method is has poor selectivity, and it could damage the surface 

upon impact. In contrast, this method is favorable for its anisotropic profile.  

The second dry etch method uses a chemical process. The chemical etching procedure 

uses plasma to create reactive species to interact with the substrate surface. The reactive 

species arrive at the surface of the substrate by diffusion and leave the surface by 

diffusion after the chemical reaction accrues. Since this process involves reactive 

volatile atoms, it is isotropic. Additionally, since the generated ions are known, it is 

very selective. 

The last dry etching method is Reactive Ion Etching (RIE). In this method, specific gas 

is injected into the system and is activated to form plasma. Then a DC bias is applied 

to attract the ions to the substrate surface and increase the chemical reaction. The ion 

acceleration gives directionality to the process, which makes it very isotropic. 

Moreover, the specific gas that is chosen can be highly selective.  

8.5.3 Lift-off 

It is important to mention the lift-off material removal process since this work uses it 

extensively. Lift-off is part of a photolithography process mentioned before, which 

transfers the photoresist pattern by depositing the target material on top of the 

photoresist. The deposited material covers areas on the sample surface and areas on the 

photoresist surface. Additionally, the directionality in the PVD deposition process does 

not allow the photoresist sidewalls to be covered, assuming the image reversal or two-
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layer lithography techniques are used. Figure 30 illustrates the main stages of the lift-

off procedure.  

 
Figure 30 Lift-off process (a) after the material deposition, the sidewalls of the photoresist remain exposed, (b) when 
the sample is dipped in a solvent, it dissolves the photoresist creating the dissolution fronts, and (c) upon successful 
full dissolvent of the photoresist the excess material lifts off.  

After the material deposition, the entire sample is exposed to a photoresist (or resist) 

removal solvent. The solvent (usually heated NMP) dissolves the photoresist (or resist) 

layer under the target material, creating the dissolution front in Figure 30b. After the 

entire photoresist (or resist) layer is dissolved, the excess material is lifted up from the 

sample surface; therefore, its name "lift-off" process. 

The lift-off rate depends on the photoresist thickness and ability to supply fresh solvent 

to the dissolution front. If an unreacted solution cannot penetrate the photoresist 

sidewall surface, the lift-off will not succeed. Also, if the solvent does not have an 

opening to penetrate the photoresist's sidewalls, the lift-off would not succeed. 

Therefore, it is important to carefully design the lithography step to allow for a 

successful lift-off procedure.  

8.6 Surface Treatment  

Surface treatment is needed when the sample surface energy is unsuitable for the 

processor when a mild surface cleaning is needed. There are multiple ways to control 

the surface chemistry using plasma, ozone, or functional group modification using Self 

Assembled Monolayer (SAM). 
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8.6.1 Plasma 

Plasma is generated using inert gas flow like Argon or Oxygen when a plasma chamber 

is under vacuum. When supplying RF power, the inert gas is ionized and generated 

plasma. The ions created can interact with the surface and, in some cases, cause its 

surface modification. The plasma modification can insert or replace functional groups 

at the surface, changing the surface energy. For example, if oxygen plasma is used on 

the SL1 resist that was previously discussed, the hydrophobic surface changes its 

surface characteristics to enhance the wettability. Moreover, the plasma can change the 

material functional group so that the SL1 would not dissolve in its solvent, which 

creates the residuals during the lift-off process. In addition, plasma can also clean the 

surface from organic residues. 

8.6.2 Ozone 

Ozone is the second surface treatment used to modify the surface energy. Ozone (𝑂4) 

is a radical of the stable form of oxygen (𝑂"). In order to create the ozone gas, oxygen 

gas is exposed to UV light in a specific wavelength to break the oxygen bonds. The UV 

lamp is usually a low-pressure mercury lamp that outputs two distinct wavelengths, 

184nm and 254nm, when using fused silica as the lamp glass. The 184nm wavelength 

breaks the oxygen bond and generates free oxygen radicals; those radicals interact with 

the stable 𝑂" molecules in the chamber to form the ozone molecule. The second 

wavelength (254nm) decomposes the ozone to 𝑂" + 𝑂. The oxygen radicals can 

interact with the surface and induce surface chemical change. If the surface has an 

organic compound, the ozone treatment can oxidize the organic compound and serve 

as a gentle clean to the surface. 

The interaction of the ozone on the sample surface can lead to the generation of 

hydroxyl group, which transfers the surface from hydrophobic to hydrophilic. Since the 

surface is exposed to ambient air after the treatment, the surface modification slowly 

returns to its original state before the ozone treatment. Since it is a time-sensitive 

process, any post-deposition process must be completed before the treatment is 

reversed. Also, since the ozone treatment is used before spin coating, any dust particles 

are highly critical to the quality of the thin film. Any dust or particle on the substrate 

can cause pin-hole or comet streaks on the substrate. Therefore it is vital to clean the 

surface before the ozone treatment and keep it clean before spin coating for ultimate 

results. 
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8.6.3 Self-Assembled Monolayer 

The last surface treatment mentioned here is the self-assembled monolayer (SAM). In 

modifying the surface, a SAM molecule is chemically attached to the surface by its 

head group. If the SAM is densely packed, it closes any possible environment 

interaction. A SAM layer entirely covers the surface so that only the functional group 

of the molecule interacts with the environment. Since the functional group is the part 

that interacts with the environment, it dictated the sample surface tension and its 

adhesion properties. In this work, a self-assembled monolayer was used to change the 

surface properties of the Aluminum metal. 

8.7 Annealing Techniques 

Different heat treatments were used to promote the material properties change during 

this work, such as reducing the dangling bonds in thin films. 30, 91 Also, the heat sources 

served as chemical decomposition promoters for the Sol-gel solutions and relaxation of 

different organic material molecules. 92, 93 In each thermal treatment, we controlled the 

environment to affect the material in a specific way. The environmental conditions 

during the heat treatment source were either under vacuum or under specific gas 

composition. Therefore, we could test how the film properties change with respect to 

different conditions. The range of temperatures was between 150℃ to 600℃. 

As a side effect of the heat treatment, different materials were stressed and deformed 

under elevated temperatures. The deformation caused the dewetting of one material on 

top of the other; therefore, the capping layer was used to limit the dewetting process. 

Images of the dewetting process can be found in the Appendix section.  

8.8 Characterization  

In order to understand and analyze the thin films and the fabrication device outcome, 

different characterization techniques were used. Each tool served a specific role in 

understanding if the process delivered the intended results. Furthermore, since the 

fabrication of the vertical and planar architecture was complex, the characterization 

tools were also used to examine the failure mechanisms of the process. Next, we briefly 

mentioned the tools used in this work. 

8.8.1 Optical Microscope 

Optical microscopy is one way to examine the sample using magnification lenses. For 

our purpose, optical microscopy was used in the bright field where the image was 
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constructed by attenuating the incident light source. The optical microscope was the 

go-to tool to examine large particles on the thin-film substrates and metal lines 

misplaced during the lithography process. However, simple optical microscopy has 

limited resolution due to the diffraction limit; therefore, different techniques are used if 

a small feature size is needed to be examined.  

8.8.2 Profilometer 

The profilometer is used as a quick way to measure the surface profile of the film or 

the profile deposited material. In this tool, a diamond stylus is used to scan the sample 

laterally in contact with the surface. The tool tracks a constantly applied surface force 

to simulate the topography of the film or the features. Since the force can be tuned, even 

soft materials can be measured. However, the stylus has a minimal tip radius; therefore, 

it cannot measure small lateral pitch size features. Overall, this tool was used as a robust 

thickness measurement tool for organic and metal layer deposition. In this work, the 

calibration of the deposition thickness sensor was done by the profilometer. 

8.8.3 Atomic Force Microscope (AFM) 

Atomic Force Microscope (AFM) can give a high surface resolution of less than a 

nanometer. This microscope operates with an AFM tip on a cantilever. The cantilever 

moves up and down with respect to the substrate-tip interaction. A laser point detects 

the cantilever movement when a photodiode picks the reflected light. A schematic 

illustration of the AFM system is presented in Figure 31. 

   
Figure 31 Schematic illustration of the AFM components. 94 

The AFM can operate in two distinct modes: contact mode and tapping mode. The 

contact mode generates a constant force on the surface. Then the tip scan across the 
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sample detects the surface's fluctuation by the cantilever movements. The contact mode 

can be problematic because it can damage the surface by the sheer force upon the lateral 

movement (create scratches). In contrast, the tapping mode uses the cantilever 

oscillation in its resonance frequency to detect the different interactions between the 

surface and the tip. The interaction can be repulsive and attractive depending on the 

distance from the surface. If the tapping mode is dialed correctly, the repulsive-

attractive forces will create a lag in the resonance frequency of the oscillator, which can 

be detected and converted back to different information.  

8.8.4 Focused Ion Beam (FIB) and Scanning Electron Microscope (SEM) 

The Focused Ion Beam (FIB) is usually attached to a Scanning Electron Microscope 

(SEM) to create a dual-beam microscope. The dual-beam microscope can give powerful 

material removal capabilities by ion bombardment and high image resolution by the 

electron beam. In addition, unlike the previous surface images that were discussed, the 

combination of the tools allows performing cross-section images of the sample. The 

cross-section image is significant to this work since the directional E-beam deposition 

outcome can only be observed as a side view of the layer stack. Since the tool is both 

an SEM and a FIB, each will be briefly explained. 

In the SEM, an electron beam is generated (similarly to the E-beam in the PVD 

method), accelerated, and focused on the sample surface using different magnetic 

condenser lenses within the SEM column. Upon impact, the incident electrons interact 

with the sample. The amount of material interaction is called the interaction volume, 

and it is dependent on the accelerating voltage, electron beam current, and the substrate 

material. The interaction volume can be divided into different electron interaction zones 

illustrated in Figure 32.  
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Figure 32 Illustration of the onion shape interaction volume of the incident electron beam. 95 

Each zone within the interaction volume is generated by a specific interaction of the 

electron and the material. The top surface is associated with the Auger electrons caused 

when an inner electron is knocked out by the incident electron beam and causes a 

cascade energy transfer to cause an outed electron ejection. The energy is released by 

characteristic photon ejection (X-ray) if the cascade interaction does not cause top shell 

electron ejection. The next type of electron interaction is the Secondary Electron (SE) 

emission. This type of interaction is originated when there is inelastic scattering 

between the incident electron and the material atom electron. When SE emission 

accrues, it is characterized by lower energy regarding the incident electron, and the 

lower energy electrons can be detected by different SE sensors up in the SEM column. 

Since the SE is generated close to the surface, it can resemble the topography of the 

sample. The last scattering interaction is the Back Scattered Electrons (BSE). The BSE 

is generated when the incident electron undergoes an elastic scattering with the atom 

nucleus. The attraction forces reflect the electron projection causing it to change its 

direction without slowing down. Because of the considerable velocity of the BSE, they 

tend to move in straight lines when they exit the substrate surface. In order to capture 

the BSE, the sensor has to be directly above the electron beam surface. Since the 

deflection force depends on the nucleus size, a more significant BSE signal will be 

generated as the atomic number increases. Because of the dependency on the atomic 

number, the BSE can illustrate a material contrast image. In addition, the crystal 

orientation changes the electron average interaction length; therefore, the BSE can 

illustrate a crystallographic image that depends on the channeling effect of the electrons 

between the sample crystal planes. 
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The Focused Ion Beam (FIB) can serve as an imaging tool (although destructive to the 

surface) and an ion milling tool. In this work, the FIB was used as a tool that allowed 

us to dig trenches to take cross-section images of the source electrode edge by the high-

resolution electron microscope. The FIB operates using an ion source (usually Gallium) 

that is accelerated towards the sample upon heating the source material. In contrast to 

the magnetic condenser lenses in the SEM column, the FIB uses electrostatic lenses, 

which are not dependent on particle speed. The ion beam is focused on the region of 

interest to cause ion bombardment. When ions hit the sample, they can cause ion 

implantation (destructive), secondary ion generation (sputtering), and secondary 

electron generation. The secondary ions can be imaged and also used as a milling tool.  

Since the FIB generates secondary electrons, different materials can be deposited using 

the ion source when reactive chemical gas is injected next to the sample's surface. For 

example, a Gas Injection System (GIS) was used to deposit a thin conductive layer 

material at the top surface of the sample to protect against the destructive ion beam (ion 

implantation and surface ion milling). 

8.8.5 Ellipsometry 

Ellipsometry is a tool that can give information about the thickness of thin films without 

physically interacting with the film. The basic principle of the ellipsometry operation 

is the interaction of polarized light in a specific wavelength within the film upon its 

reflection. The tool collects the amplitude change and the phase shift for different 

wavelengths and different interaction angles. The collected data can be analyzed, and 

the film thickness can be extracted quickly. Because the ellipsometry measures the 

phase shift on the incident light, it is not limited to the diffraction limit of optical 

microscopy. As a result, the ellipsometry can measure sub-nanometer thickness 

resolution. Since the data collected can be fitted to a known model, a multi-layer of 

materials can be analyzed quickly and measure the film thickness. In this work, the 

ellipsometry tool was extensively used as a non-destructive measuring technique for 

the deposited thin films on the order of 5 nm. 

8.8.6 Secondary Ion Mass Spectrometry (SIMS)  

The Secondary Ion Mass Spectrometry (SIMS) is a tool that can give insight into the 

atomic dept profile of the sample. In this measuring technique, the sample is bombarded 

with cesium or oxygen ions to cause a controlled secondary ion, which sputters the 
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surface. The sputtered material then goes through an ion mass detector to read the 

secondary ion mass. Three main SIMS tools are used to analyze the ejected secondary 

ions: Time of Flight (TOF), Magnetic Sector, and Quadrupole SIMS. 96 In this work, 

the TOF-SIMS was used. In the TOF-SIMS, the sputtered secondary ions are drifted in 

a specific trajectory path to a detector. Since each ejected ion has a different mass, it 

will get to the detector at different times. Therefore, the time can be the mass analyzer 

of the different sputtered ions. In addition, this work used the TOF-SIMS to check the 

thermal stability of the deposited material in the stack formation, as explained in the 

experimental section. 

8.8.7 Device Electrical Measurements 

The electrical characteristic of the fabricated device is an essential tool in the 

experimental cycle. The fabricated devices' electrical characteristics approve or 

disprove the expected device operations. Not only can the device's electrical 

characteristics tell us if the device worked as expected (by device simulation), but the 

different device characteristics can give us a reasonable estimation of the failure 

mechanisms of the device operations. Furthermore, the measurements give us the 

performance quality factors to compare to different fabricated devices. We used 

different electrical measurements to explore the device quality factors and extract 

meaningful information during this work. 

8.8.7.1 Transmission Line Measurement 

The transmission line measurement (TLM) is a simple resistance measurement of a 

two-terminal device. The resistance of the device is constructed from the contact 

resistance and the thin film resistance. The measurement setup can be seen in Figure 

33. 
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Figure 33 (a) top and (b)side view of a TLM layout showing the different contact distances that vary the thin film 
resistance while leaving the contact resistance the same. 

As seen from the illustration, the total resistance is 𝑅( = 𝑅,7 + 2𝑅8 . Since the thin film 

resistance changes linearly with the contact distance, the specific contact resistance can 

be found. If the total resistance is drowned with respect to the contact distance, the zero 

distance extrapolation results in twice the contact resistance (Figure 34). Also, the same 

extrapolation to the x-axis results in twice the transfer length distance. When using the 

lumped resistive network to determine the potential drop on the contact interface, one 

finds exponential decay with a characteristic distance of the transfer length. 97-100 The 

transfer length was found to be 𝐿( = H
9%
:⊡

 , which means that small contact resistivity 

or large sheet resistance can cause an edge current crowding. 101 

 
Figure 34 TLM graph representation extracting the contact resistance and the transfer length. 

If we assume thermionic emission is the current flow mechanism into the thin film 

material, the contact resistivity will be proportional to the barrier height. Therefore, the 
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TLM is a helpful tool to give a notion of the contact type to the semiconductor. 

Additionally, if the contact resistivity is plotted with respect to the temperature, the 

barrier high of injection can be estimated. 

8.8.7.2 Transistor Measurement 

The transistor electrical measurements are an essential part of this work; therefore, All 

parameters and methods were introduced during the introductory of the work.  

8.9 Simulation  

Since the vertical field-effect transistor architecture is complicated, different simulation 

tools were used to understand the device's operational mechanism. The simulation tools 

can expedite the experimental cycle and help explore new ideas before execution 

prolong fabrication-based experiments. The different tools induced structural changes 

and explored the device's behavior to explain its working principles. In addition, the 

simulations were used to fit experimental data to extract parameters of the thin film as 

needed.  

8.9.1 COMSOL CAD Device Simulation 

COMSOL device simulation is a multiphysics tool that allows for device simulation to 

take place using multiple models. Within the COMSOL tool, this work was mainly 

focused on the semiconductor model. The semiconductor model allows for the device 

construction in a simple Graphical User Interface (GUI) platform. Depending on the 

simulation needs, different physics models can be implemented after a 1D, 2D, or 3D 

model is built. Although the COMSOL environment was easy to start with, it was a 

relatively new tool (the semiconductor model); therefore, it was missing the durability 

of implementing non-trivial physical scenarios (like image force barrier lowering). 

Also, it suffers from convergence issues that were hard to detect since the calculations 

and convergence parameters were done behind the scenes without the user's ability to 

control them. 

8.9.2 Sentaurus TCAD Device Simulation 

Since the COMSOL tool was limited, we decided to use the well-established Sentaurus 

tool. The Sentaurus Technology Computer-Aided Design (TCAD) is a comprehensive 

tool to model semiconductor device physics, implementing and controlling every 

simulation and convergence parameter. The TCAD simulation is designed to solve the 

electrical characteristics of a digital build model numerically. All the device 
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characteristics are computed based on a set of preconfigured physics models within the 

tool. Thus, the digital device is similar to an actual device that one wants to simulate. 

All configuration for the device simulation is done in Sentaurus Workbench, which is 

an easy-to-use Graphical User Interface (GUI). 

Although the tool itself is comprehensive, it takes time to learn how to use all its 

features. Since the knowledge learned by using this simulation is necessary, a detailed 

script explanation of the TCAD simulation is presented in the Appendix of this work. 
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9 Simulation Results 
Two simulation tools allowed us to gain a more profound understanding of the vertical 

device working principles. The first chronologically used simulation was the COMSOL 

semiconductor model, and the second was the Technology Computer-Aided Design 

(TCAD) of Sentaurus. It is important to note that the COMSOL simulation tool 

limitations forced us to change the computational tool during the study. For example, 

COMSOL could not account for the materials used throughout the work (organic and 

metal oxide semiconductors), which suffer from non-ideal characteristics. On the other 

hand, by using TCAD simulation, it was possible to add different physical models of 

amorphous materials and non-ideal device physics without compromising the 

numerical convergence of the solution.  

9.1 Organic Vertical Field Effect Transistor 

At the earliest stage of the research, we wanted to confirm the operational mechanisms 

of the vertical transistor; therefore, we used COMSOL simulation to study the Patterned 

Electrode (PE) VOFET device. First, the PE-VOFET structure is made in a layer-by-

layer form having a 100nm gate oxide on top of a highly doped silicon gate electrode. 

Next, the perforated source electrode had a high barrier (0.7eV) for injection to the 

organic semiconductor on top of it. Finally, the device stack was finished by a drain 

electrode 200 nm away from the gate oxide interface with organic material in between. 

Figure 35 shows the device perforation cross-section capturing the electron charge 

density at a given gate and drain bias.   
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Figure 35 Charge density distribution overlaid on the VOFET structure. a) A global view showing the formation of 
the vertical channel (Vds=Vgs=5V). b) A zoom-in at the left source electrode edge.  

The simulation confirms the fundamental device operation of the vertical transistor, 

where at a given gate voltage above the threshold voltage, charge carriers accumulate 

at the gate oxide- semiconductor interface and form the so-called device virtual contact 

at the perforation area.65 The perforation region is the non-overlapped area between the 

source and the drain, in which both gate and drain electrodes can control the charge 

flow.  When a drain bias is applied, charges at the virtual contact drift towards the top 

electrode, and the current rises. It is important to note that the current flows from the 

entire hole area at low drain biases; however, this is not always the case, as we will see 

in a later discussion. Furthermore, if we zoom into the source contact area, we notice 

that the charge density is different along the edge of the contact. The non-uniform 

charge distribution implies a different injection rate between the source and the 

semiconductor interface.  

By examining the electric field lines next to the source contact in  Figure 36, it is clear 

that the highest electric field lines reside at the closest point to the gate oxide interface. 

Since an electric field can reduce the effective barrier height at the metal-semiconductor 

interface due to the image force barrier lowering mechanism, we would expect higher 

injection from a lower barrier interface at the electric field peak point. 
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 Figure 36. Electric field lines close to the source edge (Vds=Vgs=5V). 

Furthermore, from Figure 36, the electric field at the edge of the source electrode is not 

uniform, promoting a non-uniform injection from the field exposed source electrode. 

Since the top of the source electrode is directly under the drain electric field, one would 

expect a high drain dependence on the transistor current characteristics. Thus, the 

primary device architecture implies that the source electrode should have a considerable 

injection barrier for the vertical transistor to work. A consequence is a limited 

maximum current that the device can deliver. 

 Figure 37 shows the current distribution in the device at the 5 volts gate bias and higher 

drain bias of 7 volts. When the drain bias rises above the gate bias (minus the threshold 

voltage), the current starts to flow upwards, mainly close to the edges of the 

perforations, confining the virtual contact close to the source electrode.  
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 Figure 37. Current density distribution overlaid on the VOFET structure. a) A global view of the device and the 
vertical channel (Vds=Vgs=5V). b) A zoom close to the source edge and for Vds=7V. 

In that scenario, the high drain field immediately influences the charges entering the 

device at the source edge; therefore, they drift towards the drain. Furthermore, the 

entering charge carrier cannot reach the entire perforated area due to the substantial 

drain electric field. Hence, the perforated center depletes from charge carriers at high 

drain biases and the current confines close to the source contact edge. This phenomenon 

was not observed in A. Ben-Sasson's work since he used ~100nm size perforations 

where we use microns size holes. 65 

After establishing a good understanding of the basic structure, we used COMSOL 

simulation to understand how to achieve a saturation-capable Permeable Source (PS) 

VOFET device. Since the basic PS-VOFET structure 64 suffers from parasitic drain-

induced current, we wanted to study how different device architectures improve the 

device performance and enhance the saturation region. Furthermore, since the most 

significant contributor to the parasitic drain injection is the overlap area between the 

top of the source electrode and the bottom of the drain electrode, different forms of 

source insulating layer were considered in Figure 38.   
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Figure 38 Illustration of the different designs for PS-VOFET traditional vertical architecture a) with top source 
insulator b) with top source insulator and added buried semiconductor layer c) with top and side source insulator 
and added buried semiconductor layer. d) e) and f) present the semi-log output characteristic of the different 
architecture in the same order. The inset of figure d) is a log-log output characteristic, while the inset of figure f) is 
a linear scale output characteristic. 76   

In Figure 38, one can see the overview of the three device's architecture and the 

corresponding output characteristics on a semi-log scale. By changing the device 

construction, the output characteristics can gain the needed saturation region or increase 

the gate control of the vertical device. 76  

In Figure 38a, covering the top of the source electrode while leaving the electrodes' side 

facets exposed reduces the OFF current part attributed to the source's direct-injection 

upward toward the drain that takes place regardless of the gate bias. When the top 

contact is insulated, the current flow is limited to the perforated area, and it emanates 

from the virtual contact created through injection from the side facets. Although the 

current is limited to the side facet, there is still a gradient of an electric field along the 

source side facets attributed to the drain-induced electric field. The gate-induced field 

is limited to a small portion of the gate insulator- semiconductor interface. Hence this 

structure still lucks the saturation capabilities. The architecture in Figure 38b shows 

similar characteristics to the previous architecture (Figure 38a). The side faucet is still 

exposed to the high drain field, making this architecture hard to saturate.  
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Next, we considered a new architecture since the electric field plays an essential role in 

the device's performance. Figure 38c illustrates the improved device architecture by 

adding a semiconductor buried layer and covering the side facets of the source electrode 

with an insulator.71, 72, 102, 103 The added buried layer allows the current to flow at the 

semiconductor-insulating interface (laterally) towards the virtual contact before 

experiencing the drain electric field. In addition, the side facet coverage forces the 

current flow towards the gate, reducing the drain electric field injection dependency. 

However, since the new architecture pushes the fabrication process to its limit, different 

architecture without the source side coverage was presented in Figure 38b, suggesting 

a possible outcome for an unsuccessful fabrication process of the device in Figure 38c. 

Looking at the different devices' output curves, one can see that adding a buried layer 

to the traditional PS-VOFET device (Figure 4b) does not benefit from an improved 

saturation. Adding the buried layer without covering the side facets reduces the current 

since the gate is farther away from the vertical channel. On the contrary, if fabricating 

the new structure is fulfilled (Figure 38c) and the sidewall coverage succeeds, it 

improves the device saturation capabilities. Since the side facets are covered, the strong 

dependency of the electrode thickness subsides; however, new architecture constraints 

arise. The simulated results came to show the device operation in different scenarios of 

a set of fabricated devices. The output characteristics of the fabricated devices 

fabricated by Greenman 76 are presented in Figure 39 to show how well the simulation 

resembles the fabricated device results.  
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Figure 39 Measured output characteristics by Greenman et al. of PS-VOFET with (a) no buried layer and top source 
insulator and (b) with buried layer and both top and side source insulator. The inset shows the data on a log-log 
scale.76  

Indeed, the results showed a good fit for the fabricated device saturation capabilities. 

Therefore, we ran an in-depth study to explore how different architecture parameters 

affect the device performance of the architecture presented in Figure 38c. This study 

will allow us to give a set of rules to fabricate the best performance vertical transistor 

in this specific architecture.  

The first tested architecture parameter is the buried layer thickness performance 

dependence. Although Kwon et al. investigated the current dependency on the buried 

layer thickness, more information was needed to understand its influence on the device 

saturation.72 In the following simulation set, the injection barrier was 0.7eV, as in the 

previous explanation detailed.76 Figure 40 shows the simulated output characteristics 

for different buried layer thicknesses. As the thickness of the buried semiconductor 

reduces, the drain bias harmful effect on the device current diminishes.  There are two 

main noticeable changes. First, the thinner the buried layer, the better the saturated 

region is. Second, the thinner the buried layer, the lower the current in the low gate bias.  
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Figure 40 (a) simulated output characteristics of 10nm vs. 20nm buried active layer thickness (b) Simulated output 
characteristics of 20nm vs. 50nm buried active layer thickness.  

The charge density distribution in Figure 41 can explain the improved saturation 

capabilities. At first glance, for a thin buried layer (Figure 41a), the charge carriers 

below the injecting electrodes tend to spread across the entire thickness of the buried 

layer due to the contact boundary conditions. On the other hand, for a thicker buried 

layer (Figure 41b), the charge carriers tend to accumulate at the gate insulator 

semiconductor interface away from the source contact. Furthermore, when the thick 

buried layer device saturates, the charge injection confines to the contact edge, visible 

as a yellow filament extending from the source to the drain electrode. This edge 

injection also enhances the vertical channel's charge density, clarifying the higher 

current in the output curve. 

 
Figure 41 Charge carrier distribution inside the device close to the source electrode edge (a) 10nm buried layer 
(b)20nm buried layer. 𝑉!" was set at 3V and 𝑉#" at 20V, in both cases. 

Next, since the non-buried vertical architecture, Figure 38a, performance is highly 

dependent on the source barrier height 64, 68, 104, 105, the new buried layer vertical 

architecture was tested to see its dependency on the source barrier height. The 
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simulation results in Figure 42 show that the drain current increases with lower barrier 

height at the source electrode. 

 
Figure 42 Output characteristics of the saturation enhanced structure (Figure 38c) with different injection barrier 
heights. The buried layer thickness is 50nm. The inset shows the current-voltage curve in the log-log scale with a 
fitted m=2 slop green line to illustrate the space charge limited regime for barrier height of 0.3eV. 

However, as the barrier height reduces, the ON/OFF ratio reduces (Vgs=0 current goes 

up), and the device's saturation degrades, similar to the previously reported non-buried 

vertical device. 64 In addition, for a low injection barrier, the drain can pull charges 

from the source regardless of the gate bias, explaining the transistor's high OFF currents 

and reduced ON/OFF ratio. Hence, to better turn off the device, a significant negative 

gate voltage must be applied. The saturation degradation is another consequence of the 

gate not playing a significant role. Thus, the device exhibits a space-charge-limited-

current for the lowest barrier height characterized by a power law of 2 (inset to Figure 

42). On the other hand, the device becomes injection limited for more significant barrier 

height, and consequently, the saturation region appears.  

Looking at the results produced for the latest vertical device architecture (Figure 38c), 

we may conclude that blocking the top and side facet and limiting the injection only to 
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the bottom buried layer demonstrates an improved saturation. However, to achieve an 

acceptable saturation, a significant injection barrier is required.  

9.2 Vertical Shielded Organic Field-Effect Transistor 

Next, we considered a new source structure to improve the vertical device architecture 

and minimize the parasitic drain bias effect (Figure 43). The new structure features a 

thin metal layer that protrudes into the source insulator to shield the source-

semiconductor interface from the drain electric-field, similar to the field plate in source 

gated thin-film transistors.106, 107 For reference, the length of the metal protrusion 

marked as 𝑊;<, will be called the source shield. 

 
Figure 43 New device architecture to improve the gate control. The length of the metal extrusion will be called the 
shield size. 

To start comparing the different source electrode structures (shielded and non-

shielded), Figure 44 shows colormaps of the electric field and the current density 

magnitudes of the new shielded structure (Figure 43) and the one described in Figure 

38c (termed non-shielded device). From the electric field of the non-shielded vertical 

structure, Figure 44a, one can observe a pick of the electric field magnitude at the edge 

of the source electrode. Since there is a high electric field at the edge of the source 

electrode, a relatively high current is being injected from that area, Figure 44b. Next, 

we compare these results to the new structure to unambiguously determine if these 

parasitic effects are due to the drain-source bias. In Figure 44c and Figure 44d, we set 
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the source shield size to 40nm. The results show a reduction in the electric field's 

magnitude at the edge and a reduction in the edge current. Furthermore, the current is 

drawn mainly from the charge accumulation at the semiconductor-gate insulator 

interface for the shielded device (Figure 44d). 

 
Figure 44 Electric field for (a) non-shielded device (c) shielded device, and current density for (b) non-shielded 
device (d) shielded device. The color map represents a saturation region 𝑉$%=3V and 𝑉&%=20V. The injection barrier 
was 0.7eV. 

To further explore the origin of the high drain electric field at the source edge, one can 

see the vector representation of the electric field in Figure 45. The concentrated field at 

the edge of the source electrode for the non-shielded device originated from the drain 

applied bias. Shielding the edge of the source electrode by a 40 nm metal protrusion is 

enough to eliminate the parasitic drain bias effect and force the electric field line to be 

perpendicular and have equal strength on the source boundary interface. 
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Figure 45 Vector representation of the electric field near the source electrode for (a) non-shielded and (b) shielded 
device. In the simulation, the injection barrier was 0.7eV. 

It is important to note that the electric field along the source-semiconductor interface is 

not uniform but growing as it gets closer to the virtual vertical contact. The non-uniform 

electric field caused by the drain applied bias results in a gradient of the injection at the 

source interface and barrier modulation due to the image force lowering potential. The 

effect of Drain-Induced Barrier Lowering (DIBL) is known in short channel inorganic 

transistors to discourage the presence of the saturation region.108-111 The red markers in 

Figure 45 illustrate the effect of the metal protrusion. Thus, it is not only that the 

parasitic effect was "pushed" from the injection edge, but also the electric field towards 

the gate becomes evenly distributed on the source-semiconductor interface. 

As we continued to explore the two devices' differences, we present their output 

characteristics in Figure 46.  
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Figure 46 Output characteristics of the shielded (dashed line) and the non-shielded (solid line) vertical transistor. 

The range of the drain bias extends well into the saturation region to see the negative 

effect of the DIBL and the undesirable drain-induced injection in the saturation region. 

The output curve for the shielded device enters the saturation region early since the 

Schottky barrier creates a depletion layer through the buried semiconductor 106, and the 

metal shield protects the edge from the DIBL effect.  

Next, we conducted a protrusion length dependence simulation to determine how the 

length of the metal affects the device's electrical behavior. The device output 

characteristics in Figure 47 illustrates its saturation performance change concerning 

different metal protrusion lengths. The bias range extends well within the saturation 

region since the gate voltage is 5 V for all devices. From Figure 47, one can see that as 

the metal shield size increases, the parasitic effect of the drain field reduces.  
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Figure 47 Output characteristics for different lengths of the source shield (the gate voltage is kept constant at 5V, 
and the injection barrier was 0.7eV.) 

The simulation shows that a minimum metal shield length of 30-40 nm is needed to 

reduce the parasitic drain bias effect and achieve an improved drain saturated device. 

Figure 46 shows that the device control improves at high gate voltages and low gate 

voltages. In contrast to the non-shielded structures, the shielded structure realizes 

excellent gate control and short-channel VOFET. 

Next, we simulated the device dependency on a source barrier height. It is critical to 

study how the barrier height of the source contact (including protrusion) affects the 

device performance since the non-shielded device showed substantial dependence on it 

for the device operation (~0.7eV). Figure 45b suggests that the shielded vertical device 

can be less susceptible to the source barrier height for the device operation. By 

examining the electric field lines, one can see that the metal protrusion reduces the 

parallel line originating from the drain field since those terminate at the protrusion edge. 

Additionally, the extreme case of minimal sources barrier height was studied to prove 

the saturation capabilities of the shielded structure.  Since a source energy pinning 

effect exists in an actual device, we simulated a ~0.25eV for the injection barrier 
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next.112 Figure 48 shows the output characteristics of the shielded device with different 

shield sizes and a small barrier height. Since the barrier is only 0.25eV, we mainly see 

the effect of the parasitic drain injection due to the strength of its field added to the 

DIBL effect.  

 
Figure 48 Output characteristics of the shielded device with different shield sizes (the gate voltage is constant at 
5V). The inset shows the current-voltage curve in a log-log scale with a fitted m=2 slop (orange line) to illustrate 
the space charge limited regime. 

Previously one found that for a shielded vertical device with a source barrier height of 

0.7 eV, a ~40 nm metal protrusion is needed to eliminate the drain electric field 

dependency in the saturation region. However, when one reduces the source barrier 

height, a small shield size does not eliminate the parasitic device current due to a high 

drain field; therefore, in this case, a larger shield size is needed to enter saturation. 

Moreover, for low barrier height, a higher drain voltage is needed to enter the injection-

limited region. Figure 48 inset clearly shows that the device starts at a slope of m=2, 

representing the SCLC, and reduces to m=1 (contact limited injection) as it moves to a 

higher drain bias. 
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Finally, we investigated the effect of thickness of the buried semiconductor layer (under 

the source). Earlier, we saw that for a non-shielded device, the electrical performance 

improves as the buried layer thickness reduces. In this case, for the shielded device, the 

results point in the same direction. As the thickness of the buried layer reduces, the 

length of the shield needed to achieve good saturation reduces. Figure 49 compares four 

shielded devices, two buried layer thicknesses (dBL) of 15 and 50 nm, and two different 

metal protrusion lengths of 75 and 150 nm. In all cases in Figure 49, the source barrier 

height was 0.25eV. 

  
Figure 49 Output characteristics of different electric field screening lengths and buried layer thicknesses (the gate 
voltage kept constant at 5V). 

From Figure 49, it is clear that the thinner buried active layer helps the device's 

electrical characteristics to enter the saturation region in lower drain biases. In addition, 

as before, the thin buried layer limits the charge carriers throughout it, allowing the gate 

to control the device performance better. 

Figure 50 summarizes the device evolution from the non-insulated source electrode 

through introducing the top and side source insulator with a buried semiconductor layer 

to the new shielded source electrode. 
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Figure 50 Output characteristics of the device structures shown in (a) Figure 38a without the source insulator, (b) 
Figure 38c, and (c) Figure 43. Note that the vertical axis for (a) is different. 

Through the device evolution in Figure 50, one can see the improvements in the device 

saturation. However, realizing the field relief structure for the vertical transistor may 

add substantial fabrication complexity while not avoiding the need for a high injection 

barrier for achieving an improved saturation. Therefore, we introduce a new source 

concept next.  

9.3 Double Work Function Vertical Field-Effect Transistor 

The new design concept (Figure 51) implements the metal shield as both a drain field 

relief for the parasitic charge injection and a charge-carrier concentration limiter due to 

the boundary condition set by the high Schottky barrier.106, 107  

In the new device, two different metals, one with a low work function and one with 

high work function, are combined in a stacked formation to assemble the source 

electrode. The stacked formation allows for the high work function metal to completely 

cover the low work function metal. Therefore, the device operates as the two metals are 

placed next to each other at the semiconductor interface. Throughout this section, we 

would refer to the new device as a Double Work Function (DWF) transistor for ease of 

discussion.  
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Figure 51 Illustration of the new DWF source vertical field-effect transistor. LSO defines the source oxide coverage 
length, LM2 defines the high barrier metal coverage length, ΦSB defines the high injection barrier, and ΦM1 defines 
the small injection barrier. 

We used Zinc Oxide (ZnO) or Indium Gallium Zinc Oxide (IGZO) as the buried 

semiconductor parameters in the Sentaurus TCAD simulation. The material parameters 

of AOS, specifically the IGZO, were implemented to make the simulation realistic and 

study the channel length effect.  

In order to find the IGZO parameters, a 10um channel TFT was fabricated and 

measured. The measured characteristics were analyzed and then fitted using Sentaurus 

TCAD simulation.  The role of the numerical fitting was to allow us better suggest 

relevant IGZO density of states. These would primarily be the tail states and the oxygen 

vacancies, as illustrated in Figure 52.  

 

 
Figure 52 Illustration of the simulated Density of states distribution for the IGZO material. 
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The simulation used the trap module that controls the acceptor and donor-like tail states 

and realizes the sallow donor-like gaussian trap states close to the conduction edge, 

similar to other models used for IGZO TFTs. 113-115 The shallow doner distribution 

illustrates the oxygen vacancy phenomenon that is inherent to the amorphous metal 

oxides. The model realizes the oxygen vacancy distribution as a gaussian distribution 

with N=$% as its max density , 𝜎=$% as its standard deviation and E! as its peak energy. 

An exponential distribution decay describes the two tail states concerning the 

conduction and valance bands. One can refer to the exponential tail donor and acceptor 

pick densities as N=> and N?>  and their exponential energy decay as 𝜎=> and 𝜎?> 

respectively.  

Table 1 summarizes the complete parameters used for the IGZO material.  

 

Parameter symbol Value 

𝒒𝝌	[𝒆𝑽]		 𝟒. 𝟏𝟔𝒂	

𝑬𝒈[𝒆𝑽]	 𝟑. 𝟐𝒂	

𝝁𝒏[𝒄𝒎𝟐𝑽+𝟏𝒔+𝟏]	 𝟎. 𝟑𝟑𝒃	

𝜺𝑰𝑮𝒁𝑶	 𝟏𝟎𝒂	

𝑵𝒅𝒐𝒙[𝒄𝒎+𝟑𝒆𝑽+𝟏]	 𝟐 ∗ 𝟏𝟎𝟏𝟕𝒄	

𝝈𝒅𝒐𝒙[𝒆𝑽]	 𝟎. 𝟏𝟐𝒄	

𝑬𝟎[𝒆𝑽]		 𝟒. 𝟑𝟔𝒄	

𝑵𝒅𝒕[𝒄𝒎+𝟑𝒆𝑽+𝟏]	 𝟏. 𝟓𝟓 ∗ 𝟏𝟎𝟐𝟎𝒂	

𝝈𝒅𝒕[𝒆𝑽]	 𝟎. 𝟏𝒂	

𝑵𝒂𝒕[𝒄𝒎+𝟑𝒆𝑽+𝟏]	 𝟏 ∗ 𝟏𝟎𝟐𝟎𝒄	

𝝈𝒂𝒕[𝒆𝑽]	 𝟎. 𝟏𝒂	

 

Table 1 IGZO material parameter list for TCAD simulation (a) literature reported 115  (b) measured (c) fitted. 

In Table 1, 𝜒 is the electron affinity, Eg is the electronic bandgap, µn is the electron 

mobility, and 𝜺@*A& is the IGZO relative dielectric-constant. 

Figure 53 presents the experimental and simulated transfer characteristics of a 10𝜇𝑚 

channel length IGZO device. As mentioned before, this simulation gave an estimation 

for the Sol-Gel IGZO material parameters to use in the new architecture simulation. It 

is important to note that the DOS for the IGZO is assumed uniform throughout the 

layer, and it does not seek to estimate the OFF current levels. 
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Figure 53 Experimental (solid line) and simulated (dashed line) transfer characteristics of a 10um IGZO TFT device. 
(a) Semi log y scale (b) Linear scale. 

After finding the best parameter that describes our Sol-gel fabricated transistor, we 

continue with the DWF vertical device simulation. 

The first IGZO-based DWF VFET simulation tested the potential physical fabrication 

differences and how they influence device characteristics.  Since the fabrication of the 

actual device presented in the experimental section was complex, the simulation tool 

quickly estimated the fabrication outcome from the simulated results. Moreover, the 

different operational mechanisms of the new device were analyzed. Testing different 

layouts can potentially detect electrical measurement characteristics associated with 

structural differences. This simulation will help us in later chapters, where we talk about 

the electrical measurements of the constructed devices and try to understand their 

performance based on the device simulation. Figure 54 illustrates the three different 

DWF vertical device architectures. 
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Figure 54 TCAD representation of a close up next to the source electrode edge for (a) source insulator complete 
coverage up to the edge of the high barrier metal (b) source insulator complete coverage of the high barrier electrode 
and extension of this coverage towards the hole area and (c) similar description of (b) but without the top organic 
material layer. Source M1 is a metal that gives an ohmic contact to the buried layer, and source M2 gives a Schottky 
barrier to the buried layer.  

Figure 54 illustrates the simulated devices with a P++ doped silicon gate and 100𝑛𝑚 

SiO2 gate insulator. For all devices, the  previously fitted IGZO served as the buried 

semiconductor layer, M1 metal was an Ohmic (𝜙BC = 50𝑚𝑒𝑉 barrier) contact, and M2 

metal created a Schottky barrier with a barrier height of 𝜙;D and 𝐿B" = 100𝑛𝑚. For 

Figure 54b and c, the Al2O3 source insulator coverage length was 𝐿;& = 200𝑛𝑚. For 

Figure 54a and b, the C60 organic material thickness was 200𝑛𝑚. Finally the drain 

contact had a low barrier to the C60 organic material. If one is interested, Appendix E – 

Sentaurus TCAD simulation) presents the complete device parameters and TCAD 

script. 

In the first simulation, one tested the M2 metal work function effect on the different 

device structures. First, the metal work-function is changed to realize a barrier (𝜙;D) of 

0.05eV for Ohmic contact up till 1.05eV for high Schottky contact. Then, the device's 

electrical characteristics and other parameters are analyzed to describe the new device's 

operational mechanisms fully.  

Figure 55 shows the transfer characteristics of the devices in the same order. The 

different color lines correspond to a specific M2 barrier height of injection to the buried 

semiconductor layer, and it is marked on the legend of each graph. The different drain 

biases are represented by the solid and dashed lines for 0.5V and 3V, respectively. 
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Figure 55 The transfer characteristics of the different device layouts for different barrier heights in M2 metal 
concerning the buried semiconductor. The solid line represents the transfer curve at Vds=0.5V, and the dashed line 
represents the transfer curve at Vds=3V. 

From the transfer characteristics, it is clear that all the devices with low M2 barrier 

height (blue curve) suffer from the drain-induced parasitic current named Vt roll-off.71, 

81, 108, 116, 117 The increased drain electric field causes a parasitic charge injection which 

can explain the Vt roll-off. Hence the vertical DWF device has to be constructed using 

a sufficient barrier height at the edge of the source electrode to reduce the parasitic Vt 

roll-off effect. Additionally, when M2 barrier height increases, the electrical 

characteristics become less affected by the drain electric field. Furthermore, by 

maintaining a low barrier M1 metal, the absolute current value does not suffer much 

reduction. 

Additionally, the transfer characteristics show the potential effect of a device 

fabrication failure and success. For example, if we encountered the following electrical 

characteristics during the electrical measurement in the next section, it gave us a hint 

on the fabrication misconstruction and expedited the failure analysis process. Figure 55 

(a) simulates a potential deposition failure of the source oxide side coverage, (b) 

illustrates a vertical hybrid device, and (c) illustrates a fundamental DWF TFT. One 

will discuss the DWF TFT in the next chapter. All devices use the two metals assemble 

to improve the device performance.  

The first two graphs resemble each other since the first is an example of a failure in the 

fabrication process (i.e., no complete source oxide coverage). Analyzing the first 

structure, one can see that its transfer characteristics are similar to the second structure 

if the barrier at M2 is sufficient. This finding allowed us to determine that the length of 

the source insulating layer (LSO) would only affect the vertical device performance for 

a small M2 injection barrier. Figure 56 shows the 2D current density, which illustrates 
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the negative effect of the source oxide minimal coverage length (Figure 54a) 

concerning the M2 barrier high at the OFF state.  

 
Figure 56 2D current density at OFF state (Vds=0.5V Vgs=0V) for the device presented in Figure 55 (a) when (a) 
𝜙": = 0.05𝑒𝑉 (b)	𝜙": = 0.6𝑒𝑉 (c)	𝜙": = 0.75𝑒𝑉 and (d)	𝜙": = 1.05𝑒𝑉. 

It is important to note that the organic C60 layer has a slight conduction energy 

mismatch; therefore, it promotes charge accumulation at that interface when the current 

is flowing towards the drain. Since the M2 source metal is at the edge of the source 

stack, it is highly susceptible to the drain electric field. A small barrier would induce a 

high Vt roll-off (Figure 56a). As the barrier increases, the OFF current reduces while 

shifting the VON towards the positive bias. In addition to the OFF current reduction, the 

Vt roll-off reduces, and the subthreshold slope degrades.  

Another effect of the higher barrier of M2 contact is that it promotes saturation at low 

drain biases. Additionally, as the M2 barrier Increases, the range of saturation widens, 

illustrated by Figure 57, as each gate bias sweep results in a constant current for 

different drain biases. Since the VON shifts to the positive gate biases, a higher gate bias 

must be applied to achieve a certain saturation current level. 



86 
 

 
Figure 57 Transfer characteristics of the device from Figure 56a with different barrier heights of M2 metal 
represented by the different colors. The elliptical markers present the range of saturation increased by the barrier 
height. 

As we continue to explore the different devices in Figure 55, one can see that the side 

insulator-covered source device (Figure 54b) is not affected by the drain proximity as 

much as the device with no source insulator side coverage (Figure 54a). Nevertheless, 

the drain bias still shifts the threshold voltage for the source-side covered device if M2 

contact has a low injection barrier. Analogous to the last device, as the barrier increases, 

the saturation range increases, and the threshold voltage shifts towards the positive bias. 

Furthermore, the on-current originates from the low barrier contact as the high barrier 

contact increases, as Figure 58 illustrates. 

 
Figure 58 2D current density at ON state (Vds=8V Vgs=10V) for the device presented in Figure 55 (b) when (a) 
𝜙;D = 0.05𝑒𝑉 (b)	𝜙;D = 0.6𝑒𝑉 and (c)	𝜙;D = 0.75𝑒𝑉 . 
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9.4 Double Work Function Thin Film Transistor 

In order to grasp the full potential of the DWF source electrode, the bulk organic layer 

is removed, creating the planer structure illustrated in Figure 59. Since reducing the 

organic layer thickness to the minimum, one can optimize the DWF source electrode 

without considering the added interface between the IGZO and organic material. Thus, 

understanding the DWF TFT architecture can give us critical insight into how the new 

source electrode works in the extreme drain field case. Also, it could suggest what the 

ultimate design parameters of the source electrode are. Furthermore, it can point to the 

root design drawbacks that might arise in our fabrication process.  

 
Figure 59. Illustration for the double work function source TFT, similar to the fabricated device using the self-
aligned angular deposition method. Note the symmetric layout where the source insulating coverage length is 
marked by 𝐿"; and the Schottky contact metal length is LM2. 

To have a reasonable comparison to a known device, studying how the channel length 

reduction affects the Bottom Gate Top Contact (BGTC) TFT architecture is necessary. 

Thus one should start by simulating a single metal BGTC TFT (Figure 7a) architecture 

with and without a source contact barrier for different channel lengths. The simulation 

results compare an ohmic contact IGZO-based short channel TFT (Figure 60a) to a 

similar TFT with a source Schottky barrier of 0.6eV and 1.05eV (Figure 60b and c). 
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Figure 60 Transfer characteristics on different channel lengths BGTC architecture for (a) 50meV barrier height  , 
(b) 0.6eV barrier height  and (c) 1.05eV barrier height source contact. The current is normalized to the width of the 
channel. 

One can see from Figure 60a that the IGZO TFT starts to suffer from short-channel 

effects when the channel length is equal and below 500nm. It is clear that the solid 

(Vds=0.1V) and dashed (Vds=3V) do not overlap, suggesting the inability of the device 

to saturate. Also, the subthreshold increases as the channel length reduce. On the other 

hand, if a moderate barrier of 0.6eV exists at the source contact interface (Figure 60b), 

the short-channel effect reduces. When the device is at an ON state, the current follows 

contact-limited injection, independent of the channel length. Also, the overlap between 

the solid line and the dashed line for the two different drain biases suggests the device's 

saturation. The ability to enter the saturation in low drain bias is due to the depletion of 

the semiconductor under the source contact, similar to the previously reported Schottky 

gated transistor .106, 118 The potential of achieving saturation in Schottky gated transistor 

is excellent; however, it comes in a cost of reducing the potential output current in the 

device due to the high barrier. Figure 60c shows the potential of the current reduction 

due to high barrier height. Therefore, the DWF source comes to overcome this effect 

by using the combined metal electrodes.  

The ultimate design for DWF TFT will limit the number of charges on the interface 

between the Schottky contact and the IGZO while terminating the drain electric field at 

its edge. Furthermore, it will dictate a high ON current by the Ohmic contact.  

Simulating the proposed DWF TFT, the first test was to study the effect of the M2 

barrier height (𝜙;D) on the device performance without changing the electrode layout 

and dimensions (Figure 61). In all DWF TFT simulations, M1 had a 50	𝑚𝑒𝑉 injection 

barrier.  
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Figure 61 DWF TFT simulated transfer curve with 200 nm 𝐿𝑚2 and 200 nm 𝐿𝑠𝑜 for (a)50meV (b)0.6eV (c)0.75eV 
(d)1.05eV M2 barrier height. The current was normalized by the width of the fabricated DWF device. 

In Figure 61, the different transfer curves show how the 𝜙;D barrier height changes the 

device characteristics. As 𝜙;D increases the short channel effect weakens. One can see 

that when a small barrier exists in Figure 61 (b), it improves the saturation region, 

similar to Figure 60. When the 𝜙;D is sufficient large it enables full control by the gate 

throughout the voltage range Figure 61 d. In contrary, unlike the BGTC single work 

function device where the ON current reduces by a factor of 10", here the current for 

low drain biases is reduced only by a factor of 2 (for 𝜙;D = 0.6𝑒𝑉). Moreover, when 

using a 1.05𝑒𝑉 source barrier the ON current reduction, for the device in Figure 60c, is 

staggering in contrast to the DWF TFT reduction of only a factor of 30. Since the 

0.75𝑒𝑉 is a mid-stage between low and high barrier we continued to explore it in later 

charge distribution and current density figures. 
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Figure 62. Output characteristics of (a), (c) double work function (DWF) and (b), (d) single work function (SWF) 
TFTs. The Schottky barrier height used is 0.75eV (a), (b) and 1.05eV (c), (d). The full, dash-dotted, and dashed lines 
represent TFTs having a channel length of 1000nm, 500nm, and 200nm, respectively. The current is normalized to 
the channel's width. 

To complete the comparison, we plot, in Figure 62, the output characteristics of TFTs 

of single (Figure 62 b and d) and double work function (Figure 62 a and c) source 

electrode. The barrier used is 0.75eV (Figure 62 a and b) and 1.05eV (Figure 62 c and 

d). Comparing the double work function (DWF) TFTs with the single work function 

(SWF) TFTs, we note two major advantages. The saturation and output resistance are 

improved, and the ON currents are higher by 4 to 6 orders of magnitude. 

After seeing the potential improvement by the DWF source electrode, we dig deeper to 

understand its operational mechanisms better. From Figure 61c, it is clear to see two 

parts in the transfer curve: the effect of low gate biases and high gate biases. Examining 

the charge distribution and the current distribution within the semiconductor layer in 

low and high gate conditions unveils the ON and OFF current mechanisms. Figure 63 

shows the current and charge distribution for gate bias voltages of Vgs=-5V and 

Vgs=+7.5V with the same simulation conditions of Figure 61c. Examining the current 

path in low gate bias (Figure 63a), the current path originates mainly from the high 

barrier metal source edge. Since the gate did not fully form a channel, the carriers were 
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forced to flow away from the gate insulator-semiconductor interface. Thus, it is clear 

that the device's leakage mechanism is limited by the M2 blocking any current from 

reaching M1, and its level is determined by the M2 direct injection towards the drain 

electrode.  

In positive gate bias, the gate accumulates enough charges to create a conductive path 

under the M2 contact, leading to current flow. In addition, the fact that the high barrier 

of M2 depletes the IGZO helps the gate modulate the conductive path only at its 

proximity leading to a gather gate control and a potential for higher on current despite 

the significant barrier. 

 
Figure 63 Current concentration (a, b) and electron density (c,d) for gate bias of 	𝑉$% = −5𝑉 (a, c) and  𝑉$% =
7.5𝑉(b, d). The applied drain bias and the source barrier was 𝑉&% = 5.5𝑉 was  𝜙%@ = 0.75𝑒𝑉. 

Figure 63 c and d show the charge density throughout the semiconductor layer. In low 

gate bias conditions (Figure 63c), the M2 metal successfully depletes the 30nm 

semiconductor directly under it, turning the transistor OFF. Nevertheless, a potential 

current leakage path can be seen when charge carriers accumulate far from the gate 

insulator under the source insulator. Additionally, the drain electrode above the channel 

with the source insulator in between acts as a second gate promoting drain-induced 

accumulation. After seeing the charge density and current path explanation, one can 

conclude that the raised current in low gate biases in Figure 61c originates from the 

high barrier metal. Looking at the charge density distribution in high gate bias in Figure 
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63d, one can see the accumulated charges forming the conductive path of the transistor. 

The conductive path allows the transport of charges to M1 metal hence creating the ON 

current. Additionally, the charge carriers deplete the semiconductor-gate insulator 

under the high barrier source edge at high gate biases. The charge depletion creates a 

pinch-off point that promotes saturation for low drain biases. 119 

Examining further the drain dependency from Figure 28d, a slight drain-induced Vt 

roll-off on the transfer characteristics exists. To understand its source, the current 

density in Figure 64 presents a zoom-in view for 𝜙;D = 1.05𝑒𝑉, Vds=0.5V, and Vds=8V 

when the transistor is on (Vgs=7.5V). 

 
Figure 64 Current density in 𝐴 ∗ 𝑐𝑚+A  for 𝜙%@ = 1.05𝑒𝑉 when 𝑉$% = 7.5𝑉 and (a)	𝑉&% = 0.5𝑉 (b)	𝑉&% = 8𝑉 . 

In Figure 64a, the red line presents the main current path close to the gate insulator 

interface, as it should. Examining the current density of the high drain voltage in Figure 

64b, one can compare the two and see two distinct phenomena. First, as the drain bias 

increases, the current path under the source oxide diverges upwards from its gate oxide 

confinement towards the source oxide. Second, it seems like there is a reduction of the 

effective channel length (channel length modulation) as we move to a higher drain bias. 

The two effects can explain the non-ideal saturation for the high barrier DWF TFT.  

Next, in our quest to understand the DWF source, we changed both the high barrier 

metal coverage length (𝐿B") and the source oxide coverage length (𝐿;&) while 

examining the device transfer characteristics. Figure 65 presents the transfer 

characteristics for 𝐿B" of 50nm 100nm and 200nm while changing the 𝐿;& for each one 

of them between 10nm to 200nm.  
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Figure 65 Transfer characteristics of the DWF TFT with 10nm to 200nm source oxide coverage length for (a) 200nm, 
(b) 100nm, and (c) 50nm high barrier metal coverage length. 

For Figure 65, as the source oxide coverage length increases, the first current rise 

(negative gate bias) in the previously discussed transfer characteristics (Figure 61) 

reduces. Additionally, since the source oxide coverage length dictates the lateral 

distance between the source and the drain, reducing it will proportionally increase the 

current as it increases the drain field. To understand the effect of the increased current, 

we can look at the electron density distribution within the semiconductor device. Figure 

66 shows the electron density at low drain bias (Vds=0.5V) and zero gate bias for source 

oxide coverage length of 10nm to 200nm. The high barrier metal is set to be constant 

at 200nm to eliminate its effect (Figure 65a). 

 

 
Figure 66 2D electron density in 𝑐𝑚+B  for 𝜙": = 0.75𝑒𝑉 when 𝑉&% = 0.5𝑉 𝐿CA = 100	𝑛𝑚  𝑉$% = 0𝑉 and 
(a)	𝐿%D = 10	𝑛𝑚 (b)	𝐿%D = 20	𝑛𝑚 (c)	𝐿%D = 50	𝑛𝑚 (d)	𝐿%D = 100	𝑛𝑚 (e)	𝐿%D = 200	𝑛𝑚. 

Figure 66d shows that when the source oxide is long enough, the depletion caused by 

the high barrier metal is sufficient to eliminate the conductive path close to the gate 
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oxide. On the other hand, if the source oxide length reduces, the drain electrode 

perturbed the charge depletion under the high barrier electrode, causing it to be 

insufficient for the complete current blockage. Therefore, as the source oxide reduces, 

the leakage current increases and the gate control deteriorates. 

Finally, looking across the three graphs in Figure 65, one can see that as the length of 

the high barrier metal increases, the saturation improves. Two phenomena competing 

with each other can explain this effect. First, the depletion region under the high barrier 

metal dictates the charge distribution directly under it. Second, the drain electric field 

influences the charge distribution next to the high barrier depletion region. If there is a 

very long high barrier metal, the drain electric field will not pull charges from the low 

barrier metal; therefore, saturation will be better demonstrated. However, increasing the 

metal coverage length will slightly reduce the current due to the increased ON 

resistance. On the contrary, if the high barrier coverage is short, the drain electric field 

will affect the charge distribution close to the gate oxide semiconductor interface, 

increasing the leakage current from M1 source contact. 
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10 Experimental Results 
The following chapter summarizes the main experimental results achieved during the 

study. We organized the data in order to put some perspective on the decision-making 

throughout the years. As in any research, especially in experimental work, results 

dictate the following action; hence it is essential to understand the reasoning behind the 

progress. 

10.1 Converging on Sol-Gel Based Semiconductors 

10.1.1 α-Si Based Thin-Film Transistors 

Starting the fabrication, we looked for an easy-to-use material that would fit the hybrid 

vertical structure previously presented. Since we wanted to focus on the architecture of 

the vertical device and not on the material aspect, the first prominent candidate was a-

Si. As the inorganic semiconductor part of the vertical transistor, the amorphous silicon 

had years of research done on it, we had a good idea on how to produce it quickly, and 

we had the facility and tools to fabricate it. 120 We deposited the a-Si using RF sputtering 

method, and we conducted multiple iterations with the deposition conditions to achieve 

a working TFT.121 It is important to note that the amorphous phase of silicon suffers 

from inferior electrical properties compared to its crystalline one. Therefore, it is vital 

to control the deposition chamber environment to achieve reproducible results. Since 

the usage of hydrogen gas was limited in the lab, we conducted the deposition and the 

post-annealing treatment without intently increased hydrogen concentration. As 

mentioned in the introduction, hydrogen atoms can improve the a-Si phase electrical 

performance since they bind to the dangling bonds of the silicon atom and reduce the 

number of localized states within the semiconductor bandgap88. After many attempts to 

achieve a working BGTC TFT, we managed to produce some results. Figure 67 

summarizes the characteristics results for the different deposition conditions for the RF 

sputtered a-Si layer. 
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Figure 67 (a) Transfer at Vds=20V and (b) output at Vgs=25V characteristics for different RF sputtering deposition 
conditions. 

Before starting the deposition process, a target clean was initiated using an RF plasma 

in an Argon reach environment at a pressure of 30mT. This procedure was done to clear 

the surface of the Si target to ensure a reproducible layer each time. After the target 

surface was clean, the chamber’s pressure dropped to the range of 5-10mT before 

opening the shutter and starting the deposition. The deposition was temperature-

controlled to room temperature. The chamber pressure, the gas environment, and the 

holder temperature all set the a-Si material parameters. In Figure 67, one can see the 

effect of three different deposition processes. Examining the subthreshold in the 

transfer characteristics, one can estimate that the resulting a-Si material is less ordered 

if the chamber’s pressure is high due to the increased subthreshold slope. Furthermore, 

for the same pressure conditions (6mT), a thinner layer (denoted by the open shutter 

time) favors controlling the turn-on voltage of the TFT. The best result of the TFT is 

presented in Figure 68 (6mT and 120s deposition conditions). 
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Figure 68 (a) transfer and (b) output characteristics of a-Si TFT using 6mT and 120s deposition conditions. 

The threshold voltage, subthreshold slope, and mobility of the device in Figure 68 are 

𝑉> ≈ 28𝑉 , 3 .
=E,

 and 1.05 ∗ 10FG ,-
!

.0
 respectively. The initial choice of the a-Si 

semiconductor material was to use it in the vertical hybrid architecture as a superior 

semiconductor material to the low mobility organic material. The results of the best 

TFT were inferior to those of reported organic material. Part of the limitation was 

attributed to the inability to use hydrogen gas during the deposition process. Therefore, 

we looked into different inorganic semiconductor materials that would serve our 

purpose. 

10.1.2 ZnO Based Devices 

Since the a-Si material took a significant amount of time to prepare and was of poor 

quality, we looked into materials that would not require complicated deposition 

techniques and that its quality parameters (namely: SS, 𝑉H ,	µI and ON/OFF ratio ) 

would surpass the previous a-Si. Furthermore, the new material had to be well-studied 

since the focus of the research is the vertical device engineering and not the material 

aspect of the matter. The chosen material was amorphous metal oxides and, in specific, 

Zinc Oxide (ZnO). As explained in the introduction, ZnO is a wide-bandgap 

semiconductor material with relatively high mobility in its amorphous form. The fact 

that the conduction band is generated by the hybridization of the metal S orbital gives 

it the ability to have high mobility in the amorphous phase. 26 Furthermore, ZnO can be 
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deposited using various techniques like solution process or Molecular Vapor 

Deposition (MVD). 122, 123  

10.1.2.1 BGTC Thin-Film Transistors 

As we introduce the results on the Zinc Oxide semiconductor, we will divide it into two 

categories: planer architectures (BGTC TFT) and vertical architectures (VHFET). The 

planer TFT will be fabricated by depositing a thin film on the SiO2 gate oxide and 

defining its contacts using a shadow mask, while the vertical structure will use 

lithography to define the bottom electrode, as explained in detail in the Methods and 

Techniques section.  

10.1.2.1.1 MVD Vs. Sol-gel for the ZnO Thin-Film Transistors 

Since there are different ways to realize the thin film semiconductor ZnO material, we 

wanted to study how two relatively easy procedures will affect the device performance. 

Figure 69 presents the electrical transfer characteristics of two BGTC TFTs made by 

MVD (dashed line) and Sol-gel (solid line)  deposition techniques.  

 
Figure 69 Transfer characteristics of ZnO BGTC TFT made by MVD (dashed line) and Sol-gel (solid line) 
techniques. 

The process for Sol-gel explained in detail in section 8.2.1.1.1 involves premixing metal 

oxide material in a vile with a specific concentration. After spin-coating the solution on 

a wafer, a heating procedure is initiated to evaporate the solvents decompose, and 

dehydrate the layer. On the other hand, the MVD deposition technique explained in 
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section 8.2.3.1.1 uses chemical surface reactions to achieve material deposition. In the 

MVD process, the wafer is exposed to two materials, the Diethylzinc precursor and 

water catalyst, to chemically create a thin layer of ZnO. For both methods, the final 

layer was aimed to achieve a thickness of ~5nm (confirmed by ellipsometry). After the 

layer deposition, the Si+ SiO2 wafer-covered ZnO went through low-temperature 

annealing (150℃) for one hour, followed by Aluminum deposition by a shadow mask 

to create the source and drain contacts. In Figure 69, one can see that the OFF current 

is lower for the MVD device compared to the Sol-gel one; however, this effect is present 

due to a periphery gate leakage effect. If one plots the gate current versus the gate 

voltage, the drain current follows the gate leakage. This effect is caused by the 

nonpatterned Sol-gel ZnO when the edge of the die is covered by the semiconductor 

material, resulting in an increased drain to gate leakage shown in the OFF current. It is 

also noticeable that the subthreshold (SS) and the drain bias stress effect are different. 

For the MVD device, the SS is 450 -.
=E,
	 and for the Sol-gel device it is 920 -.

=E,
	 . The 

difference in SS can be explained by the different surface treatment procedures of the 

SiO2 substrate before the semiconductor deposition.124 Nevertheless, the gate leakage 

for the Sol-gel device is substantial, limiting an accurate conclusion about the SS for 

this study. The drain bias stress effect on the transfer characteristics is seen in Figure 

69. In this effect, the MVD device saturation current degrades as the drain bias 

increases, while the Sol-gel device is less susceptible to that phenomenon. Figure 70 

shows the difference drain bias effect on the output characteristics for high gate bias. It 

is important to note that this effect is more substantial closer to the turn-on voltage 

when the transistor channel is starting to form by the gate field. 
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Figure 70 Output characteristics of ZnO BGTC TFT made by (a) Sol-gel and (b) MVD techniques. 

The effect of reduced saturation current and VON shift is attributed to charge trapping 

at the semiconductor gate insulator interface upon applying positive drain bias. 29 Since 

we were looking for an easy-to-fabricate material, we decided to proceed with the Sol-

gel method for the next experimental set that showed better throughput and stability. 

10.2 ZnO Transistors 

10.2.1 Passivation Layers 

The ZnO material is sensitive to the ambient changes concerning its water and oxygen 

content. Since the top surface of the TFT is exposed (in BGTC) to the surrounding, the 

unprotected device shows characteristics shift over time. 125 Furthermore, since an 

insulator partially covers the top metal oxide semiconductor (in the vertical transistor), 

we wanted to investigate how the TFT characteristics change concerning the top 

channel insulator capping layer. Figure 71 compared different insulator capping layers 

to understand their effect on the device performance.   
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Figure 71 transfer characteristics of ZnO TFT before and after deposition of the insulator capping layer. (a) is Al2O3 
(b) is Polyamide and (c) is SiO2. 

In the fabricated devices, ~20nm Alumina or Silica were deposited using our Vinchi E-

beam evaporator, and the polyamide was spin-coated in the facility’s cleanroom. 

Looking at the transfer characteristics in Figure 71, one can see that all the passivation 

layers caused a negative VON shift. Figure 71a and b have ~5V shift, while Figure 71c 

shift could not be measured. The VON shift is attributed to the oxygen vacancy 

generation in the ZnO layer. Using the E-beam evaporator to deposit insulating oxide 

makes it impossible to control the deposition stoichiometry without controlling the 

chamber environment. Therefore the metal atoms that arrive at the ZnO surface sites 

favor binding to the loosely bounded oxide within the ZnO matrix.126 As a result, the 

metals act as an oxygen vacancy promoter; therefore, the device experience a negative 

threshold voltage shift. As shown in Figure 5c, the Silicon atom is more likely to bind 

to available loosely bonded oxygen, and in an extreme case, it can create a highly 

conductive film. Since we are looking for a source insulator that will not interfere with 

the conductive transistor channel in the vertical process, we predominantly decided to 

work with Alumina as the source insulating layer.  

10.2.2 Gate Insulator Interface Effect on TFT Performance 

The trap-like behavior mentioned in the last section led us to study the gate oxide 

interface with respect to the device performance. Since some interfacial states can 

degrade the device performance, we wanted to determine the best candidate for the gate 

oxide in the vertical device architecture. Figure 72 summarises the transfer 

characteristics for different gate oxide interfaces at Vds=10V (solid line) and Vds=20V 

(dashed line).  
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Figure 72 Transfer characteristics for different gate oxide interfaces at Vd=10V (solid line) and Vd=20V (dashed 
line). 

In order to fabricate the different gate insulator interfaces, we deposited 10nm of HfO2 

and AlN using the ALD tool on top of the base 100nm SiO2 layer. Figure 72 illustrates 

that the positive VON bias shift at high drain biases does not disappear. The finding 

suggests that the phenomenon is not necessarily related to the interfacial traps, but bulk 

ZnO traps causing the bias stress shift that might arise from the incomplete 

decomposition of the ZnO complexes of the sol-gel solution.123 Furthermore, looking 

at the SS of each device, one can conclude that the SiO2 interface generates the best 

subthreshold swing and highest mobility among all insulator interfaces. 

The last results were tested for ZnO annealing temperature of 150℃ for 1 hour and 

post-metal deposition annealing at 100℃  for 1 hour. In addition, since the trap density 

within the semiconductor is associated with the oxygen vacancy density and residuals 

from the incomplete reaction of the Sol-gel precursor, we experimented with different 

post-metal deposition annealing temperatures. Figure 73 shows the transfer 

characteristics of the different TFT substrates with respect to different post-metal 

deposition annealing conditions.  
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Figure 73 Transfer characteristics for different ZnO annealing temperatures at Vd=5V on (a) SiO2 (b) HfO2 and 
(c) AlN gate insulator. 

From Figure 73, the threshold voltage shifts towards the negative bias as the 

temperature increases, and the subthreshold swing degrades for all insulator interfaces. 

Examining both forward and reverse sweeps, one can see that the hysteresis of both 

HfO2 and AlN persists after the post-metal deposition in high temperatures. On the 

other hand, for the SiO2 substrate, the hysteresis diminishes. Thus, the added interface 

between HfO2 or AlN to the SiO2 can explain the hysteresis, promoting interfacial trap 

states.127  

Additionally, as the post-annealing temperature increases, the drain bias stress at 

saturation reduces. Figure 74 shows the output characteristics of the SiO2 substrate after 

different annealing temperatures. In Figure 74, the reduced drain bias effect as the 

annealing temperature increases is visible. 
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Figure 74 Output characteristics of SiO2 insulator interface for (a) 100℃  (b) 150℃  (c) 200℃  and (d) 300℃  
ZnO post-metal deposition annealing temperatures. 

The improved characteristics explain trap reduction due to elevated post-metal 

deposition temperatures.128, 129 As metals and insulators from PVD deposition 

techniques are deposited on the thin ZnO layer, they promote oxygen vacancy 

formation close to the deposited interface. Therefore, when the temperature rises, it 

allows oxygen to diffuse into the film and reduces the number of traps as well as 

complete decomposition of the ZnO complexes.130-133  
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𝟏𝟓𝟎℃	 𝟏𝟖. 𝟓	 𝟎. 𝟏𝟑 𝟏 ∙ 𝟏𝟎𝟕 𝟒𝟖𝟐. 𝟐 
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𝟑𝟎𝟎℃	 𝟏𝟏. 𝟗	 𝟎. 𝟒𝟐 𝟓. 𝟓 ∙ 𝟏𝟎𝟓 𝟏𝟎𝟔𝟓. 𝟔 

Table 2 Summary of the different SiO2 gate oxide TFT device performance parameters. 

Since the added ALD layer shows some hysteresis characteristics that might arise from 

the deposition process, we decided to use the base SiO2 substrate for the vertical 
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transistor. Table 2 summarizes the SiO2 base ZnO device parameters for future 

reference. Reducing the Effective Oxide Thickness (EOT) by etching the SiO2 and 

replacing it with a high-k dielectric was an option; however, it was discarded due to 

added processing steps that would lower the fabrication speed and add more unknowns 

to the process.  

10.2.3 Vertical ZnO  

Advancing to the vertical architecture, one could use different techniques to fabricate 

the proposed structure. This subsection presents two distinctive ways to realize the 

Vertical Hybrid Field-Effect Transistor (VHFET) structure. The difference between the 

following procedures emanates from the different choices of source insulators. 

10.2.3.1 Al2O3 Source Insulator 

The first vertical device fabricated is illustrated in Figure 76. To fabricate the structure, 

one had to prepare a thin film of ZnO as described in section 8.2.1.1.18.2.1.1.1.  Then 

a two-step lithography process was used to construct a fully insulated covered source 

contact. Since we have found that the low temperature annealed ZnO thin film is 

sensitive to the Tetramethylammonium hydroxide (TMAH) in the photolithography 

process, particular lithography resists called OSCoR-SL1 Orthogonal resist had to be 

used. The OSCoR-SL1 Orthogonal resist ensures ZnO protection during the first 

lithography step from the TMAH. First, the Orthogonal resist was spin-coated on the 

ZnO-covered wafer at 3000 RPM and dried at 90℃ for 60 seconds. Since the 

Orthogonal resist results in high surface tension, ten minutes of O2 100W plasma was 

used to change its surface energy and promote the top photoresist wettability. Then an 

AZ-1518 positive photoresist was spin-coated at 4000 RPM and soft baked at 100℃ 

for 60 seconds. Next, a wafer UV exposure for 1.2 seconds was performed through a 

photomask to change the solubility state of the exposed photoresist area, followed by a 

hard bake. Then the photoresist was developed using TMAH for 50 seconds; then, the 

OSCoR-SL1 was developed for 50 seconds by the Orthogonal 100 developer. The 

TMAH used a soak development technique, while the  Orthogonal 100 used a paddle 

development technique. The two separate development materials allow the undercut 

formed under the photoresist to be well controlled. Since the OSCoR-SL1 was treated 

by weak plasma before the photoresist was applied, it generated an insoluble layer that 

had to be sonicated away to clear the developed pattern (optical image of the insoluble 

layer can be seen in the Appendix). 
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The lithography process was repeated twice, one for the source contact and the other 

for the source insulator coverage. Thus, one has used two different photomasks to create 

a complete source coverage, and the source insulator mask determines the distance of 

the source metal to the drain field exposed area. Figure 75 illustrates the mushroom-

like shape of the lithography that allowed the lift-off process to succeed.  

  

 
Figure 75 Cross-section image of the mushroom-like lithography shape. 

The first successful device was constructed without a bulk organic layer. After 

achieving a source contact full coverage by a source insulator, the drain contact was 

thermally evaporated on the bottom source architecture and measured. An illustration 

of the measured architecture is illustrated in Figure 76. 

 
Figure 76 Side view illustration of the thin film insulated source TFT. 
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It is important to note that the source oxide side coverage is not to scale in Figure 76 

and that the source coverage distance (noted by LSO) is approximately 5𝜇𝑚. Next, the 

electrical characteristics are presented in Figure 77. 

 
Figure 77 (a) transfer and (b) output characteristics of the thin film insulated source TFT 

This early attempt of using the source-covered electrode in a vertical-like architecture 

resulted in a working device. From the transfer characteristics (Figure 77a), one can see 

an ON/OFF ratio of 10#. Examining the output saturation region (Figure 77b), it is clear 

that the device can not reach saturation.  As elaborated in Figure 63, using an Ohmic 

contact (Al) in the stacked planar architecture will not reach saturation due to the 

accumulated charges at the top facet of the source insulator. Although the device 

dimensions (𝐿;& = 5𝜇𝑚) allow saturation in a BGTC ZnO TFT architecture.  

Since this fabrication technique is limited to the mask alignment capabilities and two-

step lithography stages, a better technique would have to be developed to reduce the 

source side coverage to shorten the effective channel length. Therefore we continue in 

the following subsection the usage of a self-assembled monolayer as an energy barrier 

modulator (insulator).  

10.2.3.2 SAM Source Insulator  

As mentioned in the previous section, our goal is to reduce the source insulator coverage 

length to shorten the effective channel length. In order to do so, the capabilities of a 

self-assembled monolayer (SAM) were used. As before, the studied device architecture 

relies on a ZnO buried high mobility metal oxide to transport the charge carriers to the 
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virtual channel area. The injection to the ZnO is through an ohmic contact to ensure 

minimal charge carriers limitation by the contact. Aluminum was chosen as the source 

electrode since it gives the best injection to the ZnO film either by doping the interface 

with high oxygen deficiency concentration 134 or by good energy aliment between the 

Al work function and the ZnO conduction band. 126 The schematics of the device 

architecture and the FDTS molecule are presented in Figure 78. 

 
Figure 78 (a) VHFET architecture with SAM as the source insulator (b)Chemical structure of the FDTS molecule. 

FDTS molecule, shown in Figure 78 (b), is used as the SAM layer in the device. The 

process of the deposition of the SAM layer can be found in section 8.2.3.1.2. Since the 

source metal is made from Aluminum, its top surface native oxide (Al2O3) is favorable 

for promoting packed FDTS coverage. 135, 136 Moreover, the FDTS surface modifies the 

injection barrier from Al to the top organic layer, allowing the parasitic OFF current 

mechanism to be reduced from the top of the source contact. 137 The top organic layer 

was a thermally evaporated spherically symmetric small molecule C60 to improve 

vertical mobility. Finally, the device was capped with the drain electrode by 

evaporating Au top contact to reduce electron and hole injection from the top contact. 

As the energy level scheme presented shows, the energy level alignment at the interface 

between C60 and ZnO may have a wide range of values depending on the details of the 

interface formed between the two. 138 
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Figure 79 Energy band diagram cut at the middle of the virtual contact. 

Since the virtual contact exposed to the electric drain field can have a conduction energy 

mismatch to the top organic layer, the current might experience a reduction. If the 

energy bands are aligned, the saturation current will flow, up to the drain, at the edge 

of the source electrode. However, if a small barrier exists, the current will flow laterally 

into the virtual contact region before drifting upwards to the drain. The device’s 

electrical characteristics are presented in Figure 80. 

 
Figure 80 The VHFET (a) output characteristics in linear scale inset show saturation for Vgs=10V and (b) transfer 
characteristics in semi-log scale. 

Since the perforated holes are large (10𝜇𝑚 diameter)  compared to the vertical distance 

(150𝑛𝑚), we plot the absolute current and not the perforated area current density. First, 

from the output characteristics (Figure 80a), the improved device saturation can be 
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observed. Second, a subthreshold slope of 2.33 .
=E,

 and 5 ∙ 10#  ON/OFF ratio are 

determined from the transfer characteristics (Figure 80b). To further understand the 

device operation, the log-log plot of the output characteristics is presented in Figure 81. 

Finally, the current dominant injection mechanism is identified by observing the slope 

in the linear region. If the slope is ~2, it is a space charge limited current, and if it is ~1, 

it follows a contact limited behavior (ohmic).  

 
Figure 81 Log-log scale of the output characteristics. 

Looking in Figure 81, one can see that the linear region follows ohmic behavior since 

the slope is ~1. Using the TCAD simulation, we could reconstruct those results with a 

small barrier (~0.4eV) between the source electrode and the ZnO material and no 

mismatch between the ZnO and the organic C60. Furthermore, as we showed in the 

simulation section, the ultra-thin ZnO layer can increase the gate control on the buried 

semiconductor and promote better saturation. Also, the thin ZnO layer promotes linear 

behavior due to the increased contact resistance. Using the ellipsometry, we confirmed 

3-5nm thickness for the ZnO layer and an acceptable film roughness using the AFM 

(Appendix A – ZnO AFM). 

The SAM VHFET was the first known vertical transistor to work in the hybrid structure, 

and it is the first one to harvest the FDTS SAM as the source OFF current reducer. 

Optical images of the Orthogonal resist lithography can be found in Appendix B – 
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Orthogonal Vs. LOR 5A Lift-Off. However, the process reproducibility was not high 

enough due to the ZnO being sensitive to standard resist developers (i.e. the TMAH) 

on the one hand and the orthogonal resist not being as good as standard ones on the 

other. As a result, other semiconductor materials were explored (see next section).  

10.3 IGZO Based Devices 

Since the ZnO layer suffered from fabrication instability and the lack of processability 

using the traditional cleanroom steps, another amorphous metal oxide material matrix 

was investigated. The new material comprises a ternary metals matrix of Indium, 

Gallium, Zinc, and Oxygen (IGZO). The IGZO was prepared and deposited using a 

solution of the different metal salts dissolved in a specific solvent. The atomic ratio 

could be controlled by premixing different volume ratios of the different metal salts 

together to create the final atomic ratio solution. Since the mixing of the salts is in the 

solution phase, and the wafer goes through a thermal annealing stage, the final metal 

atomic ratio could be only roughly estimated as the solution atom ratio. The usage of 

Gallium metal in the blend reduces the crystallinity of the metal oxide matrix since both 

Indium oxide and zinc oxide form crystalline material in elevated temperatures.132 

Therefore, the amorphous phase improves the homogeneity of the film and the 

reproducibility of different devices.139 Although the IGZO is more stable than the 

previous ZnO film, it still has an inherent oxygen vacancy concentration that acts as an 

n-type dopant to the material. 30, 31, 34, 140, 141 The different metals composing the IGZO 

matrix have different binding energy to an oxygen atom; therefore, changing the atomic 

ratio will change the device’s stability. 35 On the other hand, the different metal ions 

contribute differently to the carrier density of states; therefore, changing the matrix 

composition will affect the material mobility. 25  

It is important to note that other semiconductor materials could be used instead of the 

IGZO. The reason we chose Sol-gel IGZO was to simplify processability and to achieve 

high mobility. As a first step in replacing ZnO with IGZO, we compare the TFT 

performance. 

10.3.1 IGZO Vs. ZnO TFT Air Ambient Storage Change Over Time 

To justify the material replacement of the buried material in the vertical structure, we 

measured the time dependence performance change when the fabricated devices were 

stored in air ambient conditions. Both TFT active layer thicknesses were ~5nm, and the 
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source-drain contacts were made from Aluminum deposited by thermal PVD. Figure 

82 compares the device transfer characteristics shift over time when both are stored in 

ambient conditions (22 − 25℃	𝑎𝑛𝑑	41 − 45%	𝑅H). 

 
Figure 82 Transfer characteristics of (a) ZnO and (b) IGZO TFT for air storage device right after the top metal was 
deposited (blue), three days after the metal deposition (red), and five days after the metal deposition (green). 

Both TFT devices were made by spin coating the active metal oxide on an Ozone treated 

(15 minutes) SiO2 wafer and performing annealing at 400℃ for one hour. The top 

source and drain Aluminum metal contacts were deposited through a shadow mask to 

avoid adding the lithography process surface variation (ZnO is sensitive to the TMAH 

as described previously). Also, there was no thermal treatment to the samples after the 

metal deposition. The samples were stored in the cleanroom ambient. We note the 

different gate voltage operations and current levels between the devices. Immediately 

after depositing the contacts, the ZnO (blue line, Figure 16a) has a turn-on voltage close 

to zero, while the IGZO is clearly doped with almost no gate effect, probably due to the 

very negative threshold voltage.  

Following prolonged storage in ambient, both devices show a positive turn-on voltage 

shift. There could be two main mechanisms associated with this shift. The first 

mechanism is oxygen vacancy (doping) being filled by oxygen diffusing into the layer. 
32, 84, 142 The second mechanism is associated with water molecules attaching to the top 

metal oxide surface that cause a positive bias shift. 34, 140 We did not attempt to resolve 

the mechanism at play systematically, yet it seems that it is primarily associated with 
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oxygen diffusion. Nevertheless, the IGZO TFT clearly shows better performance 

compared to the ZnO one.  

Finally, looking at the OFF current values, one can see two orders of magnitude higher 

current for the IGZO device than the ZnO device. That effect is present since no 

pattering of the metal oxide was done to reduce the parasitic periphery gate leakage. 

This was addressed only at later stages.     

10.3.2 Thermally Stable Contacts 

Since in the last preliminary experiment, we have used only Aluminum as the ohmic 

source and drain metal contact, and since we found that a post-metal deposition 

annealing is needed to reduce the oxygen vacancy within the IGZO, different metals 

were tested on top of the IGZO for their thermal stability. Also, since our goal was to 

achieve a vertical Double Work Function (DWF) transistor (explained in detail in 

section 9.3), we had to find two types of contacts to the IGZO. The first metal should 

result in ohmic contact to the IGZO, and the second should generate a high injection 

barrier to form a Schottky contact. Using the literature, we came up with two candidates 

for the ohmic contact, Aluminum (previously used) and Molybdenum (Mo). Both are 

known to form good contact with the IGZO, although the Molybdenum work function 

is between 4.26-4.95eV 143, 144, depending on its crystallographic orientation. 

Additionally, Mo has been reported to generate ohmic contact to the IGZO after thermal 

treatment. 145 As for the Schottky contact, Platinum was chosen due to its high work 

function that allows a high barrier formation and less likelihood of interacting with 

oxygen within the IGZO film. Furthermore, it was shown that a high injection barrier 

could be achieved by using a high-temperature heat treatment. 146 147, 148  

To initialize our study, we fabricated a layered structure for Secondary-Ion Mass 

Spectrometry (SIMS) measurements. The SIMS compositional analytic tool, explained 

in section 8.8.6, was used to sputter through the sample stack using a focused ion beam 

and analyze the surface atom composition by the ejected secondary ions. Since metal 

stability was an issue, we wanted to study how the post-metal deposition annealing will 

influence the atomic composition of the layer. The two stacks, differing by the  Al/Mo 

layer, that were studied are illustrated in Figure 83. 
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Figure 83. Illustration of the two stacks (Al/Mo) that were studied using SIMS. 

Since we wanted to check if the different metals are thermally stable up to the process 

annealing temperatures, we measured the same stack before thermal annealing and at 

two different temperatures, 150℃ and 300℃. Before we deposited the metals on the 

IGZO, the sample went through the usual annealing procedure at 350℃ on a hot plate. 

The specified stack illustrated in Figure 83 is similar to the vertical DWF transistor 

source electrode; hence it will simulate the outcome of the vertical device after thermal 

treatment. Figure 84 shows the SIMS results for the Al electrode stack using the O2+ 

primary ion source beam. 

 
Figure 84 SIMS results of SiO2 /Pt/Al/IGZO/ SiO2 stack for (a) no heat (b) 150℃ and (c)	300℃ annealing. The ion 
beam was O2+. 

In Figure 84, the different secondary ions are Si+ representing the SiO2 layer (dark blue 

line), In+ Zn+ and Ga+  representing the IGZO matrix material(red, green, and light 

blue line respectively), isotope 196 Pt+ for the platinum layer (dark green line), Al2+ 

for aluminum layer (solid black line), and AlO+ ion estimate the Aluminum oxide that 
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is generated at the IGZO interface (dashed black line). When one explores Figure 84a 

before the sample was thermally annealed, a clear distinction of the Platinum and SiO2 

layers can be made. However, looking at the Aluminium and IGZO signal, one can see 

that the Aluminum species can be found within the IGZO layer. As the annealing 

temperature increases to 150℃ and then to 300℃ (Figure 84 b and c), the Aluminum 

signal increases within the IGZO matrix, suggesting Aluminum increases atom 

diffusion towards the IGZO. Additionally, the Indium and Oxygen signal increases at 

the Aluminum area up to the Platinum interface. By equating the three SIMS results, 

one can conclude that using the Aluminum electrode at elevated annealing temperatures 

will cause composition change to the IGZO layer by atom diffusion. Since Aluminum 

can serve as a dopant and Oxygen scavenger from the IGZO matrix, heating it to high 

temperatures should be avoided if the initial material characteristics are to be preserved.  

The SIMS results for the second tested stack of Molybdenum material are presented in 

Figure 85; the same colors represent the same secondary ions except for replacing the 

Aluminum with Molybdenum ion represented by the solid black line. 

 
Figure 85 SIMS results of SiO2 /Pt/Mo/IGZO/ SiO2 stack for (a) no heat (b) 150℃ and (c)	300℃ annealing. The 
ion beam was O2+. 

The results in Figure 85 illustrate the thermal stability of the metal stack. When no post-

metal deposition annealing is performed (Figure 85 a), there is a distinct spatial 

difference between the layers where one can point to the sputtering time (x-axis) 

associated with a layers’ thickness. As the annealing temperatures increase to 150℃, 

the layers seem to have good stability, and no signal change could be detected from this 

measurement. However, when the temperature reaches 300℃, one can see some 

increase in both Molybdenum and Indium ion signals within the Platinum layer (black 

arrow points to the specific range). Compared to Aluminum, the Molybdenum serves 
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as a diffusion blocking layer, thus making the associated metal stack more reliable and 

reproducible in terms of device performance. Therefore the Molybdenum base source 

electrode was chosen as the ohmic contact for the DWF vertical transistor. 

10.3.3 Single Metal Vs. Double Metal TFT 

The following study checked the different transistor current characteristics using single 

Ohmic source contact (Molybdenum) and double metal source contact (Molybdenum 

and Platinum) at the BGTC TFT architecture. The two device architectures are 

illustrated in Figure 86 for single and double metal TFT. The channel length of the 

fabricated transistors was ~10µm. 

 
Figure 86 Illustration for (a) Molybdenum single metal TFT and (b) Molybdenum+ Platinum double metal TFT. 

As explained in the simulation (section 9.4), the high barrier metal causes the IGZO 

layer to deplete at its proximity, generating a high resistance zone for the IGZO channel. 

Furthermore, the semiconductor depletion reduces the current transfer characteristics 

when the device is at an ON state due to the increased resistance of the Platinum added 

contact. Figure 87 shows the transfer characteristics of two TFT devices. The first 

device is a TFT with a single metal source-drain electrodes made by Molybdenum 

(solid line), while the second device is a double metal made by Molybdenum and 

Platinum (dashed line). The single and double metal electrodes were encapsulated by 

SiO2 insulator and annealed at 300℃ for an hour in ambient conditions. 
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Figure 87 Transfer characteristics of single (solid line) and double (dashed line) metal TFT. 

Examining the transfer characteristics, one can see two orders of magnitude reduction 

in the current for the double metal electrode compared to the single metal electrode. As 

expected, the Platinum coverage causes the depletion of the top IGZO, which promotes 

a high resistance zone within the channel, causing the current reduction. It is important 

to note that the IGZO layer thickness is approximately 9nm, increasing the contact 

resistance and allowing a more significant effect by the Platinum.  

10.3.4 Contact Resistance and IGZO Thickness Dependency 

Since by this point, one must be convinced that contact resistance is significant to the 

device’s performance. Therefore we investigated the contact resistance of the 

Molybdenum and Platinum electrodes to the IGZO layer after the thermal annealing. 

Furthermore, we checked the effect of IGZO thickness on the device performance, 

which is attributed to the increased contact resistance when the thickness reduces. The 

first measurement to estimate the contact resistance was done using the Transmission 

Line Measurement (TLM). A detailed explanation for the TLM is presented in section 

8.8.7.1. Next, two samples were fabricated using the lift-off technique to create the 

TLM pattern. The contact separation between each contact ranged from 2𝜇𝑚 to 10𝜇𝑚 

while the IGZO thickness was 30nm. Finally, a linear extrapolation of the measured 

points was added following the IV measurements (four-point prob) of the different 
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separation distances. Figure 88 shows the TLM results for both Platinum (blue line) 

and Molybdenum (green line). 

 
Figure 88 Transmission line measurement of Platinum contact (blue dots) and Molybdenum contact (green dots). 
The solid lines represent the linear fit for Platinum (blue) and Molybdenum (green). 

Examining Figure 88, one can see that for the platinum electrode, the contact resistance 

is 𝑅8 = 7.3[𝑘Ω ∙ cm] the sheet resistance is 𝑅⊡ = 1.07 ∗ 10O[Ω⊡]  and the transfer 

length is 𝐿( = 677[nm]. Comparing those results to the Molybdenum contact, one can 

see that the Molybdenum contact results in negative resistance for the fabricated set of 

contact distances. That results points out that the contact resistance is negligible 

compared to the IGZO resistance and that the range of lengths used for Mo was too 

large (hence the “negative” contact resistance). If a better estimation of the contact 

resistance were needed, shorter contact distances would have to be fabricated and 

measured. Nevertheless, for our purpose, defining the specific ohmic contact resistance 

was not the main priority, and reducing the line separation below 1𝜇𝑚 is becoming an 

unnecessary challenge. 

Additionally, the IGZO film thickness effect was studied using the transfer 

characteristics measurement of the DWF TFT. Since previous TLM measurement 

suggested that the Molybdenum forms a low resistance contact while the Platinum 

forms a high resistance contact to the IGZO, applying it to the DWF electrode should 

result in current reduction as the IGZO thickness reduces. The following TFT 
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transistors were fabricated using the two-layer lithography (8.3.2.1) and the E-beam tilt 

deposition (8.4) to create the DWF source architecture. The tilt angle for this set of 

transistors was 0 degrees for the first Mo layer, then 5 degrees for the Pt layer, and 7 

degrees for the Al2O3 layer (source contact insulator); all the depositions angles are 

with respect to the perpendicular E-beam deposition plane. We measured the DWF 

devices after different thermal annealing conditions to see how the post-metal 

deposition annealing temperatures affect the device performance. Figure 89 shows the 

transfer characteristics measurement of the different thickness IGZO DWF TFTs after 

150℃ and after 300℃ post-metal deposition annealing.  

    
Figure 89 Transfer characteristics of the DWF for 9nm (doted-dashed), 18nm (solid), and 32nm (dashed) IGZO 
thickness after (a) 150℃ and (b) 300℃ post-metal deposition annealing. 

Examining Figure 89, one can see how the current is high for the thick IGZO, and as 

the IGZO layer thickness reduces, the current reduces. Since we know that the Pt 

contact generates a high resistance contact and ~600nm transfer length for a 30nm 

IGZO layer (see Figure 88), as we reduce the IGZO thickness, we reduce the transfer 

length, increasing the contact resistance of the Pt. The increased contact resistance 

associated with the Pt will result in reduced current for the transfer characteristics of 

the thin IGZO TFT.  

10.3.5 IGZO Passivation Layer 

The vertical DWF uses a source insulator to cover the source metal completely. Since 

we know that the E-beam material deposition on the IGZO layer might change its 

conduction properties, we wanted to investigate its effect on a planar transistor. 
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Therefore, we fabricated a planar transistor and covered the top side of the IGZO by 

the E-beam deposited Al2O3. Since we wanted to investigate how the IGZO properties 

change by measuring the TFT, both Passivated and non-passivated devices went 

through the same post-deposition annealing condition to minimize the changed 

parameters. Figure 90 shows the transfer characteristics before and after the TFT 

structure was passivated by depositing 5nm Al2O3 at the top facet of the air-exposed 

IGZO material. Both devices were annealed to 350℃ for 1 hour before the electrical 

measurements were conducted.  

 
Figure 90 Transfer characteristics of Al2O3 passivated device (dashed line) and non passivated device (solid line) 

Analyzing both transistor curves from Figure 90, one can see that the mobility of the 

IGZO improved from 0.12[cm"VFCsFC]	to 1.3[cm"VFCsFC]  the threshold voltage 

shifted from −2.7V to 0.3V the subthreshold swing improved from 220[PQ
RST
] to 

112[PQ
RST
] and the ON/OFF ratio improved from 5 ∗ 101 to 10U before and after the 

capping layer. The working mechanism that enables the well-passivated layer is that 

Al2O3 is a very stable oxide that forms an oxygen diffusion block from the IGZO layer 

to the surroundings. 36, 38 Since Al2O3 is oxygen-rich, it will not likely break the In-O 

bonds to its favor, reducing its trap density and improving its mobility and SS. Since 

the Al2O3 blocks the interaction of the IGZO and the environment, it supports the bias 

stress stability and the improved ON/OFF ratio. The Al2O3 capping will reduce the OFF 
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current and increase the ON/OFF ratio by lowering the IGZO top surface oxygen 

vacancy concentration. 

Following the knowledge that Al2O3 will likely improve the top surface of the IGZO, 

it was decided to continue with it as the source insulating layer. 

10.3.6 Vertical Hybrid Field Effect Transistor 

Since the main idea of the research is to understand and execute the gained knowledge 

from our studies to improve the control of the vertical device architecture, we present 

the first DWF Vertical Hybrid Field Effect Transistor (VHFET). We fabricated the 

vertical transistor using the self-aligned tilt deposition method to realize the DWF 

source electrode. The base doped Si+ and 100nm SiO2 wafer serve as the gate contact 

the gate insulator for the device. The IGZO layer was ~32nm thick, and the DWF source 

electrode was constructed from 25nm Molybdenum, 35nm Platinum, and 200nm Al2O3. 

The Al2O3 thickness was determined by a Metal Insulator Metal (MIM) diode leakage 

study conducted using the E-beam evaporated Al2O3. The outcome of this study can be 

seen in Appendix D – Metal Insulator Metal IV, where 200nm Al2O3 was sufficient to 

block the parasitic current between the drain and the source electrodes.  

10.3.6.1 PTCDI-C8 Bulk Material  

For the first DWF VHFET, the PTCDI-C8 (N, N′-Dioctyl-3,4,9,10-

perylenedicarboximide) organic material was chosen. PTCDI is considered a small 

molecule with a specific bandgap of 2eV and a LUMO level of 4.3eV. 149 Since the 

IGZO conduction band is at ~4.15 eV 113, 115, the PTCDI was assumed to be an 

energetically good fit for the IGZO. The thickness of the Organic layer was 400nm, and 

the drain contact was made from Aluminum. Figure 91 shows the complete device FIB 

cross-section. In Figure 91, one can see the Platinum complete side coverage of the 

ohmic Molybdenum contact and the complete coverage of the Platinum contact by 

source insolating layer (Al2O3). 
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Figure 91 Complete fabricated device cross-section FIB image. The bottom doped Si serves as the gate, 100 nm 
SiO2 is the gate oxide, 30nm IGZO is the buried high mobility SC material, 25nm Mo and 35 nm Pt are the source 
metal contacts, 200 nm Al2O3 is the contact oxide layer, 400 nm PTCDI is the organic SC material vertical channel, 
and the top contact is made out of Al.   

As previously discussed, the Pt electrode serves as both a drain field screening shield 

and a leakage current reducer. To explore the device behavior, we first look at Figure 

92, which presents the transfer and output characteristics of the vertical transistor on a 

semi-log scale.  

 
Figure 92 Semi-log (a) output and (b) transfer characteristics of the VHFET. The inset shows the data on a linear 
scale for Vgs=15V. 

That was the first time the double metal source electrode was measured to work as 

expected and achieve an improved saturation at the output curve. The SS of the vertical 
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transistor is found to be 240 mV/dec compared to the previous planar long-channel 

(10𝜇𝑚) IGZO DWF source that showed 150 mV/dec. The SS degrades due to possible 

charge trapping at the IGZO gate insulator interface, but it is hard to pinpoint the exact 

mechanism since those are different devices. The ON/OFF ratio of the vertical transistor 

was measured to be 5 ∙ 10G , which is the ratio of the direct leakage current from the 

edge of the Pt source contact to the ON current that originated from the low barrier Mo 

contact. 

Since the source electrode is made of two metals, one should expect that in low gate 

biases, the current will follow the contact limited current (CL) due to the influence of 

the high barrier electrode. Because the gate electrode did not completely form the gate-

induced channel, the ohmic behavior will show after the SCLC bias range. As discussed 

before, the device current follows the space charge limited current (SCLC) at low drain 

biases as presented in Mott–Gurney theory. Examining the Log-Log current output 

characteristics presented in Figure 93, indeed, at low drain biases and high enough gate 

biases, the current follows the SCLC (m=2). Since the high barrier metal source 

electrode will influence the current behavior, one can not use the proposed simplified 

current equation from Ben-Sasson et al. 150 to estimate the material mobility; hence the 

TCAD simulation was used to simulate this device. 

 
Figure 93 Log-log scale of the current output characteristics for SCLC (m=2) and CL (m=1) regions. 
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Considering the relative permittivity reported in the literature for PTCDI 151 and its 

measured field-effect mobility of 1.8 ∙ 10F4	[cm"VFCsFC] 152 (measured by PTCDI 

TFT), if we fit the current with the proposed SCLC from Ben-Sasson et al. 150, we can 

estimate the charge carrier insertion length, which is the effective distance that charges 

are flowing towards the middle of the perforated area before drifting upwards towards 

the drain. The fitted distance was found to be 10nm which is supported by the TCAD 

simulation.  

10.3.6.2 C60 Bulk Material  

In addition to the PTCDI material, we fabricated VHFET with C60 (buckyball) as the 

bulk organic semiconductor material. Since the effective mobility of organic materials 

is highly dependent on the molecular stacking orientation 153 (due to the hoping 

mechanism), the charge carrier might have specific directionality-related mobility for a 

specific molecule. However, since the C60 is considered a small symmetrical molecule, 

mobility should not be related to orientation 48; hence, higher vertical transport might 

be achieved.  

Therefore, we studied the same base structure as the last device but replaced the PTCDI 

organic material with 200nm C60. The transfer and output of the DWF VHFET device 

are presented in Figure 94. 

 
Figure 94 (a) semi-log scale transfer and (b) linear scale output characteristics of the VHFET based on 200nm C60.  

As shown in Figure 94a and b, the device shows improved saturation capabilities; 

however, the threshold voltage shifted to -27.3V, and the subthreshold swing degrades 
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to ~580mV/dec. As for the device’s current governing mechanism, we can again look 

at the log-log scale of the output characteristics and examine the linear region (Figure 

95).  

 
Figure 95 Log-log scale of the current output characteristics for the linear regions. 

Examining Figure 95, one can see that the current follows linear relation depending on 

the voltage at a low drain bias. Since the added high barrier metal is depleting the buried 

layer at its proximity, it controls the number of charges that can pass under it from the 

ohmic contact, as explained in section 9.3. Due to the high barrier depletion effect, the 

evaluation of the mobility based on the simple assumption of the SCLC at the low drain 

bias is no longer valid. As a result, the best way to consider the new depletion layer 

under the drain contact is to use a simulation and explore the effect of the organic 

material properties and the injection barrier at the Schottky barrier metal. From the 

simulation of the structure, the approximate fitted mobility to the C60 was 

5 ∗ 10F" − 2 ∗ 10F4[cm"VFCsFC].  

It is important to note that the threshold voltage shift was observed as soon as the 

organic layer got deposited on the source metal. We noticed that by measuring a pre-

configured 10um TFT that was part of the vertical device testing design. Furthermore, 

the organic material to the metal oxide interface might introduce interfacial states that 

interfere with the device’s operation. 154 Therefore, we decided to look further into the 

basic DWF source construction next. 
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10.4 Short Channel Double Work Function (DWF) TFT 

The last section showed that the interface between the IGZO and the organic material 

could affect the device’s behavior. Moreover, the barrier height will affect the depletion 

width, translating to enhance gate control and lower absolute currents. Since the study’s 

main goal was to understand the DWF operational mechanisms, we decided to construct 

a new device resembling the TFT but using the DWF as its source electrode as 

simulated in section 9.4. Figure 96 illustrates a cross-section SEM-FIB image focused 

on the right side of the symmetric design presented in the simulation (section 9.4), and 

for ease of discussion, the inset figure illustrates the simulated device.  

 
Figure 96 DWF-TFT cross-section FIB image focused on the source electrode edge and the side view of the 
simulated structure on the upper right-hand side. 

Figure 96 shows the dope Si, which serves as the gate, and the SiO2 gate oxide. The 

spin-coated Sol-gel IGZO was fully annealed in air ambient before using the tilt E-

beam deposition to create the Mo-Pt- Al2O3 source DWF. Then the drain was thermally 

deposited on top of the device. For ease of discussion, we would use the simulation 

notation for the device dimensions. The high barrier metal coverage length will be 

referred as 𝐿-" and the source oxide side coverage, which defines the channel length, 

will be referred 𝐿. By using the monolithic angle deposition one was able to realize 

~200nm channel length (𝐿).  

Since we now look at ~200nm channel length, we wanted to check their behavior if we 

use only a single metal as the source. This test would confirm the short channel effects 

influence on a device with an ohmic contact and a Schottky contact, as previously 

explained in the simulation section. Figure 97 shows the transfer and output 

characteristics of the single metal TFT produced using the monolithic E-beam tilt 
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technique. In those devices, the IGZO layer was made from a 70:15:15 atom ratio 

between the IGZO metal within the Sol-gel solution, and the layer thickness was 15nm. 

The atomic ratio will serve our discussion in the later stage. 

 
Figure 97 Transfer and output characteristics using a single source metal (a),(b) Molybdenum, and (c),(d) Platinum. 
The IGZO thickness is ~15 nm, and the sol-gel solution ratio is 70:15:15 (In:Ga:Zn). 

The transfer characteristics in Figure 97 show the effect of Schottky contact in 

enhancing the subthreshold slope and reducing the apparent threshold voltage shift. The 

device simulation (section 9.4) confirms those results for the effect of an increased 

barrier height on a single metal TFT. Figure 97d output characteristics illustrate the 

known source-gated transistor effect where the injection barrier promotes the 

appearance of saturation in the output characteristics of short-channel transistors. The 

inability of the molybdenum device to saturate is clearly seen in the transfer 

characteristics (Figure 97a), where no sequential drain bias results in previous sweep 

overlap proving the luck of saturation for an ohmic short channel TFT. Please note a 
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factor of 25 between the maximum currents of the Molybdenum and Platinum 

transistors for the following discussions. 

Next, the DWF (Platinum on Molybdenum) source metal was fabricated in the proposed 

configuration (Figure 96) with 15nm IGZO thickness and 70:15:15 atom ratio. Figure 

98 shows the transfer and output characteristics of the device. 

 
Figure 98 (a) transfer and (b) output characteristics of the DWF Mo/Pt source contact. The IGZO layer is made 
from a 15 nm 70:15:15 atom in the sol-gel solution. 

Figure 98a shows limited improvements in the subthreshold slope and the threshold 

voltage roll-off. Examining Figure 98b, one can see a non-linear increase in the low 

drain biases associated with the Schottky contact but high drain current for high drain 

bias. Also, the inability to saturate for this device. As discussed in the simulation section 

(section 9.4), this effect can be generated by an insufficient barrier height at the high 

barrier metal (Platinum). The low injection barrier from Pt can be attributed to the 

different fabrication scenarios and the final drain electrode deposition that hindered our 

control of the oxygen vacancy concentration within the IGZO material. Since the idea 

of the DWF TFT is highly dependent on the depletion layer under the high barrier 

source contact, we had to look for different ways of controlling the oxygen vacancy 

within the semiconductor material.  

Since the last issue is related to the stability of IGZO-based devices, we looked for ways 

to stabilize the IGZO material. Different studies have shown that raising the Ga content 

would reduce the oxygen vacancy and improve the device stability35, 93, 147; however, 

the high Ga content can reduce the material’s effective mobility. 114  To try and improve 
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our structure, we adapted a multi-stack approach. 35 Figure 99 shows the electrical 

characteristics of the multi-stacked double work function (DWF) TFT. The IGZO stack 

was composed of ~10nm high Indium content layer (IGZO 70:15:15) at the gate oxide 

interface (namely the channel) and ~20nm high Gallium content (IGZO 1:1:1) as the 

top layer (contact interface).  

 
Figure 99 (a) transfer and (b) output characteristics of the Mo/Pt source contact. The IGZO layer is made from 
10nm 70:15:15 atom in the sol-gel solution at the gate oxide interface and 20nm 1:1:1 atom in the sol-gel solution 
above it. 

From Figure 99a, one can see two distinct curves raise one for negative biases and the 

other for positive biases. If we refer to the simulation results from Figure 61 c, one can 

assume the first raise is associated with the high barrier injection. As the drain bias 

increases, it will cause higher drain induced current from the high barrier edge (increase 

level of leakage Vs. increase drain bias) and increase charge density at the source oxide- 

IGZO top facet. The reduced current by the gate effect as we sweep towards the 

negative gate biases is due to the depletion of charges close to the gate oxide under the 

source oxide. The charge depletion will eventually reduce the number of charges at the 

top IGZO facet resulting in reduced overall device current. On the other hand, in the 

positive gate bias, the gate forms the channel under the high barrier source contact, 

which increases the ON current in the transistor. 

Since we use a multi-layer IGZO device, we believe that the low Ga contact is 

contributing to the increased stability of the Pt high barrier contact; however, the 

increased thickness (30nm total) will reduce the depletion width effect hence increasing 

the possible leakage from the ohmic contact to the drain when the device is at OFF 
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state. Therefore, to solve the high OFF current and increase the device gate 

controllability, we reduced the high Ga IGZO thickness to 10nm. Furthermore, by 

reducing the layer thickness, the high barrier forces the depletion width to approach the 

gate oxide proximity, allowing better gate control and lower OFF currents. 

The following fabricated IGZO stack was composed of ~10nm high Indium content 

part (IGZO 70:15:15) at the gate oxide interface and ~10nm high Gallium content 

(IGZO 1:1:1) as the top layer while all other parameters were kept the same. Figure 100 

shows the electrical characteristics of the device. 

 
Figure 100 (a) transfer and (b) output characteristics of the Mo/Pt source contact. The IGZO layer is made from 
10nm 70:15:15 atom in the sol-gel solution at the gate oxide interface and 10nm 1:1:1 atom in the sol-gel solution 
above it. 

Examining Figure 100, one can see a better gate control throughout the bias range. 

Furthermore, a clear saturation region is visible at low drain bias due to the high barrier 

metal, like the previously reported source gated transistor. 106, 155 Also, one can see only 

one distinct rise for the current in the transfer characteristics supporting the idea that 

the high barrier reduces the OFF current level to below the SPA noise range. 

Furthermore, one can see about 10V Vt shift when comparing Figure 97a and Figure 

100. Considering this shift in Vt, we find that the DWF structure loses less than an order 

of magnitude in current for about the same Vgs-Vt value, compared to ohmic contact, 

while providing perfect saturation at low drain-source voltage.  
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11 Conclusion and Outlook 
This brief section summarizes the main points that we found during the work. First, 

using a combination of simulation and fabricated devices, we showed that the gate 

current controllability could be enhanced for short channel vertical transistors by 

different device architectures.  

We showed that the vertical device performance improvement could be achieved using 

a high barrier single work function source metal which negatively reduces the ON 

current. Additionally, we suggested a metal protrusion that improves the gate 

controllability but is still highly affected by the source barrier height. 

Later we suggested an alternative source architecture (DWF) that uses two metals to 

improve the vertical device performance. The two metals were placed one next to each 

other to allow for low parasitic leakage currents associated with the high injection 

barrier and permit high ON currents originating from the low barrier metal.  

We successfully realized the new source architecture by a simple monolithic angular 

deposition method to control the side coverage dimensions. Furthermore, the fabricated 

DWF vertical transistor showed superior gate controllability and reduced short channel 

effects. 

Lastly, to prove the DWF concept, we simulated and fabricated the DWF source for the 

TFT architecture. The fabricated TFT used the same monolithic angular deposition to 

control the side coverage and realized ~200nm DWF TFT. The fabricated device results 

proved that the new source architecture could improve the short channel device 

performance, increase the device controllability, and improve short channel effects. 

Since the DWF electrode contribution in the TFT architecture is highly dependent on 

the depletion under the high barrier metal, it can be implemented using different 

methods.  

As an outlook for this work, one possible device construction can implement the double 

injection architecture by contact doping using the traditional Si-based transistors. Using 

a Double Doping Function (DDF) under a single metal contact for the TFT architecture, 

the device output characteristics can be controlled similarly to the DWF source. Using 

high barrier metal and controlling the semiconductor interface can induce either 

thermionic emission injection or tunneling injection into the semiconducting layer, 
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improving saturation for short channel TFTs. The following TCAD simulation (Figure 

101) compares the DWF and DDF TFT architecture output characteristics.  

 
Figure 101 Output characteristics of the DWF (a and c) and DDF (b and d) with ΦSB=0.75eV (a and b) and 
ΦSB=1.05eV (c and d). 

Using the different doping techniques that are well established for the Si base 

technology, one can realize such a device. The improved DDF device can serve the 

industry to develop high output resistance short channel Si base TFT architecture with 

superior short-channel performance. 
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13 Appendix A – ZnO AFM  
As part of the surface characterization of the thin film ZnO, an Atomic Force 

Microscopy (AFM) image was taken using the Asylum AFM tool. The AFM image can 

be seen in Figure 102. After the ellipsometry measured thickness of ~5nm, the AFM 

gave us a high resolution of how the surface of the thin film looks. Since the metal 

electrode on top of the thin film ZnO was initially very thin, the surface roughness was 

significant. The AFM scanned a 2𝜇𝑚𝑋2𝜇𝑚 area using contact mode of the tip. 

 
Figure 102 AFM image of the ZnO surface. 

From the AFM, one can see a film with picks and valleys of up to ~9nm in height. The 

absolute height is not crucial because the reference zero point is from the lowest point 

of the sample. Examining the AFM scan reveals the lowest point originates at the 

scratch indentation at the bottom left of the sample. Nevertheless, since the metal 

thickness was twice the absolute value of the highest pick, the film was considered good 

enough for producing thin-film transistors with ~20nm thick source-drain metals. 
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14 Appendix B – Orthogonal Vs. LOR 5A Lift-Off 
As briefly shown in the thesis text, when we used the Orthogonal SL1 resist as the 

sacrificial layer under the photoresist, a residual layer was left on the surface after 

dissolving the SL1. Since the process used the plasma as a surface treatment procedure 

to change the wettability properties of the SL1, it possibly affects the surface chemical 

structure and changes the surface layers' dissolvability properties. Because both the 

orthogonal resist chemistry and its developer were not fully disclosed, we can only 

speculate on the possible reason it happened. Nevertheless, we show the surface optical 

image after the development of the SL1 layer in Figure 103 

 
Figure 103 Optical image of the SL1 two-layer lift-off process resulting from undissolved residues of the SL1 layer. 

The solution was to insert the sample into an SL1 developer bath while activating 

ultrasonic vibrations. The vibrations physically removed the loosely attached residues 

allowing for the process to continue. 

This phenomenon was not observed when the lift-off resist (LOR) 5A was used 

because, in its process, the developer of the LOR was the same as the photoresist 

developer. Moreover, since the LOR fits the top photoresist, no plasma treatment was 

needed to allow the wettability of the sample. Figure 104 illustrates how clean the 

sample came out after the development stage. 
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Figure 104 Optical image of the pattern of a two-layer photoresist using LOR 5A. 
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15 Appendix C – Film Quality 
When producing a Sol-gel thin film of IGZO, different solution concentrations could 

be used. The film quality was observed to be highly dependant on the solution 

concentration. We used Ozone surface treatment for 15 minutes before spin-coating the 

Sol-gel solutions. The following Figure 105 shows how the film looks like under an 

optical microscope. 

 
Figure 105 Optical microscopy image of (a) 0.1M (b)0.3M and (c)0.5M solution concentration of the IGZO. 

From the optical images, one can observe the layer change with respect to the solution 

concentration. For 0.1M concentration, the film looked very clean except for the 

pinholes created on the surface. In thin films, the pinholes can be created by organic 

residuals or dust particles contaminations. The higher concentration showed a different 

film layout, but since the electrical characteristics of TFT using the thick layer were 

inferior, the high concentrated solution was not further examined.  
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16 Appendix D – Metal Insulator Metal IV 
When constructing the source electrode in the vertical structure, the metal of the source 

was electrically insulated by an oxide material. As part of the source oxide material 

quality-test, we constructed Metal-Insulator-Metal (MIM) diode and checked its IV 

current-voltage characteristics. This experiment was intended to explore the E-beam 

deposited insulating material by changing the oxide thickness and measuring the 

leakage current through the insulating layer. Since Al2O3 was used extensively in the 

process, its results are shown. The first illustration for the oxide quality was observed 

right after the MIM structure was completed without thermal treatment. Figure 106 

shows the current density with respect to the applied voltage.    

 
Figure 106 IV characteristics of a MIM stacked device with different oxide layer thickness. The metals are Pt on the 
bottom and Au/Ag at the top. 

As expected, when the oxide layer thickness reduces, the current density increases. 

However, since the bottom source electrode and its source oxide go through an 

annealing stage, the MIM was also tested after the thermal annealing. All devices were 

annealed to 300°C for 1 hour before the measurement. All the results are shown in 

Figure 107.  
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Figure 107 IV characteristics of a MIM stacked device with different oxide layer thickness after thermal annealing 
at 300°C for 1 hour. 

The results after the thermal annealing suggest that a layer thickness of 100nm is 

sufficient to reduce the direct leakage to the drain electrode for the vertical device (up 

to 5V) to an acceptable range. 
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17 Appendix E – Sentaurus TCAD simulation 
As mentioned before, Sentaurus Device simulation is designed to numerically solve the 

electrical characteristics of a digital build model, which is configured by the Workbench 

of the GUI. 

The Workbench GUI can be divided into sub-sections, including different aspects of 

the device simulation. The first sub-section is the device process tool that allows 

examining how the material behaves throughout an actual fabrication process. Since 

the fabrication was application-specific in our work, the process was done 

experimentally without using the simulation tool. Moreover, the process tool is not 

required in order to run a device simulation. 

Instead of using the process tool, one can use the second sub-section, the Structural 

Device Editor tool. If one knows the structural layout of the simulated device, the SDE 

GUI allows the deployment of the device's physical properties and layout of the 

simulation. The device dimensions, different materials, and contacts are designed using 

the Structural Device Editor tool. Additionally, using the SDE, one can implement 

different doping profiles for each material. The last section of the SDE is meshing. The 

mesh is generated according to the application's specific interest. There are two options 

for generating the device's physical layout. One can choose a GUI interface to deploy 

the structure or to use a script base model built. In this work, we used the script base 

model built to change the device parameters within the script. This method allows 

running multiple simulations by varying one structural constraint and examining its 

effect on the device characteristics. 

Here is a sample of the SDE of a vertical device architecture: 

All notes will be initiated by a semicolon mark (;) and the code will be painted in blue 

FILE NAME : sde.cmd 

(sde:clear)  

; this command lets you restore the default settings of the GUI and clear all stored 

variables from previous runs.  

; GEOMETRICAL CONSTRAINS: define all variables for the SDE 

;(define "variable name" "numeric value") 



150 
 

(define W 15)   ; (full) Device width   [um] 

(define Wh 10)   ; Hole width    [um] 

(define Tox 0.10)   ; Gate oxide thickness   [um] 

(define Tcox 0.2)   ; Contact oxide thickness  [um] 

(define Hp 0.1)   ; Poly thickness    [um] 

(define Hc 0.03)   ; Contacts thickness 1   [um] 

(define Hc2 0.05)   ; Contacts thickness 2         [um] 

(define Tb 0.2)   ; Bulk semiconductor thickness [um] 

(define Text 0.1)   ; source coverage size [um] 

(define Vert 0.001)  ; source coverage size[um] 

; meshing defines constrains 
(define xMax 0.08)  ; low influence area x max mesh[um] 

(define yMax 0.08)  ; low influence area y max mesh[um] 

(define xMin 0.03)   ; low influence area x min mesh[um] 

(define yMin  0.03)   ; low influence area y min mesh[um] 

; defining finer mesh depending on the layer thickness 

; the @varible name@ is defined in the Workbench GUI , Am variable is the active 

metal oxide thickness 

(define xMax2 (/ @Am@ 3))   ; x max mesh [um] 

(define yMax2  (/ @Am@ 3))   ; y max mesh [um] 

(define xMin2 (/ @Am@ 3))   ; x min mesh [um] 

(define yMin2 (/ @Am@ 3))   ; y min mesh [um] 

; in order to keep the device area constant, the source and drain metals length was 

defined to change according to the distance between the source and the drain (planer 

structure)  

(define Lsd (-(/ (- W Wh) 2) Tcox))  ; Source/Drain width [um] 

(define Hd (+(+ (+ (+ Hp Tox) @Am@) Tb) Hp));Source/Drain location 

start [um] 
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; Define doping parameters for constant doping profile 

(define Na 1e17)     ; IGZO Doping [cm-3] 

(define Nd_Bulk 1e15)    ; Bulk Doping [cm-3] 

; LAYOUT PROCESS TOOL: define the physical layout using a script method 

(controlling the GUI) 
(sdegeo:create-rectangle (position  0 0 0)  (position W Hp 0) 

"PolySi" "RPolySiGate" )   ; PolySi layer 

; sdegeo lets you define geometries within the SDE. In this specific line the defined 

shape is a rectangle. The first parentheses defined the position of the first corner of the 

rectangle while the second parentheses defined the position of the adjacent corner of 

the rectangle.  The first quotation mark defines the material of the defined shape, and 

the second quotation mark defines the region name (later will be described how to 

change material parameters within the parameter file) 

; Gate oxide 

(sdegeo:create-rectangle (position  0 Hp 0)  (position W (+ Hp Tox) 

0) "SiO2" "RGateOxide" ) 

; IGZO Metal oxide 

(sdegeo:create-rectangle (position  0 (+ Hp Tox) 0)  (position W (+ 

Hp Tox @Am@) 0) "GaAs" "IGZO" ) 

; Bulk organic material 

(sdegeo:create-rectangle (position  0 (+ Hp Tox @Am@) 0)  (position W 

(+ Hp Tox @Am@ Tb ) 0) "GaAs" "C60" ) 

; New replaces old 

(sdegeo:set-default-boolean "ABA") 

; This line defines the way new shapes are overlayed in the SDE. There are different 

options like AB=which means new merges with the old, ABA= new replaces old 

overlapped areas and create interface line at the non-overlap areas, BAB= old replace 

new (inverse of ABA). There are more ways like ABiB and ABiA, which are rarely 

used and, in this context, would not be explained. 

; Source Oxide 
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(sdegeo:create-rectangle  (position  0 (+ Hp Tox @Am@) 0)  (position 

Lsd (+ Hp Tox @Am@ Hc Tcox ) 0) "SiO2" "RSourceOxideleft" ) 

(sdegeo:create-triangle (position Lsd (+ Hp Tox @Am@) 0) (position 

Lsd (+ Hp Tox @Am@ Hc Tcox ) 0) (position (+ Lsd Tcox @Text@) (+ Hp 

Tox @Am@) 0) "SiO2" "RSourceOxideleft") 

(sdegeo:create-rectangle  (position  W (+ Hp Tox @Am@) 0)  (position 

(- W Lsd) (+ Hp Tox @Am@ Hc Tcox ) 0) "SiO2" "RSourceOxideRight" ) 

(sdegeo:create-triangle (position (- W Lsd) (+ Hp Tox @Am@) 0) 

(position (- W Lsd) (+ Hp Tox @Am@ Hc Tcox ) 0) (position (-(- W Lsd) 

Tcox @Text@) (+ Hp Tox @Am@) 0) "SiO2" "RSourceOxideRight") 

; Contacts with high work function 

(sdegeo:create-rectangle  (position  0 (+ Hp Tox @Am@) 0)  (position 

Lsd (+ Hp Tox @Am@ Hc Hc2) 0) "Gold" "RSourceContactleft" ) 

(sdegeo:create-triangle (position Lsd (+ Hp Tox @Am@) 0) (position 

Lsd (+ Hp Tox @Am@ Hc Hc2) 0) (position (+ Lsd @Text@) (+ Hp Tox 

@Am@) 0) "Gold" "RSourceContactleft") 

(sdegeo:create-rectangle  (position  W (+ Hp Tox @Am@) 0)  

(position (- W Lsd) (+ Hp Tox @Am@ Hc Hc2) 0) "Gold" 

"RSourceContactright" ) 

(sdegeo:create-triangle (position (- W Lsd) (+ Hp Tox @Am@) 0) 

(position (- W Lsd) (+ Hp Tox @Am@ Hc Hc2) 0) (position (-(- W Lsd) 

@Text@) (+ Hp Tox @Am@) 0) "Gold" "RSourceContactright") 

; Contacts with low work function 

(sdegeo:create-rectangle  (position  0 (+ Hp Tox @Am@) 0)  (position 

Lsd (+ Hp Tox @Am@ Hc) 0) "Aluminum" "contactC601" ) 

(sdegeo:create-rectangle  (position  W (+ Hp Tox @Am@) 0)  

(position (- W Lsd) (+ Hp Tox @Am@ Hc) 0) "Aluminum" "contactC602" ) 

(sdegeo:create-rectangle  (position  0 (+ Hp Tox @Am@ Tb) 0)  

(position W (+ Hp Tox @Am@ Tb Hp) 0) "Gold" "RDrainContact" ) 

; CONTACT DEFINITIONS: including the name of the contact for later reference, 

the line thickness, the line color, and pattern.    

(protect-all-contacts)  

; protect all contact from deleting and merging 
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(sdegeo:define-contact-set "Gate"   4.0  (color:rgb 1.0 0.0 0.0 ) 

"##" ) 

(sdegeo:define-contact-set "Source" 4.0  (color:rgb 1.0 1.0 0.0 ) 

"==" ) 

(sdegeo:define-contact-set "Drain"   4.0  (color:rgb 1.0 0.0 1.0 ) 

"<><>" ) 

; next line defines the active contact set to be placed 

(sdegeo:set-current-contact-set "Drain") 

; next the boundary edges of a defined shap are assigned the contact name 

(sdegeo:set-contact-boundary-edges (find-region-id "RDrainContact")) 

(sdegeo:delete-region (find-region-id "RDrainContact")) 

; repeat the same definitions for all other contact names 

; Gate contact 
(sdegeo:set-current-contact-set "Gate") 

(sdegeo:set-contact-boundary-edges (find-region-id "RPolySiGate")) 

(sdegeo:delete-region (find-region-id "RPolySiGate")) 

; Source contact 

(sdegeo:set-current-contact-set "Source") 

(sdegeo:define-2d-contact (find-edge-id (position (/ Lsd 2) (+ Hp Tox 

@Am@ Hc Hc2) 0)) 

(sdegeo:get-current-contact-set)) 

(sdegeo:define-2d-contact (find-edge-id (position ( - W (/ Lsd 2) ) 

(+ Hp Tox @Am@ Hc Hc2) 0)) 

(sdegeo:get-current-contact-set)) 

; DOPING INFORMATION: the doping profile can be constant throughout the layer 

or have a distinct profile depending on the application. If a constant profile is used, it 

can be implemented in one line. If a different profile is used, the shape of the profile 

has to be declared first and then assigned to a specific region (two lines). The two-line 

method was used to define a constant profile doping to generate a versatile simulation 

tool in our simulation. This way, altering to a different doping profile is easier. 
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; to define the profile, the first parenthesis is the profile name, the second is the active 

species, and the last defined the concentration. 

(sdedr:define-constant-profile "Dcontact" 

"ArsenicActiveConcentration" Nd_po) 

; the region placements are defined by first the placement name, then the profile name, 

and then the region name. Additionally, if non-abrupt doping is needed, a decay length 

is added after the region name. When the decay length is non-zero, the concentration at 

the interface would be halved the defined concentration.  

(sdedr:define-constant-profile-region "Dcontact_PL" "Dcontact" 

"contactC601") 

(sdedr:define-constant-profile "Dcontact2" 

"ArsenicActiveConcentration" Nd_po) 

(sdedr:define-constant-profile-region "Dcontact2_PL" "Dcontact2" 

"contactC602") 

; MESHING INFORMATION: the mesh refinement was used to describe the 

partitioned section of the problem. Two meshes were used. The first mesh was a rough 

mesh for the insignificant parts of the problem. The rough (large) mesh is good enough 

when a homogenous electric field or small carrier concentration gradient is used. The 

finer mesh is used when the simulation encounters a small feature size or large gradient 

between points. In general, the material interface region in the problem was assumed to 

be a finer mesh to achieve high detail solution.  

(sdedr:define-refinement-size "Sub_RD" xMax yMax 0 xMin xMin 0) 

(sdedr:define-refinement-size "Sub_EX" xMax2 yMax2 0 xMin2 xMin2 0) 

 

(sdedr:define-refinement-region "RefPlace.Po" "Sub_RD" "RPolySiGate") 

(sdedr:define-refinement-region "RefPlace.IGZO" "Sub_EX" "IGZO") 

 

(sdedr:define-refinement-region "RefPlace.contactC601" "Sub_RD" 

"contactC601") 

(sdedr:define-refinement-region "RefPlace.contactC602" "Sub_RD" 

"contactC602") 
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; Build Mesh , @node@ is the solved node number in the Workbench 

(sde:build-mesh "snmesh" "" "n@node@_msh") 

 

; SYSTEM COMMAND: Reflect the device and copy it to the other side. If the device 

is symmetric is enough to build and define one half of the structure and mirror it across 

the center of the device. tdx: is the Workbench vitalization tool, -mtt is a mirror 

command for the TDR file, -Y is the location above the mirror point, which is the max 

y in this case, -ren is the renaming of the following contacts source=drain, last it the 

renaming of the mesh file. In this mirror command, the source region was mirrored to 

the drain region, which is why the contact's name was replaced in the mirror part. 

(system:command "tdx -mtt -Y -ren source=drain  n@node@_half_msh 

n@node@_msh") 

; The command line UNIX commands can be found by writing tdx -h in the command 

line. 

; Save the SDE model for the next sdevice subsection in the Workbench. 
(sde:save-model "n@node@_geo") 

; END FILE 

Before presenting the following componential Workbench sub-section, the parameter 

file is presented. There are different sets of materials that are predefined within the 

Sentaurus tool. Those materials are commonly used materials in the semiconductor 

industry. If an uncommon material is of interest, one can use an insert command to 

modify an existing material parameter model. By using the insert command, the old 

material parameter will be overwritten for the specific simulation. For the device 

simulation using Sentaurus, the semiconductor band structure is simplified to 

parameters like the conduction and valence energies and the density of- states masses 

for electrons and holes. Therefore, it is essential to control them to generate realistic 

results using an alternative material. 

Here is an example of an IGZO region name that uses GaAs as the base framework for 

the material parameter of the IGZO. The explanation of the code in this file is marked 

by # followed by an explanation in blue. 
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FILE NAME: sdevice.par 

Region = "IGZO" { Insert = "GaAs.par"  

Bandgap {  

#  Eg = Eg0 + alpha Tpar^2 / (beta + Tpar) - alpha T^2 / (beta + T) this is the band gap 

formula. If a variable is not specified it is assumes zero. 

 Chi0 = 4.16  

# Chi0 is electron affinity in [eV] 

 Eg0 = 3.2  

# Eg0 is the intrinsic band gap of the material in [eV] 
 } 

ConstantMobility:  

# defines the mobility of the material if the constant mobility model is used. The first 

number defines the parameters of the electron, and the second number is for holes. 

{ 

# mu_const = mumax (T/T0)^(-Exponent) this is the constant mobility formula. 

    Exponent = 1,  1 # [unitless] 

    mumax  = 0.33, 0.001 # [cm^2/(Vs)] 

    mutunnel = 0.05, 0.05 # [cm^2/(Vs)] 

} 

Epsilon 

{#  Ratio of the permittivity's of material and vacuum 
 epsilon = 10 # [unitless] 

} 

SchroedingerParameters:  

# defines the way to compute the density of states effective mass  

{ 

Formula = 0,0   
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# for electrons, for holes 

} 

#Next is the electron effective-density of states calculating the electron effective mass 
eDOSMass   

{ 

Formula = 2 

# me/m0 = (Nc300/2.540e19)^2/3 

# Nc(T) = Nc300 * (T/300)^3/2 

Nc300 = 5e+18 # [cm-3] 

} 

hDOSMass 

{ 

Formula = 2 

# mh/m0 = (Nc300/2.540e19)^2/3 

# Nc(T) = Nc300 * (T/300)^3/2 

Nv300 = 5e+18 # [cm-3]  

}   

} 

#Next are the parameters of the C60 organic material 

Region = "C60" {Insert = "GaAs.par"  

Bandgap {  

 Chi0 = 4.1 # [eV] 

 Eg0 = 1.9 # [eV] 

 alpha = 5.4050e-04 # [eV K^-1] 

 beta = 2.0400e+02 # [K] 

 Tpar = 0.0 # [K] 

 } 
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ConstantMobility: 

{  

 mumax  =  1.4e-3, 1.7e-3 # [cm^2/(Vs)] 

 Exponent =  1,  1   

 mutunnel =  0.05,  0.05  # [cm^2/(Vs)] 

} 

Epsilon: 

{  

 epsilon = 4.5  

 epsilon(1) = 4.5   

} 

eDOSMass 

{ 

Formula = 2 

    Nc300 = 1e+20 # [cm-3] 

} 

hDOSMass 

{ 

Formula = 2 

    Nv300 = 1e+20 # [cm-3]  

}  

 

} 

; END FILE 

After completing the structure built and saving the model and its files, the second sub-

section within the Workbench can be presented. This sub-section is named Sentaurus 
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Device (Sdevice), and it is responsible for solving the previously defined mesh and 

material properties with a set of physical models and boundary conditions. 

FILE NAME: sdevice.cmd 

File  {  

#Defines all input and output file formats within the main simulation folder 

#Input files 

  Grid = "@tdr@" 

  Parameter = "@parameter@" 

# Output files 

  Plot = "@tdrdat@" 

  Current = "@plot@" 

  Output = "@log@" 

  }  

Electrode  {  

# defines the boundary conditions of the electrodes in the problem and their names. 

 {Name="Source" Voltage=0.0 Schottky workfunction=4.15} 

 {Name="Drain" Voltage=0.0 Schottky workfunction=@DrainWF@} 

# Here the drain work function was declared by the general variables in the Workbench 

GUI 

 {Name="Gate" Voltage=0.0 Schottky Material="Silicon" (P = 

5e19)}  

} 

# Here the contact work function was initiated by a doped silicon material property 

  

#It is important to mention that a non-contact boundary condition is assumed to have 

Neumann boundary conditions   
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#After defining the contact, the physics of the problem is defined. The physics can be 

region or material-specific, or a general physics model for all regions. 

Physics(Region="IGZO")  { 

Traps( 

#Here, the trap model is used to create the band tail states of the IGZO material model. 

Also, the oxygen vacancies doping of the IGZO material is defined by the donor-like 

Gaussian distribution of states.   

(hNeutral Gaussian fromCondBand Conc=2e17 EnergyMid=0.19 

EnergySig=0.12) 

(eNeutral Exponential fromCondBand Conc=@Ntc@ EnergyMid=0 

EnergySig=@Es@ eXsection=1e-10 hXsection=1e-12) 

(hNeutral Exponential fromValBand Conc=1.55e20 EnergyMid=0 

EnergySig=0.1 eXsection=1e-12 hXsection=1e-10) 

  ) 

    } 

#Next, a material interface physics model can be defined  

Physics (MaterialInterface="GaAs/Gold") { 

  Schottky  

# If a Schottky boundary condition is needed, it must be specified in the physics of the 

boundary 

  BarrierLowering(Full)  

#barrier lowering model is accounted for field-effect barrier lowering at the metal-

semiconductor interface. 

 } 

Physics (MaterialInterface="GaAs/Aluminum") { 

  Schottky 

  BarrierLowering(Full) 

 } 
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Physics { 

# When using 2D model, the Z-direction length (1um) is multiplied by the area factor 

as a normalization tool 

  AreaFactor=1  

# Here, the mobility takes into account the velocity saturation effect and the transverse 

field dependence on the mobility 

  Mobility (HighFieldSat Enormal) 

  EffectiveIntrinsicDensity (Nobandgapnarrowing) 

#The full Fermi Dirac integral is calculated and not approximated by the Boltzmann 

approximation 

    Fermi  

# Heterointerface deals with discontinued band structure to enable abrupt energy 

change at the material interface. 

    HeteroInterface 

 } 

Plot {  

# In the plot section different information is declared to be written to the output files. If 

declared one can access it after the simulation completes trough the vitalization tool 

within the Workbench 

  eDensity hDensity  

  eCurrent hCurrent 

  equasiFermi hquasiFermi 

  eTemperature 

  ElectricField eEparallel hEparallel 

  Potential SpaceCharge 

  eMobility hMobility eVelocity hVelocity 

  Doping DonorConcentration AcceptorConcentration 

  ConductionBandEnergy ValenceBandEnergy MetalWorkfunction 
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  Current/Vector  

  eCurrent/Vector   

  hCurrent/Vector 

  ElectricField/Vector 

  eTrappedCharge hTrappedCharge 

 } 

Math  { 

# Sentaurus Device solves the device equations within the defined mesh by iterations. 

In each iteration the solution is trying to converge based on accepting a reasonable value 

of the calculated error. Therefore, in this section the solution and convergence 

parameters are defined.  

# The Extrapolate command uses previous solution to the next solution initial guess 

  Extrapolate 

# The next line switches the error control on 

  RelErrControl 

#Next are the error control parameters  

# limiting the newton iteration for each guess 

  Iterations=50  

# controls the relative error 

  Digits= 6 

  NotDamped=15 

  RhsFactor=1e10 

  RhsMin= 1e-6 

# LineSearchDamping controls the step of the newton iteration, it is the factor of the 

min newton iteration to try and achieve convergence. 

  LineSearchDamping=0.5 

# TrapDLN defines the number of discrete trap levels within the defined previous trap 

physics model 
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  TrapDLN=20 

# ExtendedPrecision is used to define the available memory allocation of the solution 

within the processor. If high precision is needed to be controlled by the convergence 

parameters, extended precision must be used. 

  ExtendedPrecision 

# Next is the relaxed newton parameter when convergence is hard during ramp-up (or 

down) 

  AcceptNewtonParameter ( 

# Next line enables the feature 

   -RhsAndUpdateConvergence   

# Converge if RSH is less then this value 
   RhsMin = 1.e-5  

# Another factor that computed the error 

   UpdateScale = 1.e-2  

  ) 

 } 

 

# The solve section is the last in the Sdevice simulation. It initiates a set of solutions by 

the solver based on specific values. It also generates different output files after a 

solution is successfully solved. 

Solve { 

# the first few lines in the solve section are to obtain an initial solution based on the 

preconfigured boundary conditions of the contact section previously presented. 

      Poisson # uses only the Poisson equation in the first 

step.  

# Next, it takes the previous Poisson solution and couples it to the continuity equations 

of electrons and holes 

  Coupled { Poisson Electron Hole } 
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# Next, the solution is saved 

  Save (FilePrefix="vd0") 

# In this specific simulation, the transfer characteristics of the transistor are of interest. 

Therefore, the Poisson and continuity equations solution are solved for different drain 

bias conditions without changing the gate or the source bias. 

# Quasistationary is used to generate a steady-state solution of the next point of interest. 

Here the solution of a higher drain bias is needed. In the Quasistationary, the initial 

ramp-up (or down) step and the min and max step are defined. Moreover, the goal of 

this final solution is declared by the Goal command. Each solution to the goal bias is 

coupled to both Poisson and continuity equations as before. Finally, when all are 

achieved, the solution is saved for later use.  

  Quasistationary 

  (InitialStep=0.1 Maxstep=0.3 MinStep=0.00001 

  Goal { Name="Drain" Voltage=0.5 } ) 

  { Coupled { Poisson Electron Hole } } 

  Save(FilePrefix="vd1") 

# The Quasistationary can be repeated if a higher drain bias sweep is needed but in the 

context of the work only one bias sweep will be presented.  

# If only one transfer curve is needed, no load command is needed, but since one is 

most likely to sweep the gate in multiple drain biases, the load command is used.  The 

load command loads the saved initial solution before sweeping the gate (or another 

terminal if needed) 

  Load(FilePrefix="vd1") 

#Here, the new current prefix is generated with the universal variables that are different 

for each simulation. This action is needed if one wants to distinguish between different 

solutions with different parameters. 

   NewCurrentPrefix="vd10P_@WF@_@DrainWF@_@Text@_" 

# Quasistationary same as before is to initiate a ramp up or down of the boundary 

conditions on one contact (here is the gate contact) 
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   Quasistationary 

   (InitialStep=0.1 Maxstep=0.3 MinStep=0.0001 Increment=15 

   Goal{ name="Gate" voltage=10.0 }) 

   { Coupled {Poisson Electron Hole } 

# The next two lines are different from before. First, the current plot generates the 

contact current IV plot. In this command, the time is divided between 0, which is the 

initial point, and 1, the last solved point. The interval dictates how many points readings 

between that interval will be calculated and saved. In this example, the initial gate 

voltage is 0, and the end voltage is 10; therefore, the current plot will include 100 points 

between this range.  

   CurrentPlot (time=(range = (0 1) intervals=100)) 

# The plot command generates a 2D spatial solution for the different parameters defined 

in the plot section for each mesh point in the device space. Here the time command is 

determined the corresponding voltage bias in which the solution will be saved. In this 

instance, the mesh space solution is saved for 0, 5, and 10 volts for the gate bias. 

  Plot ( FilePrefix="P1@WF@_@DrainWF@_@Text@" time= ( 0.0; 

0.5 ; 1.0 ) NoOverwrite)   

   } 

} 

# END FILE 

TCAD DOS 

Another critical aspect of the device simulation is the density-of-state energetic 

distribution. Different materials have different density-of-states. The ladder solution 

that was presented used the standard parabolic edge approximation with the trap states 

model to achieve exponential tail states in the forbidden gap. Suppose the material 

experiences non-ideal DOS; different distributions can be accounted for. Since this 

work deals partially with organic materials, the gaussian DOS is explained. 

Furthermore, a user-defined DOS is explained if one wants to explore the different 

distribution of the band states. 

Gaussian DOS  



166 
 

Gaussian density-of-states (DOS) is used to estimate the electron and hole densities 

when a Gaussian DOS is assumed. Usually, the Gaussian DOS is used for organic 

materials, but it is not limited to this group of materials. The Gaussian DOS is presented 

in equation [11] .  

  [11] 

In this equation the 𝑁> is the pick gaussian DOS, 𝜎)&; is the width of the distribution, 

and 𝐸! is the energy of the distribution pick. In the interest of both electron and hols 

DOS the 𝐸! is defined as the distance of the Gaussian pick distribution from the 

predefined conduction and valance bend edges.  

If the Fermi Dirac statistics is used, the full integral is solved analytically to generate 

the solution for the electrons and holes densities. If the Boltzmann approximation is 

used, the effective density of states with the gaussian distribution is approximated. 

The following commands have to be inserted in the physics section to use the Gaussian 

model with the Fermi Dirac statistics. 

Physics(Region="Organic") {GaussianDOS_full} 

Physics  { 

Fermi 

} 

 The parameters of the gaussian distribution can be controlled within the material 

parameter file. 

User-Defined Multivalley DOS 

If the DOS is an odd shape not generated by the TCAD simulation, there is a way to 

define the DOS by the user. In order to do so, the user needs to include a DOS file that 

has the information needed for the band shape and quantity. In addition, the file name 

has to carry the file-specific ending of .dat to be used together with the multivalley 

model of the TCAD simulation. Here is an example of the user-defined DOS for both 

the conduction and valance bands. 

FILE NAME : "**_mc.dostot.dat" 
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#The first line of the file has two numbers; the first number defines how many lines are 

in the DOS file, and the second number (2) defines the number of bands. 

2001 2  

1.0000000E-03 1.00115E+20 1.58114E+20 

3.0000000E-03 1.73404E+20 2.73861E+20 

….. 

4.0000000E+00 6.32945E+21 9.99625E+21 

# Each column represents the following information Energy [𝑒𝑉], DOS conduction 

[𝑒𝑉FC𝑐𝑚F4], and band DOS valence band [𝑒𝑉FC𝑐𝑚F4]. 

#To initiate the model in the Sdevice file, one has to declare it in the physics section. 

Physics (Region="MaterialX") { 

Multivalley (mcDOS ("**_mc.dostot.dat "))} 

Physics  { 

Fermi 

} 

#The user-defined DOS has to be saved within the simulation folder when the 

simulation runs 
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18 Appendix F – Dewetting Process 
Thin metal films deposited on oxide are thermodynamically unstable. Since the thin 

metal films are deposited using PVD processes, the atoms are organized in unstable 

formation. Therefore, the thin films can dewet the surface at elevated temperatures due 

to the energy minimization driving force when still at solid phase 156. The first stage of 

the dewetting process generates holes in the thin film; those holes grow with time at 

elevated temperatures until they overlap and form small islands.  

In this work, the top drain metal was deposited on the IGZO/ Al2O3 surface when the 

short channel TFT was realized using angular E-beam deposition. Since the last step of 

the process was to anneal the sample, the elevated temperatures caused the dewetting 

of the Ag thin film from the surface. Therefore, when measuring the device, it appeared 

as an open circuit. After examining it under an SEM, the small size particles on the 

surface were observed. Figure 108 shows an SEM image of the sample surface where 

~1µm size spherical Ag particles were viewed. 

 

Figure 108 SEM-FIB microscopy image of the dewetting process after the device was annealed at 300°C. 

In order to limit the dewetting process, a thin layer of oxide was deposited on top of the 

metal to limit the energy minimization process at elevated temperatures. Another 

method to limit the dewetting process was to increase the metal layer thickness. The 

example in Figure 108 experienced dewetting of 150nm thick Ag film at 300°C.  
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19 Appendix G –IGZO Sol-gel Solution for Transistors 
The standard way to produce the IGZO Sol-gel solution is by premixing different metal 

salts in an inorganic solvent to produce the precursor. After the different metal 

precursors are mixed in a specific ratio, they are spun onto the wafer and annealed for 

a few hours on a hot plate (for a detailed procedure, see the fabrication methods). 

Different researchers argued that the Sol-gel solution could undergo a strongly 

exothermic reaction at low temperatures ~150℃ 157 and reduce the processing 

temperature needed to fabricate the devices by using a combustion process. Using the 

additive method, one had to expose the film to deep ultraviolet (UV) light. Here we 

tried to use the same additive compared to a controlled group with no additive to test 

for low-temperature annealing capabilities. In this experiment, the control group IGZO 

precursor was composed of 0.5M in 2-ME, while the one with the additives used two 

different volumes inserted into the controlled precursor. The two different additives 

were 100𝜇𝐿 acetylacetone and 55𝜇𝐿 ammonium hydroxide for every 1mL of 0.5M 

IGZO precursor 93. Following the precursor spin coat, the wafers were annealed at 

150℃ for 1 hour before depositing the aluminum source and drain contacts through a 

shadow mask. 

The following Figure 109 shows the transfer characteristics of the two IGZO Sol-gel 

solutions with (dashed line) and without (solid line) additives for (a) 150℃ and (b) 

450℃ post-metal deposition annealing. The annealing was done in ambient conditions 

for 1 hour. 

 
Figure 109 Transfer characteristics of two IGZO Sol-gel solutions with (dashed line) and without (solid line) 
additives for (a) 150℃ and (b) 450℃ post-metal deposition annealing. 
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Exploring the transfer characteristics, one can see that both solutions experience non-

ideal characteristics for low annealing temperatures (150℃). The current reduces with 

increasing drain bias, suggesting that the precursor solution did not go through complete 

dehydration at low temperatures31, 157-159. On the other hand, investigating the 450℃ 

annealed specimen, the parasitic effect improves for the precursor without the additives. 

However, the precursor with the additives did not show improvements in high 

temperatures. As explained in the literature, a sufficient temperature has to be applied 

for the reaction. When using a low temperature, solvents residuals and other reaction 

products might still exist within the film. For thick film (~30nm IGZO), the high 

temperature and short annealing might not be adequate for complete densification 

resulting in poor TFT with the additives 93, 160. 

Next, to understand how the concentration of the IGZO material effect the layer 

thickness, we conducted a quick film thickness measurement for different precursor 

concentration. That experiment came to tune the IGZO thickness to a specific needed 

thickness (uniform 5 nm). Different concentrations of the IGZO precursor in 2-

Methoxyethanol (2-ME) were made and spun on the SiO2 substrate at different spin 

speeds for 30 seconds. Then the sample got annealed at 300℃ for one hour before 

measuring them with the ellipsometer.  

 

𝒄𝒐𝒏𝒄𝒆𝒕𝒓𝒂𝒕𝒊𝒐𝒏	[𝑴] 𝑻𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔	[𝒏𝒎] 

𝟎. 𝟎𝟓𝑴	 𝟒. 𝟐	

𝟎. 𝟏𝑴	 𝟔. 𝟔	

𝟎. 𝟐𝑴	 𝟏𝟒. 𝟔	

𝟎. 𝟑𝑴	 𝟐𝟏. 𝟐	

Table 3 The thickness dependence measurement for 3000 RPM spin speed.  

Since a thinner film resulted in better film and better electrical characteristics, we used 

0.1𝑀 during most of the experimental procedures.   

Next, we measured the optical bang gap of the IGZO for 0.1M concentration to confirm 

close to reported numbers of the IGZO material. Using UV-Vis spectroscopy, the ~5 

nm IGZO sample was prepared using spin coat on a fused silica substrate and annealed 

at 300℃. The optical transmittance was measured, and by using a Tauc plot, the 
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optical band gap was estimated. Figure 110 shows the optical band gap estimation 

technique using the Tauc plot assuming a direct bandgap semiconductor 161, 162. 

 
Figure 110 Tauc plot of the 0.1M IGZO after 300C thermal annealing using the UV–Vis optical measurement. 

The results show that the IGZO optical band gap is estimated to be ~3.9eV which agrees 

with what people report for a-IGZO162.  

The findings during the preliminary tests led us to continue without the additives 

solution and reduce the IGZO concentration to 0.1M to achieve the best possible film 

of about 5-6nm in thickness.  
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 .םיבשחמו למשח תסדנהל הטלוקפהמ רלסט רינ רוספורפ תייחנהב השענ רקחמה

 

 הברנימ ףרודנלוא זכרמל ,לארשי-ב"הרא עדמל תימואל-ודה ןרקל הדומ ינא

 תחפשמ םש לע הגלמל ,ןוינכטב ירב לסאר ש"ע היגולונכטוננ זכרמל ,ןוינכטב

   .יתומלתשהב הבידנה תיפסכה הכימתה לע ןוינכטלו ודאמ טרבור
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 הדות תרכה

 ךרדה תא לולסל לודג דובכ שיגרמ ינא ,יתחפשמב םיטנרוטקודל ןושאר רודכ

 ישיא ןפואב יל ורזעש םישנאל תודוהל ידכ בתכנ הז קלח .ירחא שדחה רודל

 .רקחמה ךלהמב יעוצקמו

 לע יירוהלו יתשאל ,תבהואה יתחפשמל תודוהל הצור ינא ,הנושארבו שארב

 םתכימת אלל תגשומ התייה אל ילש הזתה תשגה .ךרדה לכ ךרואל יב וכמתש

 .ןיינעו רבד לכל יליבשב םש ויהש ילש םיחאל תודוהל הצור ינא ףסונב .המוצעה

 רלסט רוספורפ .רלסט רינ רוספורפ ,ילש החנמל בל ברקמ תודוהל הצור ינא

 םינמזב םג החלצהל הארשה יל ןתנ רשא םיבשחמו למשח תסדנהל הטלוקפהמ

 לש תיעוצקמה תעדה תווח .די גשיהמ תוקוחר ויה תואצותה םהבש םישק

 תיארנ התייה אל יתדובע ,הידעלבו ,רקחמב יתומדקתה תא הדדוע רלסט רוספורפ

 .רבדה ותוא

 רוספורפ לש רקחמה תצובקמ םישנאה לכל תודוהל הצור ינא ,םיביבח םינורחא

 םש לע הקינורטקלא-וננל זכרמהמ, )םיינגרוא םיביכרו םירמוחל הדבעמה( רלסט

 ,ילארשיה יגולונכטה ןוכמה ןוינכטב למשח תסדנה תקלחממ ,לפאסיז השמו הרש

 םשל אשונ לכב יל ורזעש )MNF&PU( וננ-ורקימ הספדהו רוצייל הדיחיהמו

 .ראותה םויסל דע ייתורטמ תגשה
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 ריצקת

 ידכ םהיצמאממו םנמזמ רכינ קלח ועיקשה םיבר םירקוח ,תונורחאה םינשב

 ולא םיצמאמ .תוקד תובכש ילעב ןוקיליס ירוטסיזנרט תייגולונכט תא ליזוהל

 םינקתה תורוטקטיכראו םישדח )הצחמל םיכילומ( םירמוח תריקח לע וססבתה

 בל תמושתל וכז תכתמ תוצומחתו םיינגרוא םירמוח ןוגכ הצחמל םיכילומ .הנוש

 םיינגרוא םירמוח םיססובמה הדש אצות ירוטסיזנרט .וזה הניחבהמ הבר

 רוציי תולקו ,תופיקש ,תושימג ומכ תולוכי רישעהל םילוכי תכתמ תוצומחתו

 םתוא תוכפוה ולא תונוכת .הקינורטקלא-וננו ורקימה ינקתה לש תונוכתה רגאמל

 ,תאז םע .תרפושמ שמתשמ תייווחב םירושקה םימושיי רובע םייביטקרטאל

 םינקתהל סחיב םיתוחפ םיעוציבב םינחינ םיינגרואה הצחמל םיכילומה

 םה םיינגרואה םירמוחה .קושב םיטלושה, יפרומא ןוקיליס לע םיססובמה

 םילבוס רשא ,םידמוצמ יאפ ירשק ילעבו ,ןמחפ ימוטא לע םיססובמה םירמוח

 םיעוציב רוציל ידכ .םהב עמטומה יטגרנאה רדסה-יא טקפא לשב הכומנ תודיינמ

 לע רשגל יושעש המ ,רוטסיזנרטה לש הלעתה ךרוא תא רצקל ןתינ ,רתוי םיבוט

 ידכש ןובשחב איבהל שי ,תאז םע .ולא םירמוחב הכומנה תודיינה לש רעפה

 שי ,ףסונב .םינוש היפרגותיל יכילהתב שמתשהל ךירצ ,הלעתה ךרוא תא רצקל

 ןוקיליס ןוגכ םיינגרואנא םירמוח רובע דואמ חתופמ היפרגותילה ךילהתש רוכזל

 םירמוחל ידועיי ךילהת חותיפ ,ןכל .םיינגרוא םירמוח רובע חתופמ אל ךא

 םיססובמש םינקתהה םוקמב םתעמטה תא תענומ רשא תובכרומ ףיסומ םיינגרוא

 לע םיססובמה הצחמל םיכילומ ,םיינגרואה םירמוחל דוגינב .ןוקיליס לע

 לע םיססובמה הצחמל םיכילומ לשמ רתוי ההובג תודיינב םינחינ תכתמ תוצומחת

 ססבתמה ןקתהה יעוציב לש הערגהמ םילבוס םה ,תאז תמועל .יפרומא ןוקליס

 םע קשממב תכתמה תוצומחת לש תימיכה היצקארטניאה בקע ןמז ךרואל םהילע

 תא רפשל ידכ תונוש היצביספ תובכשב םישמתשמ םינעדמ ,םויכ .ןצמחו םימ

 ךרוא רוציק לש תועפשה לבא ,תכתמה תצומחת םיססובמה םינקתהה תוביצי
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 .הלא םירמוח רובע היעב ןיידע ןה תכתמה תוצומחתל הקרזה ינונגנמו הלעתה

 רוא תוטלופ תודויד םיססובמה םיכסמב ומכ םישיגר אל םימושייב םתעמטה ,ןכל

 םיכסמה קושש רוכזל ךירצ .תירשפא הניה ,םרז תקפסא יביכר רותב ,תוינגרוא

 .הצחמל םיכילומה קושל סחיב ןטק קוש הווהמ

 לע רבגתהל תפסונ תורשפא איה יכנא הדש אצות רוטסיזנרט תרוטקטיכרא

 יושע יכנא הדש אצות רוטסיזנרט  .םיינגרוא םירמוחב םימולגה תונורסחה

 יקפוא הדש אצות רוטסיזנרטל המודב רעשו ךפש ,רוקמ :םיקדה השולשמ

 םוקימה אוה תיכנאל תיקפואה הרוטקטיכראה ןיב לדבהה .תוקד תובכש ססובמה

 דחא םיאצמנ םיעגמה ,תיכנאה הרוטקטיכראב .רוקמה עגמל סחיב ךפשה עגמ לש

 רוטסיזנרטב ,תאז תמועל .םהיניב אצמנ הצחמל ךילומ רמוח רשאכ ינשה יבג לע

 ךילומ םע ,ינשה דיל דחא ,רושימ ותוא לע םיאצמנ ךפשהו רוקמה יעגמ ,יקפואה

 ךרוא רוציק תא תרשפאמ תידוחייה תיכנאה הרוטקטיכראה .עצמאב הצחמל

 אל וז הרוטקטיכרא ,ףסונב .תילמינימ תולעב ןקתהה יעוציב רופישו הלעתה

 ורכזוהש תונורתיה תגשהל ההובג היצולוזרב היפרגותיל תוטיש לע תססבתמ

 .ליעל

 רפשל תנמ לע תיכנאה הרוטקטיכראב םיינבמ תונורסח תנחוב וז רקחמ תדובע

 תוידממ-וד תויצלומיס ונבליש הז רקחמב .ןקתהה לש םיילמשחה םיעוציבה תא

 דציכ דומלל ידכ םתדידמו םינקתה רוציי םע דחי םיירמונ םיבושיח תרזעב

 ונבל תמושת תא ונדקימ ,תישאר .ןקתהה יעוציב לע םיעיפשמ םיינבמה םייונישה

 רועזממ עבונה הלעתה רוציק טקפאבו תיכנא הרוטקטיכראב היוורה רדעיהב

 רוציק תועפשה תא תרפשמה השדח רוקמ תדורטקלא ונרצי ,ןכמ רחאל .ןקתהה

 לע םיטלשנה םימרז תרשפאמו םייקפואו םייכנא םירוטסיזנרטב תומייקה הלעתה

 .דבלב רעשה תדורטקלא ידי
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 ולבקתהש תואצותה םע תויצלומיסה ןמ ולבקתהש תואצותה תא ונבליש ,ףוסבל

 ךילהתב .תיבטימ הרוצב היצלומיסל תואיצמה תא רשוקה ךרעמ ונרציו םייוסינב

 ,ךכ ךותמו ;הנימב הדיחי רוקמ תדורטקלא חתפל ידכ םיבר םיבאשמ ונעקשה הז

 םיכירצ ונייה ,םימיוסמ םירקמב .תונוש רוציי תוקינכט לש הקימעמ הנבה ונגשה

 ומאת אל יוסינה תואצות עודמ ןיבהל ידכ ךילהתב לשכה תדוקנ תא אוצמל

 .תויצלומיסל


