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ABSTRACT 

Novel Architectures for High Performance Field Effect Transistors 

Amir Hanna 

This dissertation presents a unique concept for a device architecture named the nanotube 

(NT) architecture, which is capable of higher drive current compared to the Gate-All-

Around Nanowire architecture when applied to heterostructure Tunnel Field Effect 

Transistors. Through the use of inner/outer core-shell gates, heterostructure NT TFET 

leverages physically larger tunneling area thus achieving higher driver current (ION) and 

saving real estates by eliminating arraying requirement. We discuss the physics of p-type 

(Silicon/Indium Arsenide) and n-type (Silicon/Germanium hetero-structure) based TFETs. 

Numerical TCAD simulations have shown that NT TFETs have 5x and 1.6 x higher 

normalized ION when compared to GAA NW TFET for p and n-type TFETs, respectively.  

This is due to the availability of larger tunneling junction cross sectional area, and lower 

Shockley-Reed-Hall recombination, while achieving sub 60 mV/dec performance for more 

than 5 orders of magnitude of drain current, thus enabling scaling down of Vdd to 0.5 V. 

This dissertation also introduces a novel thin-film-transistors architecture that is named 

the Wavy Channel (WC) architecture, which allows for extending device width by 

integrating vertical fin-like substrate corrugations giving rise to up to 50% larger device 

width, without occupying extra chip area. The novel architecture shows 2x higher output 

drive current per unit chip area when compared to conventional planar architecture. The 

current increase is attributed to both the extra device width and 50% enhancement in 
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field effect mobility due to electrostatic gating effects. Digital circuits are fabricated to 

demonstrate the potential of integrating WC TFT based circuits. WC inverters have shown 

2× the peak-to-peak output voltage for the same input, and ~2× the operation frequency 

of the planar inverters for the same peak-to-peak output voltage. WC NAND circuits have 

shown 2× higher peak-to-peak output voltage, and 3× lower high-to-low propagation 

delay times when compared to their planar counterparts. WC NOR circuits have shown 

70% higher peak-to-peak output voltage, over their planar counterparts. Finally, a WC 

based pass transistor logic multiplexer circuit is demonstrated, which has shown more 

than 5× faster high-to-low propagation delay compared to its planar counterpart at a 

similar peak-to-peak output voltage. 
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Chapter 1 

Introduction and Background 

Scaling down transistor gate length has been successfully implemented 

consistently keeping Moore’s observation of the doubling of the number of transistors up 

to early 2000s [1]. However, scaling transistor dimension has faced a trade-off: short 

channel effects (SCE) such as higher “OFF” state leakage power consumption due to 

threshold voltage shift, and Drain Induced Barrier Lowering (DIBL). This led both academia 

and industry to investigate novel transistor architectures that could addresses the various 

SCE. Various transistor architectures involving multi-gate field effect transistor structures 

(MugFET) have been proposed to address SCE [2-4]. Intel adopted  FinFET device 

architecture starting the 22 nm CMOS technology node, which was a major move for 

state-of-the-art CMOS industry[5]. The question remains for future nodes, where other 

candidate architecture such as the Gate-all-around (GAA) architecture is of a particular of 

interest for sub-10 nm technology nodes due to its’ superior electrostatic control to 

FinFET architecture, which ultimately lead to ultra-low “OFF” state leakage power [6-8].  

However, due to the low dimensionality, projected device current drivability and, as a 

result, gate-level fan-out are limited.  Therefore, arraying is needed to provide ample 

drive currents for CMOS technology. However, this  comes at the expense of more real 

estate and thus increases intrinsic gate delay, which is a major benchmark for CMOS 

technology [9]. In the International Technology Roadmap for Semiconductors (ITRS) 2010 

update, it has been noted the number of transistor growth trend would slow down 
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beyond the end of 2013, where transistor counts and densities are to double only every 

three years [10].    Therefore, in the recent past, we have conceptualized and studied a 

novel FET architecture that we named the nanotube (NT) architecture with core-shell 

gate-stacks, which shows superior performance when compared to the vertical GAA NW 

architecture for scaled channel thickness, since it takes advantage of full-volume 

inversion phenomenon, while allowing for on-demand current drivability, based on NT 

diameter, making it the ultimate architecture for vertical FET [9, 11]. By extending this 

innovation further, we explore the NT architecture for tunneling field effect transistors 

(TFETs) application using TCAD simulation. This thesis aims to show the potential NT TFET 

to deliver much needed higher drive currents compared to vertical GAA NW TFETs, thus 

allowing the scaling down of drive voltage Vdd, while achieving steep turn-on 

characteristics [12].  

In order for TEFTs to compete with state-of-the-art CMOS MOSFETs, offering a 

complementary TFET (C-TFET) technology for logic circuits is necessary. Therefore, 

optimization of the source materials for both n and p-type TFET was explored in order to 

achieve higher band-to-band tunneling rates, and hence improving drive current 

capability. Early results have shown that changing source material to low bandgap 

materials such as Ge (group IV) and InAS (group III-V), while maintaining Si based channel 

and drain, have the potential of achieving drive currents for a NT n and p-type TFET, 

respectively, which are comparable to state-of-the-art CMOS FETs while enabling both 

Vdd scaling and achieving the desirable steep turn-on characteristics of GAA NW TFETs. 
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Analysis of the various device physics elements behind the superior performance of the 

NT architecture over the GAA NW architecture for n and p-type TFETs is presented in the 

thesis with a focus of the band-to-band-tunneling (BTBT) behavior and Shockley-Reed-

Hall recombination profiles.  

The second half of this dissertation is concerned with exploring a novel 

architecture for thin film transistors (TFTs) for high resolution displays and large-area 

electronics applications.  The history of TFT development is as old as that of the modern 

MOSFET-based Integrated Circuits. The early popular TFT versions were made of 

compound semiconductors, such as CdS or CdSe, which exhibited high field effect 

mobility, µeff, e.g., > 40 cm2/Vs. The first CdSe TFT LCD was demonstrated in 1973. 

However, mass production of this kind of LCD on large-area substrates has never been 

realized because of complications in controlling the compound semiconductor thin film 

material properties and device reliability over large areas.  The technology enjoyed great 

success only after the first report of a-Si:H TFTs prepared by the PECVD process in the late 

1970s[13]. In the past 30 years, there have been great advances in TFT device physics, 

material properties, and fabrication processes enabling worldwide TFT LCD market has 

grown to about $110 billion in 2012 mostly relying on a-Si and low temperature 

polysilicon (LTPS) based backplanes[13]. The recent push for ultra-high-definition 

television (UHDTV) allowing for 8K UHD resolution[14] is mobilizing research for novel 

materials and device architectures allowing for scaling down of the pixel size to achieve 

the required resolution. Also, there is a need for operating the backplane circuitry, 
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composing the Active Matrix controlling the switching of  individual Organic Light Emitting 

Diode (AMOLED) pixels, at higher frequencies to achieve seamless display experience[13]. 

This in turn necessitates scaling down the backplane TFT device size, as well as, searching 

for materials with higher intrinsic mobility to achieve higher output current and faster 

switching behavior. This can be shown from the transistor output current dependence, 

representing saturation mode operation under high drain bias: 

 
𝐼𝐷 =

𝑊

2𝐿
µ𝑒𝑓𝑓𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝑉𝑇)

2 
(1.1) 

Where µeff is the effective field effect mobility, W is the device width, L is the gate length, 

Cox, is gate oxide capacitance; VGS, and VT are the gate to source bias voltage, and 

threshold voltage, respectively. While increasing operation voltage, Vdd and hence VGS, 

would lead to increasing output current, it would equally increase power consumption 

that is quadratically proportional to operation voltage, P α Vdd
2. This is not desirable for 

energy efficient applications, such as AMOLED based displays for mobile devices, where 

power consumption is a key element. Therefore, to optimize TFT performance from 

device architecture perspective, device designs that allow smaller gate length (L) or larger 

device width (W) should be explored in order to improve ID without resorting to increasing 

Vdd.  

Scaling down gate length as a method of increasing the output current has been 

traditionally explored in the literature through various methods such as the use nonplanar 

vertical channel architecture where L is not limited by lithographic limits[15, 16], and the 
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use of double gate FETs[17, 18], as well as, multi-gate FET (Mug-FET) device 

architectures[19] in order to mitigate short channel effects (SCE) paralleling state-of-the-

art CMOS technology movement toward FinFET device architecture starting the 22 nm 

technology node[5]. However, adopting Mug-FET architectures comes at the expense of 

process complexity and, as a result, fabrication costs. This is counterproductive since 

future technology for large-area electronics, promised for Internet-of-Things (IoT) and 

Internet-of-Everything(IoE) applications, demand lower cost compared to state-of-the-art 

CMOS technology in order to allow for wide deployment of such devices[20]. 

 Hence, we propose a novel TFT architecture that allows the expansion of the 

transistor width (W) through intentional substrate corrugations, in the form of fin-like 

features, which allow for expansion of W without occupying excess chip area. The 

corrugation of a wavy pattern in the substrate is the reason for naming the new 

architecture as the Wavy Channel (WC) architecture.  The novel TFT architecture has 

shown 2× improved Ion per unit chip area, as well as, improved the field effect mobility, 

μFE, due to better gate field electrostatics, and thus higher normalized transconductance 

for ZnO based TFT[21-25]. The novel TFT architecture was tested through comparing the 

performance of basic digital circuits, namely inverters (NOT), NAND, NOR and pass-

transistor-logic multiplexer circuits, made using the WC architecture against state-of-the-

art coplanar TFT architecture. The WC architecture based circuits have shown superior 

performance in terms of operation speed, output peak-to-peak voltages, and propagation 

delay when compared to planar circuits.   
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The following Chapters would be divided as follows: 

1- Chapter 2: Introduction to the physics of heterojunction Tunnel Field Effect 

Transistors (TFET). We start by comparing various candidate materials such as Si, 

III-V, and 2D for future TFETs. We then start discussing the physics of tunneling 

through the derivation of the WKB approximation, discussing the difference 

between point and line tunneling mechanisms, and discuss the difference 

between direct and indirect tunneling. We then discuss the proposed tunneling 

mechanisms for heterojunction TFETs, and discuss undesirable tunneling effects 

such as midgap states and metal-semiconductor interfacial states Trap Assisted 

Tunneling (TAT). 

2- Chapter 3: Comparison between the GAA NW and NT architectures for p-type 

InAs/Si and n-type Ge/Si TFETs. Normalized drive current, minimum subthreshold 

slope, Band diagrams, BTBT profiles, and SRH recombination profiles are 

compared for both architectures to determine the reasons behind superior 

performance for the NT architecture. Investigation of scaled Vdd down to 0.5V is 

also shown for GAA NW and NT TFETs. 

3- Chapter 4: An introduction to amorphous oxide semiconductors (AOS) with a focus 

on ZnO thin films. We then introduce various TFT device configurations, TFT device 

physics, and proposed TFT device architectures for scaled down gate-length. We 

finally present the Wavy Channel (WC) TFT device architecture concept.  
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4- Chapter 5: Demonstration of substrate back-gated Wavy Channel Thin Film 

Transistor (WC TFT), where we demonstrate the process flow of the WC TFT, and 

the devices characteristics. We demonstrate that that output current and field 

effect mobility linearly increase with the number of fins included, while 

maintaining similar Ion/off ratios of  state-of-the-art planar architecture TFTs. Other 

device characteristics such as threshold voltage (VT) was found to decrease as a 

function of the number of fins.  

5- Chapter 6: Demonstration of the integration process flow for bottom metal gated 

Thin Film Transistors, where we show that WC TFT are able to demonstrate 2× the 

drive current of planar TFTs, while maintaining similar IOFF , and occupying similar 

chip area. Digital circuits demonstrations of inverters(NOT), NAND, NOR, and pass-

transistor-logic multiplexer (PTL MUX) circuits using WC TFT architecture are 

bench marked against  planar TFT architecture circuits that occupy identical chip 

area.  

6- Chapter 7: Conclusion and Future Outlook. 
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Chapter 2 

Physics of Heterojunction Tunnel Field Effect Transistors 

The content of the following chapter is taken from the following papers: 

[1] Amir N. Hanna and Muhammad M. Hussain, "InAs/Si Heterojunction TFET Device 
Physics" CRC Press Book, (2016). 
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2.1 Introduction 

Tunneling field effect transistors (TFETs) offer interesting opportunities to address 

two major challenges faced by aggressively scaled conventional CMOS technology:  

(i) Scaling the supply voltage (VDD). 

(ii) Minimizing the leakage currents that degrade the ION/IOFF switching ratio. 

Both challenges aim at lowering power consumption in devices whereas we need more 

ultra-mobile computation capability[26]. As the transistor gate length is reduced, 

improving performance requires that both the supply voltage, VDD, and the threshold 

voltage, VT, to be lowered to maintain a high overdrive factor (VDD – VT). Doing this; 

however, exponentially increases the ‘OFF’ state leakage current (IOFF) due to a physical 

limitation commonly referred to as the 60 mV/dec sub-threshold slope (SS) bottleneck. 

This is inherent in all current generation electronics that utilizes CMOS transistors with 

over-the-barrier charge transport physics. The energy efficiency of a CMOS based switch 

is determined by evaluating it’s switching energy, which is divided into a static, also 

related to leakage, and dynamic portions as in the following equation[26]: 

 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑑𝑦𝑎𝑚𝑖𝑐 + 𝐸𝑠𝑡𝑎𝑡𝑖𝑐 =  𝛼𝐿𝑑 𝐶 𝑉𝐷𝐷
2 + 𝐿𝑑𝐼𝑂𝐹𝐹  𝑉𝐷𝐷

  𝜏𝑑𝑒𝑙𝑎𝑦   (2.1) 

Where Ld is the logic depth, C is the switched capacitance, τdelay is the delay time and α is 

the logic activity factor. The operation frequency, f, can be related to the delay time as: 

 
𝑓 =

1

𝐿𝑑  𝜏𝑑𝑒𝑙𝑎𝑦  
 

(2.2) 

So, the total power consumption can be expressed as: 

 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑑𝑦𝑎𝑚𝑖𝑐 + 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 =  𝛼 𝑓 𝐿𝑑  𝐶 𝑉𝐷𝐷
2 𝑓 + 𝐼𝑂𝐹𝐹  𝑉𝐷𝐷

    (2.3) 
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Empirically, it has been observed that the maximum operating frequency for a wide 

variety of circuits is a linear function of voltage[27], written as 

 𝑓 =  𝛼(𝑉𝐷𝐷 − 𝑉𝑜)       (2.4) 

Where Vo is the voltage at which frequency approaches zero. So, the transistor dynamic 

power dissipation is considered to be semi-empirically proportional to[27]: 

 𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 ∝   𝛼VDD
3       (2.5) 

In order to reduce power, reducing VDD is absolutely critical, which in turn 

demands devices with steep SS enabling faster turn on at low supply voltages. Contrary 

to classical MOSFETs, where charge carriers are thermally injected by lowering an energy 

barrier, the primary transport mechanism in a TFET is inter-band tunneling, where charge 

carriers transfer from one energy band into another at a heavily doped p+/n+ junction. In 

a TFET, inter-band tunneling can be switched “ON” and “OFF” abruptly by controlling the 

band bending in the channel region using gate-to-source bias, Vgs. This can be realized in 

a reverse-biased p-i-n structure, where asymmetric doping is used to suppress ambipolar 

transport [26]. While all-silicon TFETs have been studied rigorously using technology drive 

current boosters such as the use of a high-κ gate dielectric, abrupt doping profiles at the 

tunnel junction, ultra-thin body, higher source doping, a double gate, a gate oxide aligned 

with the intrinsic region, and a shorter intrinsic region (and gate) length, ION of ~ 120 µA/ 

µm have been achieved [28].  As for steep SS devices, sub 60mV/dec SS all-Si based 

devices have been demonstrated by using dopant segregation followed by silicidation 

process, also known as the “green FET”, as shown in Figure 2.1 [29]. The 46mV/dec point 

SS was attributed to carrier tunneling through Schottky barrier [29].  
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Figure 2.1 (a) ID-VG of measured and simulated green transistor FET showing SS of 
46mV/dec. (LG=20μm, VDS=-1.0V). (b) SS < 60mV/dec over almost 3 decades of ID for the 
green transistor FET, but not seen in the control TFET [29]. 

However, the sub 60 mV/dec SS was only achieved for less than three decades of 

current, which does not fulfill requirement of sustaining an average sub 60mV/dec SS for 

five decades of current, put forth in the literature[26],  in order to have a reasonable ION  

at  low VDD  values. One the other hand, two-dimensional (2D) materials’ based TFETs have 

recently shown impressive results for subthermionic-limit conduction with an average SS 

of 31.1 millivolts per decade for over four decades of drain current at room temperature, 

as shown in Figure 2.2 [30]. This was achieved through using heavily doped Ge source and 

exfoliated bi-layer MoS2 as the channel material. The use of the van der Waals bonded 2D 

materials allows for a strain-free heterointerface between the heavily doped Ge source 

and MoS2 channel thus allowing for engineering the band off-sets and thus the tunnel 

barrier width and height [30]. 

 

(a) (b) 
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Figure 2.2 (a) Schematic diagram showing the probing configuration for measurement of 
the characteristics of the atomically thin and layered semiconducting-channel tunnel-FET 
(ATLAS-TFET). (b) Drain current as a function of gate voltage for three different drain 
voltages of 0.1 V, 0.5V and 1V. (c) SS as a function of drain current for an ATLAS-TFET 
(green triangles) as well as a conventional MOSFET (blue squares) at VDS=0.5 V. The red 
line demarcates the fundamental lower limit of SS of conventional FETs [30]. 

In addition, the atomically thin 2D material intrinsically allows for excellent 

electrostatics, which made the fabrication of a vertical Ge/MoS2 heterostructure feasible 

[4]. However, the need to use exfoliated 2D materials poses a challenge regarding the 

large-scale production of this technology. In addition, the large contact resistance, due to 

Schottky contact formation, of 2D materials poses a question on the scalability of such 

technology to smaller gate lengths [31]. This makes the use a low band gap, small effective 

mass, and CMOS-compatible materials, as the source charge injectors, a promising 

alternative to achieve high ION while scaling down VDD. Here, the smaller effective mass of 

charge carriers increases the tunneling probability, according to the triangular WKB 

approximation, this will be discussed in details in the section 2.5 [32, 33].  Potential source 

material candidates for N/PMOS TFETs are Germanium (Ge) and Indium Arsenide (InAs), 

respectively. Simulation studies using the above materials in a hetero-structure have 

corresponded to ION enhancements by factors > 400x  and > 100x for the N and P-type 

TFETs, respectively, over their all-Si planar counterparts for a planar single gate 

architecture  [26]. Combining this with novel non-planar architectures opens up new 

opportunities for TFETs that are on-par with traditional Boltzmann transistors. For 

example, a recent demonstration of sub 60mV/dec SS for almost four orders of magnitude 

(a) (b) (c) 
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and a minimum SS of 21mV/dec shown in Figure 2.3 InAs Nanowires (NWs) based TFETs 

grown on Si(111) substrate[34]. 

  

Figure 2.3 (a) Experimental transfer characteristics of optimized TFET with a NW-diameter 
of 30 nm (pink curve) VDS = 1.00 V. (b) Distribution of minimum SS. The average SS for 
TFETs with NW-diameter of 30 nm is 25 mV/dec, which is much lower than the physical 
limit of SS in conventional MOSFETs [34]. 

  

Figure 2.4 (a) ID-VGS at 300 K and 130 K of 100-nm-diameter GAA NW p-type TFET with 
EOT ∼ 1.5 nm. The source (n-InAs) is grounded, while the drain (p-Si) is swept with −0.25 
V bias step, see inset for biasing. Ion maximum of 6 μA/μm at VGS = VDS=−1 V is measured 
at 300 K. (b) SS versus ID for the device shown in Figure 2.6(a), at 300 K and 130 K. At 130 
K, the average SS is reduced to 75 mV/dec over the exponential tail, reprinted with 
permission from [35]. 

(a) (b) 

(a) (b) 
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Table 2.1 summarizes some recent state-of-the-art TFET employing group IV and 

III-V source materials that are integrated on Si, and benchmarks their results against state-

of-the art results for all-Si and 2D based TFETs. The rest of the chapter would focus 

primarily on P-type TFETs based on InAs/Si heterojunction, which has shown a lot of 

promise recently for the high normalized ION and the possibility of growth on industry 

standard Si(100) substrate, as shown in Figure 2.4[35].  

Table 2.1. Recent state-of-the-art TFET employing group IV and III-V source materials that 
are integrated on Si substrate. 

  

 

Ref 

[36] 

[37] 

[38] 

[29] 

[39] 

[40] 

[41] 

[42] 

[43] 

[34] 

[44] 

[35] 
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2.2 III-V/Si and Ge/Si Growth Techniques 

Integration of III-V NWs on Si using bottom up approach could be achieved using 

both metal catalyzed growth, and selective area growth techniques. For the former 

technique, self-catalyzed NWs are grown using a vapor–liquid–solid technique using in-

situ self-forming metal droplets.  Both GaAs[45] and GaAsxSb1-x [46] NWs were grown on 

Si (111) substrate using this technique. As for the latter approach, CMOS compatible non-

catalyzed selective area growth is achieved by using lithographically-defined openings in 

a hard mask, typically SiO2, for III-V NW growth.  Recent experimental demonstration of 

InAs NWs on Si(111) has shown the possibility of growing sub 20 nm NW using selective-

area metal-organic vapor epitaxy (SA-MOVPE) using SiO2 as a hard mask [44].  Authors 

reported NW growth without misfit dislocation for diameters less than 20 nm, which is 

attributed to the reduction of strain field owing to the nanometer-scale footprint of NW 

[44]. The authors found that the hetero-structure with small diameter NW possesses 

fewer misfit dislocations, which quantitatively suppress trap assisted tunneling via 

dislocation levels, and has pure band-to-band tunneling as the dominant tunneling 

process. This showed the potential of wafer-scale production of high performance InAs/Si 

TFETs showing SS of less than 60mV/dec for more than four orders of magnitude of drain 

current with high yield[34]. Another recent demonstration has shown the possibility of 

growing InAs NWs on the industry standard Si (100) using Metal Organic Chemical Vapor 

Deposition (MOCVD) [47]. The authors use SiO2 nanotube templates to both guide the 

growth within the template, independent of substrate orientation, and to control the 

diameter of the grown NW [47]. NWs of diameters down to 25 nm were achieved, which 

demonstrated the scalability of this technique. This shows the potential path of growing 

high quality CMOS compatible III-V materials on Si (100) substrates[47]. As for Ge growth 

on Si, a similar template assisted growth method to InAs/Si has shown defect-free 

selective Ge growth on Si using SiO2 templates in sub 20 nm features[48, 49], which are 

suitable for vertical GAA NW and NT TFETs that requires scaled body thickness. 
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2.3 Physics of Tunneling 

Tunneling in TFET devices is governed by the inter-band tunneling rate across the 

tunneling barrier, which is typically calculated using Wentzel–Kramer–Brillouin (WKB) 

tunneling probability approximation[50] : 

 

 𝑇𝑊𝐾𝐵 ≈ exp

(

 −

4𝜆√2𝑚∗ √𝐸𝑔
3 

3𝑞 ħ(𝐸𝑔 + △ 𝛷)
)

  

(2.6) 

where m* is the effective mass, Eg is the band gap , λ is the screening tunneling length, 

and △𝛷 is the potential difference between the source valence band and channel 

conduction bands. From this simple triangular approximation, we can see that that the 

band gap (Eg), the effective carrier mass (m*) and the screening tunneling length (λ) 

should be minimized to increase the tunneling probability. A proper derivation of the WKB 

approximation will be shown section 2.5.  While Eg and m* are material dependent 

parameters, λ depends on other parameters such as the device geometry, doping profiles 

and gate capacitance. A small λ value would result in a strong modulation of the channel 

bands by the gate. It has been shown that the highest tunneling rate and hence lowest λ 

values were found for the gate-all-around (GAA) architecture for a 10 nm diameter 

nanowire, while ultra-thin body (UTB) double gate FETs has shown comparatively higher 

λ values. Planar UTBs have the highest λ values [51]. Because λ is also sensitive to gate 

capacitance, tunneling probability can also be enhanced by using high-κ gate dielectrics, 

as well as, small channel body thickness. Also, the abruptness of the doping profile at the 

tunnel junction is also important to control △ 𝛷. In order to minimize the tunneling 

barrier, the high source doping level must fall off to the intrinsic channel in as short a 

width as possible. Typically this requires a change in the doping concentration of about 

4–5 orders of magnitude within a distance of only a few nanometers [26]. In the following 

section 2.4, the two governing modes of tunneling, namely, point tunneling and vertical 

tunneling.  
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2.4 Point Tunneling vs. Line Tunneling 

 

Figure 2.5 General n-type TFET configuration with the region of point tunneling (a) and 
line tunneling (b) schematically indicated. The direction of BTBT in the semiconductor is 
indicated by arrows and the regions of highest tunneling efficiency are circumscribed by 
an ellipsoid [52]. 

In designing a TFET based on BTBT, there are two different tunneling modes that 

can be employed depending on the device structure. The first is lateral tunneling, also 

known as point tunneling, in which the electrons are injected from the source to the 

channel region in a direction parallel to the semiconductor/gate-dielectric interface, 

which is shown schematically by Figure 2.5(a) [52]. Point tunneling requires heavy doping 

of the TFET source to induce steep band bending of the source to channel junction, as 

dictated by△ 𝛷 in equation (2.6). The source region should also perfectly align with the 

gate edge without gate-to-source overlap since gate-field induced depletion at the edge 

of the source region would result in degraded BTBT due to reduction in the abruptness of 

the energy band profile[52]. Also, gate-to-source underlap would also result in a degraded 

tunneling rate[53, 54].  

The other type of BTBT is vertical tunneling in which the electrons tunnel within 

the source region in the direction perpendicular to the semiconductor/gate-dielectric 

interface, as illustrated by Figure 2.5(b). Similar to Gate-Induced Drain Leakage (GIDL) 

[55], the existence of a sufficient gate to source overlap region allows for the electrons to 

be injected from within the source to the inverted surface region of the source. Unlike 

the requirement for point tunneling, the doping of the source must be moderate to allow 
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for significant energy band bending within the source for electrons to tunnel from the 

conduction band to the valence band of the source material, or vice versa[52].  

For in InAs/Si heterojunction, according to recent results in the literature, point 

tunneling was shown to dominate the BTBT current due to the small effective “tunnel 

gap” between heavily doped InAs source, and the intrinsic silicon channel [56]. For the 

InAs/Si material system no experimental band offsets are available to date [56]; however, 

Anderson’s rule gives a VB offset of 80 meV, as shown in Figure 2.6[57]. This is also known 

as type II band alignment, or staggered band alignment, which is also used for is known 

to occur in the InxGa1-xAs/GaAs1-ySby system[58]. 

 

Figure 2.6 Band alignment at the InAs/Si hetero-interface [56, 57]. 

2.5 WKB Tunneling Approximation Derivation 

For Band-To-Band-Tunneling (BTBT) is a quantum mechanical phenomenon, 

where electrons tunnel through the forbidden gap of a semiconductor. It is experimentaly 

evaluated, typically,  in degenerately doped PN junctions, where negative differntial 

resistance (NDR) behavior is observed[50].    

For tunneling to occur a PN junction, the following conditions should be met[50]: 

1- Occupied energy states occur on one side of the tunnel barrier from which the 

electron would tunnel. 
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2- Unoccupied energy states at the same energy level on the other side. 

3- Low tunneling potential barrier height, and narrow barrier width to allow for a 

finite tunneling probability. 

4- Conservation of momentum in the tunneling process. 

While in classical mechanics an electron of energy E cannot enter into a region with a 

potential energy V > E because it would have to possess a negative kinetic energy. For 

example, for an electron travelling in the positve x-direction, which posseses energy E >V, 

the wave function can be expressed as[59]: 

 𝜓 = 𝐴e(−𝑖𝐾𝑥)       (2.7) 

 

𝐾 = √2𝑚∗
𝐸 − 𝑉

ℎ
 

  (2.8) 

Where A is the amplitiude of the wave function, 𝑚∗  is the electron effective mass, k is 

the wave vector, and h is Planck’s constant.  If E<V, which is a case for a particle with 

energy E incident upon a potential barrier with height V, then K becomes an imaginary 

number inside the potential barrier , and thus ik is real, such that[59]: 

 𝜓 = 𝐴e(−𝐾𝑥)                        (2.9) 

 

|𝐾| = √2𝑚∗
𝑉 − 𝐸

ℎ
 

(2.10) 

Thus, in quantum mechanics the wave function of an electron with energy E, incident 

upon a potential barrier with height V, where E<V,  is represented as a wave with an 

attenuating amplitude. 

In a degernately doped PN junction, the tunnel probability across the potential 

barrier formed within the depletion region, as shown in Figure 2.7(a), is given by the 

Wentzel-Kramers-Brillouin (WKB) approximation, which expresses the probablity as[50, 

59]: 
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𝑇𝑡 ≈ exp(−2∫ |𝑘(𝑥)|

𝑥2

0

 𝑑𝑥) 
(2.11) 

Where the limits are between the classical turning points,  0 and x2,  of the tunneling 

barrier shown schamatically in Figure 2.7(b), which are the points at which the particle’s 

energy E equals the barrier’s potential energy V, and |k(x)| is the absolute value of the 

wave vector of the electron inside the barrier. EFn- EC  and Ev- EFP, shown in Figure 2.7(a), 

quantify the amount of degenercy on the n and p sides, respectively, due to the high 

doping levels on both sides[23]. The tunnel barrier for this case has a triangular shape, as 

shown in Figure 2.7(b), and thus the problem reduces to tunneling across a triangular 

barrier of width x2 and height equal to the bandgap of the material, Eg, as shown in Figure 

2.7(a,b)[50]. 

 

Figure 2.7 (a) Tunneling in a tunnel diode can be analyzed by (b) a triangular potential 
barrier [50]. 

The E-k dispersion relationship for electron inside the triangular barrier, in Figure 2.7(b), 

is given by[50]:  

 

𝑘(𝑥) = √
2𝑚∗(𝑃𝐸 − 𝐸𝑐)

ℎ
 

(2.12) 
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Where m* is the electron effective mass, PE is the potential energy of the incoming 

electron, Ec is the conduction band edge and h is Planck’s constant . Since the incoming 

electron has  PE equal to the bottom of the energy gap, the lefthand side of Figure 2.7(a),  

thus it is lower than the conduction band edge, Ec, values for the triangular barrier which 

makes k an imaginary number. Also, since we can express the conduction-band edge Ec, 

in terms of the applied electric field, ε , in the tunneling direction as, thus the dispersion 

relationship becomes[50]: 

 

𝑘(𝑥) = √
2𝑚∗(−𝑞 ε)

ℎ2
 

(2.13) 

Where q is the electron charge. 

Substituting (9) into (7) gives[50]: 

 

𝑇𝑡 ≈ exp(−2∫ √
2𝑚∗(𝑞εx)

ℎ2

𝑥2

0

 𝑑𝑥) 

 (2.14) 

For a triangular barrier in a uniform field, x2 can be expressed as x2= Eg/εq, and thus the 

tunneling probability becomes[50]: 

 
𝑇𝑡 ≈ 𝑒𝑥𝑝(−

4√2𝑚∗ 𝐸𝑔
3/2

3𝑞ℎ𝜀
) 

       (2.15) 

This is the expression for BTBT tunneling probability under uniform field limit, which is 

very useful for calibrating experimental data as will be shown in the section 2.8. 
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2.6 Direct and Indirect Tunneling 

 When considering BTBT tunneling in semiconductors, and since tunneling requires 

conservation of memoentum, we have to distinguish between two cases[50]: 

1- Direct tunneling case, where the both the initial and final states 

have the same momentum, i.e: Kf = Ki. 

2- Indirect tunneling case, where the final state has a different 

momentum than the initial state, i.e: Kf ≠ Ki. 

Figure 2.8(a,b) show E-K relationship superimposed on the band diagram, for the direct, 

Figure 2.8(a), and indirect tunneling, Figure 2.8(b), respectively[50]. 

Figure 2.8(a) shows direct tunneling case where electrons tunnel from the vicinity 

of the conduction-band minimum to the vicinity of the valence-band maximum, without 

a change of momentum, ki=kf.  In other words, for direct tunneling to occur, the 

conduction-band minimum and the valence-band maximum must have the same 

momentum. This is typically fulfilled by direct bandgap  semiconductors such as: InAs and 

GaAs[50]. Figure 2.8(b) shows the indirect tunneling case, where the conduction band 

minimum does not align with valence band maximum in the E-K diagram. This is the case 

for indirect band gap materials, such as Si and Ge, shown schmatically in Figure 2.8(b) as 

a π/a difference between the direct and indirect band gaps[50]. 

For this case, in order to conserve momentum, the difference in momentum 

between the initial and final states must be compensated by a scattering agent, such as 

lattice vibration(phonons) or impurities[50]. For the case of phonon-assited tunneling, the 

sum of the initial electron momentum, and the phonon momentum, is equal to the final 

electron momentum after it has tunneled, i.e:  kf= ki + kphonon. Conservation of energy also 

requires for indirect tunneling that the the sum of the phonon energy and the initial 

electron energy is equal to the final electron energy after it has tunneled, i.e:  Ef= Ei + 

Ephonon. 
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Figure 2.8 Direct and indirect tunneling processes demonstrated by E-k relationship 
superimposed on the classical turning points (x = 0 and x2) of the tunnel junction. (a) Direct 
tunneling process with kmin= kmax. (b) Indirect tunneling process with kmin≠ kmax [50]. 

However, in order to obtain a closed form solution for the BTBT tunneling rate, 

GBTBT, from the tunneling probability expression in (7), the following assumptions have to 

be made[60]:  

1) Assuming a direct band-gap semiconductor, thus ignoring phonon-scattering 

contribution and thus conserving momentum along the tunneling path, i.e: kf = ki.  

2) Assuming that the electron and holes quasi Fermi level are equal to the conduction 

band and valence band edges, respectively. i.e: EFn =Ec and EFp=Ev. 

3) Assuming that the valence band states are completely occupied by electrons and 

conduction band states completely empty so that the carrier statistics (Fermi 

distribution) are simplified (i.e. fV – fC = 1) 

4) Assume a constant electric field, ε, across the p-n junction in the tunneling 

direction. 

(a) 

(b) 
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5) Assume symmetric 2-band relation to model the imaginary wave vector dispersion 

relation within the band gap.  

Under these assumption, GBTBT can evaluated by[60]: 

  GBTBT= 
𝑞𝑚∗

2𝜋2ℎ3
(
1

𝑞
 
𝜕𝐸𝑥

𝜕𝑥
) ∫ 𝑇𝑡(𝐸𝑥, 𝐸𝑇)

∞

0
𝑑𝐸𝑇  

                       

(2.16)                                

Where , Ex= qεx is the electron energy component due to the momentum in the tunneling 

direction, and ET  is the energy associated with transverse momentum, i.e: E= Ex + ET. 

Under the above assumptions, GBTBT can be written as[60]: 

 
GBTBT= 

√2𝑚∗ 𝑞2

2𝜋3ℎ2 √𝐸𝑔
𝜀2 exp(− 

𝜋√𝑚∗ 𝐸𝑔
3/2

2√2 𝑞𝜀ℎ
) =  𝐴𝜀2exp (−

𝐵

𝜀
) 

(2.17) 

 

Where, 

A= 
√2𝑚∗ 𝑞2

2𝜋3ℎ2 √𝐸𝑔
  , B=

𝜋√𝑚∗ 𝐸𝑔
3/2

2√2 𝑞ℎ
 

 

A and B are the tunneling paramters and they are typically used for caliberation of TCAD 

models, such as the widely used dynamic  nonlocal BTBT model, to experimental data[61]. 

The final experssion sheds light on why using a small Eg  and m* materials could increase 

the tunneling probablity and GBTBT. It also shows the dependency of GBTBT  on the electric 

field in the tunelling direction, ε. 

2.7 TCAD Models 

The most commonly used model in TFET literature is the dynamic nonlocal BTBT 

model[61]. The model assumes that tunneling occurs between two parabolic bands,  

representing dispersion at the bottom of conduction and top of valence bands, 

respectively[62]. As for the magnitude of the imaginary wavevector, k, used for 
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calculation of the tunneling path length, it is obtained from Kane’s two-band model 

dispersion relation, which is a “simple two-band model capable of including one 

conduction band and one valence band and it is formulated as two coupled Schrodinger-

like equations for the conduction-band and valence-band envelope functions. The 

coupling term is treated by the k·p perturbation method, which gives the solutions of the 

single electron Schrodinger equation in the neighborhood of the bottom of the 

conduction band and the top of the valence bands, where most of the electrons and holes, 

respectively, are concentrated” [62].The expression for the tunneling probability used in 

the dynamic nonlocal BTBT was derived by Kane using time-dependent perturbation 

theory and Fermi’s Golden Rule.  Since BTBT can take place between either  heavy hole 

(HH) band and conduction band (CB) or between light hole (LH) band and CB, and since 

the effective mass of holes in the HH band is much larger compared to that in the LH band, 

tunneling from the HH band is completely suppressed[56]. Therefore, it is neglected in 

the simulations. 

The generation rate is obtained from the nonlocal path integration, and electrons 

and holes are generated non-locally at the ends of the tunneling path. The tunnel path 

can belong to either direct OR phonon-assisted band-to-band tunneling processes. The 

model has the following assumptions [61]: 

1- The tunneling path starts from the valence band in a region where the nonlocal path 

model is active. 

2- The tunneling path is a straight line with its direction opposite to the gradient of the 

valence band at the starting position. 

3- The tunneling path ends at the conduction band. 

4- The tunneling energy is equal to the valence band energy at the starting position and 

is equal to the conduction band energy plus band offset at the ending position. 

The Kane model has been used in calibration of experimental results for heterostructure 

TFETs for both direct[63], and indirect band gap[38] source materials. The model have 

been used to simulate Si/InAs hetero-structure devices in the literature[32, 33, 64]. 
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2.8 BTBT Model in InAs/Si hetero-interfaces  

Since a tunnel path in dynamic nonlocal BTBT model in hetero-interface can either 

belong to a direct (zero-phonon) or to a phonon-assisted tunnel process, combinations 

are excluded in accordance with the missing theoretical understanding of the case of 

tunneling from a direct band-gap to an indirect band-gap semiconductor[64].  

So, as in TCAD simulation literature of InAs/Si hetero-interface, there are two possible 

workarounds [32, 33, 64]: 

1. The Kane model for direct material is also used on the silicon side, after fitting it 

to experimental data in the literature [65], and using calibrated data for InAs. The 

A, B parameters for InAs have been calculated according to [63], where the pre-

exponential factor A was used as a fitting parameter, and B was in agreement for 

experimental data of InAs diode and TFET. 

2. Using the calibrated model for Si[66], based on indirect tunneling, and apply it to 

the InAs side but setting the phonon energy to a very small value and adjusting 

the pre-exponential factor for the best fit to other techniques such as Non 

Equilibrium Green’s Function (NEGF) based quantum transport characteristics [32, 

33, 64]. 

For model calibration, and under uniform field limit, the A and B parameters are 

calculated according to [61]: 

 
𝑅𝑛𝑒𝑡 = 𝐴(

𝐹

𝐹0
)𝑃 exp (− 

𝐵

𝐹
). 

(2.18) 

Where F0 = 1 and F is applied electric field, P=2.5 for indirect tunneling process [61]. 

2.9 Midgap States Trap Assisted Tunneling 

Trap Assisted Tunneling due to midgap states can be included into TCAD Sentaurus 

using the Hurkx Model, since the silicon recombination parameters have been calibrated 

to this model according to the paper by G.A Hurkx et al. [66], according to Sentaurus 
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manual [61]. This model is typically used to account for high electric fields that are 

typically in excess of 3 x105 V/cm at reverse biased PN junctions, which are extremely 

sensitive to defect-assisted tunneling, which causes electron–hole pair generation before 

band-to-band tunneling sets in. The model reduces to SRH recombination rate under low 

electric fields. 

The Hurkx model TAT recombination rate is expressed as [61]: 

 
𝑅𝑡𝑟𝑎𝑝 =

𝑝𝑛 − 𝑛𝑖𝑒
2

τp

1 + Γp
  [𝑛 + 𝑛𝑖𝑒 exp (

�̅�
𝑘𝑇
) ] +

τn

1 + Γn
  [𝑝 + 𝑛𝑖𝑒 exp (

−�̅�
𝑘𝑇
) ] 

 

 
(2.19) 

Where, �̅�= ET -Ei, and ET and Ei are the trap level and intrinsic level, respectively. τp and  τn 

are the hole  and electron recombination lifetimes, and nie is the intrinsic carrier 

concentration. Γn, p is a field effect function related to the electron/hole trap emission 

through Γn = 
𝑛𝑡

𝑛0
− 1 , Γp = 

𝑝𝑡

𝑝0
− 1, where n0 and p0 are equilibrium electron and hole carrier 

concentrations, Γn,p is equal to  

 
Γn,p  =

∆En,p 

𝑘𝑇
 ∫ exp (

∆𝐸𝑛,𝑝

𝑘𝑇
𝑢 − 𝐾𝑛,𝑝 𝑢

1.5)𝑑𝑢
1

0

 
                      (2.20) 

 

And  

 

𝐾𝑛,𝑝 =
4

3
 

√2𝑚∗∆E𝑛,𝑝
3  

𝑞 ℎ |𝐹|
 

 

  (2.21) 

Where F is the local electric field, and ∆En,p are the integration intervals. So, if �̅�= ET -Ei= 0 

for intrinsic level the expression would reduce to the SRH recombination formula.  
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2.10 Metal-Semiconductor Interfacial States Trap Assisted Tunneling 

Simulations were performed to test the sensitivity of the TFET transfer 

characteristics to interface traps for the InAs/Si TFET case. A density-of-states of interface 

traps (Dit) of 2x1013 cm-2eV-1 was used [56]. The energetic trap distribution in the band 

gap was assumed to be uniform. The “Dynamic nonlocal path TAT model” in SDevice was 

activated in the simulations [61]. TAT acts as an additional electron-hole pair generation 

mechanism in TFETs which sets in prior to BTBT due to the lower tunnel barrier, as shown 

in Figure 2.9, and is responsible for the degraded SS in demonstrated InAs/Si TFETs 

literature [40, 41, 44]. The small tunnel gap at the InAs/Si interface favors “point 

tunneling”. Therefore, it is obvious that point tunneling (in which the tunnel paths cross 

the interface) is more sensitive to interface traps than line tunneling.  

 

Figure 2.9 InAs/Si pTFETs with and without traps at the semiconductor interface. A 
uniform trap distribution was assumed in the band gap InAs  and the Dit was set to 2x1013 
cm-2eV-1 [56]. 
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2.11 SRH Recombination for Si/InAs Interface 

In addition to the BTBT model, Shockley-Read-Hall (SRH) generation is typically 

used to account for the thermal generation current (“leakage”) in the off-state. The 

expression for SRH recombination is similar to equation (2.19) and the life time of both 

the electron and holes were chosen to be equal to 1 n sec, i.e: τp= τn= 1 n sec, similar to 

other reports in the literature[56]. SRH contribution to total current will be discussed in 

more details in Chapter 3. 
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Chapter 3 

Effect of Transistor Architecture on TFET Performance 

The content of the following chapter is taken from the following papers: 

[1] A. Hanna, Hossain M. Fahad, and Muhammad M. Hussain, "InAs/Si Hetero Junction 
Nanotube Tunnel Transistors." Scientific reports 5, (2015). 

 
[2] A. Hanna, and Muhammad Mustafa Hussain. "Si/Ge hetero-structure nanotube tunnel 
field effect transistor." Journal of Applied Physics 117, 014310 (2015). 
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3.1 Introduction  

GAA NW architecture is believed to be the best architecture for vertical NW TFET 

since it provides the best electrostatic control and thus the smallest λ according to 

equation (2.6) [51]. However, the need for scaled NW diameter, the wide NW pitch 

needed for fabrication of arrays of NW, typically in the range of 400 nm, and the variability 

in device parameters, such as the threshold voltage, of the individual NW TFETs within 

the array impose a restriction on the current per unit chip area that could be achieved 

using vertical GAA NW architecture [67]. Thus, an alternative architecture for vertical 

TFETs has been recently proposed,   namely the nanotube architecture, which mimics the 

gate all-around nanowire (GAA NW) devices by having an outer (shell) gate, as well as, an 

inner (core) gate inside the nanowire making it a hollow cylindrical structure. When 

compared to arrays of nanowires, the nanotube architecture outperforms in terms of 

drive current capability, CV/I metric (i.e. intrinsic gate delay), power consumption, and 

area efficiency[11, 68-70].    

3.2 P-type InAs/Si Hetero-structure Nanotube Tunnel Field Effect 

Transistor  

In this section, a hetero-structure Si/InAs p-channel TFET device concept is 

presented that combines the advantages of a low band-gap InAs source injector and 

inherent high drive current advantage in NTFET, Figure 3.1. The nanotube TFET’s excellent 

electrostatic control enables steep turn on characteristics, while maintaining low IOFF 

values comparable to NW TFET. This transistor architecture in-conjunction with a low 

band gap source injector thus enables a higher inter-band tunneling rate, when compared 

to all-silicon TFET structure[69].  



48 
 

 

Figure 3.1 Schematic of the Nanotube (NT) architecture [68]. 

3.2.1 TCAD Models Used 

To study the benefits of a nanotube architecture over a nanowire on a hetero-

structure Si/InAs TFET platform, 3D simulations of a NT (Figure 3.1) and GAA NW TFET 

using Synopsys™ using the dynamic nonlocal path BTBT model[63, 64]. For this case, 

indirect BTBT model was assumed as Si is an indirect bandgap material. Both devices are 

compared for a gate length (Lg) of 20 nm. Silicon drain is p-doped with acceptor active 

concentration NA=1×1020 cm-3, while an intrinsic channel is used. The InAs source was 

used with n-doping with donor active concentration ND=1×1018 cm-3, both typical to the 

previously demonstrated device [65]. Both the nanotube thickness and nanowire 

diameter are kept at 10 nm to allow for a fair comparison of both architectures. The gate 

metal in both devices has a work function of 4.53 eV, and a nitride gate dielectric is 

assumed with an (effective oxide thickness) EOT of 0.5 nm. A dynamic nonlocal band-to-

band tunneling model is utilized in conjunction with Shockley–Reed–Hall recombination 

and drift–diffusion physics. The band-to-band  tunneling (BTBT) parameters, ‘A’ and ‘B’ 

for silicon are 4×1014 cm-3 s-1 and 1.9×107 V cm-1 respectively[61, 66]. While for InAs the 

BTBT parameters were taken as 9×1019 cm-3 s-1 and 1.3×106 V cm-1, respectively[63].  This 
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comparative simulation study does not include any gate overlap with the source, assumes 

an ideal interface with no defects due to strain and takes into account trap-assisted 

tunneling due to dopants induced defect levels. However, it does not take into account 

bands offset due to strain, quantum confinement effects, and multiple valley BTBT 

effects. The valence band and conduction band dispersion relationship are assumed to be 

bulk-like. This simulation framework has been previously utilized in the literature for 

simulating tunneling in hetero-structures for both Si/InAs Esaki diodes and TFETs [63, 64]. 

The nanotube TFET has a silicon channel thickness of 10 nm and an inner core gate 

diameter (CGdia) of 100 nm. All contacts are assumed to be Ohmic with zero contact 

resistance.   

3.2.2 Results  

 

 

 

 

 

Figure 3.2 Band diagram of the P-type nanotube architecture TFET showing both ON state 
OFF states [68]. 
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Figure 3.3 (a) Normalized Ids-Vgs characteristics of a 10 nm diameter NW and 10 nm thin 
NT p-channel TFETs and (b) Sub-threshold Slope (SS) for the NT and NW TFET showing sub 
60 mV/dec for more than 5 orders of magnitude of current [68]. 

Figure 3.2 shows the energy band diagram of the simulated p-channel nanotube 

TFET.  In the ‘ON’ state, i.e: Vgs=Vds=-1V, electrons tunnel of the Si (channel) valence band 

to InAs(source) conduction band due to the small width of the tunnel barrier, thus 

generating holes in the channel’s valence band that, under the lateral drain’s electric field, 

gets swept toward the drain contact. In the ‘OFF’ state the barrier for tunneling widens, 

thus suppressing inter-band tunneling and only the SRH generation/recombination, and 

trap-assisted tunneling terms contribute to the total current.   

Figure 3.3(a) compares the normalized Ids-Vgs characteristics of a 10 nm thin NTFET 

(with 100 nm inner core-gate diameter, CGdia) and 10 nm diameter NWFET. We have used 

the NW circumference (π d), where d is the NW diameter, in the case of the NT we have 

used average circumference (π × (CGdia + NTw)), where CGdia and NTw are the nanotube 

core-gate diameter and thickness respectively. As it can be seen the nanotube 
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architecture has 5x higher normalized current output than that of the GAA NW 

architecture. The NT TFET also has 3 x lower IOFF compared to the NW TFET. Both 

architectures provide ION/IOFF of more than 105. Figure 3.3(b) compares the SS values of 

the 10 nm NT and NW FETs. Both architectures show SS values less than 60 mV/dec over 

5 decades. However, the NW architecture TFET shows lower point SS values as low as 25 

mV/dec, while the lowest SS values for the NTFET is ~ 40 mV/dec. We have shown before 

that this is due to the ultimate electrostatic control in the GAA architecture TFET[51, 69]. 

The ambipolar conduction could be suppressed by using a high work function p++ gate, 

as shown in Figure 3.4 for the NW TFET, thus allowing VDD scaling. However, we chose 

silicon midgap work function in our comparison for the sake of generality.  

 

Figure 3.4 comparison of two different metal work functions, 4.53 and 5.2 eV, showing 
the possibility of both suppressing ambipolar transport and VDD scaling.  
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Figure 3.5 (a) Transfer (Ids-Vgs) characteristics of NWs of 10, 20, 30, 40 and 50 nm diameter 
and 10 nm NT, and (b) SS comparison between 10 nm thick NT and 10, 20, and 30 nm 
diameter NW TFETs [68]. 

However, when since current per unit chip area is a valuable metric for circuit 

design, the non-normalized current of both architectures was compared in Figure 3.5.  We 

have also compared the non-normalized “ON” current of the 10, 20, 30 nm NW TFETs 

with the 10 nm NT TFET in Figure 3.5(a). The 10 nm NT TFET shows a non-normalized ION 

~ 0.32 mA, while the NW TFETs show ION ~ 5.9 ×10-6A, 2.51×10-5A, 5.31×10-5A for the 10, 

20 and 30 nm NWs, respectively. This means that the 10 nm NTFET shows 54x, 13x and 

6x increase in drive current over that of the 10, 20 and 30 nm diameter NW TFETs. As for 

SS, Figure 3.5(b) shows that only 10 and 20 nm NW TFET and the 10 nm NT TFET can 

achieve sub 60 mV/dec SS. So, having a small diameter NW is essential to maintain a low 

SS.  
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3.2.3 Discussion 

In order to supply high drive current while maintaining small SS, arraying small 

diameter NWs is inevitable. However, this would come at the expense of chip area and 

‘OFF’ state leakage as will be seen the following sections. Additionally, the low IOFF current 

characteristic of the TFET would be lost as arraying would cause, at the least, multiplying 

the ‘OFF’ state leakage current by the number of NWs in the array needed to supply the 

same ‘ON’ current as one NT. So, in the case of 54 NW array of 10 nm diameter NWs, the 

leakage would be at least 13X higher compared to a single 10 nm NT. Finally, although it 

could be argued that arraying could boost the ‘ON’ current value, sensitivity of 

parameters like threshold voltage to, for example, variations in NW width could lead to 

degradation of the SS swing for a large array of devices [67, 71, 72]. Recent 

demonstrations of sub 60 mV/dec of have been for all silicon single NW p and n-type TFET 

of diameter < 20 nm which supplies a maximum ON current in the nA regime and a 

normalized ‘ON’ current of 1.2 µA/µm  [39, 40]. However, when an array of TFETs is tested 

sub 60 mV/dec SS have been demonstrated for currents as low as 0.01 µA/µm[72]. Also, 

degraded SS slope was noticed for higher drain current giving a maximum ION=64μA/μm 

at VDD=1.0V and at a higher gate bias VGS= 2 V. On the other hand, a SS of 52 mV/dec have 

been shown at an even higher ION=100μA/μm at VDD=1.0V and Vgs= 1 V for all-silicon single 

gated SOI based TFETs with vertical self-aligned top gate structure supplying and for 70 

nm thick SOI with 2 nm Effective Oxide thickness[36].  Even higher drain currents have 

been shown for double gate strained-Ge heterostructure TFET with a drive current of 300 

μA/μm at a SS of 50 mV/dec[37]. That is why the NT architecture could be an excellent 

candidate for as a vertical structure that resembles double gate structure and could 

provide a higher integration density compared to the NW structure.   
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Figure 3.6 Non-normalized NT drive current (a) and SS (b) as a function of inner core gate 
diameter [42]. 

To consider the scalability of the nanotube architecture, we studied the non-

normalized drain current as a function of the inner core-gate diameter as shown in Figure 

3.6(a). An important observation here is that the core-gate contact scaling tunes the on-

state drive performance without compromising the sub-threshold swing, as can be seen 

from Figure 3.6(b). This becomes a competitive technology option compared to GAA 

NWFETs. To fully comprehend this concept, consider the top-down plan-view chip layout 

perspective of a single nanotube and an array of GAA nanowires in Figure 3.7(a). In 

vertical GAA nanowire technology, maintaining a small nanowire pitch (NWpitch) ensures 

high integration density and drivability. In order to compete with this, the core-gate 

diameter (CGdia) of the nanotube should be highly scalable just like the nanowire pitch. 

One pragmatic approach to investigate this is by studying the device dimension scalability 
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effects on chip area. Using the ITRS overall roadmap technology characteristics (ORTC), 

scalable parameters for current generation FinFET technology are adapted here, which 

are summarized in Table 3.1. 

 

Figure 3.7 (a) Illustrated top-down plan-view comparison of between and (b) chip area 
comparison using ITRS predicted parameters between a single nanotube device and an 
array of 10x GAA nanowires [68]. 

Table 3.1 2013 ITRS ORTC FinFET SCALING PARAMETERS 

 

In this comparison, the nanowire pitch is assumed to be equal to the fin half-pitch 

and the nanotube core-gate diameter is assumed to be equal to contact/via size as 

specified in the 2013 ORTC target for future technology nodes. The contact/via size scaling 

is considered equal to the M1 metal half-pitch. The other parameters in the comparison 

are the nanowire diameter (NWdia) and the nanotube thickness (NTw), both of which are 
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assumed equal to the fin width target given in Table 3.1. From Figure 3.6(a), a 100 nm 

core-gate diameter, 10 nm thin InAs/Si nanotube has greater than 10x higher non-

normalized drive capability compared to a single 10 nm diameter GAA InAs/Si nanowire. 

To achieve similar performance levels as the nanotube, more than 10x nanowires need 

to be stacked in an array. Using the above parameters and assuming that the normalized 

drive current scales linearly with channel thickness (NTw and NWdia) in both the nanotube 

and nanowire architecture, chip-area estimates of the single nanotube and a 10x 

nanowire array are carried out at different technology nodes using simple analytical 

calculations. As it can be seen from Figure 3.16(b), the contact/via scaling at the moment 

is comparable to the nanowire-pitch. But at around the 7 nm technology node (2017), the 

pitch scaling will start to become more aggressive. However, even after this and 

considering the fact that large nanowire arrays are required to achieve similar 

drivabilityas a single nanotube, the InAs/Si nanotube architecture will outperform InAs/Si 

GAA nanowire arrays at the extreme scaling limit in terms of chip area consumed. 

3.2.4 BTBT & SRH color map comparison 

Cross-sectional color maps of BTBT generation rates and SRH Recombination rates 

of the 10 nm NT, 10 nm NW and 20 nm NW TFETs are shown in Figures 3.8, 3.9, 3.10, 

respectively.   
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Figure 3.8 color maps of 10 nm NT TFET(a)  Hole BandtoBand Generation rate, and  (b) 
SRH Recombination rate.  X sections are indicated where the BTBT generation and SRH 
recombination rates are measured in Figure 3.11 [68]. 

(b) 

(a) 
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Figure 3.9 color maps of 10 nm NW TFET(a)  Hole Band-to-Band Generation rate, and  (b) 
SRH Recombination rate. X sections are indicated where the BTBT generation and SRH 
recombination rates are measured in Figure 3.11 [68]. 

(a) 

(b) (b) 

(a) 
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Figure 3.10 color maps of 20 nm NW TFET (a) Hole BTBT Generation rate, and  (b) SRH 
Recombination rate. X sections are indicated where the BTB generation and SRH 
recombination rates are measured in Figure 3.11[68]. 

 

 

 

(a) (b) (a) 

(b) 
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Figure 3.11 (a) BTBT Generation Rate and (b) SRH Recombination Rate for the 10 nm NT 
and 10, 20 nm NWs as function of the distance from the Si/InAs interface [68].  

In order to compare the BTBT generation and SRH recombination rates of the 

various devices, measurements along X-marked lines in Figures 3.17-20 at the middle of 

the channel were plotted in Figure 3.11 (a,b). Figure 3.11 (a) compared the BTBT 

generation rate, and it shows that the 10 nm diameter NW has slightly higher peak BTBT 

generation of 1.6×1032 (cm-3s-1), when compared to the 10 nm thick nanotube, showing 
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~1.5×1032 (cm-3s-1), due to the shorter tunneling length, λ, for the nanowire architecture. 

Similar peak BTBT generation rate is expected as it has been  theoretically shown that the 

differences in the scaling tunneling length, λ, between the GAA and double gate 

architectures, which resembles the NT Core-Shell gates architecture,  reduces for body 

thickness < 10 nm and almost diminishes  for body thickness of 5 nm[24]. Thus, it shows 

the potential of the NT architecture at scaled body thicknesses to outperform the GAA 

NW architecture. 

On the other hand, the larger diameter nanowire (20 nm) shows lower peak 

tunneling rate of 5.53×1031 (cm-3s-1) due to larger body thickness leading to higher 

tunneling length, λ, values. However, one major difference between the two architectures 

is the distance over which BTBT generation is significant away from the Si/InAs interface. 

For the case of the NT, we observe that BTBT generation rate is higher over a larger 

distance, almost 7 nm into the Silicon channel, when compared to both the 10 nm and 20 

nm NW, as shown in Figure 3.11 (a). This is an indication of higher lateral tunneling across 

the Si-InAs interface for the NT architecture when compared to the NW architecture, 

which could explain the higher normalized current, as lateral (point) tunneling is the 

dominant tunneling mechanism for InAs/Si band diagram as mentioned in section 3.1 [56, 

57]. 

However, the 10 nm NW TFET is shows higher BTBT generation rate when moving 

away from the interface into the InAs source, indicating higher vertical tunneling within 

the source, when compared to both the 10 nm NT and 20 nm NW TFETs, as shown from 

Figure 3.11 (a). Although higher vertical tunneling is desired in heterostructure TFETs for 

increasing the drive current[38], it could also lead to higher Shockley-Reed-Hall (SRH) 

recombination in the small direct bandgap InAs source.  When analyzing the SRH 

recombination rate in Figure 3.11 (b), it was found that the peak SRH recombination rate 

for the 10 nm NW is almost an order of magnitude higher than the 10 nm NT TFET, as well 

as, the 20 nm NW TFET.  The high SRH recombination rate for the 10 nm GAA NW TFET 
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could explain the higher normalized IOFF observed in Figure 3.3(a) for the NW vs. the NT 

TFETs when compared at a body thickness of 10 nm. 

To get a quantitative sense of the effect of BTBT generation and SRH 

recombination rates on the drive current, we analyzed the integrated area under the 

curve for (Figure 3.11 (a-b)). For the 10 nm NT BTBT generation curve, the area under the 

curve was found to be 8.4% higher than that of the 10 nm NW curve, and 45% higher than 

that of the 20 nm NW curve. This can partially account for the larger non-normalized 

current seen for 10 NT TFET, 54x, compared to that of the 10 nm nanowire TFET. The 

nanotube has larger available cross sectional area for tunneling when compared to the 

10 nm nanowire. Since a 100 nm core-gate diameter nanotube with 10 nm thickness has 

44x the cross sectional area of a 10 nm nanowire. So doing a back-of-the-envelope 

multiplication the extra 8.4% in volumetric band-band generation by the additional cross 

sectional area gives 47.7x the anticipated increase in the current. The area under the SRH 

recombination curve for the 10 nm NW 8.7X of that of the 10 nm NT, which could explain 

the higher IOFF observed in Figure 3.12(a). 

3.3 N-type Si/Ge Hetero-structure Nanotube Tunnel Field Effect Transistor  

In this section, the physics of conventional channel material (Silicon/Germanium 

hetero-structure) based transistor topology mainly core/shell (inner/outer) gated 

nanotube vs. gate-all-around nanowire architecture for n-type tunnel field effect 

transistor application are discussed. We show that nanotube topology can result in higher 

performance through higher normalized current when compared to nanowire 

architecture at Vdd = 1 V due to the availability of larger tunneling cross section and lower 

Shockley-Reed-Hall recombination. Both architectures are able to achieve sub 60 mV/dec 

performance for more than five orders of magnitude of drain current. This enables the 

nanotube configuration achieving performance same as the nanowire architecture even 

when Vdd is scaled down to 0.5 V[73].  
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3.3.1 Introduction 

 

Figure 3.12 Schematic of the Nanotube heterostructure TFET[73]. 

A hetero-structure Si/Ge n-type NT TFET device concept is studied. The novel 

device concept combines the advantages of a low band-gap source injector and inherent 

high drive current advantage in NT FET, as shown in Figure 3.12. With the above in mind, 

we hypothesize that the NT TFET’s excellent electrostatic control would enable steep turn 

on characteristics, while maintaining low IOFF values comparable to GAA NW TFET. This 

transistor architecture in conjunction with a low band gap source material in a hetero-

structure configuration would enable a higher inter-band tunneling rate, when compared 

to all-silicon TFET structure. For this reason, we have chosen Ge as a source material since 

it has approximately half the band gap as compared to that of Si (0.66 eV vs. 1.2 eV) and 

smaller effective mass (0.06 mo vs. 0.2 mo) too [74, 75]. Ge also has a direct band gap at 
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the L-point that is 0.14 eV larger than the indirect band gap at the Γ-point in the E-K 

diagram [75]. Moreover, theoretical studies show that under high gate electric field, 

direct tunneling dominates in Ge, as well as, in Si1-xGex with high Ge mole fraction (x> 0.8) 

due to the slightly larger direct band gap in Ge[75]. Therefore, engineering the Si/Ge 

hetero-structure to include an overlap with the gate would potentially induce higher 

band-to-band tunneling rate could due to vertical tunneling within the Ge source where 

electrons tunnel within the source region in the direction perpendicular to the 

semiconductor/gate-dielectric interface[52]. Vertical tunneling is more desirable as it 

allows for a controlled cross sectional area for tunneling controlled by the gate-to-source 

overlap, where electrons are injected from within the source area to the inverted surface 

region of the source (in the source-to-gate overlap region). On the other hand, lateral 

tunneling is limited by the inversion layer thickness of the source channel junction in the 

“ON” state of the transistor, and thus is limited by the junction’s cross section[52]. The 

source-to-gate overlap could be engineered to achieve desired SS that would allow the 

scaling down of the supply voltage, Vdd. Hence, we have studied the Si/Ge hetero-

structure TFET with an intentional gate-to-source overlap for two different supply 

voltages, namely Vdd = 0.5 and 1 V for the GAA and the NT architectures for a fixed body 

thickness.  

3.3.2 Device Structure 

To study the benefits of a nanotube architecture over a nanowire on a hetero-

structure Si/Ge TFET platform, 3D simulations of a NT (Figure 3.12) and GAA NW TFET 

using Synopsys™ have been carried out since it includes a variety of band-to-band  

tunneling (BTBT) models to account for both direct and indirect tunneling processes[43, 

63, 64]. Both devices are compared for a gate length (Lg) of 30 nm, with 5 nm gate-to-

source overlap to induce vertical tunneling within the Ge source[76]. Silicon drain is n-

doped with donor active concentration ND = 1×1019 cm-3, while a p+ Si channel is used 

with acceptor active concentration NA = 1×1018 cm-3. A p++ Ge source was used with 

acceptor active concentration NA = 1×1019 cm-3, both typical to the already fabricated 
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device used for extracting the ‘A’ and ‘B’ tunneling parameters[38, 76]. Both the nanotube 

thickness and nanowire diameter are kept at 10 nm. The gate is n++ poly silicon in both 

devices has a work function of 4.0 eV, and an oxide gate dielectric is assumed with an 

(effective oxide thickness) EOT of 1.5 nm. A dynamic nonlocal band-to-band tunneling 

(BTBT) model is utilized in conjunction with Shockley–Reed–Hall recombination, drift–

diffusion physics and Fermi statistics. The  BTBT parameters, ‘A’ and ‘B’ for both Si and Ge 

are taken from experimentally derived and their values are found in both [66] and [76], 

respectively. For Ge, the experimentally derived ‘A’ parameter is 1.46×1017 cm-3.s-1, and 

the experimentally derived ‘B’ parameter was 3.59 MV/cm.  For Si, the ‘A’ and ‘B’ 

parameters are 4×1014 cm-3.s-1, and 19 MV/cm, respectively, which are attributed to 

indirect(phonon-assisted) tunneling[76]. The experimentally derived values are 

calculated according to the Kane and Keldysh models for BTBT generation rate in the 

uniform electric-field limit[61]: 

 
GBTBT = A (

F

Fo
)
P

exp(−
B

F
) 

(3.1) 

Where F is the electric field, Fo = 1 V/cm, and P = 2 and 2.5 for the direct and 

indirect BTBT.  The derived parameters for Ge/Si heterojunction TFET has been extracted 

from the transistor transfer curve, according to[38, 76]:  

 
ID = A Es exp(−

B

Es
) 

(3.2) 

Where Es is the vertical electric field at the semiconductor (Ge) surface in the gate-

to-source overlap region of the tunneling, Finally, it is important to note that the 

experimental data from which the tunneling parameters were extracted were for a poly-

Ge source that was selectively grown on Si (100) after etching Silicon isotropically to 

induce a 10 nm recess under the gate for an intentional source-to-gate overlap, which 

make is similar to our device structure.  
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3.3.3 Results and Discussion 

 

Figure 3.13 (a) Comparison of the NT and NW transfer characteristics, and (b) 
Subthreshold Slopes at Vdd= 1V[73]. 

Figure 3.13(a) compares the normalized transfer characteristics of 10 nm thin NT 

TFET (with 100 nm inner/core-gate diameter, CGdia) and 10 nm diameter NW TFET at Vdd 

= 1.0V. For normalization, we have used the NW circumference (πdNW), where dNW is the 

NW diameter, as the normalization length similar to various reports in the literature for 

vertical GAA NW TFET [39, 40]. In the case of the NT, we have used average circumference 

(π×( CGdia + NTw)), where CGdia and NTw are the nanotube core-gate diameter and 

thickness, respectively. This leads to a fair comparison since as we scale down the the 

inner core gate diameter, CGdia, to zero, the normalization length becomes (π×NTw), which 

is essentially the circumference of a NW with a diameter equal to the NT thickness, dNW 

=NTw. This is also consistent with previous reports in the literature, where single gate (SG), 

double gate (DG) and GAA architectures are compared at a body thickness, measured 

normal to the gate oxide, equal to the diameter of the NW, dNW,, to study the effect of  

device geometry on the BTBT rates and scanning tunneling length, λ[51]. The non-

(a) (b) 
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normalized drain current of the NT TFET, 6.1 µA is 18× times than that of the NW TFET, 

0.34 µA, while the normalized drain current of the NT TFET, 18 µA/µm is 1.6× than that of 

the normalized NW-TFET drain current, 11 µA/µm. The SS values for both devices are 

shown in Figure 3.13(b), where the lowest SS values are 17 mV/dec and 36 mV/dec for 

the NW and NT TFETs, respectively. Both architectures are able to sustain sub-60 mV/dec 

SS for about 5 order of magnitude of drain current, which is an important requirement 

for the consideration of TFETs for practical applications [26]. The GAA NW TFET 

architecture, however, is able to provide lower point SS values as noted above which is 

due to the tighter electrostatic control and lower scaling tunneling length, λ, as expected 

from the WKB approximation when compared to the double gate (DG) and single gate 

(SG) architectures[26]. This should potentially lead to higher normalized drain current for 

the GAA NW TFET; however, in reality this was not the case. Therefore, we investigated 

the electron band-to-band generation profile for both the NT and NW TFETs in Figure 

3.14(a), and Figure 3.14(b), respectively, as shown in the color maps. The first thing we 

observed that vertical tunneling within the Ge source overlap region is more prominent 

for the NW TFET as expected from the theory due to the smaller λ, and tighter  
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Figure 3.14 Color maps showing BTB generation profiles for the  (a) NT TEFT and the (b) 
NW TFET at Vdd= 1V[73]. 
 
 
 
 

(a) 

(b) 
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Figure 3.15 Band diagram and the gradient of the holes quasi Fermi level, |grad(EqFp)|, for 
the cross sections X-X’ in Figure 3.14 for the (a) NT TEFT and the (b) NW TFET at Vdd= 
1V[73]. 

(a) 

(b) 
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electrostatic control[26]. Hence, the BTB generation rate peaks within the Ge gate-to-

source overlap region for the NW TFET.  As for the NT TFET, although vertical tunneling is 

still noticed within the overlap region, BTBT generation rate peaks on the Si side of the 

Si/Ge interface due to lateral tunneling. It is known that within the dynamic non-local 

BTBT model, the direction of the tunneling path is determined dynamically from the 

negative gradient of the valence band at the starting position and carriers are generated 

non-locally at the end of the tunnel path, the conduction band, through both direct and 

indirect (phonon-assisted) tunneling paths[61]. The tunneling energy is equal to equal to 

the valence band energy at the starting position and is equal to the conduction band 

energy plus band offset at the ending position[61]. Therefore, band diagrams were 

analyzed for the absolute value of the gradient of the hole quasi-Fermi level, |grad(EqFp)| 

were analyzed along the X-X’ cross sections, lying in the middle of the channel with 

respect to the x coordinate for the NT and NW TFETs and were plotted Figures 3.15(a) 

and 3.15(b), respectively. 

Results reveal two main peaks on both sides of the Si/Ge junction for both NT and 

NW TFETs. The NW TFET, however, shows a higher absolute value of the gradient of the 

hole quasi-Fermi level, |grad(EqFp)| = 7.4 ×105(V/cm), within the Ge gate-to-source overlap 

region when compared  to the similar peak for NT TFET, |grad(EqFp)| = 5 ×105
 (V/cm). The 

NW TFET also shows a peak within the Si channel, but it has a smaller magnitude, 6.5 ×105
 

(V/cm), and is less broad compared to the peak due to the peak within the gate-to-source 

overlap region. This confirms that the tunneling behavior in the NW TFET is mainly due to 

vertical tunneling with the overlap region, as it corresponded to the smallest tunneling 

distance, λ. On the other hand, the NT TFET also shows two peaks, with the highest peak 

on the Si side of the junction as its magnitude is equal to 6.8 ×105
 V/cm. Also, the peak on 

the Si side of the junction is broader than the corresponding peak for the NW TFET. This 

confirms that lateral tunneling is the dominant tunneling process for the NT TFET, as it 

corresponds to the shortest λ for the NT TFET. This could explain why the NW TFET 

achieves lower SS when compared to the NT TEFT. 
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Figure 3.16 BTB generation profile comparison across the cross sections X-X’ in Figure 
3.14 for the NT and NW TFETs[73]. 
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Figure 3.17 Color maps showing SRH recombination profiles for the  (a) NT TEFT and 
the (b) NW TFET at Vdd= 1V[73]. 

 

(a) 

(b) 
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The electron BTB generation profile for the same cross sections was analyzed for 

both devices in Figure 3.16.  The peak for the NT TFET was on the silicon side of the Si/Ge 

interface, while it was the opposite for the NW TFET corresponding to the same trend for 

the |grad(EqFp)|. The NW TFET has also shown a broader peak compared to the NT TFET 

that lies largely within the Ge gate-to-source overlap area, with a peak value of 4.5×1030 

(cm-3.s-1), while the NT-TFET peak value is 2.3×1030 (cm-3.s-1) which is still within the same 

order of magnitude as the NW TFET. Hence, this again shows that vertical tunneling is 

more prominent in the case of the NW TFET, while lateral tunneling dominates for the NT 

TFET, which should have led to a higher normalized current for the NW TFET. However, 

when analyzing the Shockley-Reed-Hall (SRH) recombination for both devices, an 

interesting difference between the two devices arose, as shown in Figure 3.17.  

 

Figure 3.18 SRH recombination profile comparison across the cross sections X-X’ in  
Figure 3.17 for the NT and NW TFETs[73].  
 
While the NT TFET shows a SRH generation behavior, as shown in the color map in Figure 

3.17(a), the NW TFET has shown an opposite recombination behavior, especially within 

the overlap region. This could be explained based on the band diagram extracted for the 



74 
 

cross sections X-X’ in Figure 3.16, which shows overlap of the quasi Fermi levels of 

electrons and holes within the overlap region, which indicates higher carrier concentration 

of both electrons and holes within this region. This leads to a high recombination rate for 

the NW TFET when compared to the NT TFET, as the recombination rate is directly 

proportional to the product of the electron and holes carrier concentrations, RSRH α np. The 

SRH recombination rate is plotted in Figure 3.18, for the cross sections, X-X’, shown in 

Figure 3.16. While the NT TFET shows a generation rate of 1022 cm-3.s-1, the NW TFET 

shows an opposite recombination rate of the order of 5 × 1021 cm-3.s-1, as shown in Figure 

3.18. This could explain why a lower normalized current was achieved for the NW TFET 

when compared to the NT TFET. In addition, the larger cross-sectional area available for 

tunneling for the NT architecture , which is 44× that of the NW at a body thickness of 10 

nm, is another reason for the higher normalized current for NT TFET when compared to 

NW TFET at Vdd = 1V, as indirect lateral tunneling is limited by the inversion region in 

the interface. The performance of the NW and NT TFETs were also compared at Vdd = 

0.5V. Figure 3.19 (a) shows the normalized transfer characteristics of the devices. The NT 

TFET is able provide higher non-normalized current, ION(NT) = 0.134 μA, which is 5.5× the 

current provided by the NW TEFT, ION(NW) = 0.0243 μA. However, the NW normalized 

current, 0.776 μA/μm is 2× that of the NT TFET, 0.387 μA/μm.  The SS values for both 

devices are shown in Figure 3.19 (b), where the lowest SS values are 17 mV/dec and 32 

mV/dec, for the NW and NT-TFETs, respectively. To understand why GAA NW 

performed better, we analyzed BTB generation rate in a vertical slice of both devices, as 

shown in the color maps in Figures. 3.20 (a) and 3.20 (b). 
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Figure 3.19 (a) Comparison of the NT and NW transfer characteristics, and (b) Sub-
threshold Slopes at Vdd= 0.5V[73]. 

 
 

 

(a) (b) 
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Figure 3.20 Color maps showing BTB generation profiles for the  (a) NT TEFT and the (b) 
NW TFET at Vdd= 0.5V[73]. 

(a) 

(b) 
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Figure 3.21(a) BTB generation profile and (b) SRH recombination profile comparison 
across the cross sections X-X’ in  Figure 3.20 for the NT and NW TFETs[73]. 

For the case of the NT TFET, BTB generation is only due to lateral tunneling from 

Ge Source to Si channel, which makes the BTB mainly confined into the Si channel area, 

as shown in Figure 3.20 (a). While for the NW TFET, vertical tunneling still occurs within 

(a) 

(b) 
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the Ge source overlap area, as shown in Figure 3.20 (b). However, the BTB generation 

profile peaks inside the Si channel area due to lateral tunneling shown by the rate along 

the X cross-section in Figure 3.21(a) showing a peak of, 3.75×1029 cm-3.s-1 for the NW while 

only a peak rate of 2×1027 cm-3.s-1 for the NT, which is two orders of magnitude lower 

than that of the NW. Figure 3.21(b) shows the SRH recombination profile for both devices, 

showing generation behavior for both architectures, with wider peak for the NW TFET 

showing higher generation over a larger slice of the overlap region.  
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Figure 3.22(a) Band diagram and the gradient of the holes quasi Fermi level, |grad(EqFp)|, 
for the cross sections X-X’ in Figure 3.20 for the (a) NT TEFT and the (b) NW TFET at Vdd= 
0.5V[73]. 

Band diagrams for both devices are shown in Figure 3.22, and color maps of the 

SRH recombination profile are shown in Figure 3.23. This shows why NW outperforms the 

NT architecture at Vdd= 0.5 V, since it allows for a higher tunneling rate due to smaller λ 

value. However, when considering the larger non-normalized current provided by the NT, 

it makes the architecture more appealing, as it can eliminate the need for high density 

arraying of NWs, which makes the NT architecture more appealing from fabrication point 

of view. 
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Figure 3.23 Color maps showing SRH recombination profiles for the  (a) NT TEFT and the 

(b) NW TFET at Vdd= 0.5V[73].  

(a) 

(b) 
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Therefore, although the GAA NW architecture is more promising as it could 

achieve the steepest SS value as can be shown from literature review in Table 3.2, it does 

not offer an appealing normalized ‘ON’ current, when compared to single gated and 

double gated architectures. Recent demonstrations of sub-60 mV/dec of have been for 

all silicon single NW p and n-type TFET of diameter <20 nm which supplies a maximum 

ON current in the nA regime and a normalized “ON” current of 1.2 µA/µm [39, 40]. This is 

the case for the following reasons. Firstly, the requirement for small diameter NW, 

typically less than 20 nm for achieving steep SS, limits the current generated per NW due 

to small cross sectional area available for tunneling. Secondly,  both the normalized ‘ON’ 

current and SS degrade when NWs are arrayed due to sensitivity of parameters like 

threshold voltage to, for example, variations in NW width, dielectric thickness, and 

effective gate length, which could lead to degradation of the SS swing for a large array of 

devices, especially when considering highly doped source and drain junctions[67, 71]. 

Thirdly and most importantly, the state-of-the-art pitch for vertical NW does not offer 

high current per unit chip area, as has been shown in the recent demonstrations showing 

NW pitch in the order of 400 nm for both top down[67], and bottom up approaches[77]. 

On the other hand, ION = 100μA/μm at VDD = 1.0V and VGS = 1 V for all-silicon single gated 

SOI based TFETs with vertical self-aligned top gate structure supplying and for 70 nm thick 

SOI with 2 nm Effective Oxide thickness[36].  Even higher drain currents have been shown 

for double gate strained-Ge hetero-structure TFET with a drive current of 300 μA/μm at 

a SS of 50 mV/dec[37]. That is why we think the NT architecture could be an excellent 

candidate for as a vertical structure that resembles double gate structure and could 

provide a higher integration density compared to the NW structure.   
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Table 3.2 Summary of state-of-the-art of both homo-junction and hetero-junction 
TFET demonstration 

Ref. Technol-

ogy 

Channel  SS 

 (mV/ 

dec) 

Ion 

(µA 

/µm) 

Vds 

(V) 

Ion/ 

Ioff 

[77]* GAA Si 

NW 

Si 120 0.1 -

0.5 

106 

[29]* Planar Si 46 1.2 -1 ~ 108 

[28]* Planar Si 120~25

0 

84 0.7 >105 

Planar Si 120~25

0 

109 1 >104 

[38]* Planar(Ge 

Source) 

Si 40 0.42 0.5 >106 

[11]* Planar Ge 50~60 10 1 107 

Planar Si 460 10-3 1 >102 

[78]* Planar Ge >400 4 0.8 >102 

Planar Si 42~200 0.04 0.8 106 

[36]* Planar Si 52.8 12 1 105 

[79]* Planar Si 285 0.1 1.5 105 

[80]* InAs/Si 

GAA NW 

Si 220 0.4 1 105 

[42]* InAs/Si 

GAA NW 

Si 150 2.4 -

0.5 

106 

[39]* Vertical 

NW 

p Si 30 1.2 -2 105 

[40]* Vertical 

GAA NW 

i- Si 30-50 0.03

1 

2 105 
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* Asterisk denotes experimental work 

3.4 Conclusion & Future Outlook 

In conclusion we show that the nanotube (NT) architecture TFET is able to leverage 

the advantages of the gate-all-around (GAA) architecture nanowire (NW) TFET while 

enabling larger non-normalized drive currents due to the larger available tunneling area. 

Band diagrams revealed that at Vdd = 1V the NT architecture provide band-to-band 

generation rate of the same order of magnitude as the GAA NW architecture, while 

showing lower SRH recombination rate. This leads to higher current per unit chip area 

and thus enables scaling down of the TFET size without compromising performance. 

When Vdd was scaled down to 0.5V, the NT architecture is still able to provide comparable 

normalized current to the GAA NW, while enabling larger non-normalized current due to 

larger cross-sectional area available for tunneling, thus eliminating the need for arraying, 

and avoiding the variability issue. applications [67]. The ability of the nanotube transistor 

[72]*

  

Lateral 

GAA NW 

array 

i-Si 30 for 

Ion= 0.01 

µA/µm 

64 1.5 106 

[44]* InAs/Si 

Vertical 

NW 

InAs 21 1 1 >106 

 [69] Vertical Si 

NT  

i-Si 20 3×10
-2 

      

1 

>106 

This 

work

[73] 

Si/Ge 

Vertical 

NT (Ge 

source) 

p+ Si 34 18       

1 

>106 

This 

work 

[73] 

Si/Ge GAA 

NW 

p+ Si 17 11       

1 

>106 
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architecture to radically enhance the drive current capability and lower the ‘OFF’ current 

of tunnel FETs to values comparable to state-of-the-art CMOS was demonstrated due to 

both higher BTBT generation rate and lower SRH recombination rate when compared to 

the GAA NW architecture at the same body thickness. 3D device simulations have shown 

that a p-channel nanotube TFET is able to outperform nanowire arrays, while preserving 

chip area and at comparable SS values. We believe the nanotube architecture combined 

with hetero-structure III-V/IV material systems holds a great promise for high 

performance, ultra-low power consumer computing. 
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Chapter 4  

Oxide Semiconductors Thin Film Transistor Architectures 

4.1 Amorphous Oxide Semiconductors Based Electronics 

Semiconductors industries are actively exploring amorphous oxide 

semiconductors (AOS) as channel material in thin film transistors (TFTs) for high 

resolution displays as they exhibit high mobility, transparency, low temperature 

deposition possibility and potential integration opportunity on plastic based flexible 

substrates[81-83]. This is especially the case, as the performance of AOS based TFTs 

approach those of the more well-established polycrystalline silicon[84, 85]. Recent 

material developments have shown that nano-crystalline/amorphous phases of Zinc 

Oxynitride can exhibit both remarkable field effect mobility values exceeding 100 

cm2/V.s[86, 87], and operation stability under light-illumination bias tress[88]. This makes 

AOS strong candidates for pixel switching devices in ultra-high definition and large area 

AMOLED displays. 
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4.1.1 Semiconducting Zinc Oxide 

Zinc oxide is one of the most widely studied oxide semiconductor materials. 

Traditionally,  Its’ bulk properties such its’ large direct band gap (3.4 eV), and high room 

temperature electron Hall mobility(205 cm2/V.s) for single crystalline phase[89] made it 

interesting for optoelectronics applications. However, what makes it an interesting 

candidate for field effect transistors is the ability to deposit ZnO thin films at relatively 

low temperatures (<200 oC), and yet yielding devices with field effect mobility values 

higher than 10 cm2/V.s. The resulting thin film morphologies ranges from polycrystalline 

to amorphous phases depending on the deposition processes[90, 91]. Yet, the relative 

insensitivity of the field effect mobility of the fabricated thin film transistors to 

morphology disorder makes ZnO a versatile material allowing for high drive currents and 

faster device operating speeds, which may extend the range of accessible applications, as 

devices can be fabricated at low temperatures with high performances[90]. 

To understand the relative insensitivity of field effect mobility to thin film 

morphology, we need to examine structural, chemical and electronic properties of ZnO 

thin films. Zinc oxide has a hexagonal Wurtzite structure, as shown in Figure 4.1(a), with 

lattice parameters a = 0.3296 nm and c = 0.52065 nm, as shown in Figure 4.1 (b)[92, 93]. 

The structure of ZnO can simply described as a number of alternating planes composed 

of tetrahedrally coordinated O2− and Zn2+ ions, stacked alternately along the c-axis[92, 

94], where Zn atoms has ABAB stacking in hexagonal closed-packed hcp structure with 

oxygen atoms occupying tetrahedral interstitial sites, as shown schematically in Figure 4.1 
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(a). As for the chemical bonding, ZnO is a highly ionic semiconductor. Its’ conduction band 

is made up nearly entirely of states from the Zn2+ cation, and the valence band nearly 

entirely of the O2- anions[95]. This has tremendous implications on the role of disorder in 

oxide semiconductors. Because the electron transport is governed only by the position of 

the cations, and these atoms have large spherical 4s orbitals, as shown in Figure 4.2(right). 

The large overlap between the adjacent spherical Zn2+cation 4s orbitals has much less 

dependence on the directivity of the bond, as shown schematically in Figure 4.3, unlike 

sp3 bonding for the case of Si, where  carrier transport paths composed of strongly 

directive sp3 orbitals, so structural randomness greatly degrades the magnitude of bond 

overlap, that is, carrier mobility of amorphous Si  [96]. This makes charge transport  highly 

insensitive to order[95, 97], for the case of amorphous oxide semiconductors, and  thus 

allows imperfect, low-temperature, deposited films to still maintain excellent transport. 

 

Figure 4.1(a) Schematic representation of ZnO hexagonal Wurtzite structure. (b) A hard 
sphere simplification showing part of the crystal, due to the six fold symmetry, where 
oxygen atoms (red) lie just above the zinc larger atoms(Grey) using the software Carine. 

(b) (a) 



88 
 

 

Figure 4.2 Top of valence band of ZnO (left), and bottom of conduction band of ZnO 
(right)[98] 

 

Figure 4.3 Schematic orbital drawings for the carrier transport paths (that is, conduction 
band bottoms) in crystalline and amorphous semiconductor for (a) Covalent 
semiconductors and (b) Amorphous oxide semiconductors [96]. 
 
As for the majority carriers of the deposited ZnO films, the defect chemistry is a critical 
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component in understanding the n-type conductivity, which is believed to be due to n-

type doping caused by persistent intrinsic defects such as oxygen vacancies, zinc 

interstitials, and hydrogen atoms acting as donors [99]. However, the existence of sub-

bandgap states is believed to also be the cause of high subthreshold conduction and off-

current values[100].  

In summary, the excellent repeatable field effect mobility, and the low processing 

temperatures (< 200 °C) permitting the use of polymeric substrates, and the repeatability 

granted by atomic layer deposited films allowing for a fair comparison of the fabricated 

devices[101], were the main reasons for choosing ZnO TFTs as a workhorse  for testing 

different thin film transistor architectures.  

4.2 Thin Film Transistor Device Configurations 

A thin-film transistor (TFT) is one type of field-effect transistors made by 

depositing a thin layer of semiconductor active layer as well as gate dielectric and contact 

electrodes onto a supporting substrate. Compared to metal-oxide-semiconductor field-

effect transistors (MOSFETs), the ability of using an insulating substrate, such as glass or 

a plastic, has three advantages[102]: 

1-  Substantially lower material cost  

2- The use if an insulating substrate prevent problems such as parasitic capacitances 

and latch-up, which usually requires additional device isolation. 

3-  Freedom in device configuration by varying the sequence of film deposition since 

the active layer is deposited instead of built into the substrate. 
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Figure 4.4 shows four possible device configurations of TFTs, determined by the 

position of source/drain contacts, dielectric layer and gate electrode relative to the active 

layer. These configurations can be categorized into staggered and coplanar structure. In 

a staggered structure, the source/drain contacts are in the opposite side of the active 

layer from the gate electrode, as shown in Figure 4.4(a) and (c), while in the coplanar 

structure, the source/drain contacts and the gate electrode are in the same side of the 

active layer, as shown in Figure 4.4 (b) and (d). The contact electrodes in a coplanar 

structure are in direct contact with the induced channel, while the contact electrodes in 

a staggered structure are in the opposite side of the active layer from the induced 

channel. Thus, the injected carriers in a staggered structure need to vertically travel 

through the active layer to reach the induced channel, and then transport through the 

length of the channel. In a staggered structure, it is easier to ensure large overlap between 

the contact electrodes and the active layer, thus reducing contact resistance and 

improving device performance. In addition to staggered and coplanar structures, TFTs can 

also be categorized into top-gate and bottom-gate structures, depending on the position 

of the gate electrode relative to the semiconductor layer. Therefore, there  four basic 

device configurations in Figure 4.4 can be also categorized as: (a) bottom-gate-top-

contact, (b) bottom-gate-bottom-contact, (c) top-gate-top-contact, and (d) top-gate-

bottom-contact[103]. In this thesis, bottom-gate-bottom-contact configuration is 

employed for comparison between the different TFT architectures. 
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Figure 4.4 Four basic device configurations of TFTs: (a) bottom-gate staggered (top-
contact structure), (b) bottom-gate coplanar (bottom-contact structure), (c) top-gate 
staggered, and (d) top-gate coplanar[102]. 

4.3 Thin Film Transistor Device Operation 

TFTs are different than metal-oxide-semiconductor field-effect transistors 

(MOSFET) as MOSFETs generally operate in inversion mode, while TFTs are mostly 

accumulation mode devices [103]. Figure 4.5 shows the band diagrams of an n-type TFT 

at different gate-bias conditions. The band diagrams across the metal-insulator-

semiconductor (MIS) structure depicted the band bending in the channel region[102]. 
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Figure 4.5 Four basic device Band diagram for an ideal n-channel TFT at different gate-
bias conditions: (a) zero voltage; (b) negative voltage; (c) positive voltage[102]. 

As gate bias is greater than zero, VGS>0, conduction band edge bend downwards toward 

the fermi level allowing for higher carrier concentration within the conduction band, as 

more conduction band states get occupied by electrons. Since conductivity in the TFT 

channel in accumulation mode is directly proportional to the carrier concentration which 

is generally given by:  

 𝜎 = 𝑞𝑛𝜇 (4.1) 

Where σ is the conductivity, q is the charge of an electron, n is the charge carrier 

concentration, and μ is the charge carrier mobility. So, in an accumulation mode TFT, the 

gate bias controls the channel conductance and thus determines the current flowing 

between the contacts. In an n-channel TFT, if a positive gate voltage exceeds a threshold 

voltage , VT defined as the minimum gate voltage required to induce a channel, electrons 

start to accumulate in the insulator-semiconductor interface and form a channel[103]. 

The VT definition for a TFT is different than that of a MOSFET since MOSFETs are inversion 

mode devices. The threshold voltage of a MOSFET is the gate bias at which the channel is 
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in strong surface inversion, i.e:  when the surface potential is two times the fermi 

potential, i.e: ψs=2VF[100], or more accurately : 

 
𝑉𝑇 = 2𝑉𝐹 + 

√2𝑞𝜀𝑜𝜀𝑟𝑁𝑎2𝑉𝐹
𝐶𝑖

 
(4.2) 

Where Ci is the gate insulator capacitance per unit area, εo is the vacuum permittivity, εr  

is the dielectric relative permittivity Na is the acceptor concentration (For a n-type 

MOSFET with p-type channel). Since TFTs are accumulation mode devices, an alternative 

definition proposed  by R. L. Hoffman[100] for device “turn on” behavior which is called 

the “ON” voltage. It is defined as the voltage required to fully ‘‘turn off’’ the transistor in 

a switching application. It is empirically defined as the “voltage at which the drain current 

starts to exponentially increase from the noise floor”[100], where noise floor is 

considered as the gate leakage current, Ig. In this thesis both VT and VON definitions would 

be used for the usefulness of the MOSFET saturation mobility definition for circuit design, 

and to draw a distinction between the two operation modes, namely the linear and 

saturation modes, which are relevant for TFT operation. 

The linear mode is the gate bias range for which the drain current increases linearly 

with the drain bias. In the linear regime, V
GS 

> V
T 

and V
DS 

< V
GS -VT

, and the drain current I
D 

is described as: 

𝐼𝐷 = (
𝑊

𝐿
)𝐶𝑖𝜇𝑙𝑖𝑛 ((𝑉𝐺𝑆 − 𝑉𝑇)𝑉𝐷𝑆 −

𝑉𝐷𝑆
2

2
) 

(4.3) 



94 
 

Where μlin is the linear regime mobility of the charge carriers, and W and L are the channel 

length and width defined by the source and drain contacts.  

 In the saturation mode, V
GS 

> V
T 

and V
DS 

> V
GS 

–V
T 
and the drain current I

D is described as: 

𝐼𝐷 = (
𝑊

2𝐿
)𝐶𝑖𝜇𝑠𝑎𝑡(𝑉𝐺𝑆 − 𝑉𝑇)

2 
(4.4) 

This definition is in accordance with the “gradual channel approximation” which 

assumes that the voltages vary gradually along the channel from the drain to the source, 

while it varies quickly perpendicularly to the channel moving from the gate to the bulk 

semiconductor[104]. This approximation assumes a constant effective mobility which is 

independent of the gate voltage and the contact resistance, and thus serves as a good 

approximation for long channel devices [104]which is the case for most of the TFTs studied in 

this thesis. 

4.4 Novel Architectures for Scaled-Down AOS TFTs 

The recent need for large-area high-resolution displays has inspired research on 

both material selection, as well as device, architecture for optimizing performance of 

oxide based TFTs[105].  Large area high resolution displays requires both scaling down of 

the pixel size to achieve the required resolution, as well as, operating the display device 

at higher switching speeds to achieve seamless display experience. This practice in turn 

necessitates scaling down the backplane TFT device size as well as searching for materials 

with higher intrinsic mobility to achieve higher output current and faster switching 
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behavior. Thus, increased output current while maintaining acceptable power 

consumption level in thin film transistors (TFTs) is essential for future generation large-

area high-resolution displays.  

While increasing operation voltage, Vdd, would lead to increasing output current, 

as equation (4.4) suggests, it would equally increase power consumption that is 

quadratically proportional to operation voltage, P α Vdd
2. This is not desirable for energy 

efficient applications, such as use of light emitting diode (LED) based displays for mobile 

devices, where power consumption is a key element. For beyond display large area 

electronics applications, channel mobility is a key metric to evaluate transistor switching 

speed, which in turn limits potential circuit performance. This can be seen from the 

expression for TFT transit frequency, fT, which is an important metric for circuit designers 

[50]: 

 
𝑓𝑇 = 

𝑔𝑚
2 × 𝜋 × 𝐶𝑜𝑥

 ~ 
𝜇 × (𝑉𝐺𝑆 − 𝑉𝑇)

2 × 𝜋 × 𝐿𝑔2
 

(4.5) 

Where, gm is the transconductance, Cox is the gate oxide capacitance, μ is the field effect 

mobility, Lg is the gate length, and (VGS–VT) is the gate overdrive voltage of the TFT. Thus 

for a fixed TFT chip area, i.e. device width W ×Lg, μ becomes an upper bound on the transit 

frequency for improving 𝑓𝑇 , and achieving higher integration density. Typical field effect 

mobility values for n-type oxide semiconductors [106] have been in the range of 10 

cm2/V.s for Indium Gallium Zinc Oxide (InGaZnO) based devices [107], and 20 cm2/V.s for 

Indium (In) rich films [108], which are considerably higher than p-type semiconductors. 

However, lower mobility, when compared to single crystalline Silicon (Si) based devices, 
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imposes a restriction on circuit design for beyond display applications such as digital logic 

circuits in terms of both switching speed, and area efficiency. This is why for a given 

channel material, besides VT engineering, gate length (Lg) scaling has been the major 

approach for improving 𝑓𝑇 . Therefore, there is room to optimize TFT performance from 

device architecture perspective, through device designs that allow gate length, Lg, scaling 

and thus are compatible with the down scaling trend of TFTs backplane circuits.  

There are three main approaches in the literature for Lg scaling:  

1. Top down submicron lithographic scaling. It has been shown for amorphous IGZO 

TFT down to 0.18 µm [109]. Figure 4.6(a) shows TEM of the fabricated device 

showing steep switching as shown in Figure 4.6(b). This approach, however, is 

both expensive due to higher Electron Beam Lithography(EBL) cost and suffers 

from sensitivity of TFT properties such as saturation mobility and subthreshold 

slope to process variations such as in the gate to source/drain spacing, as shown 

in Figure 4.6(c), and the shape of the active channel, as shown in Figure 

4.6(d)[109]. 
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Figure 4.6 (a) Cross-sectional TEM image of a fabricated a-IGZO TFT with gate length of 
180 nm. Insets show high-resolution TEM images of the area marked with a red square in 
the TEM image, giving a closer view of Mo-Al2O3-SiO2-IGZO, multi-active channel, and 
amorphous microstructure of an IGZO semiconductor. (b) Transfer curves of a fabricated 
TFT with gate length of 180 nm. The inset shows Ig-Vg, Is-Vg, and Id-Vg at drain bias of 1.0 
V. (c) Dependence of various device performances such as saturation mobility, sub-
threshold slope, and off-leakage current of fabricated TFTs on gate-to-contact spacing. 
(d) The dependence on active shape of device performance of fabricated TFTs; upper inset 
shows HAADF STEM image of various active structures. Inset shows IDS-VGS transfer curves 
of fabricated IGZO TFTs with active shape (A, B, and C)[109]. 

2. Non-lithographically defined gate length using vertical channel TFT architecture 

[15, 16]. The gate length, 0.5 μm, is defined by a deposited SiNx spacer as shown 

in Figure 4.7(b). Although, it is less expensive compared to the first approach, the 

TFT properties suffer immensely from higher gate-to-source patristic capacitance, 

and higher source/drain contact resistance, which manifests itself in unsaturated 

(a) (b) 

(c) (d) 
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output characteristics shown in Figure 4.8(a). This in turn increases the 

subthreshold slope value, as shown in Figure 4.8(b), a short channel effect. This in 

turn limits the applications that need a steeper subthreshold swing and lower 

patristic capacitance such as RF applications.  

 

Figure 4.7 Fabricated flexible a-IGZO VTFTs (W/L=60 μm/0.5 μm): a) micrograph and b) 
SEM image of the focused ion beam (FIB) cross section through the VTFT channel[16]. 

 

 

 

Figure 4.8 DC characteristic of flexible a-IGZO VTFTs (W/L= 60 μm/0.5 μm): a) output 
and b) transfer characteristic. The inset shows the performance parameters extracted 
using standard MOSFET equations to model the transistor currents. VTFTs do not exhibit 
hysteresis behavior when the gate source voltage VGS is swept from -2 V to 5 V (forward) 
and from 5 V to -2 V(reverse)[16]. 
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3. The use of multi-gate (Mug-FET) device architectures such as double gate 

architecture to improve gm per unit device width and reduce the subthreshold 

swing at scaled down Lg. This however comes with added processing complexity, 

as shown in Figure 4.9,  and stricter lithographic alignment requirements, which 

increase the cost per transistor[18, 110], which is an important metric for large 

area electronics. However, devices show higher transconductance as 

demonstrated by Figure 4.10[17]. 

 

Figure 4.9 (a) ∼ (d) Key fabrication steps, (e) optical top view, and (f) cross sectional SEM 
image of the fabricated Self-Alinged-Double-Gated a-IGZO TFT[17]. 
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Figure 4.10 Measured I-V characteristics of the fabricated SADG a-IGZO TFT operating in 
DG and SG modes with (a) transfer, (b) output characteristics, and (c) detail of output 
curves at low Vds region[17]. 
 

Finally, Lg scaling is known to induce negative VT shift[111] which in return increases the 

OFF current, IOFF, value and degrades output swing of fabricated devices, and increases 

the static power consumption, especially for digital circuits applications requiring high 

ION/IOFF ratio. This in turn limits the integration density of designed digital circuits. 

4.5 Wavy Channel TFT Architecture 

Therefore, we proposed a novel approach by which we showed improved Ion per 

unit chip area by increasing the device width vertically without chip area penalty, as well 

as, improved the field effect mobility, μFE, due to better gate field electrostatics which 

enhances the field effect mobility, and thus normalized transconductance [21-25], thus 

boosting performance of the smallest reliable Lg without changing IOFF. The idea was 

inspired from our group’s recent work on TCAD simulation of a novel device architecture 
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for high performance logic devices, that combines the Trigate (FinFET) and the ultra-thin-

body FET (UTBFET) architectures, which is dubbed “Wavy FinFET” architecture, as shown 

in Figure 4.11 [112].  The Wavy FinFET was shown to possess a 60% higher drive current 

when compared to the Trigate FET when compared at the same biasing conditions and 

for a similar ‘OFF’ current values, as shown in figure 4.12[112]. 

 

Figure 4.11 Difference between (a) conventional trigate and (b) wavy FinFET[112]. 
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Figure 4.12 Reverse Back Bias effect on wavy FinFET Vt [112]. 

Inspired by the Wavy FinFET idea, here, we show a new TFT architecture that allows the 

expansion of the transistor width (W) using fin-like features, thus allowing expansion in 

the direction perpendicular to the substrate, which does not come at the cost of chip 

area.  
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Chapter 5 

Substrate Back Gated ZnO Wavy Channel Thin Film Transistors 

The content of the following chapter is taken from the following papers: 

[1] A. N. Hanna, M. T. Ghoneim, R. R. Bahabry, A. M. Hussain, and M. M. Hussain, "Zinc 
oxide integrated area efficient high output low power wavy channel thin film transistor," 
Appl. Phys. Lett.  103,  224101 (2013). 
 
[2]A. N. Hanna, G. A. Torres Sevilla, M. T. Ghoneim, A. M. Hussain, R. R. Bahabry, A. Syed, 
et al., "Wavy channel thin film transistor architecture for area efficient, high performance 
and low power displays," physica status solidi (RRL) – Rapid Research Letters (2013). 
 
[3]A. Hanna, M. Ghoneim, R. Bahabry, A. Hussain, H. Fahad, and M. Hussain, “Area and 

Energy Efficient High-Performance ZnO Wavy Channel Thin-Film Transistor,” IEEE Trans. 

Electron Devices, vol. 61, no. 9, pp. 3223-3228, Sep. 2014. 

[4] A. Hanna, et al. "(Invited) Wavy Channel TFT Architecture for High Performance Oxide 

Based Displays." ECS Transactions, vol.  67, pp. 191 (2015). 
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5.1 Device Concept 

Here, we show wavy channel (WC) architecture in thin film transistor which allows 

the expansion of the transistor width in the direction perpendicular to the substrate 

through integrating continuous fin-like features on the underlying substrate. This 

architecture enables expanding the TFT width without occupying any additional chip area, 

thus enabling increased performance while maintaining the real estate integrity. The 

experimental WCTFTs show a linear increase in output current as a function of number of 

fins per device resulting in 3.5x increase in output current when compared to planar 

counterparts that occupy the same chip area. The new architecture also allows tuning the 

threshold voltage as a function of the number of fin features included in the device, as 

threshold voltage linearly decreased from 6.8 V for planar device to 2.6 V for WC devices 

with 32 fins. This makes the new architecture more power efficient as lower operation 

voltages could be used for WC devices compared to planar counterparts. It was also found 

that field effect mobility linearly increases with the number of fins included in the device, 

showing almost 1.8x enhancements in the field effect mobility than that of the planar 

counterparts. This can be attributed to higher electric field in the channel due to the 

device architecture, and higher electric field values at corners of the fin structure.   

5.2 Device Fabrication 

The process flow to fabricate the WCTFT is shown in Figure 5.1(a) where the fin 

features are first patterned in a heavily doped n-type silicon wafer with a minimum 
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resistivity of 0.008 Ω.cm. The silicon substrate is used as a back gate. The fin height was 

measured to be 1.5 µm. A planar control sample, without fins, was processed in parallel 

using the exact same materials, process conditions and the same chip area as the fin 

devices. The fin feature patterning process is followed by deposition of 50 nm of 

aluminum oxide (Al2O3) using atomic layer deposition (ALD) at 300 °C as a gate dielectric. 

Source and drain of titanium based adhesion layer followed by gold as metal contact (Ti-

Au) were then deposited at room temperature by sputtering process and patterned by a 

lift-off process. Next, a low-temperature (100 °C) deposition of ALD zinc oxide (ZnO) was 

performed. The film resistivity was confirmed by a four-point probe measurement to be 

~ 1 Ω.cm. Finally, devices were isolated by a wet chemical process using diluted 

hydrofluoric (HF) solution at room temperature. Figure 5.1(b) shows an array of 50 µm 

channel length transistors with 16 fins. Figure 5.1(c) shows the top view of a wavy channel 

TFT. All fabricated devices have gate length of 50 µm for both planar and wavy channel 

TFTs. Figure 5.1(d) shows a cross sectional scanning electron microscope (SEM) of the 

ZnO/Ti-Au/Al2O3/Si gate stack showing a thickness of ~52 nm of Al2O3, 128nm of Ti-Au 

layer and ~ 43 nm of ZnO, respectively. The films are conformal, which was the reason for 

choosing ALD over sputtering for both uniform and conformal sidewall coverage [113].  

Surface SEM of the ZnO film shows grain size of less than 20 nm, as shown in Figure 5.2(a). 

This was confirmed by atomic force microscopic (AFM) image in Figure 5.2(a) showing the 

small grain size of the thin film and confirming the crystalline state of the film. X-ray 

Diffraction (XRD) scan of the film has shown Wurtzite (100) and (002) peaks confirming 

the crystalline nature of the film as shown in Figure 5.2(c). 
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Figure 5.1(a) Process flow for TFT fabrication, and (b) Top view SEM image of 16 fin device. 
(c) SEM image showing top view of a 16 fin 50 µm channel fabricated TFT.(d) Cross 
sectional SEM showing the thicknesses (Top to bottom) of the ZnO (~ 43 nm), Ti-Au (~128 
nm ) and Al2O3 (~ 52 nm) layers. 

(a) 

(b) (c) 

(d) 
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Figure 5.2(a) Surface SEM of the ZnO film showing ZnO crystallites (<20 nm grain size). (b)  
An AFM image showing an RMS roughness of 1.7 nm for a 5 µm × 5µm area. (c) Grazing 
Incidence XRD, showing Wurtzite peaks and proving the polycrystalline nature of ZnO. 

 

(a) 

(b) 

(c) 
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5.3 Electrical Characterization and discussion 

 

 

Figure 5.3(a) Transfer characteristics comparison between 4 µm fin WC and planar devices 
in  log and  linear scales at Vd = 5V, and at step size of 0.2 V,  (b) Output characteristics 
comparison at Vg = 20V, at step size of 0.1 V, and (c) Gate leakage currents of the 4 μm 1-
1 (32 fins) devices Vs. planar devices.   

Transfer and output characteristics were measured using Keithely 4200. For the 

transfer, ID-VGS curve, voltage was swept from   -15 to 20 V with 0.2 V step, at a drain bias 

of 5 V. The transfer curve measurement is for devices in saturation mode. For the output, 

ID-VDS curve, voltage was swept from 0 to 5 V with 0.1 V step at VGS = 20 V. High gate bias 

voltage, VGS = 20 V, was used since the device architecture is back-gated. However, low 

drain bias value, VDS = 5 V, was chosen since a low operation voltage, Vdd, TFT is 

(a) (b) 

(c) 
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envisioned. Characteristics for all devices are compared at VDS = 5 V, and VGS = 20V.  Figures 

5.3(a) and (b) show the transfer and output characteristics, respectively, of the planar 

devices with Wplanar/L (250/50) µm compared with  4 µm 1:1, 1:2, 1:3 and 1:5 devices, 

which have 32, 21, 16 and 10 fins corresponding to extra device width (Wextra) of 96, 63, 

48 and 30 µm. Wextra is calculated as 2× fin height (1.5 µm) × the number of fins per device. 

The naming notation is such that 4 µm 1: y represents devices with 4 µm wide fins and (4 

× y) µm distance between every two consecutive fins. Figure 5.3(c) shows the gate leakage 

currents of planar and 32 fins devices, showing a normalized leakage current of 0.04 nA/ 

µm and 0.06 nA/ µm for the planar and 32 fins devices, respectively. 

 

Figure 5.4(a) Comparison of output characteristics drain current values @ VGS =  20 V and 
VDS = 5V as a function of  the number of fins. (b) Fin to planar drain current ratio as a 
function of fin to planar device width ratio. (c) Threshold voltage, VT, variation as a 
function of the number of fins. (d) Electric field mobility Vs. number of fins 
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All presented data are averages of 8 devices, and the device width used for normalization 

in the case of WC devices is (Wplanar + Wextra).  Both an early turn on as well as an increased 

normalized drain current are noticed as the number of fins increases. In Figure 5.3(b), it 

is shown that the 32 fin devices (4 µm 1:1) have normalized current of 1.25 (µA/µm) while 

the planar devices have only 0.5 (µA/µm). Ion/off ratios for both planar and WC devices 

were on the order of 105. Figure 5.4(a) shows a comparison of ID values extracted from 

output characteristics, as a function of the number of fins at the same biasing conditions. 

It shows there is a linear dependence of the output current on the number of fins. 

Figure 5.4(a) shows that the 4 µm 1:1 (32 fin) devices has an average output 

current of 4.5×10-4 A while the planar devices have an output current of 1.25×10-4 A. The 

ratio of the output current of the WC devices to planar counterparts is shown in Figure 

5.4(b). The ratio of the output current of the WC 32 fin device to the planar device is 3.5, 

while their respective device width ratio is 1.4. This affirms that drain current 

enhancement cannot be attributed to the extra device width as was shown from the 

normalized transfer and output curves in Figure 5.3(a, b). Threshold voltages (VT), of these 

devices were extracted from saturation region in the √𝐼𝐷  - VGS  curve by extrapolation 

from the point of the highest first derivative [114]. The voltage values are plotted in 

Figure 5.4(c), which shows that VT values linearly decrease as a function of the number of 

fins. The planar device has VT of 6.4 V, while WC devices have shown values of 3.1, 3.9, 

2.7 and 2.4 for WC devices with 10, 16, 21 and 32 fins, respectively. This shows linear 

scaling of VT values as a function of the number of fins. Figure 5.4(d) shows saturation 

field effect mobility, μsat, as a function of number of fins, showing linear scaling with the 
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number of fins. Mobility values were extracted from the linear portion of the √𝐼𝐷  - VGS 

under saturation condition, VDS = 5V, as shown in equation (5.1) [115]: 

µ𝑠𝑎𝑡 = (
2𝐿

𝑊
)(

1

𝐶𝑜𝑥
) (
𝑑√𝐼𝐷
𝑑𝑉𝐺𝑆

)

2

 
 

(5.1) 

 
                                            

Figure 5.5 Saturation field effect mobility as a function of gate’s electric field. All 
presented data are averages of 8 devices, and the device width used for normalization. 
It also shows that WC 32 fin device has mobility of 1.8 cm2/V.s while planar device has 1.1 
cm2/V.s.  
 

When analyzing saturation mobility as a function of gate field, in Figure 5.5, it is 

noticed that WC devices of 32, 21 and 16 fins show higher mobility compared to planar 

devices at all gate fields. For example, the mobility value of the planar devices is 0.7 

cm2/V.s at 2 MV/cm, while the mobility of the WC 32 fin devices is 1.5 cm2/V.s at the same 

field. This shows a ~1.8x improvement in mobility. While at higher field values, namely 4 

MV/cm, the planar devices show a value of 1.3 cm2/V.s, while the WC 32 fin devices show 

a value of ~2 cm2/V.s. This shows a ~1.5x improvement in mobility at the higher gate bias 

conditions.  
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In the paper by R. L Hoffman[100] , using VON instead of using VT has been 

recommended as a characterization metric for ZnO based TFT,  since it directly 

characterizes the gate voltage required to fully ‘‘turn off’’ the transistor in a switching 

application. VON is defined as the voltage at which the drain current starts to exponentially 

increase from the noise floor”, where noise floor is considered as the gate leakage 

current, Ig. 

 

 
Figure 5.6 (a) ID vs. (VGS- VON) and (b) saturatrion mobility curves  of both WC and planar 
devices. 

(a) 

(b) 
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Also, the use of VT is not recommended since by definition it assumes that the device is 

operating in deep inversion mode, while n-type oxide based TFT are operating in 

accumulation mode, which makes the use of VT  non ideal (unlike the case of silicon based 

traditional logic transistors). So, we first extracted VON according to the above definition, 

and it was found that VON values were -6.4, -5.4, -3.4, -2.6 and 0 V for the 32-fin, 21-fin, 

16-fin, 10-fin and planar devices, respectively. A VON shift has been noticed in the negative 

direction as a function of the number of fins. Then, we have plotted ID vs. (VGS–VON) to see 

the difference in the turn on behavior between the WC and planar devices in Figure 5.6(a). 

It was noticed that the curves overlapped, as shown in Figure 5.6(a), up to (VGS–VON) = 10 

V, and the 32, 21 and 16 fins devices show a slight  increase afterwards in the drain current 

relative to the 10 fins and planar device. The drain current was the highest for 32 fins 

device as it achieved the highest (VGS–VON) absolute value at VGS = 20 V, as it has the 

smallest VON = -6.4 V. Also, when plotting saturation mobility, μsat, vs. (VGS–VON), it was 

found that the mobility values of the 32, 21 and 16 fins devices are higher compared to 

the planar and 10 fins devices, as shown in Figure 5.6(b), at VGS–VON > 10 V.  So, even after 

plotting against VGS–VON, mobility values for the WC devices have shown ~ 35% increase 

in μsat when compared to planar devices at the same VGS–VON.  

To double check results, we plotted the average field effect mobility, μAv, as 

suggested by R. L. Hoffman, where the average mobility is defined with respect to VON 

and not VT as[100, 115] : 
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µAv = 
(
𝑑𝐼𝐷𝑆
𝑑𝑉𝐷𝑆

) | 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  𝑉𝐺𝑆  𝑎𝑛𝑑 𝑠𝑚𝑎𝑙𝑙 𝑉𝐷𝑆

𝑊
𝐿  𝐶𝑖𝑛𝑠[𝑉𝐺𝑆  − 𝑉𝑂𝑁 ]

 

(4.2) 

 Where, Cins is the dielectric capacitance per unit area, W is the transistor width and L is 

the transistor gate length.  μAv is considered “more reflective of the conventional 

intentions of mobility extraction and more accurately represents device performance i.e. 

provides a more accurate metric for transistor current drive” [85], while saturation 

mobility assumes the operation of the device in deep inversion mode which makes it more 

suitable for silicon based transistors. 

 
Figure 5.7 Average mobility, μAv, as a function of (VGS- VON) for both planar and WC 
devices.  
 

So, we measured the slope of 
𝑑𝐼𝐷𝑆

𝑑𝑉𝐷𝑆
 at VDS = 100 mV and plotted μeff vs. (VGS- VON) in Figure 

5.7 for multiple VGS voltage values. The 32, 21 and 16 fins devices have shown consistently 

higher average mobility values when compared to the ten fins and planar devices. When 

comparing the average mobility values at VGS = 20 V, the values were 3.5, 3.29, 3.17, 2.11 
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and 1.95 (cm2/ V.S) for the 32-fin, 21-fin, 16-fin, 10-fin and planar devices, respectively. 

The results correspond with those found in Figure 5.6(b) showing that WC channel devices 

with 16 fins have shown ~ 30% , and the 21, and 32 fins devices have shown ~ 20% higher 

field effect mobility values compared to both planar and ten fins devices for (VGS- VON) 

values greater than 10 V. Meanwhile, both planar and ten fins devices have shown similar 

field effect mobility values throughout the entire range of (VGS- VON) values. This confirms 

similar qualitative trend of mobility enhancement from both saturation mobility and 

average mobility calculations for the 32, 21 and 16 fins devices when compared to the 

planar and 10 fins devices. The results imply that the enhancement in field effect mobility 

could not be simply attributed to VT, or VON, shift but that there could be another effect 

causing higher field effect mobility values.  

Since the same channel material is used in all devices, we can explain that higher 

field effect mobility, higher normalized output current and lower threshold and ON 

voltages for WC devices when compared to planar devices are based on two effects. The 

first one is an enhanced field effect in the channel, which we term as L-shaped field 

enhancement.  Figure 5.8(a) shows a schematic of the back gate dielectric interface under 

bias, as well as, a COMSOL simulation measuring the electric displacement field (D) map 

inside the Al2O3 dielectric for the dashed part. The simulation uses Cu as a metal back 

gate, Al2O3 (50 nm) gate dielectric and a voltage bias, VGS, of 5V. Two equations were 

solved simultaneously, the divergence of the displacement field equation, ∇. 𝐷 = 𝜌𝑣  , 

and the negative gradient of the potential equation, E= - 𝛻𝑉. The relative permittivity of 

Al2O3, εr, is taken to 5.7 while that of the copper was defined to be 1. The resistivity of 
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copper is equal to 1.72×10-8 Ω.m. The two equations were solved for the displacement 

field, D. The map shows that the electric field is higher around corners, giving a D value of 

0.007 C/m2, while the D value is 0.005 C/m2 in the planar parts.  The higher D value around 

corners is due to contribution from both the sidewalls as well as the planar parts.  The 

second effect is called the top corner effect, which has been previously reported for bulk 

FinFETs, where a decrease of the threshold voltage up to 20 % relative to sidewall 

threshold voltages. The effect is independent of the fin width, and is dependent only on 

the shape of the top corner, which is highest when the angle of top corner is close to 90o. 

Since we are using heavily doped n-type silicon substrate as a back gate, positive bias 

would cause depletion and eventually inversion in the silicon near Al2O3 at the 

semiconductor-dielectric interface, which is the same mode of operation in bulk 

FinFETs[116] . The higher electric field, which we term L-shaped enhancement could 

explain why higher mobility values were obtained for WC devices when compared to 

planar devices at the same (VGS-VON) values. Meanwhile, the top corner effect could 

explain why VT scaled linearly as a function of the number of fins.  
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Figure 5.8 (a) Schematic of the back gate dielectric interface, and COMSOL simulation of 
Displace Electric Field (D) showing high D values at corners due to contribution from both 
the side walls and the planar part, which is termed L-shaped field enhancement. (b) 
Transconductance per unit device width vs. (VGS- VON). 

 

As for subthreshold current conduction for VON<VGS< VT, it can be attributed to 

majority of channel charge induced into traps and/or low mobility band-tail states. This is 

confirmed by the, μEFF vs. VGS plot (Figure 5.7), as lower mobility values are reported for 

VGS < VT for both WC and planar devices. Also, at VGS = 0 V all the reported mobility values 

(a) 

(b) 
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for all devices were <0.5 cm2/V.S, which shows that conduction was not induced by the 

gate field, and could be attributed to trap-assisted conduction or band-tail states [100] . 

A higher effective electric field for WC devices compared to planar would lead to higher 

transconductance values. This is confirmed when plotting normalized transconductance 

against (VGS- VON), in Figure 5.8(b). It shows that the WC devices with 32 fins have 

transconductance 19% higher transconductance when compared to planar devices at VGS-

VON= 20 V and VDS= 5 V. This in turn explains why higher normalized currents were 

attained for WC devices compared to planar devices, as well as the linear scaling of the 

increase with the number of fins. This proves that WC architecture is more power efficient 

compared to planar, since it has higher output current, higher normalized 

transconductance, higher field effect mobility, similar Ion/off ratio and lower threshold 

voltage when compared with planar architecture at the same biasing conditions. Hence, 

the WC architecture allows scaling down operation voltage, Vdd, without compromising 

the performance, when compared to the planar architecture.    

5.4 Conclusion 

We have fabricated ALD ZnO channel based TFT with both wavy channel (WC) and 

planar architecture. Drain current, threshold voltage and field effect mobility have shown 

to linearly scale with the number of fins. The WC devices with maximum number of fins, 

32 fins, have shown 3.5x drain output current values and almost twice the field effect 

mobility of their planar counterparts. Threshold voltage values linearly decreased from 

6.4 for planar devices to 2.4 for WC 32 fin devices. The enhancement in the wavy channel 
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device performance is attributed to the extra device width and electric field enhancement 

in the channel due to the fin architecture. Therefore, we find the wavy channel 

architecture leads to higher transconductance and hence higher normalized drain current 

values. It also enables tuning of the threshold voltage by transforming the device 

architecture, which subsequently increasing energy efficiency through the reduction of 

operation voltage (Vdd). 
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Chapter 6 

Wavy Channel Digital Circuits Demonstrations  

The content of the following chapter is taken from the following papers: 

[1]A. Hanna, et al. "Wavy Channel TFT Based Digital Circuits" IEEE Transactions 
on Electron Devices 63, 1550 (2016). 
 
[2]A. Hanna, et al. "Zinc Oxide Integrated Wavy Channel Thin Film Transistor Based High 
Performance Digital Circuits" IEEE Electrons Device Letters 37, 193 (2016). 
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6.1 Introduction 

In this chapter, we introduce the integration strategy of wavy channel metal gated 

thin film transistors, which allows for circuit implementations. The novel architecture 

allows for extending device width by integrating vertical fin-like substrate corrugations 

giving rise to 50% larger device width, by etching 2 μm deep features in the substrate 

which is a deeper etch compared to the prior run with n++ Si back-gated devices. The 

enhancement in the output drive current is 100%, when compared to conventional planar 

architecture for devices occupying the same chip area. The current increase is attributed 

to both the extra device width and 50% enhancement in field effect mobility due to 

enhanced electrostatic gating effects.  

We have used the novel architecture to fabricate Digital circuits such inverters 

(NOT), NAND, NOR and pass-transistor-logic multiplexer (PTL MUX) circuits. Fabricated 

inverters using the novel architecture show 2× the peak-to-peak output voltage for the 

same input when compared to planar devices.  Also, WC inverters show 30% faster rise 

and fall times, and can operate up to ~2× frequency of the planar inverters for the same 

peak-to-peak output voltage. As for the WC NAND circuits, they have shown 2× higher 

peak-to-peak output voltage for the same input voltage. They also have 3× lower high-to-

low propagation delay times, respectively, when compared to the planar architecture. We 

further demonstrate WC NOR circuits, which have shown 70% higher peak-to-peak output 

voltage, over their planar counterparts. Finally, we show fabricated WC pass transistor 
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logic multiplexer circuit has shown more than 5× faster high-to-low propagation delay 

compared to its planar counterpart at a similar peak-to-peak output voltage.  

6.2 Device Fabrication  

Fabrication flow is shown in Fig. 1(a). The idea behind the device is to introduce 

corrugations to the substrate to achieve larger device width without occupying extra chip 

area. We start the fabrication by patterning Si substrate into 4 µm wide fins which are 2 

µm in height, and has a pitch of 8 µm. Wafer patterning could be applied for flexible 

polymeric substrates, as well [17]. The substrate is then cleaned in acetone, then in 

piranha solution and finally with O2 plasma. This is followed by deposition of the atomic 

layer deposition (ALD) aluminum oxide (Al2O3) (50 nm) at 300 oC to isolate the TFTs from 

the substrate. Al2O3 was chosen as a gate dielectric due to both its’ higher dielectric 

constant, and lower interfacial trap density when compared to SiO2 [18].We then sputter 

200 nm of Al by sputtering as a bottom contact. The film thickness has been optimized to 

ensure the continuity of the gate line over the nonplanar fin features, by ensuring ample 

step coverage. This is followed by deposition of 25 nm of Al2O3 as a gate dielectric. 

Titanium/Gold (Ti/Au) source and drain contacts are then sputtered to form source and 

drain contacts. Finally, 40 nm of ALD ZnO was deposited as a channel material and devices 

are isolated using dilute HF solution and bottom Al gate is exposed using a dry etching 

process. A photoresist layer was used for passivation of the fabricated devices [19]. Fig. 

1(b) shows digital image of a fabricated Lg= 50 µm WC device showing bird’s eye view of 

substrate corrugations. Fig. 1(c) shows a side view SEM image of WC TFT which we refer 
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to as 4 μm 1-1 device which possess 50% larger device width, Wextra, when compared to 

a planar device occupying the same chip area, which is fabricated right next to WC TFT for 

fair electrical comparison. 

Figure 6.1 Process flow for fabrication of WC TFT. 
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Figure 6.2 (a) Digital image showing Lg =50 μm device, and (b) Titled view SEM image of 
Lg =10 μm device showing 4 µm wide fin, where the fin height is 2 µm, and the fin pitch is 
8 µm pitch(4 µm 1-1 device). 

6.3 TFT Characterization and Modelling 

Transfer and output characteristics were measured using Keithely 4200 

semiconductor parameter analyzer. For the transfer IDS–VGS curve, voltage was swept 

from −10 to 15 V and with 0.1 V step, at a drain bias of 10 V. The transfer curve 

measurement is for devices in saturation mode. For the output, IDS-VDS curve, voltage was 

swept from 0 to 10 V with 0.1 V step at VGS = 10 V.  
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Figure 6.3(a) Transfer, and (b) output characteristics of 50 µm gate length devices. (c) 
Transfer, and (d) output characteristics of 10 µm gate length devices. 

Figures 6.3(a, b) show the transfer and output characteristics of Lg = 50 μm device, 

the WC and planar devices have VT values of 4.6 and 3.9V, respectively, which are of 

similar values. Threshold voltages, VT , of these devices were extracted from saturation 

region in the √𝐼𝐷𝑆−VGS curve by extrapolation from the point of the highest first 

derivative[117]. Leakage floor was always below 100 pA for both devices. Output 

characteristics show that the WC TFT consistently has 2× the output current of the planar 

TFT consuming the same chip area. The reported data were for 10 different devices of 

each type, WC and planar, and are shown with the average and standard deviation. 
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Similar trend was shown for gate lengths down to 10 μm (Figures 6.3(c, d)), where the WC 

and planar TFTs have IDS of 1.8 mA and 0.9 mA, and VT of 2.7 and 2V, respectively. No 

increase in the IOFF value can be seen in Figures 6.3(a,c), for both gate lengths, which is 

desirable. The same trend was observed in devices down to Lg= 5 µm, as shown in Figure 

6.4 (a,b).  

 

Figure 6.4 (a) Transfer and (b) output characteristics of WC and planar TFTs at Lg = 5 μm. 

 

(a) (b) 
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Figure 6.5(a) WC devices showing 50% higher capacitance. (b) WC devices showing 50% 
higher saturation mobility, µsat. 

Mobility values were extracted from the linear portion of the √𝐼𝐷𝑆−VGS under saturation 

condition, VDS= 10V, according to the following expression[118]:  

 
µ𝑠𝑎𝑡 = (

2𝐿𝑔

𝑊
)(

1

𝐶𝑜𝑥
) (
𝑑√𝐼𝐷𝑆
𝑑𝑉𝐺𝑆

) 
                                            (6.1) 

When calculating the field effect mobility in Figure 6.5(a), it was found that saturation 

field effect mobility was 4.8 and 7.1 cm2/V.s for planar and WC TFTs, respectively. This 
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amounts to 50% higher µ𝑠𝑎𝑡 for WC TFTs, even when including Wextra into account, as 

shown in the inset of Figure 6.5(a). Since WC devices possess only 50% larger width, the 

current enhancement can not only be attributed to the extra device width, Wextra. To 

confirm this, the device capacitance was checked using C-V sweep, by tying the source 

and drain terminals and sweeping over the gate terminal, as shown schematically in 

Figure 6.5(b) inset. It was found that WC TFT has 50% higher device capacitance compared 

to the planar TFT, at three different frequencies, namely, 100 Khz, 500 Khz, and 1 Mhz. 

For example, at 100Khz WC TFTs have gate capacitance of 47 pF while planar TFTs have 

gate capacitance of 32 pF. This is expected, as a result of the 50% larger device width, 

Wextra, of WC TFTs. So, the field effect enhancement has to be attributed to another factor 

other than the extra width. 
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Figure 6.6(a) Sidewall cross-section showing fin height measurement, and (b) Zoomed in 
image of the gate stack on the fin sidewall. COMSOL simulation of (c) Surface Electric Field 
norm in Al2O3 gate dielectric and (d) electron concentration in the ZnO channel at VGS= 
10V. 

Since mobility in AOS is field dependent, we wanted to analyze the device 

electrostatics.  So, a cross-sectional SEM image was taken along the perpendicular 

direction to the channel as shown in Figure 6.6(a) cutting into the vertical “fins”.  When 

analyzing the fin cross-section with higher magnification, we found that the device has a 

zigzag sidewall, attributed to etching process which includes sidewall passivation and 

subsequent etching, as shown in Figure 6.6(b). It also shows the conformal coverage of 

the Al2O3 and ZnO gate stack to Al covered fin sidewall due to the conformity of the ALD 

process. While the sputtered Al had an almost 1:2 step coverage ratio as can be shown 

from Figures 6.6(a,b). To analyze the effect of this particular gate stack, a COMSOL© 

simulation of the device electrostatics was performed, using parameters listed in           
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Table 6.1 , and using dimensions identical to those of Figure 6.6(b), when biased at VGS= 

10V. The simulation has shown a 2.3× higher electric field in the around the zigzag gate 

sharp edges as shown in Figure 6.6(c), which, as a result, led to 15% higher carrier 

concentration as shown in Figure 6.6(d) compared to a planar gate. Although the 

simulation assumes poly crystalline ZnO properties, still the 2.3× higher field in the 

channel, could qualitatively explain why WC devices have a higher field effect mobility, as 

mobility in AOS in gate field dependent[100]. Another way of looking at it is that higher 

since higher carrier concentration is expected for WC devices, this could mean that more 

carriers are available for a band-like transport in the conduction band, which have 

distinctly larger mobility when compared to band tail states and deep mid-gap trap 

states[119]. 

Modelling studies have shown that in a polycrystalline ZnO TFT, nanoscale grains 

induce a strong overlap of the double Schottky barriers with a higher activation energy in 

the crystallite and a lower barrier potential in the grain boundary [120]. Here the grain 

boundary Schottky Barrier Height (SBH) is modulated by the gate field [120], which was 

confirmed experimentally as well[100]. Hence the 2.3× higher field in the channel could 

qualitatively explain why WC devices have a higher field effect mobility, compared to 

planar devices. The simulation results also have relevance for AOS based TFTs because of 

gate field dependent effective mobility. Here percolation transport mechanism 

dominates transport at high gate fields, in which the field effect mobility, μFE, is controlled 

by percolation through non-localized states through the path of least resistance among 
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the potential barriers whose height is controlled by the gate field[119]. Thus, we believe 

the WC architecture could enhance μFE for AOS based TFTs. 

TABLE 6.I SUMMARY OF MATERIAL PARAMETER VALUES USED IN COMSOL© SIMULATION ACCORDING TO 

[120]. 

MATERIAL Quantity Value 

 
 
 
 
 
 

ZNO 

Relative Permittivity 8.12 

 

Bandgap 

 

Electron Affinity 

 

3.4 eV 

 

4.29 eV 

 

Effective Valance Band 

DOS 

 

4.431× 1015 cm-3 

 

Effective Conduction Band 

DOS 

 

 

2.247 × 1015 cm-3 

Electron Mobility 150 cm2/V.s 

 

AL Work Function 4.28 eV 

 

Al2O3 Relative Permittivity 9 
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6.4 Inverter Characterization 

 

Figure 6.7 (a) Inverter DC characteristics showing (b) 25% higher DC gain for WC 
inverters. (c) Comparison of WC and planar inverters at 1 KHz input frequency showing 
2× higher Vout ptp for WC device at W/L = 400/10 μm. 

Inverters were fabricated using the WC architecture for both the load and drive 

transistors, and compared against the planar architecture for the same W/L ratio. The 
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ratio between the drive and load transistor widths, also known as β ratio, was kept at 10 

for three different W/L ratios studied, by varying the drive transistor width only. The 

transistor gate length for all the reported inverters was 10 μm. All measurements were 

done at the same biasing condition of the load transistor. Figure 6.7(a) shows the DC 

characteristics comparison, where Vout high values of 8.3, and 9.1V, and Vout low values of 

1.3, and 0.6V, for the planar and WC inverters, respectively. The high-to-low transition DC 

current through the drive transistor of the WC inverter was 2× of that of the planar 

inverter, as expected from the TFT behavior. That also corresponded to a higher DC gain 

for WC inverters which was 25% higher than planar counterpart (Figure 6.7(b)).  Figures 

6.7(c) show that WC inverter has shown 100% higher output peak-to-peak voltage, Vout 

ptp, when compared to planar inverter for at 1 KHz input frequency. Figures 6.8(a,b) show 

that WC inverters have ~2× the frequency of the planar counterparts. We compared the 

rise and fall times of the tested inverters, where rise time is defined as the time for the 

waveform to rise from 20% to 80% of its’ final value, and vice versa for the fall time 

definition [121]. We found that rise times were 7.8 and 5.9 μsec, and fall times were 6.3 

and 4.2 for planar and WC inverters, respectively. This means WC inverters possessed 

~30% lower rise and fall times. When the output frequency f vs. Wdrive/L at a constant β= 

10 was plotted in Figure 6.8(c), a linear behavior was found for both devices as expected 

from Wdrive scaling, however, the slope of the WC inverters was ~ 2× that of the planar 

inverters. 
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Figure 6.8 A comparison of a planar (a) and WC (b) inverters of the same biasing 
conditions where WC inverters are driven at ~2x input frequency for the same Vout ptp=5V.  
(c) Frequency vs. W/L ratio for WC and planar inverters at similar Vout ptp and Vdd showing 
2× the slope for WC inverters. 

We can explain the inverter performance enhancement, Figures 6.7 and 6.8, from 

the transistor IDS-VGS characteristics in Figure 6.3. Since, the ION/OFF ratio of the WC TFT is 

2× better than planar counterpart, since they possess 2× ION at the same IOFF, then WC 

inverter Vout ptp should ideally double. Also, since WC inverters have 2× ION, it should ideally 
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have half the delay given the same capacitive load, CL, since delay ~ CL/ION. Thus for a given 

input voltage peak-to-peak, Vin ptp, it can be operated at twice the frequency. Finally, since 

f α ION/CL, which for the same channel mobility should be proportional to W/CL, and since 

the TFT capacitance scales linearly with device width, as shown in Figure 6.5(b), we can 

conclude that field effect mobility enhancement shown in Figure 6.5(a) to be responsible 

for the higher slope for WC inverters shown in Figure 6.8(c).   

6.5 NAND Circuit demonstration 

We wanted to measure the effect of the new architecture on leveraging higher 

performance for the same channel material, when compared to the conventional planar 

architecture. This is the case since the increase in the current is not just proportional to 

the increase in device width. Hence, the WC devices should manifest faster switching 

since they have larger transconductance, gm, per device width. Thus, to compare the 

circuit performance of the new architecture, we have chosen NAND circuit for the 

comparison between the two architectures using NMOS logic design. Figure 6.9(a) shows 

NAND circuit design using transistor with Lg = 10 µm, drive transistor widths of 600 µm 

and pull-up transistor width of 30 µm. The two devices in comparison occupy the same 

chip area. The two gates are driven by the same input square wave of 10 V peak-to-peak 

voltage, i.e.   Vinput Low = 0V and Vinput High = 10V, one NAND input is driven with a frequency 

f = 200 Hz, and the other with 100 Hz. Figures 6.9(b,c) show the output of the WC and 

planar NAND circuit, where WC NAND circuit has shown more than 2× increase in the 

output peak-to-peak voltage, Vout ptp, when compared to the planar circuit. It could also 
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be noticed that the high-to-low propagation delay time, tPHL, was shorter for WC NAND 

circuit when compared to the planar counterpart. The propagation delay time is defined 

as the maximum time from the input crossing 50% to the output crossing 50%[121]. The 

tPHL of the fabricated circuits were 120, and 40 μs for planar and WC NAND circuits, 

respectively, thus showing 3× lower tPHL for WC NAND. 
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Figure 6.9(a) Digital image of Lg= 10 µm NAND circuit, showing device dimensions. (b-c) 
Comparison showing 100% higher Vout ptp for WC NAND and 3× lower high-to-low 
propagation delay tPHL. 



138 
 

6.6 NOR & PTL Characterization Circuit demonstrations  

Figure 6.10(a) shows NOR circuit design dimensions. For NOR circuit, we have used 

Lg= 20 µm and a pull down transistor with W= 400 µm. The planar and WC circuits have 

shown   Vout ptp value of 2.9 and 5 V, respectively. This amounts to 70% higher output 

voltage for WC NOR circuit when compared to planar NOR circuit for input frequencies of 

500 Hz and 1 Khz at Vin ptp = 10V, as shown from Figures 6.10(b-c).  

 

Figure 6.10(a) Digital image of Lg = 20 µm NOR circuit, showing device dimensions. (b-c) 
Comparison showing 70% higher Vout ptp for WC NOR. 
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Figure 6.11 (a) Digital image of Pass-Transistor- Logic (PTL) Multiplexer (MUX) showing 
device dimensions. (b-c) Comparison when select logic is ‘1’ and (d-e) when select logic is 
‘0’showing 5× and 6×   lower High-To-Low propagation delay, tPHL, for WC MUX when 
compared to planar at the same biasing conditions, respectively. 
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We have used the WC architecture to test it on a pass-transistor-logic based 

multiplexer (PTL MUX) and compared it to a planar MUX consuming the same chip area, 

as shown in Figure 6.11(a) which shows the various dimensions used in the design. Input 

voltages were square wave with Vin ptp = 10V, with frequencies of 100 and 200 Hz. When 

is the Select = ‘0’, the output is equal to input B, and when Select = ‘1’, the output is equal 

to input A. We wanted to compare the propagation delay for both architectures which is 

defined as the maximum time from the input crossing 50% to the output crossing 

50%[121]. WC PTL MUX has shown more than 5× lower high-to-low propagation delay, 

tPHL, compared the planar MUX, when Select logic= ‘0’, for the same output Vptp value, as 

shown in Figures 6.11 (b, c), which have shown tPHL values of 630 and 120 μsec for planar 

and WC PTL MUXs, respectively. Also, it has been shown that nearly 6× lower tPHL, for 

Select = ‘1’, for similar output Vptp value, as shown in Figures 6.11(d, e), showing tPHL values 

of 600 and 100 μsec for planar and WC PTL MUXs, respectively. Thus, the WC architecture 

enables faster switching of AOS based digital logic circuitry. 

6.7Conclusion   

We have fabricated WC TFTs which have shown 2× the drive current of their planar 

counterparts consuming the same chip area. WC based Inverters have shown 2× Vout ptp 

for the same input, and can be operated at 2× the frequency of their planar counterpart 

for the Vout ptp. WC NOR circuit have shown 70% higher Vout ptp when compared to planar 

NOR, and WC PTL MUX has shown more than 5× lower tPHL for the same Vout ptp when 

compared to planar PTL MUX, both consuming exactly the same chip area. NAND WC 
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circuits has shown 2× Vout ptp and 3× faster high-to-low propagation delay when compared 

to conventional planar circuits, thus enabling high performance digital logic circuits even 

for low mobility channel materials. This shows the potential of using WC for leveraging 

higher performance even when low mobility AOS is used as a channel material. 

 

 

 

 

 

 

 

 

 

 

 

 

 



142 
 

Chapter 7 

Conclusion and Future Outlook 

7.1 Conclusion 

Two different topics were studied in this dissertation. First, the use of non-planar 

Nanotube core-shell gating architecture along with small band gap III-V (InAs), and group 

IV(Ge) source materials as current injectors for p and n-type silicon heterojunction tunnel 

FETs, respectively. When benchmarked against GAA NW architecture, the NT TFET is 

shown to deliver 5× and 1.6× the normalized drive current of the GAA NW TFET for p and 

n-type TFETs, respectively. The NT architecture is capable of delivering similar IOFF, SS and 

VT values to the GAA NW architecture when considering channel thicknesses =10 nm. We 

studied the device physics elements such as Band-To-Band-Tunneling (BTBT) generation rate, 

and Shockley-Reed-Hall (SRH) recombination rate. We found that higher BTBT rate and lower 

SRH recombination rate to be the reasons behind superior performance at Vdd=1V and for 

channel thickness equal to 10 nm. We have also considering Vdd scaling down to 0.5 V, and 

found that the although the GAA NW TFET is able to deliver higher normalized ION (I GAA NW= 

~2INT), the NT TFET has the area efficiency advantage and ability to deliver comparable IOFF  

and scalable ION through scaling the core-gate diameter. In addition, when compared to 

arrays of nanowires, the nanotube architecture outperforms in terms of area efficiency, CV/I 

metric (i.e. intrinsic gate delay), and power consumption[69]. We have also shown the 

scalability of the novel architecture, and potential area efficiency for 7nm technology node 

when compared to the vertical GAA NW architecture at a similar drive current and using ITRS 
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FinFET scaling parameters. For the above reasons, we believe the NT architecture would be 

superior to GAA NW architecture for future nodes of scaling beyond 10 nm node. 

The second half of this dissertation is concerned with a novel TFT architecture, 

namely, the Wavy-Channel TFT (WC TFT) architecture which allows for the expansion of the 

transistor width in the direction perpendicular to the substrate through integrating 

continuous fin-like features. A proof of concept, using back-gated devices, showed WCTFT 

ability to increase output current linearly as a function of number of fins per device resulting 

in 3.5x increase in output current when compared to planar counterpart that occupy identical 

chip area. Since the largest number of fins only corresponded to 40% extra device width, the 

increase in the drive current was not be attributed only to the extra device width. Linear 

decrease of VT was noticed as a function of the number of fins per device. So, in order to 

benchmark field effect mobility of both device architectures, decoupling VT shift from plotted 

mobility values was taken into account. Saturation mobility was found to increase by 35% for 

WC TFT when compared to the planar device occupying the same area. Similarly, average 

mobility was found to increase by 30% for WC devices when compared to planar control 

samples. This indicated a possible electrostatic gating effect causing higher field effect 

mobility that we initially attributed to fin corner effects giving rise to higher Electric field at 

fin corners, and thus influence μsat and μav values since they are both field dependent [100]. 

We have also explored the potential of integrating metal gated TFTs for circuit 

demonstrations.  We were able to show devices showing 50% higher width by etching deeper 

features into the substrate when compared with the back-gated devices. The WC TFTs are 

shown to deliver 2× the drive current when compared to planar TFTs. However, no significant 
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VT shift was noticed for WC TFTs when compared to planar counterparts, unlike the case for 

back-gated devices. A 50% enhancement in field effect mobility was noticed for WC TFTs, 

which was not attributed to extra device width as verified by C-V measurements, where gate 

capacitance was shown to be proportional to the extra device width. The field effect 

enhancement was attributed to the Zigzag sidewall gate stack shape, which resulted from 

DRIE etching profile. We used COMSOL to analyze the effect of Zigzag shaped gate stack and 

we have found a 2.3× higher electric field in the vicinity the gate stack sharp edges.  

To demonstrate the circuit integration potential of the novel architecture, we 

fabricated WC TFTs based digital circuits. Inverters (NOT), NAND, NOR and pass-transistor-

logic (PTL MUX) based multiplexer WC circuits were fabricated and benchmarked against 

planar couterparts. WC based Inverters have shown 2× peak-to-peak output voltage, Vout ptp, 

for the same input voltage, Vin ptp, and can be operated at 2× the frequency of their planar 

counterpart for the same Vout ptp. WC NOR circuit have shown 70% higher Vout ptp, and NAND 

WC circuits have shown 2× Vout ptp and 3× faster high-to-low propagation delay, tPHL, when 

compared to conventional planar circuits occupying identical chip area. Finally, WC PTL MUX 

has shown more than 5× lower tPHL for the same Vout ptp when compared to planar PTL MUX, 

thus illustrating enhanced field-effect mobility enabled faster switching behavior for WC TFTs. 

This shows the strength of the novel architecture thus paving the way for future ultra-high-

definition (UHD) displays through allows for 8K resolution, as well as, large-area-

electronics applications. 
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7.2 Future Work 

 For the first part of the dissertation, we would like to extend it through TCAD 

based AC small signal simulation of Complementary TFET(C-TFET) based logic circuits, 

such as inverters. The NT architecture should be benchmarked against GAA NW 

architecture for extracting important CMOS transistors device parameters such as 1) CV/I 

or intrinsic gate delay versus physical gate length ; 2) energy-delay product versus Lg; 3) 

subthreshold slope versus Lg ; and 4) CV/I versus on-to-off-state current ratio ION/IOFF[122]. 

As for the second part of the thesis, future proposed work includes integration on plastic 

substrates such as polyimide, Kapton sheets, and PET. We propose the following process 

flow for flexible WC TFTs in Figure 7.1. The peeled-off devices using this flow are shown 

in Figure 7.1(k).We have not noticed cracks in the fabricated TFTs with bending, however, 

gate leakage issue was observed for WC TFTs, It could be attributed to the DRIE etching 

profile of α-Si sidewalls leading shorting in the gate stack. We fabricated planar devices 

using the same process flow to verify the integrity of the deposited Al/Al2O3/ZnO gate-

stack, and they were functional.  So, future plans include investigation of HBr/Cl2 based 

etching of the α-Si layer, since no scalloping of the sidewalls is anticipated for the process 

when compared to DRIE process. 
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. 

 

Figure 7.1 (a-j) process flow of flexible WC TFT fabrication, (k) image of peeled-off 
devices 
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