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Abstract 
 

 

The ever-increasing demand for multiple functionalities in the mobile gadget has led to an 

incessant scaling of the MOSFETs. Although device scaling improves the speed, drive current, 

and reduces the dynamic power dissipation, the consequent short channel effects (SCEs) increase 

the static power dissipation significantly. Moreover, the inability to scale down the sub-threshold 

swing (SS) below 60 mV/decade also known as Boltzmann tyranny due to the inherent thermionic 

injection mechanism of conduction in conventional MOSFETs makes it difficult to scale down the 

supply voltage.  

Various multi-gate architectures such as FinFETs, Nanowire (NW) FETs, and Nanotube 

(NT) FETs were proposed to minimize the SCEs in order to continue the scaling of MOSFETs in 

nanoscale regime. However, they failed to reduce the SS below the conventional limit of 60 

mV/decade due to the Boltzmann tyranny arises out of the inherent thermionic transport 

mechanism of the MOSFETs. As a result, at the lower technology nodes, inability to scale the 

supply voltage continues to limit the scaling of multi-gate architectures. Therefore, as an 

alternative, various device architectures with different transport mechanisms such as band-to-band 

tunneling (BTBT) and impact ionization have been suggested to reduce the SS below the 

conventional limit of 60 mV/decade. Finally, in the pursuit of achieving both, i.e. best electrostatic 

control, and sub-60 mV/decade of SS for the next generation low power, high speed devices, 3D 

device architecture with alternate conduction mechanism has been extensively investigated. 

The tunnel field-effect transistor (TFETs), which employs BTBT as the conduction 

mechanism to inject carriers in the channel and the impact-ionization MOS (I-MOS) which relies 

on the impact ionization phenomena for conduction in contrast to the carriers injection by thermal 

injection in MOSFETs. These devices are regarded as one of the most promising alternatives for 

ultra-low power integrated circuits (ICs) owing to the minimized SCEs, ultra-low leakage current 

due to reverse biased p-i-n structure, and steep turn-on characteristics even at low supply voltages. 

Although, TFETs and I-MOS offer steep SS compared to the conventional MOSFETs, 

there are few challenges that need to be addressed carefully in order to achieve the maximum 
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benefits from these devices. For example, in TFET, the low drive current obtained due its 

conduction mechanism of BTBT in the ON-state is still a major bottleneck. Similarly, in I-MOS, 

a higher breakdown voltage makes it unsuitable for low power logic applications. Therefore, unless 

these obstacles are overcome, we cannot deploy these architectures in the mainstream CMOS 

technology. 

Therefore, in this thesis, we have proposed various solutions to improve the ON-state 

current and to achieve steep switching in the emerging nanotube tunnel FETs for the next 

generation low-power and high-speed devices in sub-10 nm technology nodes. Furthermore, we 

have also proposed a solution to reduce the breakdown voltage in I-MOS.  

First, a solution is proposed to lower the breakdown voltage in I-MOS. This is based on a 

deliberate misalignment between the top and bottom gates in a double gate I-MOS to achieve sub-

1.0 V breakdown voltage for low power and high-speed applications.  

The efficacy of misaligned core-gate and shell-gate architecture in nanotube to improve 

the area for line tunneling is also analyzed for the first time. Unlike the conventional NT-TFETs 

with only point tunneling mechanism, in the proposed solution, both line and point tunneling take 

place resulting in the improved ON-state current. 

Furthermore, nanotube TFET architecture is explored for future ultra-low power 

applications. A nanotube with core-source is proposed where the entire tunneling path is aligned 

with the direction of gate electric field, known as line tunneling. The proposed solution exhibits a 

steep subthreshold swing (SSavg) of 33 mV/decade over more than 8 decades of current change and 

~6 times higher drain compared to the conventional NT-TFET for a supply voltage of 0.3 V. 

Since, TFETs scaling at lower technology nodes require ultra-steep doping profiles at the 

source-channel tunnel junction. However, realizing abrupt junction with ultra-steep doping 

profiles requires low thermal budget while achieving high dopant activation in the degenerate 

source and drain regions in TFET demands a high temperature annealing which may lead to 

source/drain dopant diffusion into the channel region. Therefore, this complex and conflicting 

constraint on the thermal budget makes it difficult to realize abrupt doping profiles and limits the 

tunneling efficiency in p-i-n TFETs at smaller technology nodes.  Therefore, we propose a novel 

PNNT-TFET architecture without the need for any abrupt source-channel tunnel junction. The 
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proposed p-n junction NT-TFET uses a dual metal gate (DMG) to induce the tunneling junctions 

thus mitigating the need of abrupt source-channel tunnel junction doping.  
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सार 

 

 

मोबाइल गैजेट में कई प्रकार की कार्यक्षमता के ललए बढ़ती माांग के कारण MOSFETs 

की संख्या में निरांतर वदृ्धि हुई है। र्द्र्पि डिवाइस स्केललांग गनत में सुिार करता है, वतयमाि 

ड्राइव करता है, और dynamic power अिव्र्र् को कम करता है, िररणामी लघु चैिल प्रभाव 

(SCEs) static power अिव्र्र् को काफी बढ़ाता है। इसके अलावा,  िारांिररक  MOSFETs में 

subthreshold slope को  60 mV / decade से िीचे करिे में असमर्यता  कारण, जो की 

बोल्ट्ज़मैन tyranny की वजह से थमीओननक चलन तंत्र की वजह से उत्प्नना होता है |  

FinFETs, Nanowire (NW) FETs, और Nanotube (NT) FETs जैसे कई मल्टी-गेट 

आर्कय टेक्चर, SCEs को कम करिे के ललए प्रस्तापवत र्कए गए तार्क MOSFETs की स्केललांग 

को जारी रखा जा सके। हालाांर्क, वे 60 mV/ दशक की िारांिररक सीमा से िीचे SS को कम 

करिे में पवफल रहे जजसका कारण MOSFET में  अांतनियहहत र्लमयर्ोनिक िररवहि तांत्र बोल्टज़मि 

tyranny है | ितीजति, कम प्रौद्र्ोधगकी िोड्स िर, आिूनतय वोल्टेज को स्केल करिे में असमर्यता 

मल्टी-गेट आर्कय टेक्चर की स्केललांग को सीलमत करिे के ललए जारी है। इसललए, एक पवकल्ि के 

रूि में, पवलभन्ि िररवहि तांत्र जैसे बैंि-टू-बैंि टिललांग (बीटीबीटी) और प्रभाव आर्िीकरण (Impact 

Ionization) के सार् पवलभन्ि डिवाइस आर्कय टेक्चर को उपयोग करके SS को 60 mV/ दशक की 

िारांिररक सीमा से कम करिे का सुझाव हदर्ा गर्ा है। अांत में, दोिों को प्राप्त करिे की खोज 

में, अर्ायत ्सबसे अच्छा इलेक्रोस्टैहटक निर्ांत्रण, और अगली िीढ़ी के ललए का उपयोग कम बबजली 
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ललए का उपयोग, उच्च गनत वाले उिकरणों के ललए SS के 60 mV/ दशक, वैकल्ल्िक चालि तांत्र 

के सार् 3D डिवाइस आर्कय टेक्चर की बडे िैमािे िर जाांच की गई है। 

टिल FET राांल्जस्टर (TFETs), जो चैिल में वाहक इांजेक्षि करिे के ललए प्रवाहकत्त्व तांत्र 
के रूि में BTBT को निर्ोल्जत करता है और प्रभाव-आर्िीकरण (Impact Ionization) MOS 
(I-MOS) जो वाहक इांजेक्शि के पविरीत चालि के ललए प्रभाव आर्निकरण घटिा िर निभयर 
करता है। इि उिकरणों को अल्रा-लो िावर एकीकृत सर्कय ट के ललए सबसे आशाजिक पवकल्िों 
में से एक के रूि में मािा जाता है, जो र्क कम से कम SCEs, अल्रा-कम लीकेज करांट के 
कारण होता है, जो की p-i-n िार्ोि  सांरचिा के कारण होता है, और कम आिूनतय वाले वोल्टेज 
िर भी स्टेि टिय-ऑि पवशेषताओां के कारण होता है। 

हालााँर्क, TFET और I-MOS िारांिररक MOSFETs की तुलिा में तीव्र SS की िेशकश 
करते हैं, लेर्कि इि वास्तुलशल्ि से अधिकतम लाभ प्राप्त करिे के ललए कुछ चुिौनतर्ों का सामिा 
साविािी से करिे की आवश्र्कता है। उदाहरण के ललए, TFET में, ऑि-स्टेट में BTBT के अििे 
चालि तांत्र के कारण कम ड्राइव करांट प्राप्त होता है , जो की  अभी भी एक बडी अडचि है। इसी 
तरह, I-MOS में, एक उच्च ब्रेकिाउि वोल्टेज कम वोल्टेज के अिुप्रर्ोगों के ललए अिुिर्ुक्त बिा 
देता है। इसललए, जब तक इि बािाओां को दरू िहीां र्कर्ा जाता है, हम इि आर्कय टेक्चर को मुख्र् 
िारा CMOS प्रौद्र्ोधगकी में तैिात िहीां कर सकते हैं 

इसललए, इस र्ीलसस में, हमिे ON-state करांट में सुिार करिे और अगली िीढ़ी के कम-
िावर और उच्च गनत वाले उिकरणों के ललए उि-10 िैिो मीटर प्रौद्र्ोधगकी िोड्स में उभरते 
िैिोट्र्ूब टिल FETs में तीव्र  ल्स्वधचांग प्राप्त करिे के ललए पवलभन्ि समािािों का प्रस्ताव र्कर्ा 
है। इसके अलावा, हमिे I-MOS में ब्रेकिाउि वोल्टेज को कम करिे के ललए एक समािाि भी 
प्रस्तापवत र्कर्ा है। 

सबसे िहले, I-MOS में ब्रेकिाउि वोल्टेज को कम करिे के ललए एक समािाि प्रस्तापवत 
है। र्ह कम बबजली और उच्च गनत वाले अिुप्रर्ोगों के ललए उि-1.0 V ब्रेकिाउि वोल्टेज को 
प्राप्त करिे के ललए एक िबल गेट I-MOS में ऊिर और िीचे के फाटकों के बीच एक जािबूझकर 
लमसललग्नन्मेंट िर आिाररत है। 
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इसके अलावा, उभरते िैिोट्र्ूब TFET आर्कय टेक्चर को भपवष्र् की कम-शल्क्त और उच्च 
गनत वाले अिुप्रर्ोगों के ललए खोजा गर्ा है। कोर-सोसय वाला एक िैिोट्र्ूब प्रस्तापवत है जहाां 
टिललांग िर् को गेट इलेल्क्रक फील्ि की हदशा के सार् सांरेखखत र्कर्ा जाता है, ल्जसे लाइि 
टिललांग के रूि में जािा जाता है।  

इस र्ीलसस में प्रस्तापवत Nanotube समािाि, िारम्िररक Nanotube के मुकाबले ६ गुिा 
अधिक करांट प्रवाह करता है|इसके अनतररक्त इसमें बहुत की काम ऊजाय की खित होती है (VGS= 
VDS = 0.3 V)। रे् बहुत ही काम SS 33 mv/ दशक प्रदलशयत करता है  

िैिोट्र्ूब में लाइि टिललांग के ललए क्षेत्र में सुिार करिे के ललए िैिोट्र्ूब में असांरेखखत 
कोर-गेट और शेल-गेट आर्कय टेक्चर की प्रभावशीलता का भी िहली बार पवश्लेषण र्कर्ा गर्ा है। 
प्रस्तापवत समािाि में केवल बबांद ुटिललांग तांत्र के सार् िारांिररक NT-TFETs के पविरीत, दोिों 
लाइि और बबांद ुटिललांग में सुिार होता है ल्जसके िररणामस्वरूि ON-state करांट में सुिार होता 
है। 

इसके अलावा, कम प्रौद्र्ोधगकी वाले िोड्स में TFET स्केललांग के ललए तीव्र िोपिांग प्रोफाइल 
की आवश्र्कता होती है। हालाांर्क, अल्रा-स्टॉि िोपिांग प्रोफाइल के सार् तीव्र जांक्शिों को साकार 
करिे के ललए काम र्मयल स्रोत की आवश्र्कता  होती है। जबर्क उच्च िोिेंट सर्िर्ण प्राप्त करिे 
के ललए काम र्मयल बजट की आवश्र्कता होती है |और TFET में तीव्र जांक्शिों को साकार करिे 
channel क्षेत्र एक उच्च तािमाि की माांग करता है ल्जससे चैिल क्षेत्र में source/channel 
िोपिांग प्रसार हो सकता है। इसललए, र्मयल बजट िर इस जहटल और िरस्िर पवरोिी बािा को  
तीव्र िोपिांग प्रोफाइल  को प्राप्त  करिा मुल्श्कल हो जाता है और रे् p-i-n TFET में टिललांग 
दक्षता को सीलमत करता है। 

इसललए, हम र्कसी भी तीव्र source/channel tunnel जांक्शि की आवश्र्कता के बबिा 
एक िए PNNT-TFET  वास्तुकला का प्रस्ताव करते हैं। प्रस्तापवत िी-एि जांक्शि एिटी-टीएफईटी 
एक दोहरी िातु गेट (िीएमजी) का उिर्ोग करता है तार्क टिललांग जांक्शिों को प्रेररत र्कर्ा जा 
सके और इस प्रकार तीव्र स्रोत-चैिल टिल जांक्शि िोपिांग की आवश्र्कता को कम र्कर्ा जा 
सके। 



xii 
 

Table of Contents  
 

 

Certificate ........................................................................................................................................ i 

Acknowledgements ....................................................................................................................... iii 

Abstract .......................................................................................................................................... v 

List of Figures .............................................................................................................................. xv 

List of Symbols ....................................................................................................................... xxxiii 

Chapter-1: Introduction……………………………………………………………………...….1 

1.1 In the Pursuit of Low Power CMOS Devices…………………………………………1 

1.2 The path to follow……………………………………………………………………..4 

1.3 Objective and Outline of the Dissertation……………………………………………..6 

References……………………………………………………………………………..7 

Chapter-2: Background and literature review………………………………………………..10 

2.1 Introduction…………………………………………………………………………..10 

2.2 Tunnel FETs………………………………………………………………………….11 

2.1.1 Device Structure……………………………………………………………11 

2.1.2 Working principle…………………………………………………………..13 

2.3   TFETs: Limitations, Solutions and Future Possibilities……………………………..13 

2.3.1 Lower drive current………………………………………………………...14 

2.3.2 Boosting drive current……………………………………………………...14 

2.3.3 Unidirectional conduction due to asymmetric structure……………………15 

2.3.4 Ambipolar conduction……………………………………………………...16 

2.3.4 Subthreshold slope degradation due to non-idealities………………………17 

2.3.5 Higher parasitic capacitance and delayed saturation of drain current……...17 

2.4 State-of-the-Art Multi-gate TFET Architectures……………………………………..18 

2.5 Impact Ionization MOSFETs (IMOS) ……………………………………………….20 

2.5.1 Device structure………………………………………………………….…21 



xiii 
 

2.5.2 Working principle………………………………….……………………….21 

2.6 Impact Ionization MOSFET (IMOS): Limitations, Existing Solutions and Future 

Possibilities………………………………………………………………………….……23 

2.6.1 Higher breakdown voltage…………………………………………………23 

2.6.2 Reliability issues due to the hot electron effect………….……………...….26 

2.6.3 Scaling issues……………………………………….………………..…….26 

2.7 OTHER STEEP SWITCHING DEVICES……………..……………………………27 

2.7.1 FBFET………………………………………………...……………………27 

  2.7.2 Negative capacitance FET (NCFET)……………………………………….28 

 References………………………………………………………………………………..31 

 

Chapter- 3: An Impact Ionization MOSFET (IMOS) With Reduced Breakdown Voltage 

Based on Back Gate Misalignment…………………………………………………………….39 

3.1 Introduction…………………………………………………………………………..39 

3.2 Device Structure and Simulation Methodology………………………………………40 

3.3 Result and discussion…………………………………………………………………42 

3.4 Summary…………....………………………………………………………………..55 

      References …………………………………………………………………………...55 

 

Chapter-4: A Line Tunneling Field-Effect Transistor Based on Misaligned Core–Shell Gate 

Architecture in Emerging Nanotube FETs…………………………………………………………..59 

 

4.1 Introduction……………………………………………………………………..……59 

4.2 Device structure and simulation parameters…………………………………………60 

4.3 Simulation results and discussion…………………………………………………….63 

4.4 Summary……………………………………………………………………………...76 

      References……………………………………………………………………………77 

 

Chapter- 5: Nanotube Tunneling FET with a Core Source for Ultra-Steep Subthreshold Swing: A 

Simulation Study……………………………………………………………………………………...80 

 

5.1 Introduction…………………………………………………………………………...80 

5.2 Device Structure and Simulation Methodology………………………………………82 



xiv 
 

5.2.1 Suggested Process Flow for CSNT-TFET………………..………………...83  

5.2.2 Physical Models Used for Device Simulations…………………………….86   

5.2.3 Structural Parameters Used for Device Simulations……………………….86 

5.3 Results and discussion……………………………………………………………..…90 

5.3.1 Characteristics of CSNT-TFET and NT-TFET………………………….…90 

5.3.2 Impact of Drain Voltage……………………………………………………96        

5.3.3 Impact of Spacer Material and Core Diameter……………………………..97 

5.3.4 Dynamic Performance……………………………………………………....98  

5.3.5 Considerations due to High Electric Field………………………………….99 

5.4 Summary……………………………………………………………………………100  

References………………………………………………………………………………101 

 

Chapter-6: An In-Line Tunnel Field Effect Transistor Without Abrupt Doping Profiles With 

Area Benefits in Emerging Nanotubes FETs………………………………………………...105 

6.1 Introduction…………………………………………………………………………105 

6.2 Device structure and simulation parameters………………………………………..107 

6.3 Simulation Methodology…………………………………………………………....109 

6.4 Results and Discussions…………………………………………………………….111 

6.5 Summary……………………………………………………………………………118  

References………………………………………………………………………………119 

 

Chapter-7: Conclusions 

7.1 Summary of Contributions………………………………………………………….121 

7.2 Future Work………………………………………………………………………....123 

 

Appendix A 

Sample Sentaurus Input File for Nanotube TFET ...........................................................126  

Appendix B 

TCAD simulation setup used for this dissertation……………………………………….131 

Publications based on this work ......................................................................................133 

Short Biography………………………………………………………………………....134 



xv 
 

List of Figures 

 
 

Figure 1.1 (a) Impact of threshold voltage scaling on leakage current (IOFF), (b) Switching energy 

showing dynamic power dissipation as a function of gate length scaling [4] …………………….2 

Figure 1.2 Total energy which dictates both dynamic power dissipation and static power 

dissipation as a function of supply voltage. Reduction in the supply voltage reduces dynamic power 

dissipation whereas increases the static power dissipation……………………………….………2 

Figure 1.3 Impact of gate length scaling on the subthreshold swing of a MOSFET [10]…….….3 

Figure 1.4 Schematic representation of multiple gate transistors (a) FinFET, (b) Nanowire FET, 

(C) Nanotube FET…………………………………………………………………………….…. 5 

Figure 2.1 3D schematic representation of tunnel field effect transistor (TFET)…………….….11 

Figure 2.2 (a) Transfer characteristics of the TFET for both positive and negative gate voltages, 

(b) Energy band diagrams of the tunnel field-effect transistor plotted at a cutline 1 nm below the 

Si–SiO2 interface in (a) OFF-state (VGS =0.0 V), (b) ON-state (VGS =1.5 V), (c) ambipolar state 

(VGS =−1.5 V)…………………………………………………………………………………....12  

Figure 2.3 (a) Direction of tunneling in TFETs (a) Point tunneling in which tunneling direction is 

perpendicular to the gate electric field, (b) Line tunneling in which tunneling direction is parallel 

to the gate electric field………………………………………………………………………..…15 

Figure 2.4 Three-dimensional schematic view of (a) NW-TFET, (b) NT-TFET…………..…...18 

Figure 2.5 Transfer characteristics of NW-TFET and NT-TFET for similar active semiconductor 

film thickness (tSc) [63]………………………………………………………………………..…19 

Figure 2.6 Schematic view of the conventional I-MOS…………………………………..…..…21 

Figure 2.7 Output characteristics of the conventional silicon I-MOS []………………….…..…21 

Figure 2.8 Schematic representation of P-type DIMOS. DIMOS, in-general needs FDSOI 

substrate for its operation. Impact Ionization takes place in the intrinsic region away from the gate 



xvi 
 

region. Also, in DIMOS, the gate is used to turn OFF the normally ON device by depleting the 

gated region contrary to the conventional IMOS where gate is used to turn-on the 

device………………………………………………………………………………………….,.23 

Figure 2.9 Schematic representation of n-type E2I-MOS. It uses a heterostructure of two materials 

with different bandgap to enhance the electric field at the interface. Both SOI and bulk substrate 

could be used. Sharp band banding is observed in the region near to the source area due to the 

difference in energy bandgap which leads to the reduction in the breakdown voltage of E2IMOS 

[23]……………………………………………………………………………………………,..23 

Figure 2.10 Schematic representation of bipolar IMOS. The structure of bipolar-IMOS is same as 

conventional IMOS expect the gate which is covering only half of the channel area. Impact 

ionization occurs near the drain region thereby improving the reliability of the device from hot 

carrier injection [25]…………………………………………………………………….…….…24 

Figure 2.11 Schematic representation of FBFET. In FBFET, gate electrode is separated by nitride 

spacers from both source and drain sides. Nitride spacers are charged by injecting charge into them 

to create potential barrier in the channel region, which can be modulated by applying gate voltage 

[31]…………………………………………………………………………………..…………..27 

Figure 2.12 Schematics energy band diagrams for FBFET taken along the cut-line few nm below 

the si-sio2 interface from source to drain [31] …………………………………..………………27 

Figure 2.13 Transfer characteristics of FBFET in ON-state [31]. In FBFET, proper conditioning 

of the spacer charge is required for its proper operation………………………………. …….…28  

Figure 2.14 The schematic view of NCFET (a) MFIS type, (b) MFMIS type…….…. ………..28 

Figure 2.15 Transfer characteristics of a conventional MOSFET and NCFET showing the benefits 

of using the ferroelectric negative capacitance in terms of SS improvement and threshold voltage 

reduction for future low-power applications [78] ………………………………………..……...29 

Figure 3.1 (a) Schematic view of conventional IMOS (b) Proposed MIMOS structure……..….41 

Figure 3.2 SEM images of the DG transistors by varying the bottom gate position. The TG length 

is 70 nm, the BG length is 40 nm, and the EOT is 2.2 nm [13] …………………………………..41 



xvii 
 

Figure 3.3 Calibrated simulation set-up by reproducing the reported results of (a) Silicon IMOS 

[1] and (b) Germanium IMOS [21]…………………………………………………………..…..42 

Figure 3.4 Output characteristics of the conventional IMOS and proposed M-IMOS………….43 

Figure 3.5 Energy band profiles of (a) Conventional IMOS and (b) Proposed M-IMOS just before 

the avalanche breakdown. For conventional IMOS VDS = 0.9 V, VGD = 0.2 V and for M-IMOS 

VDS = 0.4 V, VGD = 0.15 V………………………………………………………………..……..44 

Figure 3.6 Schematic view of conventional IMOS (b) Proposed MIMOS structure showing 

different cut-lines used for performing detailed analysis…………………………………….….44 

Figure 3.7 Lateral electric field of (a) Conventional IMOS and (b) Proposed M-IMOS at the onset 

of avalanche breakdown……………………………………………………………………..…..45 

Figure 3.8 2D contour plot (at the onset of breakdown) of electron and hole current density 

respectively (a)-(b) Conventional IMOS, and (c)-(d) Proposed M-IMOS……………………….45 

Figure 3.9 2D contour plot (just before the breakdown) of (a) band to band tunnelling rate of 

proposed M-IMOS (b) Bottom gate shifted by 5nm towards the drain side; Impact generation rate 

for (c) conventional IMOS and (d) M-IMOS……………………………………………….…....46 

Figure 3.10 (a) Output characteristics, and (b) Transfer curve for conventional IMOS and for 

proposed MIMOS with changing bottom gate location……………………………………..…...47 

Figure 3.11 (a) Energy band profiles along B-B’ for (b) Partial misaligned and proposed MIMOS 

at zero gate voltage. (d) conventional and complete aligned……………………………….……47 

Figure 3.12 (a) Output curve of proposed MIMOS with bottom gate shifted towards the source. 

(b) Energy band profiles along B-B’ just before the avalanche breakdown. (c) Output curve of 

proposed MIMOS with bottom gate shifted towards the drain. (d) Energy band profiles along B-

B’ just before the avalanche breakdown. ………………………………………………………..50                   

Figure 3.13 (a) Output curve of proposed MIMOS with complete bottom gate between the source 

and drain. (b) Lateral electric field of proposed MIMOS and complete bottom gate IMOS at the 

onset of avalanche breakdown……………………………………………………………..…….51 



xviii 
 

Figure 3.14 (a) Proposed MIMOS with both bottom and top gate length fixed at 25 nm. (b) Bottom 

gate length variation keeping top gate length fixed at 25 nm and (c) Top gate length variation 

keeping bottom gate length fixed at 25 nm………………………………………………………51 

Figure 3.15 Output characteristics of proposed M-IMOS for the different top gate to bottom gate 

lengths. (a) Top gate is fixed at 25 nm and bottom gate length is varied. (b) Bottom gate is fixed 

at 25nm and top gate length is varied…………………………………………………………….52  

Figure 3.16 Output characteristics for conventional IMOS and for proposed MIMOS as a function 

of temperature. (a) Conventional IMOS. (b) Proposed M-IMOS………………………………...52 

Figure 4.1 (a) and (b) 3D pictorial depiction of the conventional NT-TFET and MGNT-TFET. (c) 

and (d) are the cut plane along A-A’ as shown in 4.1(a). ………………………………..……...61 

Figure 4.2. Fabrication process flow of a MGNT-TFET across the cross-section (A-A’) of a side 

view of nanotube MGNT-TFET……………………………………………………………..…..62 

Figure 4.3 (a) 3D Calibrated simulation setup by reproducing the results of [20]. (b) Transfer 

characteristics of a conventional NT-TFET and MGNT-TFET……………………………..…..64 

Figure 4.4 Energy band profiles for MGNT-TFET (a & b) and NT-TFET (c & d). (a) & (c) taken 

at the cut-line C-C’ and (b) & (d) taken at the cut-line B-B’ in Figure 1(c) and 1(d). (e) 1-D Electron 

density plot for MGNT-TFET across the cut-line B-B’ for VGS = 0.1 V & VDS = 1 V………….66 

Figure 4.5 The cross-sectional view of the NT-TFET and the MGNT-TFET showing different 

cutlines used for performing detailed analysis………………………………………………..….67 

Figure 4.6 Transfer characteristics of the MGNT-TFET with only core-gate, with only shell-gate, 

and with both core and shell gate combined. (b) Transfer characteristics of the MGNT-TFET and 

NT-TFET for VGS = VDS = 0.5 V…………………………………………………………………67 

Figure 4.7 2D contour plot for MGNT-TFET taken across A-A’ in Figure 1(a). (a) Electron density 

in thermal equilibrium, BTBT generation contour plot at (b) VGS = 0.1 V and (c) VG S = 1 V 

respectively for a fixed VDS = 1 V………………………………………………………………68 

Figure 4.8 Comparison of point sub-threshold swing (SSpoint) for the NT-TFET and MGNT-

TFET at VDS = 1 V………………………………………………………………...…….………69 



xix 
 

Figure 4.9 (a) Transfer characteristics of the MGNT-TFET for varying core-gate and source 

overlap length. (b) Transfer characteristics of the MGNT-TFET and NT-TFET for different core-

gate work function (ɸGC). (c) Energy band profiles for MGNT-TFET along the cut-line C-C in 

Figure1 (d) for different ɸGC……………………………….………………….……..………….70 

Figure 4.10 Transfer characteristics by varying (a) NT-TFET channel length, (b) MGNT-TFET 

channel length……………………………………………………………………….…………..71 

Figure 4.11 (a) NT-TFET silicon film thickness, (d) MGNT-TFET silicon film thickness, (b) 

Electron density along the cut-line D-D’ (refer Figure 1 (c)) in MGNT-TFET under thermal 

equilibrium (d) SRH recombination profile for varying tSc along the cut-line D-D’ for the MGNT-

TFET………………………………………………………………………………..……………72 

Figure 4.12 (a) & (b) Transfer characteristics for NT-TFET and MGNT-TFET with and without 

TAT, (c) Comparison of transfer characteristics for the NT-TFET and MGNT-TFET with 

TAT……………………………………………………………………………………………...74 

Figure 4.13 (a) Comparison of transfer characteristics for the MGNT-TFET and MGNT+SGSO 

TFET. (b) Comparison of transfer characteristics for MGNT-TFET and MGNT-TFET with dual 

material core- gate placed over the channel…………………………………………………..…75 

Figure 4.14 (a) 2D electron density contour for MGNT+SGSO TFET in thermal equilibrium taken 

across A-A’ in Figure1(a), (b) BTBT generation profile at VGS = 0.1 V and VDS = 1 V……..75 

Figure 5.1 Three-dimensional schematic view of (a) the conventional NT-TFET and (b) proposed 

CSNT-TFET. The cross-sectional view taken along the cut-plane “A” (Figure 5.1(a) and (b)) for 

(c) conventional NT-TFET and (d) proposed CSNT-TFET. Tunneling directions are also shown. 

In NT-TFET the tunneling direction is perpendicular to gate electric field whereas in CSNT-TFET 

tunneling direction is parallel to the gate electric field. …………………………………..…….81 

Figure 5.2 Fabrication process flow of a CSNT-TFET along the cross-section (A-A’) of nanotube 

CSNT-TFET………………………………………………………………………...…………...84 

Figure 5.2 (a) SOI wafer, (b) Dielectric deposition and patterning, (c) Sacrificial sidewall 

deposition and patterning, (d) Nanotube outer side formation using mesa cut……………….....84 



xx 
 

(e) Outer gate oxide deposition, (f) Outer gate material deposition, (g) Partial gate removal, (h) 

Outer spacer deposition 

(i) Sacrificial layer deposition and planarization, (j) Selective etching of spacer and epitaxial 

growth of In-situ doped silicon, (k) TEOS layer deposition, (l) Mesa formation 

(m)  Trench creation for core source deposition, (n) Inner bottom spacer deposition, (o) In-situ 

doped source material deposition, (p) Outer spacer deposition 

(q) Core-source extension deposition, (r) Source/Drain & gate contact patterning and spacer 

deposition 

Figure 5.3 Validation of simulation setup by reproducing the results of [18]. …………………87 

Figure 5.4 Transfer characteristics of silicon source CSNT-TFET for varying active 

semiconductor film thickness (tSc).……………………………………………………………….88 

Figure 5.5 (a) The cross-sectional view of the CSNT-TFET and the NT-TFET showing different 

cut-lines used for performing detailed analysis. (b) Electric field distribution at the source-channel 

junction with varying (tSc) at VGS=VDS=0.5 V (only region under the box as shown in (a) is taken 

due to the symmetry of the structure).) Vertical arrows indicate the gate electric field direction 

while the horizontal arrows indicate the direction of electric field due to the applied drain voltage, 

VDS. (c) Energy band diagram for CSNT-TFET taken along the cut-line B-B’ as shown in (a) for 

varying tSc (only half of the source diameter is plotted due to the symmetry of the structure). (d) 

Electron current density in CSNT-TFET for varying tSc at VGS=VDS=0.5 V…..……………..…89 

Figure 5.6 Transfer characteristics of the conventional NT-TFET and CSNT-TFET with silicon 

and germanium as source material for (a) VDS = 0.5 and (b) VDS = 0.3 V. …………..…….…...90 

Figure 5.7 Energy band diagrams for NT-TFET taken along the cutline C–C’ in Figure 5.5 (c) 

with (a) silicon and (b) germanium as source material, and for CSNT-TFET taken along the cutline 

B–B’ in Figure 3(c) with (c) silicon and (d) germanium as source material.……………….……91 

Figure 5.8 (a) Tunnelling distance extracted along the cut-line B-B’ and C-C’ in Figure 5.5 (c) for 

CSNT-TFET and NT-TFET with silicon and germanium source as a function of gate voltage. 

Tunnelling distance along the cut-line B-B’ in Figure 5.5 (c) is extracted only at the top source-



xxi 
 

channel junction due to the symmetry of the structure. (b) Point sub-threshold swing (SSpoint) for 

conventional NT-TFET and CSNT-TFT with silicon and germanium source at VDS=0.5 V…..92 

Figure 5.9 Three-dimensional structure used for the simulation of (a) NT-TFET and (b) CSNT-

TFET.  BTBT generation contour plot for (c) Ge-source and (e) Si-source NT-TFET showing 

BTBT generation confined only at the source-channel junction, and (d) Ge-source and (f) Si-source 

CSNT-TFET showing BTBT generation in the entire channel volume. Arrows indicate the 

tunneling direction…………………………………………………………………..…….….….93 

Figure 5.10 Energy band diagram of (a) NT-TFET and (b) CSNT-TFET for a fixed VGS = 0.5 V 

and varying VDS. …………………………………………………………...……………………96  

Figure 5.11 (a) Transfer characteristic of the germanium source CSNT-TFET with different spacer 

materials. (b) Three-dimensional schematic view of the CSNT-TFET for different core-source 

diameter (dsource). The overall device footprint is scaled by only reducing dsource keeping other 

parameters same. ………………………………………………………………………………...97 

Figure 5.12 Transfer characteristic of the germanium source (a) NT-TFET with varying core-gate 

diameter and (b) CSNT-TFET with varying core-source diameter. ………………...…………..98  

Figure 5.13 (a) The cross-sectional view of the CSNT-TFET taken along cut-plane A (in Figure 

5.1(b)) showing extension of spacer between source and drain by length LDEXT. (b) Electric field 

distribution at the source-channel junction with LDEXT = 0 nm and LDEXT = 5 nm. (c) Electric field 

along the cut-line X-X’ as shown in (b) with LDEXT = 0 nm and LDEXT= 5 nm. (d) Transfer 

characteristics of silicon CSNT-TFET for varying source-drain spacer length 

(LDEXT)……………………………………………………………………………………….....100 

Figure 6.1 Three-dimensional schematic view of (a) the conventional NT-TFET, and (c) proposed 

PNNT-TFET. (b) and (d) are the cross-sectional view taken along the cut-plane “A” as shown in 

Figure 6.1 (a & c). The contacted poly pitch (CPP) is taken as source/drain contact length (Lc) + 

gate length (LG) + 2 x spacer length (Lsp) ………………………………………………..…..106 

Figure 6.2 2D contour plot for NT-TFET and PNNT TFET taken across cut-plane “A” in Figure 

6.1 (a) (only half potion of 2D cross section is shown due to symmetrical structure). (a) Hole 

density in thermal equilibrium for NT-TFET (b) Hole density for PNNT-TFET in thermal 



xxii 
 

equilibrium showing the formation of three virtually induced pn junctions (dotted circle). Line and 

point tunneling direction is also shown by arrows. Line tunneling occurs in the direction of the 

gate electric field and point tunneling occurs perpendicular to the gate electric field 

direction……………………………………….…………………………………………….....108 

Figure 6.3 (a) 3D Calibrated simulation setup by reproducing the results of [6]. (b)Transfer 

characteristics of a conventional NT-TFET and (c) PNNT-TFET with an abrupt doping profile and 

with a graded doping profile (doping gradient (Xj nm/dec)) as shown in Figure 6.4….……....110 

Figure 6.4 Doping profile used with an abrupt and graded doping at the source-channel, channel-

drain and source-drain interface of (a) NT-TFET and (b) PNNT-TFET respectively…………110 

Figure 6.5 Energy band profiles for (a) NT-TFET, and (b & c) PNNT-TFET. (a) and (b) is taken 

at the cut-line A-A’ in Figure 6.2 while (c) is taken at the cut-line B-B’ in Figure 6.2 for VGS = 1 

V & VDS = 1 V…………………………………………………………………….…….………112 

Figure 6.6 Transfer characteristics of (a) NT-TFET and (b) PNNT-TFET for tunneling junction 

movement.………………………………………………………………………………………113 

Figure 6. 7 Tunneling junction movement in (a) NT-TFET and (b) PNNT-TFET…………..…113 

Figure 6.8 Drain current variation in PNNT-TFET by varying (a) Source doping and (b) Drain 

doping…………………………………………………………………………………...……...115 

Figure 6.9 Drain current variation by varying (a) NT-TFET gate length, (b) PNNT-TFET gate 

length……………………………………………………………………………………………115 

Figure 6.10 Drain current variation in PNNT-TFET by varying work function of (a) Tunneling 

gate and (b) Control gate. (c) Transfer characteristics of PNNT-TFET and NT-TFET with same 

spacer length, and transfer characteristics of PNNT-TFET with and without 

DMG……………………………………………………………………………………..……..117 

 

 

 



xxiii 
 

List of Tables 

 

 

 

 

TABLE 2.1 Comparison of various steep switching devices ……………………………..……...30 

TABLE 3.1 Parameters used for the device simulation………………………………..….…..….41 

TABLE 3.2 Device parameters at various geometries……………………...…………..…….….49 

TABLE 4.1 Parameters used for the device simulation…………………...…………..………….62 

TABLE 4.2 Total gate capacitance and Intrinsic device delay for NT-TFET and MGNT- TFET 

with varying core-gate source overlap area…………………………...……………….…..…….76 

TABLE 5.1 Parameters used for the device simulation………………..……………..………….87 

TABLE 5.2 Comparison of on-state current of different tunnel FETs architectures……..…...…95 

TABLE 5.3 Total gate capacitance and intrinsic device delay………………………………..….99 

TABLE 6.1 Parameters used for the device simulation………………………………….…..….108 

TABLE 6.2 Average subthreshold swing as a function of doping gradient (xj) in NTTFET and 

PNNT-TFET for 10 orders of drain current change…………………………….………….……112 

TABLE 6.3 Total gate capacitance and Intrinsic device delay for NT-TFET and PNNT- 

TFET………………………………………………………………..…………………………..118 

TABLE 7.1 Comparison of different architectures proposed in this thesis………………..……123 



xxiv 
 

List of Symbols 

 

 

 

CMOS  Complementary Metal Oxide Semiconductor 

MOSFET METAL Oxide Semiconductor Field Effect Transistor 

TCAD  Technology Computer Aided Design 

IC  Integrated Circuit 

II  Impact Ionization 

BTBT  Band-to-Band-Tunneling 

SCEs  Short Channel Effects 

DIBL  Drain Induced Barrier Lowering 

DIBT  Drain Induced Barrier Thinning 

IOFF  Drain current at zero gate voltage 

ION  Drain current at gate voltage equal to supply voltage 

VDD  Supply Voltage  

K  Dielectric Constant of insulator material 

EG  Energy Bandgap of the material 

EOT  Effective Oxide Thickness of Gate Insulator 

SOI  Silicon on Insulator 

DMG  Dual Metal Gate  

SMG  Single Metal Gate 

TFET  Tunnel Field Effect Transistor        

IMOS  Impact Ionization Metal Oxide Semiconductor 

M-IMOS Misaligned Impact Ionization Metal Oxide Semiconductor 

JLFET  Junctionless Field Effect Transistor 



xxv 
 

NCFET Negative Capacitance Field Effect Transistor 

FBFET Feedback Field Effect Transistor 

NTTFET Nanotube Field Effect Transistor 

MGNT  Misaligned Gate Nanotube 

CSNT  Core-Source Nanotube  

PNNTTFET p-n Junction Nanotube Tunnel Field Effect Transistor 

Tsi  Thickness of Active Silicon Layer 

TOX  Gate Oxide Thickness 

VSD  Source-to-Drain Voltage 

VGD  Gate-to-Drain Voltage 

LG1  Top-Gate Length  

LG2  Bottom-Gate length 

LI1  Upper Intrinsic Region Length  

LI2  Bottom Intrinsic Region Length 

LSP  Length of The Spacer Region 

VBD  Avalanche Breakdown Voltage 

VTH  Threshold Voltage 

αn  Electron Impact Ionization Rate  

αp  Hole Impact Ionization Rate 

AN  Electron Impact Ionization Coefficient   

AP  Hole Impact Ionization Coefficient 

BN  Electron Impact Ionization Coefficient   

BP  Hole Impact Ionization Coefficient 

𝝃  Electric Field 

MN  Smoothing Parameter 

MP  Smoothing Parameter 

SS  Subthreshold Swing 

NW  Nanowire 



xxvi 
 

GAA  Gate-All-around 

EBL  Electron Beam lithography  

LPCVD             Low Pressure Chemical Vapor Deposition  

TEOS  Tetraethyl Orthosilicate 

ALD  Atomic Layer Deposition 

CGG  Total Gate Capacitance 

CGD  Gate-to-Drain Capacitance 

ɸGC  Core-Gate Work Function 

ɸGS  Shell-Gate Work Function 

LOV  Length of Source Overlapped Core-Gate 

dcore                     Core-Gate Diameter  

TAT  Trap Assisted Tunneling 

DSDT  Direct Source-to-Drain Tunneling 

SGSO  Shell-Gate Source Overlapped 

CGSO  Core-Gate Source Overlapped  

VON  Gate Voltage at which the Drain Current Rises Sharply  

LDEXT  Source-Drain Spacer Extension length   

EDP  Energy Delay Product 

ɸCON  Control gate Work Function 

ɸTUN   Tunneling Gate Work Function  

XJ  Doping gradient 

LTUN  Tunneling Distance 

QC  Quantum Confinement  

CPP  Contacted Poly Pitch 

 

 

 

 


	GAURAV MUSALGAONKAR.pdf



