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Abstract

The work carried out in this thesis is divided into three parts. The first part

discuss the study on carbon nanotube (CNT) interconnects. The second part will be

dealing with the modeling of CNT based transistors and design of analog circuits based

on CNTs. The final part will present the fabricated thin film transistors based on single

walled carbon nanotubes (SWCNTs). The study on the SWCNT interconnects is focused

on the estimation of their magnetic inductance at various bias voltages. The analysis of

magnetic inductance is carried out for the ground-signal-ground (GSG) configuration

of SWCNT based interconnects having various dimensions and different percentage of

metallic SWCNT (m-SWCNT) purities. The results indicate a variation in the loop

inductance value as high as 34% for closely spaced semi-global interconnects.

The study on the SWCNT transistor modeling aims to develop closed-form equations

for the drain current and drain to source voltage for CNT field effect transistor (CNFET)

in terms of its dimensions. Although these proposed models are based on curve fitting

method, they provide a quick first order numerical estimate of drain current and drain to

source voltage of the CNFET. The estimated values of the current and voltage using the

proposed equations are in close agreement when compared to a SPICE compatible model

and measured results of a fabricated device. The CNFET based analog circuits such

as common source amplifiers and differential amplifier are designed using the proposed

equations. The simulation results shows a better performance of the CNFET amplifiers in

terms of the DC gain and gain band width product at the same power power consumption

when compared to the conventional CMOS counterparts. A study on the performance of

CNFET amplifiers for parameter variations like diameter, spacing and number of CNTs

are also presented.

The final and major part of thesis presents the fabrication and characterization

of various types of semiconducting nanotube thin-film transistors (SN-TFTs). Nine dif-
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ferent SN-TFTs of various dimensions having HfO_y or SiOj as gate dielectric material,

consisting of global, local, top or dual gate structures with the thin-film of 90% or 95%

purity of semiconducting SWCNT (s-SWCNT) fabricated under similar process condi

tions are investigated. The wafer scale SN-TFTs consisting of nanotubes of 95% enriched

s-SWCNTs have demonstrated a higher on-off current ratio compared to the devices with

90% purity s-SWCNTs. A technique to deposit the nanotube thin-film of densities 40-45

SWCNTs/zim^ over the silanized HfO^ surface was introduced for the first time. The

HfOX based global back gate SN-TFTs have shown a lower threshold voltage, higher cur

rent density and higher mobility compared to the SiOj based devices. The HfO^ based

local back gate SN-TFTs are fabricated on wafer scale and devices have exhibited the

lowest threshold voltage, steeper subthreshold slope, higher current density and higher

mobility compared to other reported devices. The dual gate SN-TFT has shown steepest

subthreshold slope among the reported SN-TFTs and has a higher mobility and a lower

threshold voltage compared to single gate SN-TFTs.

Contents

List of Figures xv

List of Tables xxiii

List of Acronyms xxv

1  Introduction 1

1.1 Introduction 2

1.2 Basics of Carbon Nanotube 2

1.3 Carbon Nanotube Interconnects 4

1.4 Modeling of Carbon Nanotube Transistors 5

1.5 Fabrication of Carbon Nanotube Transistors 7

1.6 Motivation and Problem Definition 8

1.7 Organization of the Thesis 9

1.8 Summary H

2  Impact of Bias Voltage on Magnetic Inductance of Carbon Nanotube Intercon
nects 13

2.1 Introduction 14

2.2 Modeling of Resistance in an Isolated SWCNT 15

2.2.1 Intrinsic Resistance (R^) 15

2.2.2 Contact Resistance (R^) 15

2.2.3 Ohmic Resistance {R„) 15

2.3 Modeling of Inductance in SWCNT bundles 16

2.3.1 Kinetic Inductance (l^) 16

2.3.2 Magnetic Inductance 17

2.4 Bias Voltage Dependence of Loop Inductance in SWCNT Interconnect 18

2.5 Simulation Results of Loop Inductance 19

XI

L.

TH-1861_07610208



ferent SN-TFTs of various dimensions having HfO^^ or SiOj as gate dielectric material,

consisting of global, local, top or dual gate structmres with the thin-film of 90% or 95%

purity of semiconducting SWCNT (s-SWCNT) fabricated under similar process condi

tions are investigated. The wafer scale SN-TFTs consisting of nanotubes of 95% enriched

s-SWCNTs have demonstrated a higher on-oflF current ratio compared to the devices with

90% purity s-SWCNTs. A technique to deposit the nanotube thin-film of densities 40-45

SWCNTs///m^ over the silanized HfO„ surface was introduced for the first time. The

HfO^ based global back gate SN-TFTs have shown a lower threshold voltage, higher cur

rent density and higher mobility compared to the SiOj based devices. The HfO^ based

local back gate SN-TFTs are fabricated on wafer scale and devices have exhibited the

lowest threshold voltage, steeper sub threshold slope, higher current density and higher

mobility compared to other reported devices. The dual gate SN-TFT has shown steepest

subthreshold slope among the reported SN-TFTs and has a higher mobility and a lower

threshold voltage compared to single gate SN-TFTs.

Contents

List of Figures xv

List of Tables xxiii

List of Acronyms xxv

1  Introduction 1

1.1 Introduction 2

1.2 Basics of Carbon Nanotube 2

1.3 Carbon Nanotube Interconnects 4

1.4 Modeling of Carbon Nanotube Transistors 5

1.5 Fabrication of Carbon Nanotube Transistors 7

1.6 Motivation and Problem Definition 8

1.7 Organization of the Thesis 9

1.8 Summary H

2  Impact of Bias Voltage on Magnetic Inductance of Carbon Nanotube Intercon
nects 13

2.1 Introduction 14

2.2 Modeling of Resistance in an Isolated SWCNT 15

2.2.1 Intrinsic Resistance {RJ 15

2.2.2 Contact Resistance (R^) 15

2.2.3 Ohmic Resistance {R„) 15

2.3 Modeling of Inductance in SWCNT bundles 16

2.3.1 Kinetic Inductance (l,^) 16

2.3.2 Magnetic Inductance 17

2.4 Bias Voltage Dependence of Loop Inductance in SWCNT Interconnect 18

2.5 Simulation Results of Loop Inductance 19

XI

L_

TH-1861_07610208



Contents

2.6 Summaxy 23

3 Design and Simulation of Analog Amplifier Circuits using Carbon Nanotube
Field-Effect IVansistors 25

3.1 Introduction 26

3.2 Simplified Closed-Form Equations for CNFET 29

3.2.1 Saturation Drain Current Equation 31

3.2.2 Drain to Source Saturation Voltage Equation 35

3.3 Common-Source CNFET Amplifiers 40

3.3.1 Resistive-Load Common-Source Amplifier 41

3.3.2 Active-Load Common-Source Amplifier 45

3.4 Single-Stage CNFET Differential Amplifier 50

3.5 Summary 52

4 Fabrication of Different Types of SN-TFTs 55

4.1 Introduction 56

4.2 Deposition of Carbon Nanotubes 59

4.2.1 Spin-Coat Technique 60

4.2.2 Dip-Coat Technique 61

4.2.3 Immersion Technique 62

4.3 Fabrication of SN-TFTs 64

4.3.1 Process Flow of Global Back Gate SN-TFTs 64

4.3.2 Process Flow of Local Back Gate SN-TFTs 67

4.3.3 Process Flow of Top Gate SN-TFT 70

4.3.4 Process Flow of Dual Gate SN-TFT 71

4.4 Summary 74

5 Wafer Scale Global Back Gate SN-XFTs having SiOj or HfO^^ as Gate Dielectric 77

5.1 Introduction 78

5.2 Results of Material Characterization 79

5.3 Electrical Characterization Results of SN-TFTs having Different Gate Dielectric Ma

terial go

5.4 Summary 34

xu

Contents

6 Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity
s-SWCNTs 87

6.1 Introduction 88

6.2 Results on Purity of s-SWCNTs 89

6.3 Electrical Characterization Results of Wafer Scale Interdigitated Type SN-TFTs . . 90

6.4 Performance Comparison of Wafer Scale SN-TFTs having Different Purity s-SWCNTs 94

6.5 High Performance and High On-Current SN-TFT 98

6.6 Summary 100

7 ^'afer Scale High Performance Local Back Gate SN-XFTs 101

7.1 Introduction 102

7.2 Electrical Characterization of Local Back Gate SN-TFTs 103

7.2.1 Results of/-V Characterization 103

7.2.2 Results of G-V Characterization Ill

7.3 Summary 113

8 SN-TFT Channel Control Using Vsurious Gate Structures 115

8.1 Introduction 116

8.2 Electrical Characterization Results of Top, Bottom and Dual Gate SN-TFTs . . . . 117

8.3 Performance Comparison of Wafer Scale Global and Local back gate SN-TFTs . . . 121

8.4 Summary 124

9 Conclusion 127

9.1 Contributions 128

9.2 Directions for Future Research 130

Bibliography 133

List of Publications 141

xui

TH-1861_07610208



Contents

2.6 Summary 23

3 Design and Simulation of Analog Amplifier Circuits using Carbon Nanotube
Field-Effect TVansistors 25

3.1 Introduction 26

3.2 Simplified Closed-Form Equations for CNFET 29

3.2.1 Saturation Drain Current Equation 31

3.2.2 Drain to Source Saturation Voltage Equation 35

3.3 Common-Somce CNFET Amplifiers 40

3.3.1 Resistive-Load Common-Source Amplifier 41

3.3.2 Active-Load Common-Source Amplifier 45

3.4 Single-Stage CNFET Differential Amplifier 50

3.5 Summary 52

4 Fabrication of Diflferent Types of SN-TFTs 55

4.1 Introduction 56

4.2 Deposition of Carbon Nanotubes 59

4.2.1 Spin-Coat Technique 60

4.2.2 Dip-Coat Technique 61

4.2.3 Immersion Technique 62

4.3 Fabrication of SN-TFTs 64

4.3.1 Process Flow of Global Back Gate SN-TFTs 64

4.3.2 Process Flow of Local Back Gate SN-TFTs 67

4.3.3 Process Flow of Top Gate SN-TFT 70

4.3.4 Process Flow of Dual Gate SN-TFT 71

4.4 Summary 74

5 Wafer Scale Global Back Gate SN-TFTs having SiOj or HfO^ as Gate Dielectric 77

5.1 Introduction 78

5.2 Results of Material Characterization 79

5.3 Electrical Characterization Results of SN-TFTs having Different Gate Dielectric Ma

terial gQ

5.4 Summary 34

Xll

Contents

6 Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity
s-SWCNTs 87

6.1 Introduction 88

6.2 Results on Purity of s-SWCNTs 89

6.3 Electrical Characterization Results of Wafer Scale Interdigitated Type SN-TFTs . . 90

6.4 Performance Comparison of Wafer Scale SN-TFTs having Different Purity s-SWCNTs 94

6.5 High Performance and High On-Current SN-TFT 98

6.6 Summary 100

7 Wafer Scale High Performance Local Back Gate SN-TFTs 101

7.1 Introduction 102

7.2 Electrical Characterization of Local Back Gate SN-TFTs 103

7.2.1 Results of 7-V Characterization 103

7.2.2 Results of G-V Characterization Ill

7.3 Summary 113

8 SN-TFT Channel Control Using Various Gate Structures 115

8.1 Introduction 116

8.2 Electrical Characterization Results of Top, Bottom and Dual Gate SN-TFTs . . . . 117

8.3 Performance Comparison of Wafer Scale Global and Local back gate SN-TFTs . . . 121

8.4 Summary 124

9 Conclusion 127

9.1 Contributions 128

9.2 Directions for Future Research 130

Bibliography 133

List of Publications 141

Xlll

TH-1861_07610208



Contents

List of Figures

1.1 The two dimensional graphene sheet, showing the lattice vectors and possible rolhng

orientation to form different types of carbon nanotubes 3

2.1 GSG configuration of the SWCNT interconnect bundles implementing a signal line

and two adjacent ground return paths 18

2.2 Loop inductance at different bias voltages for a GSG configuration with = 10

nm. (a) For a length of 10 jum. (b) For a length of 1000 fjbm 20

2.3 Percentage change in loop inductance of a GSG configuration of length 10 /xm and

=  = 10 nm. (a) For a separation of 1 nm. (b) For a separation of 100 nm 21

2.4 Change in loop inductance as a function of for a constant of 0.33 for inter

connects having different lengths and spacing 21

2.5 Comparison of loop inductance of copper and SWCNT bundles for different lengths

and values 22

3.1 (a) The 3D structure of CNFET with multiple channels, (b) Cross sectional view of

CNFET indicating different dimensions, (c) Top view of the device 30

3.2 Dependency of CNFET drain current on different parameters, (a) shows the

effect for different diameter of SWCNTs. For curves (b) to (f) is varied from

0.35 V to 0.65 V. (b) for various channel lengths, (c) for different values, (d)

for various SWCNT diameter, (e) as a function of number of SWCNTs and (f) for

different spacing between the SWCNTs 33

XV

XIV

TH-1861_07610208



List of Figures

3.3 Percentage deviation in the proposed equation current compared to J. Deng's model

[32] for (a) = 0.55 V, = 32 nm and other parameters are varied within range

indicated in Table 3.1 (b) = 32 nm, 32 nm and other parameters are varied

within range indicated in Table 3.1 (c) = 0.55 V, = 32 and other parameters

are varied within range indicated in Table 3.1 34

3.4 I- V characteristics of n-type CNFET device obtained by simulating the J. Deng's

model [32] for device channel length (a) less than 100 nm (b) more than 100 nm. . 36

3.5 Dependency of CNFET drain to source saturation voltage on and

(a) shows the V^s effect at a constant channel length of 40 nm for different SWCNT

diameters, (b) shows the effect of SWCNT diameter for different channel length at a

constant gate voltage of 0.35 V. (c) shows variation for different channel length

^Gs ^ various SWCNT diameter. dependency of devices having
channel length more than 100 nm for similar parameter variations are shown in (d),

(e) and (f) 38

3.6 Comparison of current and voltage estimated by the proposed equations with the

experimental results of Amlani et al. [74] and the simulation results of J. Deng et al.

[32]. (a) Drain current for different gate source voltages, (b) for different gate

source voltages 40

3.7 Different capacitance of CNFET. (b) 3D view showing the fringing and inter electrode

capacitance, (b) Cross sectional view showing gate to channel capacitance 41

3.8 Resistive-load common-source amplifier ^2

3.9 Performance comparison of CNFET and MOSFET resistive-load common-source am

plifiers. (a) Output voltage versus input voltage, (b) Gain versus supply voltage, (c)

Output voltage swing versus supply voltage ^3

3.10 Active-load common-source amplifier 4g

3.11 Performance comparison of the CNFET active-load CS-amplifier with that of the

MOSFET ampUfier. (a) Gain versus supply voltage, (b) Output voltage swing ver

sus supply voltage, (c) Frequency response of CNFET active-load CS-amplifier for

different capacitive loads and inset shows the same for MOSFET amplifier 48

XVI

List of Figures

3.12 (a) Single-stage differential amplifier circuit, (b) The frequency response of CNFET

circuit for different capacitive loads and inset shows the same for MOSFET circuit. . 51

4.1 SEM images of SWCNT thin-film deposited on the non-functionalized oxidized sur

faces. (a) SWCNTs over Si/Si02 surface, (b) SWCNTs over Si/HfO;^ surface 60

4.2 SEM images of the SWCNT thin-film deposited on the functionalized Si/HfO^ surface

by spin-coat technique, (a) SWCNTs deposited at a spin rate of 2000 rpm. (b)

SWCNTs deposited at a spin rate of 4000 rpm 61

4.3 Water droplet on a functionalized Si/SiOj surface 62

4.4 SEM images of SWCNT thin-film deposited on the functionalized surface by dip-coat

method, (a) SWCNTs on Si/SiO^ surface, (b) SWCNTs on Si/HfO;^ surface 62

4.5 Water droplet on a functionalized Si/HfO^ surface 63

4.6 SEM image of SWCNT thin-film deposited on the functionalized Si/HfO^ surface by

immersion method 63

4.7 Process fiow for the fabrication of back gate SN-TFT having IDE source/drain con

tacts. (a) HfO_,f (SiOj) deposited (grown) on Si substrate, (b) SWCNTs deposition

over APTES functionalized HfO^ (SiOj) surface, (c) Lift-off resist and positive pho

toresist layers after developing, (d) Pd and Au deposited over developed lift-off resist

and positive photoresist layers, (e) Pd and Au on SWCNTs for source/drain contact

after lift-off process, (f) Chromium/gold deposited as gate contact at the back side of

wafer 65

4.8 Wafer scale view of devices (right side) and zoom-in (left side) shows three different

IDE source/drain patterns employed 66

4.9 Layout pattern showing an array of global gate SN-TFTs with normal source/drain

contacts and magnified view of an individual device 67

4.10 Process fiow for the fabrication of back gate SN-TFT with normal source/drain con

tacts. (a) Pd deposited over developed on the SWCNT thin-film, (b) Au patterns

defining the contact probes for source/drain, (c) Chromium/gold deposited as gate

contact at the back side of wafer 68

4.11 Microscopic images of the fabricated global back gate SN-TFTs. (a) Typical IDE

source/drain contacts, (b) Typical normal source/drain contacts 68

xvii

TH-1861_07610208



List of Figures

3.3 Percentage deviation in the proposed equation current compared to J. Deng's model

[32] for (a) 0.55 V, = 32 nm and other parameters are varied within range

indicated in Table 3.1 (b) = 32 nm, 32 nm and other parameters are varied

within range indicated in Table 3.1 (c) 7^^ = 0.55 V, = 32 and other parameters

are varied within range indicated in Table 3.1 34

3.4 I- V characteristics of n-type CNFET device obtained by simulating the J. Deng's

model [32] for device channel length (a) less than 100 nm (b) more than 100 nm. . 36

3.5 Dependency of CNFET drain to source saturation voltage on 7^,, L, and
"  Oo ' cn CNT

(a) shows the 7^^ eflFect at a constant channel length of 40 nm for different SWCNT

diameters, (b) shows the effect of SWCNT diameter for different channel length at a

constant gate voltage of 0.35 V. (c) shows V^^sat variation for different channel length

at 7^5 of 0.35 V for various SWCNT diameter. 7^^,^, dependency of devices having

channel length more than 100 nm for similar parameter variations are shown in (d),

(e) and (f) 3g

3.6 Comparison of current and voltage estimated by the proposed equations with the

experimental results of Amlani et al. [74] and the simulation results of J. Deng et al.

[32]. (a) Drain current for different gate source voltages, (b) V^^sat for different gate

source voltages

3.7 Different capacitance of CNFET. (b) 3D view showing the fringing and inter electrode

capacitance, (b) Cross sectional view showing gate to channel capacitance 41

3.8 Resistive-load common-source amplifier ^2

3.9 Performance comparison of CNFET and MOSFET resistive-load common-source am

plifiers. (a) Output voltage versus input voltage, (b) Gain versus supply voltage, (c)

Output voltage swing versus supply voltage ^3

3.10 Active-load common-source amplifier 4g

3.11 Performance comparison of the CNFET active-load CS-amplifier with that of the

MOSFET amplifier, (a) Gain versus supply voltage, (b) Output voltage swing ver

sus supply voltage, (c) Frequency response of CNFET active-load CS-amplifier for

different capacitive loads and inset shows the same for MOSFET amplifier 48

List of Figures

3.12 (a) Single-stage differential amplifier circuit, (b) The frequency response of CNFET

circuit for different capacitive loads and inset shows the same for MOSFET circuit. . 51

4.1 SEM images of SWCNT thin-film deposited on the non-functionalized oxidized sur

faces. (a) SWCNTs over Si/SiOj surface, (b) SWCNTs over Si/HfO^,^ surface 60

4.2 SEM images of the SWCNT thin-film deposited on the functionalized Si/HfO^ surface

by spin-coat technique, (a) SWCNTs deposited at a spin rate of 2000 rpm. (b)

SWCNTs deposited at a spin rate of 4000 rpm 61

4.3 Water droplet on a functionalized Si/SiOj surface 62

4.4 SEM images of SWCNT thin-film deposited on the functionalized surface by dip-coat

method, (a) SWCNTs on Si/SiOj surface, (b) SWCNTs on Si/HfO^ surface 62

4.5 Water droplet on a functionalized Si/HfO^ surface 63

4.6 SEM image of SWCNT thin-film deposited on the functionalized Si/HfO^,^ surface by

immersion method 63

4.7 Process flow for the fabrication of back gate SN-TFT having IDE source/drain con

tacts. (a) HfO;f (SiOj) deposited (grown) on Si substrate, (b) SWCNTs deposition

over APTES functionalized HfO_,^ (SiOj) surface, (c) Lift-off resist and positive pho

toresist layers after developing, (d) Pd and Au deposited over developed lift-off resist

and positive photoresist layers, (e) Pd and Au on SWCNTs for source/drain contact

after lift-off process, (f) Chromium/gold deposited as gate contact at the back side of

wafer 65

4.8 Wafer scale view of devices (right side) and zoom-in (left side) shows three different

IDE source/drain patterns employed 66

4.9 Layout pattern showing an array of global gate SN-TFTs with normal source/drain

contacts and magnified view of an individual device 67

4.10 Process flow for the fabrication of back gate SN-TFT with normal source/drain con

tacts. (a) Pd deposited over developed on the SWCNT thin-film, (b) Au patterns

defining the contact probes for source/drain, (c) Chromium/gold deposited as gate

contact at the back side of wafer 68

4.11 Microscopic images of the fabricated global back gate SN-TFTs. (a) Typical IDE

source/drain contacts, (b) Typical normal source/drain contacts 68

xvii

XVI

[l

TH-1861_07610208



List of Figures

4.12 Process flow for the fabrication of local back gate SN-TFT. (a) SiOj grown on Si

substrate, (b) Pd film of 7 nm thickness deposited by RF sputtering as local back

gate, (c) High-k HfO^^ layer deposition as gate gate dielectric material, (d) Thin-film

of SWCNTs deposited on the silanized oxide surface, (e) Pd deposition for source and

drain contacts, (f) Gold .deposition for large area contact pads 69

4.13 Masks used for fabrication of local back gate SN-TFTs. An array of 4 device patterns

are given on the left side. The magnified view of an individual device and details of

difierent masks are given on the right side 70

4.14 Images of local back gate SN-TFT. (a) Microscope image of a tj^ical local back gate

SN-TFT. (b) SEM image indicating the contact of SWCNT thin-film with palladium

source/drain regions 71

4.15 Process flow for the fabrication of top gate SN-TFT. (a) SiO^ grown over the Si sub

strate. (b) HfO;^. layer after deposition and lift-off process, (c) Thin-film of SWCNTs

deposited on the silanized oxide surface, (d) Palladium deposition for source and drain

contacts, (e) Gold deposition for large area contact pads, (f) Deposition of SiOj layer

as dielectric material for the top gate, (g) Tungsten deposition to realize the top gate

structure 72

4.16 Process flow for the fabrication of dual gate SN-TFT. (a) SiO^ grown over the Si

substrate, (b) Back gate on Si/SiO^ surface after lift-off process, (c) Deposition of

HfO^ layer as dielectric for back gate, (d) Thin-film of SWCNTs deposited on the

silanized oxide surface, (e) Palladium deposition for source and drain contacts, (f)

Gold deposition for large area contact pads, (g) Deposition of SiOj layer as dielectric

for top gate, (h) Tungsten deposition to realize the top gate structure of the dual gate

SN-TFT 73

4.17 Summary of different thin-film depositions carried out during the fabrication of SN-

TFTs 74

4.18 Summary of SN-TFTs fabricated which includes different gate structures, different

source/drain contacts, different gate dielectric materials and different purity of s-

SWCNTs 75

xvin

List of Figures

5.1 Raman spectroscopy data of the SWCNT thin-film with 95% purity s-SWCNTs. (a)

Raman data indicating characteristics peaks RBM, D band and G baud, (b) RBM

data of SWCNTs deposited on HfO^ surface, (c) RBM data of SWCNTs deposited

on SiOj surface 80

5.2 Atomic force microscopy data indicates that SWCNTs range in length from approxi

mately ICQ nm to 4 microns (Coxirtesy: Nanolntegris Inc.) 81

5.3 Experimental setup to characterize global gate SN-TFTs 81

5.4 Electrical characteristics of SN-TFTs. (a) Output characteristics of SiOj based SN-

TFT. (b) Triode region characteristics of SiOj based SN-TFT. (c) Transfer character

istics of both SiOj and HfO^ based SN-TFTs 83

5.5 Electrical parameters of SN-TFTs based on both SiO^ and HfO^ gate dielectric, as a

function of channel length, (a) Current density, IpjW (/xA//xm). (b) On-resistanee.

(c) Normalized transconductance 85

6.1 Raman spectroscopy data for the SWCNTs on silanized oxide surface, (a) RBM data

obtained for 90% pure s-SWCNTs. (b) RBM data for sample with 95% s-SWCNTs. 90

6.2 Electrical characteristics of HfO^ based SN-TFTs. (a) Output characteristics of 95SN-

TFT. (b) Transfer characteristics of both 90SN-TFT and 95SN-TFT 91

6.3 Electrical parameters of wafer scale HfO;^ based SN-TFTs having 90% or 95% purity

s-SWCNTs plotted as a function of channel length, (a) Average drain current on-off

ratio, (b) On-current density (Id/W). (c) Normalized transconductance. (d) Carrier

mobility. 92

6.4 Output characteristics of global back gate SN-TFTs. (a) I- V plot of 95SN-TFT for

various and ranging from 0 to -10 V. (b) Output characteristics of 95SN-

TFT to study the linear region of operation for small drain voltage range of -1 V to

1 V. (c). Drain current variations of 90SN-TFT for various 95

6.5 Transfer characteristics of global back gate SN-TFTs having thin-film of 90% and 95%

s-SWCNTs 96

XIX

TH-1861_07610208



List of Figures

List of Figures

4.12 Process flow for the fabrication of local back gate SN-TFT. (a) SiOj grown on Si

substrate, (b) Pd film of 7 nm thickness deposited by RF sputtering as local back

gate, (c) High-k HfO^^ layer deposition as gate gate dielectric material, (d) Thin-film

of SWCNTs deposited on the silamzed oxide surface, (e) Pd deposition for source and

drain contacts, (f) Gold .deposition for large area contact pads 69

4.13 Masks used for fabrication of local back gate SN-TFTs. An array of 4 device patterns

are given on the left side. The magnified view of an individual device and details of

different masks are given on the right side 70

4.14 Images of local back gate SN-TFT. (a) Microscope image of a typical local back gate

SN-TFT. (b) SEM image indicating the contact of SWCNT thin-film with palladium

source/drain regions

4.15 Process flow for the fabrication of top gate SN-TFT. (a) SiOj grown over the Si sub

strate. (b) HfO;^ layer after deposition and lift-off process, (c) Thin-film of SWCNTs

deposited on the silanized oxide surface, (d) Palladium deposition for source and drain

contacts, (e) Gold deposition for large area contact pads, (f) Deposition of SiOj layer

as dielectric material for the top gate, (g) Tungsten deposition to realize the top gate

structure y2

4.16 Process flow for the fabrication of dual gate SN-TFT. (a) SiO^ grown over the Si

substrate, (b) Back gate on Si/SiO, surface after lift-off process, (c) Deposition of

HfO;, layer as dielectric for back gate, (d) Thin-film of SWCNTs deposited on the

silanized oxide surface, (e) Palladium deposition for source and drain contacts, (f)

Gold deposition for large area contact pads, (g) Deposition of SiOj layer as dielectric

for top gate, (h) Tungsten deposition to realize the top gate structure of the dual gate

SN-TFT 73

4.17 Summary of different thin-film depositions carried out during the fabrication of SN-

TFTs 74

4.18 Summary of SN-TFTs fabricated which includes different gate structures, different

source/drain contacts, different gate dielectric materials and different purity of s-

SWCNTs 75

5.1 Raman spectroscopy data of the SWCNT thin-film with 95% purity s-SWCNTs. (a)

Raman data indicating characteristics peaks RBM, D band and G band, (b) RBM

data of SWCNTs deposited on HfO^f surface, (c) RBM data of SWCNTs deposited

on SiOj surface 80

5.2 Atomic force microscopy data indicates that SWCNTs range in length from approxi

mately 100 nm to 4 microns (Courtesy: Nanolntegris Inc.) 81

5.3 Experimental setup to characterize global gate SN-TFTs 81

5.4 Electrical characteristics of SN-TFTs. (a) Output characteristics of SiOj based SN-

TFT. (b) Triode region characteristics of SiOj based SN-TFT. (c) Transfer character

istics of both SiOj and HfO ̂ based SN-TFTs 83

5.5 Electrical parameters of SN-TFTs based on both Si02 and HfO;,^ gate dielectric, as a

function of channel length, (a) Current density, Ij^jW {nA-l^iro). (b) On-resistance.

(c) Normalized transconductance 85

6.1 Raman spectroscopy data for the SWCNTs on silanized oxide surface, (a) RBM data

obtained for 90% pure s-SWCNTs. (b) RBM data for sample with 95% s-SWCNTs. 90

6.2 Electrical characteristics of HfO;^^ based SN-TFTs. (a) Output characteristics of 95SN-

TFT. (b) Transfer characteristics of both 90SN-TFT and 95SN-TFT 91

6.3 Electrical parameters of wafer scale HfO;^ based SN-TFTs having 90% or 95% purity

s-SWCNTs plotted as a function of channel length, (a) Average drain current on-off

ratio, (b) On-current density {Ij^/W). (c) Normalized transconductance. (d) Carrier

mobility. ^2

6.4 Output characteristics of global back gate SN-TFTs. (a) I-V plot of 95SN-TFT for

various and ranging from 0 to -10 V. (b) Output characteristics of 95SN-

TFT to study the linear region of operation for small drain voltage range of -1 V to

1 V. (c). Drain current variations of 90SN-TFT for various 95

6.5 TVansfer characteristics of global back gate SN-TFTs having thin-film of 90% and 95%

s-SWCNTs 96

xix

xvin

TH-1861_07610208



List of Figures

6.6 Statistical study of performance parameters of wafer scale global back gate SN-TFTs.

(a) On-off ratio exhibited by both types of SN-TFTs based on 90 and 95% purity s-

SWCNTs. (b) On-current exhibited by global gate SN-TFTs of various channel length

having different channel width (solid line - 95SN-TFT, dash line - 90SN-TFT). (c)

Average on-current density measured for both types of SN-TFTs for various channel

length, (d) Normalized transconductance. (e) Mobility of devices with various channel

length 97

7.1 Experimental setup to characterize local gate SN-TFTs 104

7.2 Electrical characterization of local gate SN-TFT having the channel length 20 fjiva. and

width 15 fiia. (a) Output characteristics of the device for local gate voltages ranging

from -1 V to -5 V in steps of-1 V. (b) Linear region of the output characteristics . . 105

7.3 Transfer characteristics of local bade gate SN-TFT. (a) Drain current variations (log

arithmic scale) for different at constant of -1 V and the corresponding gate

leakage current, (b) Drain current variations (linear scale) and transconductance vari

ation for various values igg

7.4 Performance of wafer scale fabricated local back gate SN-TFTs. (a) Variation of

drain current on-off ratio as a function of channel length, (b) Current on-off ratio

distribution of fabricated SN-TFT devices IO7

7.5 Electronic properties of local back gate SN-TFTs. (a) Average on-current of SN-

TFTs for various channel dimensions, (b) Average on-current of SN-TFTs for various

channel dimensions in linear scale, (c) I^/W variation as a function of channel length,

(d) Average transconductance per unit channel width and average mobility of the SN-

TFT as a function of channel length 108

7.6 Experimental setup for C-Fmeasurement HI

7.7 Capacitance measurements of local back gate SN-TFTs. (a) C- V curves of the de

vices having different channel dimensions, (b) C- V measurements of a SN-TFT using

different frequency ac signal, (c) C- V curve obtained by double sweep of the gate

voltage 112

XX

List of Figures

8.1 The output characteristics of the SN-TFTs having different types gate structure, (a)

/- Fplots of dual gate SN-TFT for F^^ ranging from -0.4 V to -2 V. (b) p-type behavior

of back gate SN-TFT. (c) I^-Vps plof of the top gate SN-TFT for F^^ ranging from

-1 V to -5 V 118

8.2 Transfer characteristics and transconductance of SN-TFTs for different F^^ and at a

constant F^^ of -2 V. (a) for the dual gate SN-TFT. (b) for the back gate SN-TFT.

(c) for the top gate SN-TFT. (d) Transfer characteristics of all 3 types of devices. . 120

8.3 Electrical parameters of global and local gate SN-TFTs as a function of channel

length, (a) Drain current on-off ratio, (b) On-ciurrent density (/^/W). (c) Normalized

transconductance. (d) Carrier mobility. 122

XXI

TH-1861_07610208



List of Figures

List of Figures

6.6 Statistical study of performance parameters of wafer scale global back gate SN-TFTs.

(a) On-off ratio exhibited by both types of SN-TFTs based on 90 and 95% purity s-

SWCNTs. (b) On-current exhibited by global gate SN-TFTs of various channel length

having different channel width (solid line - 95SN-TFT, dash line - 90SN-TFT). (c)

Average on-current density measured for both types of SN-TFTs for various channel

length, (d) Normalized transconductance. (e) Mobility of devices with various channel

length 97

7.1 Experimental setup to characterize local gate SN-TFTs 104

7.2 Electrical characterization of local gate SN-TFT having the channel length 20 /xm and

width 15 fim. (a) Output characteristics of the device for local gate voltages ranging

from -1 V to -5 V in steps of -1 V. (b) Linear region of the output characteristics . . 105

7.3 Transfer characteristics of local back gate SN-TFT. (a) Drain current variations (log

arithmic scale) for different at constant of -1 V and the corresponding gate

leakage current, (b) Drain current variations (linear scale) and transconductance vari

ation for various values 106

7.4 Performance of wafer scale fabricated local back gate SN-TFTs. (a) Variation of

drain current on-off ratio as a function of channel length, (b) Current on-off ratio

distribution of fabricated SN-TFT devices 107

7.5 Electronic properties of local back gate SN-TFTs. (a) Average on-current of SN-

TFTs for various channel dimensions, (b) Average on-current of SN-TFTs for various

channel dimensions in linear scale, (c) Iq/W variation as a function of channel length,

(d) Average transconductance per unit channel width and average mobility of the SN-

TFT as a function of channel length 108

7.6 Experimental setup for C-Vmeasurement Ill

7.7 Capacitance measurements of local bade gate SN-TFTs. (a) C-V curves of the de

vices having different channel dimensions, (b) C- V measurements of a SN-TFT using

different frequency ac signal, (c) G- V curve obtained by double sweep of the gate

voltage 112

8.1 The output characteristics of the SN-TFTs having different types gate structure, (a)

I- V plots of dual gate SN-TFT for ranging from -0.4 V to -2 V. (b) p-type behavior

of back gate SN-TFT. (c) 7^- F^g plot of the top gate SN-TFT for F^^ ranging from

-1 V to -5 V 118

8.2 Transfer characteristics and transconductance of SN-TFTs for different F^^ and at a

constant F^^ of -2 V. (a) for the dual gate SN-TFT. (b) for the back gate SN-TFT.

(c) for the top gate SN-TFT. (d) Transfer characteristics of all 3 types of devices. . 120

8.3 Electrical parameters of global and local gate SN-TFTs as a function of channel

length, (a) Drain current on-off ratio, (b) On-current density (7^/W). (c) Normalized

transconductance. (d) Carrier mobility. 122

XXI

XX

TH-1861_07610208



- s

List of Figures

xxu

I

L

List of Tables

3.1 Typical range of values for different parameters of CNFET device 31

3.2 Comparison of of CNFET device estimated by the proposed equation (3.4) and

the J. Deng's model [32] 39

3.3 Comparison of of CNFET device estimated by the proposed equation equation

(3.5) and the J. Deng's model [32] 39

3.4 Performance of the CNFET resistive-load CS-amplifier for different supply voltages. 42

3.5 EflFects of variation in the SWCNT dimensions on the performance of CNFET resistive-

load CS amplifier 45

3.6 Details of CNFET device dimensions and performance of a CNFET active-load CS-

amplifier for different supply voltages 47

3.7 Details CNFET device dimensions and performance of the CNFET active-load CS-

amplifier for various process variations of SWCNT dimensions 49

3.8 Details of the CNFET dimensions and performance of the CNFET active-load CS-

amplifier for various channel length 50

3.9 Performance comparison of a CNFET single-stage differential amplifier with a MOS-

FET single-stage differential amplifier 51

5.1 Performance comparison of SiOj and HfO^ based wafer scale SN-TFTs 85

6.1 Performance comparison of 4 different wafer scale fabricated SN-TFTs with interdig-

itated source/drain contacts 93

6.2 The performance comparison of high on-current SN-TFTs 100

7.1 Performance comparison of various wafer scale fabricated SN-TFTs 110

8.1 The performance comparison of SN-TFTs having three different gate structures . . . 121

XXlll

TH-1861_07610208



List of Tables

8.2 Performance comparison of global and local gate SN-TFTs of identical channel lengths. 123

9.1 Performance comparison of various SN-TFTs fabricated in this work 132
List of Acronyms

XXIV

ID One dimensional

3D Three dimensional

AFM Atomic Force Microscopy

AljOg Aluminum oxide

APTES Aminoisopropyltriehoxy silane

Au Gold

BHF Buffered Hydrofluoric Acid

CNFET Carbon Nanotube Field Effect Transistor

CNT Carbon Nanotube

CNTFT Carbon Nanotube Thin-Film Transistor

CMRR Common Mode Rejection Ratio

Cr Chromium

CS Common-Source

Cu Copper

CVD Chemical Vapor Deposition

DI Deionized

FET Field-Effect Transistor

fib Focused Ion Beam

FOM Figure of Merit

GBW Gain Bandwidth

GIS Gas Injection System

GSG Ground-Signal-Ground

HfO^ Hafnium oxide

IC Integrated Circuit

XXV

TH-1861_07610208



- ?

List of Tables

8.2 Performance compaxison of global and local gate SN-TFTs of identical channel lengths. 123

9.1 Performance comparison of various SN-TFTs fabricated in this work 132

I

List of Acronyms

ID One dimensional

3D Three dimensional

AFM Atomic Force Microscopy

AI2O3 Aluminum oxide

APTES Aminoisopropyltriehoxy silane

Au Gold

BHF Buffered Hydrofluoric Acid

CNFET Carbon Nanotube Field Effect Transistor

CNT Carbon Nanotube

CNTFT Carbon Nanotube Thin-Film Transistor

CMRR Common Mode Rejection Ratio

Cr Chromium

CS Common-Source

Cu Copper

CVD Chemical Vapor Deposition

DI Deionized

FET Field-Effect Transistor

FIB Focused Ion Beam

FOM Figure of Merit

GBW Gain Bandwidth

CIS Gas Injection System

GSG Ground-Signal-Ground

HfO^ Hafnium oxide

IC Integrated Circuit

XXV

XXIV

I
I

TH-1861_07610208



List of Acronyms

ICMR

ITRS

LOR

MFP

MOSFET

m-SWCNT

MWCNT

PTM

RBM

RCA

SEM

SN-TFT

SPICE

s-SWCNT

SWCNT

THD

Zr^Og

Input Common Mode voltage Range

Interdigitated Electrode

Iso Propyl Alcohol

International Technology Roadmap for Semiconductors

Lift-off Resist

Mean Free Path

Metal Oxide Semiconductor Field-Effect Transistor

Metallic Single Walled Carbon Nanotube

Multi ̂ Vailed Carbon Nanotube

Palladium

PEEC Partial Element Equivalent Circuit

PE-oxide Plasma Enhanced oxide

Positive Photoresist

Predictive Technology Model

Radial Breathing Modes

Radio Corporation of America

Radio Frequency

Schottky Barrier

Sodium Dodecyl Sulfate

Scanning Electron Microscopy

Silicon di-oxide

Semiconducting Nanotube Thin-Film Transistor

Silicon on Insulator

Simulation Program with Integrated Circuit Emphasis

Semiconductive Single Walled Carbon Nanotube

Single Walled Carbon Nanotube

Thin-Film Transistor

Total Harmonic Distortion

Tungsten

Zirconium oxide

Introduction

Contents

1.1 Introduction

1.2 Basics of Carbon Nanotube

1.3 Carbon Nanotube Interconnects

1.4 Modeling of Carbon Nanotube Transistors .

1.5 Fabrication of Carbon Nanotube Transistors

1.6 Motivation and Problem Definition

1.7 Organization of the Thesis

1.8 Summary

TH-1861_07610208



List of Acronyms

ICMR Input Common Mode voltage Range

IDE Interdigitated Electrode

IPA Iso Propyl Alcohol

ITRS International Technology Roadmap for Semiconductors

LOR Lift-off Resist

MFP Mean Free Path

MOSFET Metal Oxide Semiconductor Field-Effect Transistor

m-SWCNT Metallic Single Walled Carbon Nanotube

MWCNT Multi Walled Carbon Nanotube

Pd Palladium

PEEC Partial Element Equivalent Circuit

PE-oxide Plasma Enhanced oxide

PTM

RBM

RCA

SEM

SN-TFT

SPICE

s-SWCNT

SWCNT

THD

Zr^Og

Positive Photoresist

Predictive Technology Model

Radial Breathing h^odes

Radio Corporation of America

Radio Frequency

Schottky Barrier

Sodium Dodecyl Sulfate

Scanning Electron Microscopy

Silicon di-oxide

Semiconducting Nanotube Thin-Film Transistor

Silicon on Insulator

Simulation Program with Integrated Circuit Emphasis

Semiconductive Single Walled Carbon Nanotube

Single Walled Carbon Nanotube

Thin-Film Transistor

Total Harmonic Distortion

Tungsten

Zirconium oxide

Introduction

Contents
1.1 Introduction

1.2 Basics of Carbon Nanotube
1.3 Carbon Nanotube Interconnects 4
1.4 Modeling of Carbon Nanotube Transistors 5
1.5 Fabrication of Carbon Nanotube Transistors 7
1.6 Motivation and Problem Definition 8
1.7 Organization of the Thesis 9
1.8 Summary

TH-1861_07610208



1.2 Basics of Carbon Nanotube

1. Introduction

1.1 Introduction

The carbon nanotube (CNT) can be conceprtually viewed as a rolled-up graphene sheet and is one

of the best alternate materials to meet the challenges due to the dimension scaling of future VLSI

devices. Significant progress has been made in both understanding the fundamental properties and

exploring possible engineering applications of CNTs since the earliest observations of nanotube-like

structures were made by lijima in 1991 [1], The potential applications of CNTs spread to many

diverse fields such as nanotechnology, electronics, optics and material science, nevertheless the two

unportant electrical applications of the CNT are interconnects and transistors. An important factor

for the CNTs to be in the forefront of the current research is that the fabrication of CNT based

transistor is compatible with the existing CMOS fabrication facilities. High performance carbon

nanotube field effect transistors (CNFETs) of both n- and p-type using individual CNTs have been

demonstrated. Many digital and few analog circuits have been successfully fabricated and have ex

hibited better performances compared to the CMOS counterparts. Because of the challenges in the

synthesis of CNTs and in the scaling up of individual CNT based devices, researchers have devel

oped thin-films of CNTs and transistors based on them. CNT thin-film transistors (CNTFTs) have

shown a high carrier mobility compared to the conventional TFTs based on organic materials and

amorphous sificon. The deposition of high density CNT thin-film, use of high-k dielectric material

and wafer scale fabrication are the major challenges to realize high performance CNTFTs.

This chapter is organized as follows. Section 1.2 deals with basics of the CNTs. In section 1.3, a

review of CNTs for interconnect application is presented. The modeling of CNFETs is discussed in

section 1.4 and the fabrication of CNT based transistors is presented in section 1.5. The section 1.6

presents the motivation for various topics investigated in this thesis. The organization of the thesis

is given in section 1.7 and finally section 1.8 summarizes the chapter.

1.2 Basics of Carbon Nanotube

Carbon is the sixth element of the periodic table and its six electrons occupy Is^, 2s^, and 2p^

atomic orbitals. Hybridization i.e. mixing phenomenon of 2s and 2p atomic orbitals is ipore in carbon

because the energy difference between the 2s and 2p level is small compared to the binding energy

'1

of the chemical bonds. The three possible hybridizations of the carbon are sp, sp^ and sp^. Three

outer-shell electrons of each carbon atom occupy the planar sp^ hybrid orbital to form three in-plane

<T bonds with an out-of-plane tf orbital (bond). This makes a planar hexagonal network. CNTs can

be viewed as a hollow cyhnder formed by rolling graphite sheets and are classified as single walled

carbon nanotube (SWCNT) and multi walled carbon nanotube (MWCNT), depending on the number

of sheets. The SWCNTs are categorized as metallic (m-SWCNT) and semiconducting (s-SWCNT)

depending on the chirality of rolling. The circular curvature will cause quantum confinement and cr-

7r rehybridizatioii in which three o* bonds are slightly out of plane. For compensation, the tf orbital

is more delocalized outside the nanotube. This makes SWCNTs mechanically stronger, electrically

and thermally more conductive, and chemically and biologically more active than graphite [2].

Figure 1.1: The two dimensional graphene sheet, showing the lattice vectors and possible rolling orientation
to form different types of carbon nanotubes.

SWCNT can be uniquely represented by a vector C in terms of a set of two integers (n, m)

corresponding to graphite vectors ai and a2 Fig. 1.1 [3],

C = na.1 + mas (1.1)

The SWCNT is constructed by rolling up the sheet such that the two end-points of the vector C

are superimposed. This nanotube is denoted as (n, m) nanotube with diameter given by

(1.2)^CNT
a\/n^ + m^ + nm

IT

where a = |ai| = |a2l is the lattice constant of graphite. The SWCNTs with n = m are commonly
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is given in section 1.7 and finally section 1.8 summarizes the chapter.

1.2 Basics of Carbon Nanotube

Carbon is the sixth element of the periodic table and its six electrons occupy Is^, 2s2, and 2p2

atomic orbitals. Hybridization i.e. mixing phenomenon of 2s and 2p atomic orbitals is rpore in carbon

because the energy difference between the 2s and 2p level is small compared to the binding energy

1.2 Basics of Carbon Nanotube

of the chemical bonds. The three possible hybridizations of the carbon are sp, sp^ and sp^. Three

outer-shell electrons of each carbon atom occupy the planar sp^ hybrid orbital to form three in-plane

(T bonds with an out-of-plane tt orbital (bond). This makes a planar hexagonal network. CNTs can

be viewed as a hollow cylinder formed by rolling graphite sheets and are classified as single walled

carbon nanotube (SWCNT) and multi walled carbon nanotube (MWCNT), depending on the number

of sheets. The SWCNTs are categorized as metallic (m-SWCNT) and semiconducting (s-SWCNT)

depending on the chirality of rolling. The circular curvature will cause quantum confinement and a-

TT rehybridization in which three <t bonds are slightly out of plane. For compensation, the tt orbital

is more delocalized outside the nanotube. This makes SWCNTs mechanically stronger, electrically

and thermally more conductive, and chemically and biologically more active than graphite [2].

Figure 1.1: The two dimensional graphene sheet, showing the lattice vectors and possible rolling orientation
to form different types of carbon nanotubes.

SWCNT can be uniquely represented by a vector C in terms of a set of two integers (n, m)

corresponding to graphite vectors ai and a2 Fig. 1.1 [3],

C = nai + ma^g (1.1)

The SWCNT is constructed by rolling up the sheet such that the two end-points of the vector C

are superimposed. This nanotube is denoted as (n,m) nanotube with diameter given by

^CNT
ay/n^ + + nm

TT

(1.2)

where a = |oi| = |a2l is the lattice constant of graphite. The SWCNTs with n = m are commonly
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referred to as armchsur SWCNTs and m= 0 as zigzag SWCNTs. Others are called chiral SWCNTs

in agreement with the chiral angle, 0, defined as that between the vector C and the zigzag direction

ai, 0 = tan~^ [3^/^m/(m + 2n)], 9 ranges from 0 for zigzag (m = 0) and 30° for armchair (m = n)

SWCNTs. Different SWCNTs are distinguished by their chirality and are described by the nanotube

chiral vectors (ni and ria). Tho^ integer values of ni and n2 will affect the conductance, density

and lattice structure of the SWCNT. The conducting characteristics of the SWCNT is considered as

metallic if (ni-n2) is divisible by 3, otherwise it is semiconducting. Typically, the as-grown SWCNTs

consists of 33% m-SWCNTs and the remaining will be semiconducting. The diameter of the SWCNT

is ranging from 0.4 to 3 nm.

SWCNTs possess many remarkable properties. Some of the important properties are as follows.

The defect-free CNTs have long mean free paths of for phonons (~1.5 /xm [4,5]) and electron transport

(~ 1 fim [6,7]). Long mean free paths of the electrons makes the CNTs excellent ID materials. The

ballistic transport has been observed in up to micron long metallic [6,7] as well as s-SWCNTs [7].

The current densities as high as lO^A/cm^ have been observed in both m- [8] and s-SWCNTs [9].

The SWCNT is as stiff as or stiffer than diamond with the highest Young's modulus and tensile

strength. The Young's modulus of SWCNTs along the axial direction has been reported to be eis

high as 2 TPa (compare with 200 GPa value of steel). Theoretical calculations and experimental

measurements showed that the thermal conductivity for a SWCNT at room temperature could vary

between 1800 and 6000 W/mK as compare to 385 W/mK for copper (Cu).

Since all the atoms in a CNT are on the surface, they are free to interact with the environment.

The absence of any dangling bonds makes CNTs stable at high temperatures. The substitutional

doping with boron (B) and nitrogen (N) dopants was pursued to make SWCNTs p- and n-type,

respectively. Additionally, molecular adsorption provides a simple, non-covalent doping approach to

turn SWCNTs into p-type with oxygen or water adsorption or n-type with CeH^.

1.3 Carbon Nanotube Interconnects

The most advanced integrated circuits consist of several millions of transistors, interconnected

by kilometers of Cu wires within 1 cm^ silicon chip. Increasing resistivity of Cu with scaling and

rising demands on-current density requirements are driving the need to identify new wiring solutions

for deep nanometer scale VLSI technologies. The m-SWCNTs have aroused a lot of research interest

1.4 Modeling of Carbon Nanotube Transistors

in their applicability as VLSI interconnects due to their desirable properties such as high mechan

ical and thermal stability, high thermal conductivity and large current carrying capacity [10]. An

isolated CNT can carry current densities in excess of 10^ k/cvc? without any signs of damage even

at an elevated temperature of 250° C [11], thereby eliminating electromigration rehability concerns

that plague Cu interconnects. The model developed by P. J. Burke [11] for electrical properties of

the CNTs working up to gigahertz (GHz) is useful in evaluating the performance of CNT intercon

nects. The first comparison between Cu and CNT interconnects were reported by K. Roy et al. [12]

and J. D. Meindl et al. [13]. Performance modeling of the CNT bundles as a global interconnect

was reported by Saraswat et al. [14]. Naeemi and Meindl proposed that an optimally customized

SWCNT interconnects at local, semiglobal and global levels and achieved a significant improvements

in power dissipation, propagation delay, crosstalk and bandwidth density [15]. Massoud et al. [16]

have evaluated the impact of resistance in the CNT bundles for VLSI interconnects. A suitable CNT

interconnect model for the circuit simulation was suggested by K. Roy et al. [17]. Nieuwoudt et

al. [18] and Kreupl et al. [19] have suggested that on-chip vias are the prime candidates for the use of

CNT bundles as the current carrying hmit of the small dimension Cu interconnect is severely hmited.

Banerjee et al. [20] have studied the insertion of buffers (repeaters) to drive signals faster and more

than 20% of power can be saved using the CNT global interconnects, as the number and size of the

repeaters are considerably reduced. Gael et al. [21] have demonstrated that CNT interconnects can

transmit GHz digital signals between the transistors. The conductance of a SWCNT is evaluated

using the two-terminal Landauer-Buttiker formula. An important consideration for the conductance

in SWCNTs is its dependence on the bias voltage. At high electric fields, the current through a

SWCNT saturates. The consideration of magnetic inductance of SWCNTs is important not only in

the study of the interconnects, but also for their potential applications as a passive inductor [22].

1.4 ModGling of Cau^bon Nanotub© Transistors

Having considered the applications of m-SWCNTs, the application of s-SWCNTs as FETs is

presented. The s-SWCNTs with near ballistic transport nature and very high aspect ratio are used

as the channel material to realize the devices of few nanometer dimensions without second order

effects. A review on the modeling of CNFET is presented here. Endued with properties such as

ballistic transport with a long mean free path (about 1 high band gap and extraordinarily
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referred to as armchair SWCNTs and m= 0 as zigzag SWCNTs. Others are called chiral SWCNTs

in agreement with the chiral angle, 9, defined as that between the vector C and the zigzag direction

aj, 0 = tan~^ [3^/^m/(m + 2n)], 9 ranges from 0 for zigzag (m = 0) and 30° for armchair (rn = n)

SWCNTs. Different SWCNTs are distinguished by their chirality and are described by the nanotube

chiral vectors (ni and na). The. integer values of ni and oa will affect the conductance, density

and lattice structure of the SWCNT. The conducting characteristics of the SWCNT is considered as

metallic if {nx-'na) is divisible by 3, otherwise it is semiconducting. Typically, the as-grown SWCNTs

consists of 33% m-SWCNTs and the remaining will be semiconducting. The diameter of the SWCNT

is ranging from 0.4 to 3 nm.

SWCNTs possess many remarkable properties. Some of the important properties are as follows.

The defect-free CNTs have long mean free paths of for phonons (~1.5 ̂ m [4,5]) and electron transport

(~ 1 /im [6,7]). Long mean free paths of the electrons makes the CNTs excellent ID materials. The

ballistic transport has been observed in up to micron long metallic [6,7] as well as s-SWCNTs [7].

The current densities as high as 10®A/cm^ have been observed in both m- [8] and s-SWCNTs [9].

The SWCNT is as stiff as or stiffer than diamond with the highest Young's modulus and tensile

strength. The Young's modulus of SWCNTs along the axial direction has been reported to be as

high as 2 TPa (compare with 200 GPa value of steel). Theoretical calculations and experimental

measurements showed that the thermal conductivity for a SWCNT at room temperature could vary

between 1800 and 6000 W/mK as compare to 385 W/mK for copper (Cu).

Since all the atoms in a CNT are on the surface, they are free to interact with the environment.

The absence of any dangling bonds makes CNTs stable at high temperatures. The substitutional

doping with boron (B) and nitrogen (N) dopants was pursued to malce SWCNTs p- and n-type,

respectively. Additionally, molecular adsorption provides a simple, non-covalent doping approach to

turn SWCNTs into p-type with oxygen or water adsorption or n-type with CgHij-

1.3 Carbon Nanotube Interconnects

The most advanced integrated circuits consist of several millions of transistors, interconnected

by kilometers of Cu wires within 1 cm^ silicon chip. Increasing resistivity of Cu with scaling and

rising demands on-current density requirements are driving the need to identify new wiring solutions

for deep nanometer scale VLSI technologies. The m-SWCNTs have aroused a lot of research interest

1.4 Modeling of Carbon Nanotube Transistors

in their applicability as VLSI interconnects due to their desirable properties such as high mechan

ical and thermal stability, high thermal conductivity and large current carrying capacity [10]. An

isolated CNT can carry current densities in excess of 10® A/crc? without any signs of damage even

at an elevated temperature of 250° C [11], thereby eliminating electromigration reliability concerns

that plague Cu interconnects. The model developed by P. J. Burke [11] for electrical properties of

the CNTs working up to gigahertz (GHz) is useful in evaluating the performance of CNT intercon

nects. The first comparison between Cu and CNT interconnects were reported by K. Roy et al. [12]

and J. D. Meindl et al. [13]. Performance modeling of the CNT bundles as a global interconnect

was reported by Saraswat et al. [14]. Naeemi and Meindl proposed that an optimally customized

SWCNT interconnects at local, semiglobal and global levels and achieved a significant improvements

in power dissipation, propagation delay, crosstalk and bandwidth density [15]. Massoud et al. [16]

have evaluated the impact of resistance in the CNT bundles for VLSI interconnects. A suitable CNT

interconnect model for the circuit simulation was suggested by K. Roy et al. [17]. Nieuwoudt et

al. [18] and Kreupl et al. [19] have suggested that on-chip vias are the prime candidates for the use of

CNT bundles as the current carrying limit of the small dimension Cu interconnect is severely limited.

Banerjee et al. [20] have studied the insertion of buffers (repeaters) to drive signals faster and more

than 20% of power can be saved using the CNT global interconnects, as the number and size of the

repeaters are considerably reduced. Gael et al. [21] have demonstrated that CNT interconnects can

transmit GHz digital signals between the transistors. The conductance of a SWCNT is evaluated

using the two-terminal Landauer-Buttiker formula. An important consideration for the conductance

in SWCNTs is its dependence on the bias voltage. At high electric fields, the current through a

SWCNT saturates. The consideration of magnetic inductance of SWCNTs is important not only in

the study of the interconnects, but also for their potential applications as a passive inductor [22].

1.4 Modeling of Carbon Nanotube Transistors

Having considered the applications of m-SWCNTs, the application of s-SWCNTs as FETs is

presented. The s-SWCNTs with near ballistic transport nature and very high aspect ratio are used

as the channel material to realize the devices of few nanometer dimensions without second order

effects. A review on the modeling of CNFET is presented here. Endued with properties such as

ballistic transport with a long mean free path (about 1 /um), high band gap and extraordinarily
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1.5 Fabrication of Carbon Nanotube Transistors

1. Introduction

high mobility (100,000 cm^/V-s) [23], s-SWCNTs offer enormous potential for realizing an electronic

device such as FET both as an alternative to sihcon technology beyond the conventional scaling

limits and as a way to implement high-speed devices and circuits on the flexible substrates. The

device modeUng is essential in order to address the design and automation aspects in the rapidly

developing field of carbon nanotube electronics. A model is necessary to theoretically analyze the

CNFET and it should be simple, compact and preferably an analytical one for analyzing the circuit

performance using the device. For circuit simulation using the conventional simulation program with

integrated circuit emphasis (SPICE) simulators, one need an analytical expression for the device e.g.

I-V and C-V characteristics in terms of the applied terminal voltage such as and The

electrical transport properties of SWCNTs have been studied and observed that the conductance of

a nanotube is quantized, and the SWCNT acts as a ballistic conductor. It is almost impossible to

obtain an exact closed-form expression leading to an analjdiical I- V characteristics with respect to the

terminal voltages due to the complex non-linear simultaneous nature of equations. As a result, most

developed physical device models use the numerical techniques to obtain the device characteristics,

where the reference point is the surface potential, not the terminal potential such as V^,, and

CNFETs are classified into two categories, based on their mechanism of operation - Schottky

Barrier (SB) controlled CNFETs (SB-CNFETs) and MOSFET-like CNFETs. Arash Hazeghi et

al. [24] proposed a SPICE compatible model for SB contacted ballistic co-axial CNFET, which

reaches self-consistency in four to five iterations. Another model for co-axial SB-CNFET device is

proposed by Guo Jing et al. [25], assuming a zero metal/SWCNT contact resistance and ballistic

carrier transport for the charge carriers. The effects of reflections at the intersection barrier of

source/SWCNT and drain/SWCNT are considered in the model for co-axial SB-CNFET [26]. A

scalable, non-iterative and surface-potential model for CNFET is proposed by A. Balijepalli et al. [27].

A SPICE compatible model for CNFET device with multiple number of SWCNTs is proposed by

Arijit Raychowdhury et al. [28]. A quasi-analytical circuit compatible model for an intrinsic ballistic

CNFET which can be used on any conventional circuit simulators, is reported by B. C. Paul et

al. [29]. An analytical model for the CNFET proposed by Deji Akinwande et al. [30] suggests that
the CNFET drain current is exponentially related to the gate voltage. The scattering phenomena in

SWCNT and the inter tube capacitance effects in the CNFET device are considered in a HSPICE [31]

compatible model proposed by J. Deng et al. [32].

The conventional CMOS circuit designs are carried out using the closed-form equations based

on the device dimensions, so that designer has the flexibility of choosing the device dimensions to

meet the design specifications. Then, the circuit designs axe verified and optimized using simulation

tools. The layouts are drawn and post-layout simulations are performed to verify the circuit design

for the specifications and final device fabrication will be based on these layouts. Similarly to realize

the electronic circuits using CNFET devices, it is necessary to design the circuit in terms of device

diinensioiis and verify it using the simulation tool before the fabrication.

1.5 Fabrication of Carbon Nanotube Transistors

Nanoelectronics devices have been extensively explored since 1998, with the demonstration of first

CNFET [33] and transistors based on individual s-SWCNTs have shown better performance com

pared to those of state of the art silicon FETs. For example, CNFETs having a subthreshold swing

close to the room temperature limit of 60 mV/decade [7], transconductance as large as 30 S [34,35]

and an on-off current ratio of 10^ [36] have been demonstrated. By utilizing high-k gate dielectric

materials, the CNFETs can be operated at a lower gate voltage. High performance CNFETs of both

n- and p-type using individual SWCNTs have been demonstrated. Like silicon FETs, CNFETs with

individually addressable (i.e. patterned) gate electrodes can be connected into logic circuits. Unfor

tunately, the fabrication of large scale integrated circuits based on the individual SWCNTs is not yet

practical due to the difiiculties in synthesis and accurately positioning large numbers of individual,

electrically homogeneous SWCNTs. Therefore, current application of the SWCNTs has mostly been

limited to the use of bulk SWCNTs, which is a mass of rather unorganized fragments of SWCNTs.

The CNTFTs have shown high carrier mobility compared to the conventional TFTs based on organic

materials and amorphous silicon. The use of densely packed arrays of SWCNTs as an effective thin-

film electronic material has the potential to overcome SWCNT positioning difficulty, while retaining

the attractive properties of the individual tubes. The multiple, aligned/random transport pathways

in these arrays provide large current outputs with small device-to-device variations in properties,

even with the CNTs that individually have widely different transport characteristics. Efforts to

deposit SWCNT networks using solution-based assembly techniques have shown significant promise

as an alternative technology for large area TFT applications.
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proposed by Guo Jing et al. [25], assuming a zero metal/SWCNT contact resistance and ballistic

carrier transport for the charge carriers. The effects of reflections at the intersection barrier of

source/SWCNT and drain/SWCNT are considered in the model for co-axial SB-CNFET [26]. A
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A SPICE compatible model for CNFET device with multiple number of SWCNTs is proposed by
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CNFET which can be used on any conventional circuit simulators, is reported by B. C. Paul et
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the CNFET drain current is exponentially related to the gate voltage. The scattering phenomena in

SWCNT and the inter tube capacitance effects in the CNFET device are considered in a HSPICE [31]
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compatible model proposed by J. Deng et al. [32].

The conventional CMOS circuit designs are carried out using the closed-form equations based

on the device dimensions, so that designer has the flexibility of choosing the device dimensions to

meet the design specifications. Then, the circuit designs are verified and optimized using simulation

tools. The layouts are drawn and post-layout simulations are performed to verify the circuit design

for the specifications and final device fabrication will be based on these layouts. Similarly to realize

the electronic circuits using CNFET devices, it is necessary to design the circuit in terms of device

dimensions and verify it using the simulation tool before the fabrication.

1.5 Fabrication of Carbon Nanotube Transistors

Nanoelectronics devices have been extensively explored since 1998, with the demonstration of first

CNFET [33] and transistors based on individual s-SWCNTs have shown better performance com

pared to those of state of the art silicon FETs. For example, CNFETs having a subthreshold swing

close to the room temperature limit of 60 mV/decade [7], transconductance as large as 30 S [34,35]

and an on-off current ratio of lO'' [36] have been demonstrated. By utilizing high-k gate dielectric

materials, the CNFETs can be operated at a lower gate voltage. High performance CNFETs of both

n- and p-type using individual SWCNTs have been demonstrated. Like silicon FETs, CNFETs with

individually addressable (i.e. patterned) gate electrodes can be connected into logic circuits. Unfor

tunately, the fabrication of large scale integrated circuits based on the individual SWCNTs is not yet

practical due to the difficulties in synthesis and accurately positioning large numbers of individual,

electrically homogeneous SWCNTs. Therefore, current application of the SWCNTs has mostly been

limited to the use of bulk SWCNTs, which is a mass of rather unorganized fragments of SWCNTs.

The CNTFTs have shown high carrier mobility compared to the conventional TFTs based on organic

materials and amorphous silicon. The use of densely packed arrays of SWCNTs as an effective thin-

film electronic material has the potential to overcome SWCNT positioning difficulty, while retaining

the attractive properties of the individual tubes. The multiple, aligned/random transport pathways

in these arrays provide large current outputs with small device-to-device variations in properties,

even with the CNTs that individually have widely different transport characteristics. Efforts to

deposit SWCNT networks using solution-based assembly techniques have shown significant promise

as an alternative technology for large area TFT applications.
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1.7 Organization of the Thesis

1. Introduction

The performance of CNTFTs depends on the nature of the SWCNT thin-film network, purity

of the s-SWCNTs and the density of SWCNTs. Many groups have demonstrated CNTFTs using

as-grown SWCNTs [37, 38] with better performance compared to the conventional organic TFTs

and amorphous silicon TFTs. However, CNTFTs with as-grown SWCNTs exhibited a poor on-off

current ratio due to the co-existence of m- and s-SWCNTs. This drawback can be resolved using the

pre-separated (sorted) s-SWCNTs [39,40]. Many groups have developed individual semiconducting

nanotube TFTs (SN-TFTs) [41-45], but few groups have fabricated SN-TFTs on a wafer scale

[46-49]. The SN-TFTs fabricated using the pre-separated 99% and 95% purity s-SWCNTs [46,49]

have been demonstrated. Most of the SN-TFTs reported in the literature have the thin-film of

SWCNTs deposited on the modified SiOj surface [37,38,46-49], and a Tnavinmim of 32 nanotubes///m^

has been reported in [46]. Some of the performance indexes such as high on-off ratio, high mobility,

high current density and steeper subthreshold swing are achieved separately in different SN-TFTs.

Nevertheless, it is desirable to have an individual SN-TFT to exhibit all these performance parameters

so that these devices can be readily used for real applications.

1.6 Motivation and Problem Definition

There are many challenges in the area of SWCNT based interconnects and transistor research

and the few important motivations considered for the present work are summarized below.

(i) Need to study the magnetic inductance of interconnects at various bias voltages

The bundle of SWCNTs used for the interconnect application has exhibited excellent improve

ment in the propagation delay, power dissipation, response time, immunity to electromigration

and thermal management compared to Cu interconnect. In an integrated circuit, the intercon

nects provide power supply, ground, clock and control signal to all blocks and will result in a

closed path for the current conduction. A magnetic field will be induced in the interconnect

because of this closed path nature of the interconnects and not only the study of the magnetic

inductance contribution by different dimensions of local, intermediate and global interconnects

but also their dependence on the bias voltage are also important.

(ii) Need of closed-form equation for CNFET in terms of device dimensions

To realize the electronic circuit using CNFETs, it is first necessary to design the circuit in

terms of device dimensions and predict its performance using an appropriate simulation tool

before the actual fabrication. There are many models proposed in the literature to estimate

the performance of CNFETs, but none of them have a closed form expression for the CNFET

drain current in terms of its physical and process parameters. Due to the complex nature of

equations involved, it is almost impossible to obtain a closed-form physical model at least in

the present scenario and therefore, we have considered the curve fitting method to arrive on

an equation. The obtained closed-form equation of the drain current in terms of the device

dimensions enabled us to optimally design and simulate the analog circuits using the CNFETs

and also to compare their performance with the CMOS counterparts.

(iii) Need of high performance SN-TFTs

Realizing SN-TFTs that exhibit large transconductance, steep subthreshold swing, lower thresh

old voltage, higher current density and large on-off ratio simultaneously (i.e. in the same device)

remains a significant challenge. We have made efforts to fabricate high performance SN-TFTs

using simple fabrication methods and affordable purity of SWCNTs by employing methods

to improve the SWCNT density, by judiciously selecting the length of the SWCNTs and by

incorporating a high-k dielectric material.

(iv) Need of performance comparison of various types of SN-TFTs

A systematic study of different aspects of the SN-TFT performance dependency on factors

such as purity of s-SW^CNTs, methods of channel control by different gate structure, dielectric

constant of the gate material etc. are essential. For a fair comparison, such a study requires

many devices of identical dimensions processed under similar conditions. The wafer scale device

demonstrations axe also important as they provide added information such as repeatability,

yield of the process involved and performance variations among the devices across the wafer.

1.7 Organization of the Thesis

The work carried out in this thesis can be divided into three parts. The first part presented the

study on SWCNT interconnects, the second part dealt with the modeling of SWCNT transistors

and design of analog circuits based on SWCNTs. Finally the third and major part addressed the

fabrication and characterization of 9 different thin film transistors based on SWCNTs.
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The performance of CNTFTs depends on the nature of the SWCNT thin-film network, purity

of the s-SWCNTs and the density of SWCNTs. Many groups have demonstrated CNTFTs using
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high current density and steeper subthreshold swing are achieved separately in different SN-TFTs.

Nevertheless, it is desirable to have an individual SN-TFT to exhibit all these performance parameters

so that these devices can be readily used for real appUcations.

1.6 Motivation and Problem Definition

There are many challenges in the area of SWCNT based interconnects and transistor research

and the few important motivations considered for the present work are summarized below.

(i) Need to study the magnetic inductance of interconnects at various bias voltages

The bundle of SWCNTs used for the interconnect application has exhibited excellent improve

ment in the propagation delay, power dissipation, response time, immunity to electromigration

and thermal management compared to Cu interconnect. In an integrated circuit, the intercon

nects provide power supply, ground, clock and control signal to all blocks and will result in a
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before the actual fabrication. There ai*e many models proposed in the literature to estimate

the performance of CNFETs, but none of them have a closed form expression for the CNFET
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equations involved, it is almost impossible to obtain a closed-form physical model at least in

the present scenario and therefore, we have considered the curve fitting method to arrive on
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dimensions enabled us to optimally design and simulate the analog circuits using the CNFETs

and also to compare their performance with the CMOS counterparts.

(iii) Need of high performance SN-TFTs

Realizing SN-TFTs that exhibit large transconductance, steep subthreshold swing, lower thresh

old voltage, higher current density and large on-off ratio simultaneously (i.e. in the same device)

remains a significant challenge. We have made efforts to fabricate high performance SN-TFTs

using simple fabrication methods and aflFordable purity of SWCNTs by employing methods

to improve the SWCNT density, by judiciously selecting the length of the SWCNTs and by

incorporating a high-k dielectric material.

(iv) Need of performance comparison of various types of SN-TFTs

A systematic study of different aspects of the SN-TFT performance dependency on factors

such as purity of s-SWCNTs, methods of channel control by diflFerent gate structure, dielectric

constant of the gate material etc. are essential. For a fair comparison, such a study requires

many devices of identical dimensions processed under similar conditions. The wafer scale device

demonstrations are also important as they provide added information such as repeatability,

yield of the process involved and performance variations among the devices across the wafer.

1.7 Organization of the Thesis

The work carried out in this thesis can be divided into three parts. The first part presented the

study on SWCNT interconnects, the second part dealt with the modeling of SWCNT transistors

and design of analog circuits based on SWCNTs. Finally the third and major part addressed the

fabrication and characterization of 9 different thin film transistors based on SWCNTs.
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1.8 Summary

1. Introduction

Chapter 2 presents the magnetic inductance dependency on the bias voltage of SWCNT based

interconnects. The smiulation study of loop inductance of the interconnect is carried out using the

GSG configuration having various dimensions considering different percentage of m-SWCNTs.

Chapter 3 gives the details of equations derived for drain current and drain to source voltage of

MOSFET-like CNFET in terms of the device dimensions using curve fitting technique. The simu

lation results of analog circuits such as common-source amplifier and differential amplifier designed

using the proposed equations are presented. The effect of process variations of SWCNT such as

diameter, spacing and number of SWCNTs, on the performance of the CNFET based analog cir

cuits are analyzed. The performance of CNFET based circuits are compared with the conventional

MOSFET counterparts.

Chapter 4 presents the fabrication process fiow of wafer scale thin-film transistors of various

channel dimensions using sorted SWCNTs. The SWCNT thin-film is deposited on the silanized oxide

surface over a 2 inch silicon wafer. A method to deposit high density SWCNTs over the silanized

HfO;^ surface is proposed. SWCNTs of 90% and 95 % semiconducting purity are deposited on the

modified SiOg and HfO^,^ surface using different techniques. The process flow of wafer scale global

back gate SN-TFTs having either interdigitated electrode (IDE) or normal source/drain contacts are

discussed. The process flow of local, back, top and dual gate SN-TFTs are presented separately.

Chapter 5 shows the characterization results of the wafer scale global back gate SN-TFTs with

SiOg or HfO;^ dielectric material having IDE contacts for source/drain terminal. The output and

transfer characteristics of SN-TFTs are considered for the analysis. The performance such as on-

current, on-off current ratio, transconductance, mobility etc. of both types SN-TFTs having identical

channel dimensions are compared.

Chapter 6 presents the performance of wafer scale global back gate SN-TFTs having a thin-film

of 90% or 95% purity s-SWCNTs. The wafer scale devices having IDE and normab source/drain

contacts are considered for the analysis. This chapter presents the high on-current SN-TFTs having

95% s-SWCNTs and their results are compared with similar type of devices reported in the literature.

Chapter 7 addresses the performance of a wafer scale local gate SN-TFTs having a thin-film of

95% purity s-SWCNTs deposited on the silanized HfO;^ surface. The wafer scale devices having

various channel dimensions are considered for the analysis. The performance of local back gate SN-

TFTs such as threshold voltage, subthreshold swing, on-off current ratio, current density, mobility

10

etc. are compared with other reported wafer scale devices having global back and top gate structures.

The C- V characteristics of local gate SN-TFTs are also presented.

Chapter 8 deals the performance of three different SN-TFTs with top or bottom or dual gate

structure and having a thin-film of 95% enriched s-SWCNTs deposited on the silanized HfO^ surface.

The performance these devices are compared by measuring the parameters such as subthreshold

swing, threshold voltage and transconductance. Finally, the performance of wafer scale SN-TFTs

having global and local gate structure are also compared.

Chapter 9 summarizes the key findings and contributions of this thesis and proposes some direc

tions of future work.

1.8 Summary

In this chapter, a brief summary on the structure, classification and properties of CNTs are

presented. A discussion on the use of CNT for the interconnect application is followed by a review on

the modeling of CNT based interconnects. The modeling of CNT based transistors and the necessity

of the closed-form current/voltage equations based on the device dimensions in order to carry out

the design of analog circuits using CNFETs was discussed next. A review on the fabricated CNT

based transistors of individual as well as thin-film of SWCNTs are presented subsequently. Finally

this chapter is concluded with the motivation for the present work and the organization of the thesis.
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2. Impact of Bias Voltage on Magnetic Inductance of Carbon Nanotube Interconnects

2.1 Introduction

The International Technology Roadmap for Semiconductors (ITRS) predicts that the traditional

interconnects will be a major performance and reliability bottleneck when feature sizes become

smaller [50]. The SWCNT is a graphene roll with a diameter of 0.5 nm to a few nanometers and

depending on its chiraUty, they can be either metallic or semiconducting. The SWCNT is very close

to ID system of electrons that gives rise to many unique electrical and thermal properties. In the

literature there many SWCNT interconnects models [14—17] have been proposed. Using theses models

the potential use of SWCNTs as global, semi-global and local interconnects and their performance

are compared with the conventional Cu interconnects [12,13,19,20]. Some CNT based interconnects

are also experimentally demonstrated [21,51,52].

Typically, the inductance is seen as a parasitic component in the metal interconnects. In analog

VXiSI integrated circuit (IC) design, inductor is one of the major components. Passive inductors using

the SWCNT bundles are reported [22] to have high quality factor and high inductance compared

to the metal inductors. Since the radius of SWCNT is several nanometers, the magnetic field

(H) induced by the current in SWCNT is about one thousand times larger than that induced by

the current in the Cu wire whose radius is about several micrometers. In this chapter, we have

investigated the loop inductance of SWCNT interconnect and its dependency on the bias voltage.

To the best of our knowledge there has been no work addressing the inductance variation with respect

to the bias voltage. The SWCNTs will be incorporated in future ICs and the voltage levels across

the SWCNTs will be varying due to clock switching and data transitions. This study is relevant to

the cases in which inductance is considered as a parasitic as well as a passive device element. In both

cases, a change in the inductances of SWCNTs will definitely affect the circuit functionality and its

performance. An assessment of nature and quantity of the inductance variation will be pertinent.

The sections of this chapter are as follows. Section 2.2, briefiy describe the modeling of SWCNT

resistance which is essential to appreciate the variation of the inductance of SWCNT bundles. In

section 2.3, the modehng of inductance of SWCNT is discussed. Section 2.4 discusses the effect of

bias voltage on the inductance. The simulation results of SWCNT interconnect at different bias

voltage are analyzed in section 2.5 and finally chapter is concluded in section 2.6.

2.2 Modeling of Resistance in an Isolated SWCNT

14

2.2 Modeling of Resistance in an Isolated SWCNT

Intrinsic resistance, contact resistance and ohmic resistance are the three different resistances

associated with an SWCNT and are discussed below.

2.2.1 Intrinsic Resistzinee {RJ

The conductance of a SWCNT is evaluated using the two-terminal Landauer-Buttiker formula.

This formula states that, for a ID system with iVchannels in parallel, the conductance G = (Ne^/h)T,

where T is the transmission coefficient for electrons through the sample, h is the Planck's constant

and e is the charge of an electron. Due to the spin degeneracy and sub lattice degeneracy of electrons

in graphene, each nanotube has four conducting channels in parallel {N = 4). Hence the conductance

of a single ballistic SWCNT assuming perfect contacts (T= 1), is given by (4e^/h) = 155 /xS which

results in a resistance of 6.45 KQ. This is the intrinsic resistance (R,) associated with an SWCNT

that cannot be avoided [16]. Therefore, every individual SWCNT will have a minimum resistance

(RJ regardless of its length. The intrinsic resistance of a SWCNT is expressed as

(2.1)

2.2.2 Contact Resistance (R^)

The contact resistance (f^c) represent the imperfect contact between the metal and the

SWCNTs. As the SWCNT fabrication and bonding techniques have improved, the additional re

sistance due to imperfect metal contacts has been significantly reduced and in several experimental

cases has approached zero ohm [53]. In this chapter value is assumed as zero.

2.2.3 Ohmic Resistance (R„)

Electrons moving along a SWCNT can get scattered by defects and also by phonons, and their

mean free path lengths (MFP) are finite. Therefore SWCNT resistance is a function of length. The

ohmic resistance (R„) of an SWCNT is defined as

Mb ^2.2)
Ro =

4e'^X,ap

where is the length of the nanotube, and Xap is the mean free path for acoustic phonon scattering

[16]. Experimental evidence and theoretical formulations have demonstrated that Xap depends on
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2.3 Modeling of Inductance in SWCNT bundles

2. Impact of Bias Voltage on Magnetic Inductance of Carbon Nanotube Interconnects

the diameter of the SWCNT [54,55]. The typical value of the Xap ranges in few micro meters.

The resistance of an individual SWCNT also depends on the applied bias voltage ( [16]. The

SWCNT resistance at low bias voltages 0.1 Vdt) depends on the values of i?,, and

The value of which is a function of SWCNT length is negligible compared to the value of R, for

nanotubes of length less than Aap. Similarly, for longer length SWCNT, the value of R^ is negligible

compared to the value of Therefore the resistance of a SWCNT at low bias voltage for different

lengths with respect to Xap are given below.

^kone —

Rlow = Ri + Rc if k < A,ap (2.3)

Rlow Rq H" Rc if ^ Aflp (2.4)

The resistance of an individual SWCNT at high bias voltages >0.1 Volt) is expressed

in terms of Ri^^ and the bias voltage [16]. The expression for the SWCNT resistance at high bias

{Rhigh) is given below.

Rhigh = Rlow H (2.5)

where I„ is the maximum current that can flow through an individual nanotube, which is approxi

mately 20-25 fiA [56]. The will be dependent on the length of the SWCNT through the term

^low-

2.3 Modeling of Inductance in SWCNT bundles

A graphene shell has a magnetic inductance which depends on its distance to return path and

other conductors. This magnetic inductance includes both self and mutual inductances. However,

quantum wire has a small density of states that gives rise to another kind of inductance called kinetic

inductance. Two kinds of inductances associated with the SWCNT are discussed separately below.

2.3.1 Kinetic Inductance

In a m-SW^CNT, the kinetic inductance (Ik^ is dependent on the net sum of the kinetic energy of

left and right moving electrons in the nanotube, and, as a result, it is a per unit length quantity [11].

The theoretical expression for kinetic inductance for one quantum channel {hone) is given by the

equation below.

16

2vf
16 nH/ixm (2.6)

The Fermi velocity (u^) for grapheme and CNTs is usually taken as = 8x10® m/s. The individual

SWCNTs have two propagating channels due to the band structure of carbon with spin up or

spin down electrons, which results in a total of four channels per nanotiibe. Therefore, the kinetic

inductance (h) of an individual SWCNT is given by h = hanel^ = 4 nH//im [11].

2.3.2 Magnetic Inductance

The magnetic inductance captures the impact of voltage induced by the magnetic fields produced

by time varying currents, which is encapsulated in Ampere's and Faraday's laws [57]. Resistance,

capacitance and kinetic inductance which are per unit length quantities at frequencies where magne-

toquasistatic assumptions are valid, but the magnetic inductance is dependent on the entire current

loop, which typically consists of a signal line and its associated ground return paths [58]. Since the

distribution of the current in the loop may not be known a priori, the concept of partial inductance

is used to model [59] the magnetic inductance.

The partial inductance is a mathematicEil construct that assumes that the current in a particular

conductor in the case of partial self-inductance, or the current flowing in adjacent conductors in

the case of partial mutual inductance, has a current return path at infinity. The partial inductance

construct has no physical meaning by itself. However, when the partial self and mutual inductances

are combined in a particular manner over an entire current loop, the total loop inductance is enhanced

[60].

The partial self-inductance {L„) of a SWCNT and the mutual inductance (M^) between two

parallel current carrying SWCNTs of the length and diameter d can be calculated using equations

below [61].

Lfn — 200 h ('■I
Mm = 200 k ^In (r + Vl+r^) - ̂ ^ + {I) + ^

(2.7)

(2.8)

where r = Z^/s and s is the spacing between the two nanotubes. To model the magnetic inductance

of SWCNT bundles, the equivalent width model [18] is utilized, in which the discrete SWCNTs in
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2. Impact of Bias Voltage on Magnetic Inductance of Carbon Nanotube Interconnects

the diameter of the SAVCNX [54, 55]. The typical value of the \ap ranges in few micro meters.
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Rhigh Rlow H J (2.5)

where is the maximum current that can flow through an individual nanotube, which is approxi

mately 20-25 /iA [56]. The R^^^^ will be dependent on the length of the SWCNT through the term

R'low'
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other conductors. This magnetic inductance includes both self and mutual inductances. However,
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inductance. Two kinds of inductances associated with the SWCNT are discussed separately below.
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In a m-SWCNT, the kinetic inductance (k) is dependent on the net sum of the kinetic energy of

left and right moving electrons in the nanottibe, and, as a result, it is a per unit length quantity [11].

The theoretical expression for kinetic inductance for one quantum channel {Ikone) is given by the

equation below.

2.3 Modeling of Inductance in SWCNT bundles

^kone — 2Vf
16 nHliim (2.6)

The Fermi velocity (v^) for grapheme and CNTs is usually taken as — 8x10® m/s. The individual

SWCNTs have two propagating channels due to the band structure of carbon with spin up or

spin down electrons, which results in a total of four channels per nanotube. Therefore, the kinetic

inductance (Ik) of an individual SWCNT is given by Ik = Ikmid^ = 4 nH/^m [11].

2.3.2 Magnetic Inductance

The magnetic inductance captures the impact of voltage induced by the magnetic fields produced

by time varying currents, which is encapsulated in Ampere's and Faraday's laws [57]. Resistance,

capacitance and kinetic inductance which are per unit length quantities at frequencies where magne-

toquasistatic assumptions are valid, but the magnetic inductance is dependent on the entire current

loop, which typically consists of a signal line and its associated ground return paths [58]. Since the

distribution of the current in the loop may not be known a priori, the concept of partial inductance

is used to model [59] the magnetic inductance.

The partial inductance is a mathematical construct that assumes that the current in a particular

conductor in the case of partial self-inductance, or the current flowing in adjacent conductors in

the case of partial mutual inductance, has a current return path at inflnity. The partial inductance

construct has no physical meaning by itself. However, when the partial self and mutual inductances

are combined in a particular manner over an entire current loop, the total loop inductance is enhanced

[60].

The partial self-inductance (L„) of a SWCNT and the mutual inductance between two

parallel current carrying SWCNTs of the length l^, and diameter d can be calculated using equations

below [61].

Mm = 200

L,„ = 200 lb (lJj+0.5 + ̂^

lb ^In (r + Vl+r^) " ̂1+ (J) + ̂ j
(2.7)

(2.8)

where r = l^/s and s is the spacing between the two nanotubes. To model the magnetic inductance

of SWCNT bundles, the equivalent width model [18] is \itilized, in which the discrete SWCNTs in

17

16

TH-1861_07610208



2.5 Simulation Results of Loop Inductance

2. Impact of Bias Voltage on Magnetic Inductemce of Carbon Nanotube Interconnects

Carbon

Nanotube

Figure 2.1: GSG configuration of the SWGNT interconnect bundles implementing a signal line and two
adjacent ground return paths.

the bundle are replaced by a smaller number of conductors with same resistivity as that of ohmic

resistivity of an individual nanotube pf Using this model the magnetic inductance of a SVVCNT

bundle can be effectively extracted.

2.4 Bias Voltage Dependence of Loop Inductance in SWCNT In
terconnect

The effect of high bias voltage > 0.1 Volt) particularly on the inductance performance

of the SWCNT based interconnect is analyzed in this study. To analyze this, an interconnect con

figuration with a signal line sandwiched between two ground return paths as shown in Fig. 2.1

which is commonly referred as ground-signal-ground (GSG) is considered. Different dimensions of

the SWCNT bundles in the GSG structure are, \ is the length of the interconnect, is the bundle

width, \ is the bundle height, is the edge to edge spacing between bundles and d is the SWCNT

diameter and d of 1 nm is cissumed in the analysis.

At high bias voltage ( > 0.1 Volt), the resistance of the SWCNT is a function of the bias

voltage as in equation (2.5). The SWCNT bundle resistance is also a function of the bundle length as

in equation (2.2). So at high bias, the current nonlinearly varies with the supply voltage. This prop

erty of SWCNT bundle may be exploited to change the loop inductance value of GSG configuration.

In conventional Cu interconnects the current linearly varies with the bias voltage.

To model the magnetic inductance of the GSG configuration, each SWCNT bundle is represented

by an equivalent conductor with a resistivity same as that of an individual SWCNT at low bias. At

different bias voltages the width and height of the equivalent conductor are adjusted to equate

the resistance of equivalent conductor to that of the SWCNT bundle, as in the equivalent width

model [18]. The loop inductance of the conductor representing the SWCNT bundle [18] is given by

the expression below.

Lloop — ̂  ̂ matl

^ml ^m\2

^m21 '-'■wfl

^mnl Mmn2

Mfnln

(2.10)

where / is a vector (2.10) with normalized current in each nanotube and is the partial

inductance matrix which is constructed from the partial self and mutual inductances for all n number

of SWCNTs in the GSG interconnect configuration.

The size of is proportional to the number of SWCNTs in the bundle. For a low complexity

system of SWCNT bundles, equation (2.10) can be used directly to calculate the loop magnetic

inductance. However, to evaluate the loop inductance over a wide range of geometries, "FastHenry"

a version of multipole-accelerated field solver, which uses a partial element equivalent circuit (PEEC)

formulation similar to the equation (2.10) is used in this study.

2.5 Simulation Results of Loop Inductance

The loop inductance of GSG configuration is estimated using FastHenry a simulator available in

public domain. The SWCNTs are incorporated as a conductor by modifying its resistivity equivalent
to that of SWCNTs. The and of the conductor at different bias voltages (O.IV to IV) are cal
culated by equating resistance of the SWCNT bundle and equivalent conductor, as in the equivalent
width model [18]. We simulated about 1000 GSG configuration of the SWCNT bundles with the
following geometric parameters; 10 pin < < 1000, /iin, lOd < < 20d and O.liiij, < < lOzfj,.

The as-grown bundle of SWCNTs contain about 33% m-SWCNTs and the rest is semiconducting,
but using sorting process it is possible to obtain higher percentage of m-SWCNTs. Therefore in this
study, the probability P„, that a given SWCNT in the bundle is metallic is varied from 0.33 to 1.
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Nanotube j>

Figure 2.1: GSG configuration of the SWGNT interconnect bundles implementing a signal line and two
adjacent ground return paths.

the bundle are replaced by a smaller number of conductors with same resistivity as that of ohmic

resistivity of an individual nanotube pt. Using this model the magnetic inductance of a SWCNT

bundle can be effectively extracted.

2.4 Bias Voltage Dependence of Loop Inductance in SWCNT In
terconnect

The effect of high bias voltage > 0.1 Volt) particularly on the inductance performance

of the SWCNT based interconnect is analyzed in this study. To analyze this, an interconnect con

figuration with a signal line sandwiched between two ground return paths as shown in Fig. 2.1

which is commonly referred as ground-signal-ground (GSG) is considered. Different dimensions of

the SWCNT bundles in the GSG structure are, is the length of the interconnect, is the bundle

width, \ is the bundle height, is the edge to edge spacing between bundles and d is the SWCNT

diameter and d of 1 nm is assumed in the analysis.

At high bias voltage ( > 0.1 Volt), the resistance of the SWCNT is a function of the bias
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To model the magnetic inductance of the GSG configuration, each SWCNT bundle is represented

by an equivalent conductor with a resistivity same as that of an individual SWCNT at low bias. At

different bias voltages the width and height of the equivalent conductor are adjusted to equate

the resistance of equivalent conductor to that of the SWCNT bundle, as in the equivalent width

model [18]. The loop inductance of the conductor representing the SWCNT bundle [18] is given by

the expression below.
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(2.10)

where / is a vector (2.10) with normalized current in each nanotube and is the partial

inductance matrix which is constructed from the partial self and mutual inductances for all n number

of SWCNTs in the GSG interconnect configuration.

The size of is proportional to the number of SWCNTs in the bundle. For a low complexity

system of SWCNT bundles, equation (2.10) can be used directly to calculate the loop magnetic

inductance. However, to evaluate the loop inductance over a wide range of geometries,'"FastHenry"

a version of multipole-accelerated field solver, which uses a partial element equivalent circuit (PEEC)

formulation similar to the equation (2.10) is used in this study.

2.5 Simulation Results of Loop Inductance

The loop inductance of GSG configuration is estimated using FastHenry a simulator available in

public domain. The SWCNTs are incorporated as a conductor by modifying its resistivity equivalent

to that of SWCNTs. The and \ of the conductor at different bias voltages (O.IV to IV) are cal

culated by equating resistance of the SWCNT bundle and equivalent conductor, as in the equivalent

width model [18]. We simulated about 1000 GSG configuration of the SWCNT bundles with the

following geometric parameters; 10 //m < < 1000, /iin, lOd < < 20fl! and O.lu;^ < < lOu;^.

The as-grown bundle of SWCNTs contain about 33% m-SWCNTs and the rest is semiconducting,

but using sorting process it is possible to obtain higher percentage of m-S\VCNTs. Therefore in this

study, the probability P„, that a given SWCNT in the bundle is metallic is varied from 0.33 to 1.
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During the simulation of GSG structure each conductor is represented by 4 filaments to reduce the

simulation time without compromising in the value of the estimated loop inductance.

The loop inductance of interconnect in GSG configuration for different length at various bias

voltages is shown in Fig. 2.2. It is noticeable in Fig. 2.2(a) that there is a variation in the loop

inductance for a shorter length interconnect (10 /xm) as the bias voltage changes from 0.1 V to 1

V. The increment in the loop inductance for the bias voltage increase is constant irrespective of the

P^ value. However, the variation in loop inductance of a longer length interconnect (1000 /xm) for

various bias voltage is negligible as shown in Fig. 2.2(b). The value of loop inductance is proportional

to the length of the interconnect line as per equations (2.7 - 2.9).
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A common observation in both the short and long interconnects is that the loop inductance
decreases as the P„ value increases from 0.33 to 1 (as-grown SWCNTs to 100% m-SWCNTs). For a
given bias voltage, the variations in loop inductance with respect to is 45% for an interconnect
of length 10 fim and it is 70% when the length is of 1000 /im. This large variation in the inductance
value due to the metallic content in the SWCNT bundle is to be considered while using the SWCNTs
for analog circuit applications. That means, if the SWCNT interconnect line is a part of the analog
tuned circuit, then the change in the P^ value of the SWCNT bundle may considerably affect tuning
of the circuit. Therefore, it is essential to have good control over the chirality during synthesis of
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2.5 Simulation Results of Loop Inductance

SWCNT, to use them in analog circuit applications. However, it has been reported that there will

be no change in the capacitance of the SWCNT bundle even if the percentage of m-SWCNTs in the

bundle changes [15].
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Figure 2.3: Percentage change in loop inductance of a GSG configuration of length 10 fim and \
10 nm. (a) For a separation of 1 nm. (b) For a separation of 100 nm.

S^=1 nm
S^=10 nm
S slOO nm

L^ = lOum^

Large

0.2 0.4 0.6 0.8

Bias Voltage (V)

Figure 2.4: Change in loop inductance as a function of for a constant P„ of 0.33 for interconnects
having different lengths and spacing.

Fig. 2.3 shows percentage change in the loop inductance as a function bias voltage of an inter
connect having a length of 10 //m and — 10 nm, but with different Sj, and P^ values. Fig.
2.3(a) shows variation in the loop inductance at various bias voltage for a of 1 nm is 34% and 21%
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During the simulation of GSG structiure each conductor is represented by 4 filaments to reduce the
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V. The increment in the loop inductance for the bias voltage increase is constant irrespective of the
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given bias voltage, the variations in loop inductance with respect to is 45% for an interconnect

of length 10 fim and it is 70% when the length is of 1000 /xm. This large variation in the inductance
value due to the metallic content in the SWCNT bundle is to be considered while using the SWCNTs
for analog circuit applications. That means, if the SWCNT interconnect line is a part of the analog
tuned circuit, then the change in the P^ value of the SWCNT bundle may considerably affect tuning
of the circuit. Therefore, it is essential to have good control over the chirality during synthesis of
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SWCNT, to use them in analog circuit applications. However, it has been reported that there will

be no change in the capacitance of the SWCNT bundle even if the percentage of m-SWCNTs in the

bundle changes [15].
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Fig. 2.3 shows percentage change in the loop inductance as a function bias voltage of an inter

connect having a length of 10 /xm and = /i^ = 10 nm, but with different and P^ values. Fig.

2.3(a) shows variation in the loop inductance at various bias voltage for a of 1 nm is 34% and 21%
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for of 1 and 0.33, respectively. Similarly, for a GSG configuration with of ICQ nm, variation in

the loop inductance is 9.5% and 8% for a of 1 and 0.33, respectively with respect to given

change. This shows that as the separation increases, variations in the loop inductance with respect

to bias voltage decreases. The change in the loop inductance with respect to is minimized for

large values of and is valid for other dimension of width and height = \) also. The above

analysis is extended to diflFerent lengths and same is plotted in Fig. 2.4.

The variations in loop inductance for various bias voltages of a SWCNT interconnect at a constant

Pm of 0.33, with different length and separation is shown in Fig. 2.4. The interconnects of lengths

10, 200, 600, 1000 //m, of 1, 10, 100 nm and = 10 nm are considered for the analysis.

The loop inductance variation is 21%, 14% and 8% for of 1, 10 and 100 nm, respectively for a

line with length 10 /xm. However, for longer lengths, the variation in inductance for various bias

voltage is less than 1%. Therefore, the loop inductance variation at different bias voltage is critical

for intermediate interconnects. Tjrpically for local interconnects SWCNTs are not used because of

their high intrinsic resistance and Cu is preferred for such cases.

GMT P =0.33

Cu

CNTP =1

o 0.3-

o 0.2-
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Length (^m)

Figure 2.5: Comparison of loop inductance of copper and SWCNT bundles for different lengths and P„
values.

SWCNT especially for lower . Even though the loop inductance of SWCNT is more, at nanometer

dimensions SWCNT is preferred over Cu, because Cu resistance is very large compared to SWCNT.

For interconnect applications SWCNTs having rich metallic property is preferred.

2.6 Summary

In this chapter the modeling of various resistances and inductances associated with the SWCNT

was presented. The impact of bias voltage on the loop inductance of SWCNT bundle was evaluated

for various dimensions of the interconnect GSG configuration. The purity of the m-SWCNT was

also considered during the analysis. The study shows that the inductance change with respect to

bias voltage ranges from 1% to 34% for different interconnect lengths. The highest change in the

inductance was for intermediate interconnects of length 10 /xm and high values. The SWCNT is

a promising candidate to replace the Cu interconnects for intermediate and global interconnects [62]

for improving propagation delay, power and bandwidth. There are reports of selective production of

long, horizontally aligned SWCNTs (> 1 mm) [63], but the selective and lateral growth of SWCNT

is a challenge. It is anticipated that with improved processing technology, the SWCNT will replace

existing Cu interconnects and the presented study will be very relevant in such cases.

i'1

Fig. 2.5 shows the loop inductance exhibited by interconnects of Cu and CNTs of different

Pm value. The loop inductance of GSG configurations of Cu is obtained using FastHenry. While
calculating the resistivity of Cu, the surface scattering and the scattering due to grain boundary

are also considered. Fig. 2.5 shows a large deviation in the loop inductance between the Cu and 23
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for of 1 and 0.33, respectively. Similarly, for a GSG configuration with of 100 nm, variation in

the loop inductance is 9.5% and 8% for a of 1 and 0.33, respectively with respect to given

change. This shows that as the separation increases, v^iations in the loop inductance with respect

to bias voltage decreases. The change in the loop inductance with respect to is minimized for

large values of and is valid for other dimension of width and height (w^ = h^) also. The above

analysis is extended to different lengths and same is plotted in Fig. 2.4.

The variations in loop inductance for various bias voltages of a SWCNT interconnect at a constant

of 0.33, with different length and separation is shown in Fig. 2.4. The interconnects of lengths

10, 200, 600, 1000 fim, Sj of 1, 10, 100 nm and Wj, = \ = 10 nm are considered for the analysis.

The loop inductance variation is 21%, 14% and 8% for of 1, 10 and 100 nm, respectively for a

line with length 10 /im. However, for longer lengths, the variation in inductance for various bias

voltage is less than 1%. Therefore, the loop inductance variation at different bias voltage is critical

for intermediate interconnects. Typically for local interconnects SWCNTs are not used because of

their high intrinsic resistance and Cu is preferred for such cases.

SWCNT especially for lower P^. Even though the loop inductance of SWCNT is more, at nanometer

dimensions SWCNT is preferred over Cu, because Cu resistance is very large compared to SWCNT.

For interconnect applications SWCNTs having rich metallic property is preferred.

2.6 Summary

In this chapter the modeling of various resistances and inductances associated with the SWCNT

was presented. The impact of bias voltage on the loop inductance of SWCNT bundle was evaluated

for various dimensions of the interconnect GSG configuration. The purity of the m-SWCNT was

also considered diiring the analysis. The study shows that the inductance change with respect to

bias voltage ranges from 1% to 34% for different interconnect lengths. The highest change in the

inductance was for intermediate interconnects of length 10 fxm and high P^ values. The SWCNT is

a promising candidate to replace the Cu interconnects for intermediate and global interconnects [62]

for improving propagation delay, power and bandwidth. There are reports of selective production of

long, horizontally aligned SWCNTs (> 1 mm) [63], but the selective and lateral growth of SWCNT

is a challenge. It is anticipated that with improved processing technology, the SWCNT will replace

existing Cu interconnects and the presented study will be very relevant in such cases.
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Figure 2.5: Comparison of loop inductance of copper and SWCNT bundles for different lengths and
values.

Fig. 2.5 shows the loop inductance exhibited by interconnects of Cu and CNTs of different
value. The loop inductance of GSG configurations of Cu is obtained using FastHenry. While

calculating the resistivity of Cu, the surface scattering and the scattering due to grain boundary
are also considered. Fig. 2.5 shows a large deviation in the loop inductance between the Cu and
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3. Design and Simulation of Analog Amplifier Circuits using Carbon Nanotube Field-Effect
Transistors

3.1 Introduction

For the past many decades, dimensions of the silicon Metal Oxide Semiconductor Field-Effect

Transistors (MOSFET) have been shrinking to meet the performance requirements. However, di

mension scaling of MOSFET device will reach an ultimate-limit after various innovations like high-fc

dielectric [64], metal gate [65], Fin FETs [66] and strained FETs [67]. As an alternative, new de

vices such as single electron transistor [68], resonant tuning devices [69] and CNFET [33] are in the

forefront of research activity. Among these new devices, CNFET has shown a greater potential of

taking the place of MOSFET device in the post silicon era. A SWCNT exhibits metallic or semi

conducting characteristics, which enables it to be used for interconnect or transistor applications,

respectively. Due to ballistic transport nature [35], adjustable band gap [70] and very low intrinsic

capacitance [71], SWCNTs are highly recommended for high performance circuit applications. An

other important factor for the CNFET devices to be in the forefront of current research is that, their

fabrication is compatible with the existing CMOS process.

CNFET devices are classified into two categories, based on their mechanism of operation - Schot-

tky Barrier (SB) controlled CNFETs (SB-CNFETs) and MOSFET-like CNFETs. In a SB-CNFET
device, the conductivity is governed by the tunneling of majority carriers through the SBs at the
end contacts. The conductivity of the device can be modulated electrostatically using the gate volt
age by changing height and width of the SB [72] and SB-CNFETs show an am-bipolar transport
behavior [73]. However, in MOSFET-like CNFET devices the conductivity is controlled by the gate
voltage, which modulates the non-tunneling potential behavior of channel region of the device. The
MOSFET-hke CNFET device can be made unipolar by suppressing either electron carriers thereby
results in p-type or hole carriers which results in n-type transport with heavily-doped source/drain
and the doping of SWCNTs can be carried out either electrostatically [74] or chemically [75],

In the last decade, many different types of CNFET devices have been fabricated such as back
gate [33], top gate [76] and dual gate [75] and they are fabricated either using individual SWCNTs
[7], aligned [46] or random network of SWCNTs [46,49]. The CNFET based digital circuits like
inverter, basic logic gates [77-79] and ring oscillators [80] have been fabricated and have shown
better performance compared to the CMOS counterparts. Using the aligned SWCNTs, wafer scale
CNFET devices and CNFET based digital integrated circuits are demonstrated by Koungmin Ryu et
al. [81]. CNFET analog circuit.s like common-source amplifier [74] and high-speed analog circuit [82]

3.1 Introduction

are also demonstrated. A study of high frequency effects on CNFET has been carried out by Pulfrey

et al. [83]. Apart from these experimental validations, CNFET based simulation results of digital

circuits [84-90] and of an analog inverter [91] are reported.

The behavior of devices can be modeled using analjdical expressions based on fundamental physics

or by SPICE compatible models which need not generally derived from the underlying physics. Large-

signal nonlinear device models may be categorized into two types - physical models and empirical

models. Physical models are based upon device physics, and parameters within these models are

based upon physical properties such as oxide thicknesses, substrate doping concentrations, carrier

mobility, etc. Empirical models are entirely based upon curve fitting and unlike a physical model,

the parameters in an empirical model need have no fundamental basis. In the literature physical

models for CNFET based on Landauer expression are reported. Arash Hazeghi et al. [24] proposed a

SPICE compatible model for SB contacted ballistic co-axial CNFET, which reaches self-consistency

in four to five iterations. Another model for a co-axial SB-CNFET device is proposed by Quo Jing et

al. [25], assuming a zero metal/SWCNT contact resistance and ballistic carrier transport for charge

carriers. The effects of reflections at the intersection barrier of source/SWCNT and drain/SWCNT

are considered in the model for co-axial SB-CNFET [26]. A scalable, non-iterative and surface-

potential model for CNFET [27] is also proposed. A SPICE compatible model for CNFET with

multiple number of SWCNTs is proposed by Arijit Raychowdhury et al. [28]. A quasi-analytical

circuit compatible model for an intrinsic ballistic CNFET [29] which can be used on any conventional

circuit simulators, is also reported. An analytical model for CNFET proposed by Deji Akiiiwande

et al. [30] shows that the CNFET drain current is exponentially related to the gate voltage. The

scattering phenomena in CNT and inter CNT capacitance effects in the CNFET are considered in a

HSPICE [31] compatible model for MOSFET-like CNFET proposed by J.Deng et al. [32]. It is almost

impossible to obtain an exact closed-form expression leading to an analytical I- V characteristics with

respect to the terminal voltages due to the complex non-linear simultaneous nature of equations. As

a result, most developed physical'device models use the numerical techniques to obtain the device

characteristics, where the reference point is the surface potential, not the terminal potential such as

Vg, and Vs.

The conventional CMOS circuit designs are carried out using the closed-form analytical equa^

tions based on the device dimensions, so that the designer has the flexibility of choosing the device
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MOSFET-like CNFET device can be made unipolar by suppressing either electron carriers thereby

results in p-type or hole carriers which results in n-type transport with heavily-doped source/drain
and the doping of SWCNTs can be carried out either electrostatically [74] or chemically [75].

In the last decade, many different types of CNFET devices have been fabricated such as back
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[7], aligned [46] or random network of SWCNTs [46,49]. The CNFET based digital circuits like
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CNFET devices and CNFET based digital integrated circuits are demonstrated by Koungmin Ryu et
al. [81]. CNFET analog circuits like common-source amplifier [74] and high-speed analog circuit [82]
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are also demonstrated. A study of high frequency effects on CNFET has been carried out by Pulfrey

et al. [83]. Apart from these experimental validations, CNFET based simulation results of digital

circuits [84-90] and of an analog inverter [91] are reported.

The behavior of devices can be modeled using analytical expressions based on fundamental physics

or by SPICE compatible models which need not generally derived from the underlying physics. Large-

signal nonlinear device models may be categorized into two types - physical models and empirical

models. Physical models are based upon device physics, and parameters within these models are

based upon physical properties such as oxide thicknesses, substrate doping concentrations, carrier

mobility, etc. Empirical models are entirely based upon curve fitting and unlike a physical model,

the parameters in an empirical model need have no fundamental basis. In the literature physical

models for CNFET based on Landauer expression are reported. Arash Hazeghi et al. [24] proposed a

SPICE compatible model for SB contacted ballistic co-axial CNFET, which reaches self-consistency

in four to five iterations. Another model for a co-axial SB-CNFET device is proposed by Quo Jing et

al. [25], assuming a zero metal/SWCNT contact resistance and ballistic carrier transport for charge

carriers. The effects of reflections at the intersection barrier of source/SWCNT and drain/SWCNT

are considered in the model for co-axial SB-CNFET [26]. A scalable, non-iterative and surface-

potential model for CNFET [27] is also proposed. A SPICE compatible model for CNFET with

multiple number of SWCNTs is proposed by Arijit Raychowdhury et al. [28]. A quasi-analytical

circuit compatible model for an intrinsic ballistic CNFET [29] which can be used on any conventional

circuit simulators, is also reported. An analytical model for CNFET proposed by Deji Akinwande

et al. [30] shows that the CNFET drain current is exponentially related to the gate voltage. The

scattering phenomena in CNT and inter CNT capacitance effects in the CNFET are considered in a

HSPICE [31] compatible model for MOSFET-like CNFET proposed by J.Deng et al. [32]. It is almost

impossible to obtain an exact closed-form expression leading to an analjrtical I- V characteristics with

respect to the terminal voltages due to the complex non-linear simultaneous nature of equations. As

a result, most developed physical'device models use the numerical techniques to obtain the device

characteristics, where the reference point is the surface potential, not the terminal potential such as
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The conventional CMOS circuit designs are carried out using the closed-form analytical equa^

tions based on the device dimensions, so that the designer has the flexibility of choosing the device
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dimensions to meet the design specifications. Then, the circuit designs are verified and optimized

using simulation tools. The layouts are drawn and post-layout simulations are performed to verify

the circuit design for the specifications and final device fabrication will be based on these layouts.

SimUaxly to realize the electronic circuits using CNFET devices, it is necessary to design the circuit

in terms of device dimensions and verify it using simulation tool before fabrication. As discussed

earher, CNFET has both analytical and SPICE compatible models, among them the MOSFET-like

CNFET model [32] proposed by J. Deng et al. is useful in terms of practical implementation. In this

model user can specify the dimensions of device such as number, spacing, diameter of the SWCNTs,

etc. and some process parameters.

Even though there are many models for CNFET device available in literature, to the best of our

knowledge there is no report available comparing the performance of the CNFET analog circuits

with that of the MOSFET circuits. One reason for lack of such a study may be due to the non
availability of closed-form expression for the drain current of CNFET in terms of device dimensions.

Such expressions are needed at the conceptual stage of circuit design and are useful for quick hand
analysis. Without the closed-form current expression in terms of device and process parameters it
is difficult to design and optimize the circuit to the required specifications. When one is not sure
whether the designed CNFET circmt is optimized, a comparison to the CMOS counterpart cannot
be carried out appropriately. Hence an equation for the drain current of CNFET that includes
the device dimensions like channel length, SWCNT diameter, spacing, number of SWCNTs, gate
voltage and process parameters similar to MOSFET quadratic-form drain current equation is highly
desirable. In this chapter, closed-form equations for the drain current and drain to source saturation
voltage of the MOSFET-hke CNFETs are derived using curve fitting method. These equations are
obtained by performing accurate simulations on MOSFET-hke CNFET model proposed by J. Deng
et al. [32]. Although these proposed models are based on curve fitting method, but they provide
a quick first order numerical estimate of drain current and drain to source voltage of the CNFET.
Using these closed-form models it is possible to design CNFET based amplifier circuits for the
given specifications. The optimized CNFET device dimensions for the desired circuits are estimated
for a given specifications by quick hand calculations and later the design is verified by simulation.
Subsequently, it is also possible to compare the CNFET circuit's performance with corresponding
CMOS circuits.

3.2 Simplified Closed-Form Equations for CNFET

The sections of this chapter are arranged as follows. Section 3.2 discusses the equations for

saturated drain current and drain to source saturation voltage of MOSFET-hke CNFET. Design of

CNFET common-source amplifier and its performance comparison with CMOS counterpart are pre

sented in section 3.3. A single-stage differential amplifier circuit using CNFETs as weU as MOSFETs

is presented in section 3.4. Finally, section 3.5 summarizes the chapter.

3.2 Simplified Closed-Form Equations for CNFET

In this section, the closed-form equations for drain current and drain to source voltage of the

CNFET arc discussed. The structure and dimensions of the MOSFET-like CNFET is discussed

first. Fig. 3.1 shows the 3D structure of the MOSFET-hke CNFET device and related device

dimensions. CNFET device consists of one or more s-SWCNTs deposited over the bulk dielectric

acting as conducting channel, bridging the source/drain contacts [92]. The gate terminal of device

will electrostatically turn on or off the CNFET device through the capacitive control achieved by the

gate dielectric. The SWCNTs under the channel region is intrinsic, but the other regions of SWCNT

are heavily doped [75,88]. In this chapter, MOSFET-hke CNFET is mentioned a as CNFET unless

otherwise specified.

The different dimensions of the CNFET device are shown in Fig. 3.1, where is the channel

length, which is the length of undoped SWCNT and hes underneath the gate contact, is the

length of doped SWCNT source/drain extension region, N is the number of SWCNTs, S is the

separation between SWCNTs (pitch), the diameter of the SWCNT, is the physical

thickness of gate-oxide and is the dielectric constant of the gate-oxide material.

Next, some important parameters of CNFET model are discussed. The mean free path length

(MFP) is a major factor that decides the ballistic or near-ballistic carrier transport property of a

SWCNT. The experimentally observed ultra long elastic scattering MFP of SWCNT is 1 //m [35].

However, by considering the effects of optical phonon scattering [93] and acoustic phonon scattering

[94] in the SWCNT, MFP of intrinsic SWCNT is chosen as 100 nm [74] and same for p"'"/n"^
doped SWCNT (L is 15 nm. To reduce the effect of SB in CNFET device, the work function of

SWCNT and metal is chosen as 4.5 eV [95] and 4.6 eV respectively. The relative dielectric constant

(K ) of the substrate is chosen as 4. To reduce the interconnect parasitic capacitance in theV  bulk '

CNFET device an inter-electrode material with relative dielectric constant of value of 2 is
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dimensions to meet the design specifications. Then, the circuit designs are verified and optimized

using simulation tools. The layouts are drawn and post-layout simulations are performed to verify

the circuit design for the specifications and final device fabrication will be based on these layouts.

Similarly to realize the electronic circuits using CNFET devices, it is necessary to design the circuit

in terms of device dimensions and verify it using simulation tool before fabrication. As discussed

earUer, CNFET has both analytical and SPICE compatible models, among them the MOSFET-like

CNFET model [32] proposed by J. Deng et al. is useful in terms of practical implementation. In this

model user can specify the dimensions of device such as number, spacing, diameter of the SWCNTs,
etc. and some process parameters.

Even though there are many models for CNFET device available in literature, to the best of our
knowledge there is no report available comparing the performance of the CNFET analog circuits

with that of the MOSFET circuits. One reason for lack of such a study may be due to the non
availability of closed-form expression for the drain current of CNFET in terms of device dimensions.

Such expressions are needed at the conceptual stage of circuit design and are useful for quick hand
analysis. Without the closed-form current expression in terms of device and process parameters it
is difficult to design and optimize the circuit to the required specifications. When one is not sure
whether the designed CNFET circuit is optimized, a comparison to the CMOS counterpart cannot
be carried out appropriately. Hence an equation for the drain current of CNFET that includes
the device dimensions like channel length, SWCNT diameter, spaeing, number of SWCNTs, gate
voltage and process parameters similar to MOSFET quadratic-form drain current equation is highly
desirable. In this chapter, closed-form equations for the drain current and drain to source saturation
voltage of the MOSFET-hke CNFETs are derived using curve fitting method. These equations are
obtained by performing accurate simulations on MOSFET-like CNFET model proposed by J. Deng
et al. [32]. Although these proposed models are based on curve fitting method, but they provide
a quick first order numerical estimate of drain current and drain to source voltage of the CNFET.
Using these closed-form models it is possible to design CNFET based amplifier circuits for the
given specifications. The optimized CNFET device dimensions for the desired circuits are estimated
for a given specifications by quick hand calculations and later the design is verified by simulation.
Subsequently, it is also possible to compare the CNFET circuit's performance with corresponding
CMOS circuits.
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The sections of this chapter are arranged as follows. Section 3.2 discusses the equations for

saturated drain current and drain to source saturation voltage of MOSFET-like CNFET. Design of

CNFET common-source amplifier and its performance comparison with CMOS counterpart are pre

sented in section 3.3. A single-stage differential amplifier circuit using CNFETs as well as MOSFETs

is presented in section 3.4. Finally, section 3.5 summarizes the chapter.

3.2 Simplified Closed-Form Equations for CNFET

In this section, the closed-form equations for drain current and drain to source voltage of the

CNFET are discussed. The structure and dimensions of the MOSFET-like CNFET is discussed

first. Fig. 3.1 shows the 3D structure of the MOSFET-like CNFET device and related device

dimensions. CNFET device consists of one or more s-SWCNTs deposited over the bulk dielectric

acting as conducting channel, bridging the source/drain contacts [92]. The gate terminal of device

will electrostatically turn on or off the CNFET device through the capacitive control achieved by the

gate dielectric. The SWCNTs under the channel region is intrinsic, but the other regions of SWCNT

are heavily doped [75,88]. In this chapter, MOSFET-like CNFET is mentioned a as CNFET unless

otherwise specified.

The different dimensions of the CNFET device are shown in Fig. 3.1, where is the channel

length, which is the length of undoped SWCNT and Ues underneath the gate contact, is the

length of doped SWCNT source/drain extension region, N is the number of SWCNTs, S is the

separation between SWCNTs (pitch), is the diameter of the SWCNT, is the physical

thickness of gate-oxide and is the dielectric constant of the gate-oxide material.

Next, some important parameters of CNFET model are discussed. The mean free path length

(MFP) is a major factor that decides the ballistic or near-ballistic carrier transport property of a

SWCNT. The experimentally observed ultra long elastic scattering MFP of SWCNT is 1 fxm [35].

However, by considering the effects of optical phonon scattering [93] and acoustic phonon scattering

[94] in the SWCNT, MFP of intrinsic SWCNT is chosen as 100 nm [74] and same for p'''/n+

doped SWCNT {L jj) is 15 nm. To reduce the effect of SB in CNFET device, the work function of

SWCNT and metal is chosen as 4.5 eV [95] and 4.6 eV respectively. The relative dielectric constant

(K ) of the substrate is chosen as 4. To reduce the interconnect parasitic capacitance in theV  bulk '

CNFET device an inter-electrode material with relative dielectric constant of value of 2 is
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Figure 3.1: (a) The 3D structure of CNFET with multiple channels, (b) Cross sectional view of CNFET
indicating different dimensions, (c) lop view of the device.

used. A value of relative dielectrie constant of the gate-oxide (Ar„, J is and physical thickness
of gate dielectric layer (T,.., ) of 10 nm are selected for CNFET device. Other parameters of the
CNFET model assumed to have default values mentioned in the data sheet of J. Deng's model [96].

The diameter of the SWCNT is related to the carbon lattice constant (a) and chirality (m, nj)
of the SWCNT, as expressed in equation (1.2). In this work, CNFET device is assumed to have only
s-SWCNTs as the channel material. The threshold voltage (F„) is an important parameter which
decides the performance of CNFET and is related to the diameter of SWCNT [32] as expressed in
the equation (3.1).

1/ ®
TO rx—

v5 eD„

Where a — 2.49 A, e electron charge, Vj^ is carbon n - n bond energy = 3.033 eV

3.2 Simplified Closed-Form Equations for CNFET

Various range of values for different device and voltage parameters used during the simulation

are summarized in Table 3.1.

Table 3.1: Typical range of values for different parameters of CNFET device.

Parameter Range of values Units

k. 30 - 100 nm

s 5 - 20 nm

Tphys 2 - 10 nm

^CNT 1 - 2 nm

V
' GS 0.35 - 1.5 V

N 1 - 100 -

^gate 4 - 20 -

3.2.1 Saturation Drain Current Equation

In this subsection, a closed-form equation for the drain current (I^) of CNFET in terms of the

device parameter is presented. The CNFET drain current dependency on different parameters such

as Vgs' L^/1. considered. This is done by carrying out suitable

simulations by varying different parameters of the CNFET. Fig. 3.2 summarizes the dependency of

Ijj on different parameters of the CNFET device. Fig. 3.2(a) shows the dependency of CNFET drain

current on V , for various SWCNT diameters. Fig. 3.2(b) shows effect of the channel length on the
as

at different gate voltages. Fig. 3.2(c) shows that for lower gate voltages, is almost constant for

the given range of L ̂ values. Fig. 3.2(d) shows that the drain current is directly proportional to the

SWCNT diameter. Fig. 3.2(e) shows that is affected by the number of SWCNTs substantially.

Fig. 3.2(f) shows that the drain current is not affected by spacing of the SWCNTs. The drain

current is also a function of the physical thickness and the dielectric constant of the

gate oxide material. The curve fitting method is used to find the influence of each parameter on the

saturated drain current of CNFET. Finally, the combined effect of all parameters on the saturated

drain current has been computed and is expressed as given below.

T  r Satc-'^^CNT^ ^ch n/ _y X 10'"" i rpO.SS V ^ GS ^ to) ^
sd phys
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Figure 3.1: (a) The 3D structure ot CNFET with multiple channels, (b) Cross sectional view ot CNFET
indicating different dimensions, (c) lop view of the device.

used. A value of relative dielectric constant of the gate-oride (K,.„) of 16 and physical thickness
of gate dielectric layer (T,.„ ) of 10 nm are selected for CNFET device. Other parameters of the
CNFET model assumed to have default values mentioned in the data sheet of J. Deng's model [96].

The diameter of the SWCNT is related to the carbon lattice constant (o) and chirality (n„ <^)
of the SWCNT, as expressed in equation (1.2). In this work, CNFET device is assumed to have only
s-SWCNTs as the channel material. The threshold voltage (F,,) is an Important parameter which
decides the performance of CNFET and is related to the diameter of SWCNT (32| as expressed in
the equation (3.1).

f/ ®
TO 7^—

vS eD^

3.2 Simplified Closed-Form Equations for CNFET

Various range of values for different device and voltage parameters used during the simulation

are summarized in Table 3.1.

Table 3.1: Typical range of values for different parameters of CNFET device.

Parameter Range of values Units

k. 30 - 100 nm

s 5 - 20 nm

Tphys 2 - 10 nm

^CNT 1 - 2 nm

V
'as

0.35 - 1.5 V

N 1 - 100 -

4 - 20 -

3.2.1 Saturation Drain Current Equation

In this subsection, a closed-form equation for the drain current (7^) of CNFET in terms of the

device parameter is presented. The CNFET drain current dependency on different parameters such

as Lai ^cNT' S, and are considered. This is done by carrying out suitable

simulations by varying different parameters of the CNEET. Eig. 3.2 summarizes the dependency of

Ijy on different parameters of the CNEET device. Fig. 3.2(a) shows the dependency of CNFET drain

current on . for various SWCNT diameters. Fig. 3.2(b) shows effect of the channel length on the
GS

at different gate voltages. Fig. 3.2(c) shows that for lower gate voltages, 7p is almost constant for

the given range oi L ̂ values. Fig. 3.2(d) shows that the drain current is directly proportional to the

SWCNT diameter. Fig. 3.2(e) shows that 7^ is affected by the number of SWCNTs substantially.

Fig. 3.2(f) shows that the drain current is not affected by spacing of the SWCNTs. The drain

current is also a function of the physical thickness (Tp/iji^) I'h® dielectric constant of the

gate oxide material. The curve fitting method is used to find the influence of each parameter on the

saturated drain current of CNFET. Finally, the combined effect of all parameters on the saturated

drain current has been computed and is expressed as given below.

.  AT T~l' S qO.2 j.0.18

T ^ r g""' - V X jo'"Ip — G, j^O.SI rpO.SS y^GS ^TO) ^
sd phys

Where a = 2.49 A, e = electron charge, is carbon 7r - tf bond energy = 3.033 eV
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where is in Arhps, ^cnt^ ^p/.y» ^^e in nm. and are in Volts.

C\ is the curve fitting constant and 1.3 is its value. The unit of will be such that left side and

right side of equation (3.2) is matched unit wise.

Even though the proposed drain current equation of CNFET expressed in equation (3 2) is

based on curve fitting method, it gives a good estimation of the drain current for the given device

specification. In a special case, CNFET with only one SWCNT as the channel material, the pitch

value of 20 nm is used to estimate the drain current. The range of the channel length of CNFET is

restricted to 100 nm because the study shows that as the channel length of CNFET increases the Ip

increases until reaches 100 nm and saturates for beyond 100 nm [32].

To investigate the accuracy of the proposed equation, the saturated drain current of CNFET

estimated by the proposed equation is compared with J. Deng's model [32] over a wide range of

different parameter values shown in Table 3.1. The percentage deviation in Ip is calculated using

the equation given below.

% ieviatum in /„ = ^ joo
Ip of J. Deng's model

The comparisons are grouped into three categories as given below and in all the cases the %

deviation in Ip is plotted against In the first category, CNFET device dimensions L and
ch

are maintained constant at 32 nm and % deviation in 7^, are obtained by varying parameters

like Vpg, Dpf^.p, T^itysf ^gate^ 5 and N aver a wide range of values shown in Table 3.1. Fig. 3.3(a)

shows the percentage deviation in Ip versus the CNT diameter for the first category. For a particular

value of = 1.03 nm, the drain current obtained by the proposed equation underestimates drain

current of the J. Deng's model by -7% with a spread over ±4%. The combined effect of all the above

mentioned parameter variations causes the spread over of ±4% around the mean value. In other

words, the extreme % deviations in Ip ranges between -3% and -11% for = 1 03 nm

In the second category, and are kept at a constant value of 0.55 V and 32 nm, respectively

and 4,., Sand Nare varied over the range as shown in Table 3.1. The percentage

deviation in Ip for the second category are plotted in Fig. 3.3(b). For a particular value of D =

1.34 nm, the CNFET drain current obtained by the proposed equation underestimates the / of the

32
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Figure 3.2: Dependency of CNFET drain current on different parameters, (a) shows the effect for
different diameter of SWCNTs. For curves (b) to (f) is varied from 0.35 V to 0.65 V. (b) for various
channel lengths, (c) for different 4<i values, (d) for various SWCNT diameter, (e) as a function of number of
SWCNTs and (f) for different spacing between the SWCNTs.

J Deng's model by - 6.3% and a spread over of ±4.3% resulting in extreme deviations ranging from

-2% to -10.6%.
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where is in Amps, ^sdi ̂ cnt> "^phys nm. and are in Volts.

Cj is the curve fitting constant and 1.3 is its value. The unit of will be such that left side and

right side of equation (3.2) is matched unit wise.

Even though the proposed drain current equation of CNFET expressed in equation (3.2) is

based on curve fitting method, it gives a good estimation of the drain current for the given device

specification. In a special case, CNFET with only one SWCNT as the channel material, the pitch

value of 20 nm is used to estimate the drain current. The range of the channel length of CNFET is

restricted to 100 nm because the study shows that as the channel length of CNFET increases the

increeises until reaches 100 nm and saturates for beyond 100 nm [32].

To investigate the accuracy of the proposed equation, the saturated drain current of CNFET

estimated by the proposed equation is compared with J. Deng's model [32] over a wide range of

different parameter values shown in Table 3.1. The percentage deviation in is calculated using

the equation given below.

w ̂  T = 0/ yroposed equation - J„ of J, Deng's model)% deviation in Iq j z j~. ^ -p— x 100
Jd of J. Deng's model

The comparisons are grouped into three categories as given below and in all the cases the %

deviation in is plotted against In the first category, CNFET device dimensions and

are maintained constant at 32 nm and % deviation in are obtained by varying parameters

like Vcs > ^CNT ' '^phys ' ̂gate' S and A over a wide range of values shown in Table 3.1. Fig. 3.3(a)

shows the percentage deviation in versus the CNT diameter for the first category. For a particular

value of nm, the drain current obtained by the proposed equation underestimates drain

current of the J. Deng's model by -7% with a spread over ±4%. The combined effect of all the above

mentioned parameter variations causes the spread over of ±4% around the mean value. In other

words, the extreme % deviations in 7^ ranges between -3% and -11% for = 1.03 nm.

In the second category, and are kept at a constant value of 0.55 V and 32 nm, respectively

and 1 ^CST ' ' p̂hys ' 1 S and A are varied over the range as shown in Table 3.1. The percentage

deviation in 7^ for the second category are plotted in Fig. 3.3(b). For a particular value of =

1.34 nm, the CNFET drain current obtained by the proposed equation underestimates the 7^ of the

D- - s 1.03 nm

1
400
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Vc, « 0-35 V
V _ = 0.55V
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Figure 3.2: Dependency of CNFET drain current on different parameters, (a) shows the Vgs effect for
different diameter of SWCNTs. For curves (b) to (f) is varied from 0.35 V to 0.65 V. (b) for various
channel lengths, (c) for different values, (d) for various SWCNT diameter, (e) as a function of number of
SWCNTs and (f) for different spacing between the SWCNTs.

J. Deng's model by - 6.3% and a spread over of ±4.3% resulting in extreme deviations ranging from

-2% to -10.6%.
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Figure 3.3: Percentage deviation in the proposed equation current compared to J. Deng's model [32] for (a)
Vos = 0-55 V, = 32 nm and other parameters are varied within range indicated in Table 3.1 (b) =
32 nm, 32 nm and other parameters are varied within range indicated in Table 3.1 (c) V^s = 0-55 V,
L ̂ = Z2 and other parameters are varied within range indicated in Table 3.1.

In the third category, the CNFET drain current estimation is carried out by varying . ̂gate >

S and N over the range as shown in Table 3.1, is varied from 30 nm to 100 nm, but and

are kept at a constant value of 0.55 V and 32 nm, respectively. Fig. 3.3(c) shows the percentage

deviation in for the third category. From this error plot, it may be noted that for a particular

value of Dcnt ~ proposed equation overestimates the drain current by 4% with a spread

over of ±3% causing deviations ranging between 1% and 7%.

Considering all the three categories in Fig. 3.3, the proposed equation (3.2) estimates the drain

current within about ±10% when compared to the J. Deng's model for most of the parameter

34
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variations mentioned in Table 3.1. However, for SWCNT diameter of 1.1 nm and 1.5 nm, the

proposed equation vmderestimates the drain current below 15% and this happens only when the

SWCNTs in the device are widely spaced. On the other extreme, as seen in Fig. 3.3(b) for a

of 1.98 nm, the proposed equation overestimates the drain current with a maximum deviation of

+13%, again for the widely spaced SWCNTs. In summary, the proposed equation estimates the

drain current satisfactorily for most of the device dimensions, gate voltages and process parameters.

Therefore using the proposed equation it is possible to estimate the drain current for the given device

specifications or conversely estimate the device dimensions of CNFET for the given drain current.

To verify the timing efficiency of the proposed equation, a CNFET device with typical device

dimensions, gate voltage and process parameters is considered. To estimate the drain current of

CNFET, Matlab is used for the proposed equation and HSPICE for the J. Deng's model. For the

fair timing comparison, both Matlab and HSPICE are executed on a Intel Pentium-4 system with

the CPU operating at 3.00 GHz on Linux platform. The proposed equation estimated the CNFET

drain current in 98 /usec, where as the J. Deng's model estimated the same in 280 msec for the

same device parameters. Because of a closed-form nature, the proposed equation estimates the drain

current much faster than the J. Deng's model. It is observed that the drain current estimation time

of both the models is independent of device dimensions.

The transconductance (g„J is an important parameter of the active device during the design of

analog circuits. The g„of CNFET is obtained by differentiating the drain current equation with

respect to V^s aifo given below.

(3.3)
~ ( - Vro)

3.2.2 Drain to Source Saturation Voltage Equation

In this subsection, the modeling of drain to source voltage (Uos.at) at which the CNFET drain

current saturates is presented. It is one of important parameters of the device that is to be considered

during the amplifier design because, the V^s-^at '^alue of individual transistor will decide the overall

output voltage swing of the amplifier. It is observed that the value of the CNFET is not

only a function of the voltages ^GS and V^o. but also depends on the device dimensions L,, and

The dependency on and is in contrast to the conventional MOSFETs. The dependency

of f'ns.at o" ̂ To is represented in terms of the SWCNT diameter, because depends 011 Dcnt
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Figure 3.3: Percentage deviation in the proposed equation current compared to J. Deng's model [32] for (a)
Vas = 0 5b V, = 32 nm and other parameters are varied within range indicated in Table 3.1 (b) L,,. =
32 nm, 1^^= 32 nm and other parameters are varied within range indicated in Table 3.1 (c) V^s = 0-55 V,

=32 and other parameters are varied within range indicated in Table 3.1.

In the third category, the CNFET drain current estimation is carried out by varying

S and N over the range as shown in Table 3.1, is varied from 30 nm to ICQ nm, but ^-nd

are kept at a constant value of 0.55 V and 32 nm, respectively. Fig. 3.3(c) shows the percentage

deviation in for the third category. R:om this error plot, it may be noted that for a particular

value of Dcnt = proposed equation overestimates the drain current by 4% with a spread

over of ±3% causing deviations ranging between 1% and 7%.

Considering all the three categories in Fig. 3.3, the proposed equation (3.2) estimates the drain

current within about ±10% when compared to the J. Deng's model for most of the parameter
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variations mentioned in Table 3.1. However, for SWCNT diameter of 1.1 nm and 1.5 nm, the

proposed equation underestimates the drain current below 15% and this happens only when the

SWCNTs in the device axe widely spaced. On the other extreme, as seen in Fig. 3.3(b) for a

of 1.98 nm, the proposed equation overestimates the drain current with a maximum deviation of

+13%, again for the widely spaced SWCNTs. In summary, the proposed equation estimates the

drain current satisfactorily for most of the device dimensions, gate voltages and process parameters.

Therefore using the proposed equation it is possible to estimate the drain current for the given device

specifications or conversely estimate the device dimensions of CNFET for the given drain current.

To verify the timing efficiency of the proposed equation, a CNFET device with typical device

dimensions, gate voltage and process parameters is considered. To estimate the drain current of

CNFET, Matlab is used for the proposed equation and HSPICE for the J. Deng's model. For the

fair timing comparison, both Matlab and HSPICE are execxited on a Intel Pentium-4 system with

the CPU operating at 3.00 GHz on Linux platform. The proposed equation estimated the CNFET

drain current in 98 fisec, where as the J. Deng's model estimated the same in 280 msec for the

same device parameters. Because of a closed-form nature, the proposed equation estimates the drain

current much faster than the J. Deng's model. It is observed that the drain ciurrent estimation time

of both the models is independent of device dimensions.

The transconductance {g„^) is an important parameter of the active device during the design of

analog circuits. The g^of CNFET is obtained by differentiating the drain current equation with

respect to and is given below.

1.2h

- Vro)

3.2.2 Drain to Source Saturation Voltage Equation

(3.3)

In this subsection, the modeling of drain to source voltage ( ) at which the CNFET drain

current saturates is presented. It is one of important parameters of the device that is to be considered

during the amplifier design because, the Vps^at value of individual transistor will decide the overall

output voltage swing of the amplifier. It is observed that the value of the CNFET is not

only a function of the voltages Vc,., and V^o, but also depends on the device dimensions

The dependency on and is in contrast to the conventional MOSFETs. The dependency

of on Vj-o is represented in terms of the SWCNT diameter, because depends on D,'CNT
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as shown in equation (3.1). The CNFET device dimensions such as number of SWCNTs, and

spacing between SWCNTs will not affect the value.

The dependency of V^ssat channel length of CNFET can be examined from the output

characteristics shown in Fig. 3.4 . The variations in value with respect to the channel length

of short channel CNFET devices is less compared to the variations in of the longer channel

length CNFET devices. This phenomenon is clearly observed in the output characteristics of the

CNFET having channel lengths less than 100 nm in Fig. 3.4(a) and for channel lengths more than

100 nm in Fig. 3.4(b). The CNFET device dimensions considered during the analysis are; —

32 nm, = 1-5 nm, 5—20 nm, N = 1 and other parameters assumed to have default values

mentioned in the users guide [96].

■  = 30 nm

■ '-eh ~ ""i
• L ̂ = 90 nm

0.0 0.5 1.0 1.5 2.0

v.. (V)
0.5 1.0

(V)

Figure 3.4; of n-type CNFET device obtained by simulating the J. Deng's model |32| for
device channel length (a) les.s than 100 nm (b) more than 100 nm.

The dependency of with respect to F^.^,, and for both short and long channel
CNFETs are shown m Fig. 3.5. Fig. 3.5(a) shows the variations in Fp^^^^ of a short channel (40
nm) CNFET for various SWCNT diameters at various values. The variations in Fp. value of

Ut!> Sdt

short channel devices for various values at a constant of 0.35 V is shown in Fig. 3.5(b).
The effect of device channel length on Fp^^,^^ for a short channel device for various SWCNT diameter

and a constant V^g of 0.35 V are shown in Fig. 3.5(c). Similar to the study of F,, variations for
^  ' DSaat

short channel CNFET device, the analysis of long channel CNFET device is also considered. Fig.
3.5(d) shows the variations in Fp^.^, for variation in V^g of a long channel (200 nm) CNFET device

with different SWCNT diameters. The variations in Fp^^^^ for different SWCNT diameters at a

constant F^^ of 0.35 V is shown in Fig. 3.5(e). The influence of the channel length on Fp^^^, for

various SWCNT diameter and at constant V^s is shown in Fig. 3.5(f). The curve fitting method

used to find the influence of the parameters on the Fps,„, of CNFET. The Fp^,^, dependency

on device parameter is different for short and long channel length CNFETs. Therefore, two different

®Tiations for Fp^,,, are suggested, one for less than 100 nm and the other for more than

nm.

The proposed Fp^^^j equation for less than 100 nm is

,1.18 ̂ 0.3 0.7 ..

^DS.,at = ̂2 ̂GS ^ch ^CNT ^ ^

■ proposed Fps.,„, equation for greater than 100 nm is

O.O.'i _0..5.5

G 3 ̂ as .3 CNT

'Vliere K and . are in Volts, i.. and D,„ are m mn. C, and C. are the curve fitting
GS L/oSQ.t

'""'"''nts having values 0.172 and 0.55 respectively. The units of C. and C, will be sndr that left
«ld right side of the equations (3.4) and (3.5) is matched unit wise respectively.

'^Wved expressions for the of CNFET shows that the short channel length devices are
^lapendent on the SWCNT diameter and compared to the longer channel length devices.

TVp . a ■ the CNFET based analog circuits, because they estimate
Dssat models are useful in designing ttie LpInc ^

Voltage drop across CNFET. The accuracy in estimating the V,,,.., value of CNFET by the
equations (3.4) and (3.5) for various channel lengths, SWCNT diameters and gate voltages

sk . , rnkm o«timated Foe , value of both equations resemble
^own in Table 3.2 and 3.3, respectively. The estimatea kp^.,,,,

,  , . u mup maximum deviation of proposed Fp^^.^, equations^^ably well with the simulation results. The maximum u
Wif-i . . , -r rh mnflel for parameter variations mentioned in Table

9% when compared to the J. Deng s model ror p
^•1. mi . r +ko r n and Foq , are applicable for both n- andproposed closed-form equations for the 1^, 9m anu p^aat

CNFETs.

proposed equations for drain current and drain to source saturation voltage of CNFET are
with the experimental results of MOSFET-like CNFET by Amlani et al. 174). The devices

comparison have identical dimensions. Some the parameter values of the device are; MFP of
"^^T is 100 nm, channel length is 700 nm, source and drain length is 400 nm, SWCNT diameter
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as shown in equation (3.1). The CNFET device dimensions such as number of SWCNTs, L . and
'  ad

spacing between SWCNTs will not affect the value.

The dependency of on the channel length of CNFET can be examined from the output

characteristics shown in Fig. 3.4 . The variations in value with respect to the channel length

of short channel CNFET devices is less compared to the variations in of the longer channel

length CNFET devices. This phenomenon is clearly observed in the output characteristics of the

CNFET having channel lengths less than 100 nm in Fig. 3.4(a) and for channel lengths more than

100 nm in Fig. 3.4(b). The CNFET device dimensions considered during the analysis are; =

32 nm, Dcnt — 1-5 nm, S — 20 nm, N — 1 and other parameters assumed to have default values

mentioned in the users guide [96].

0.5 1.0 1,5 2.0

V„.(V)

L . = 200 nm

= 400 nm

= 700 nm

L . s 1000 nm

v„.(V)

(a)
(b)

Figure 3.4: 7-F characteristics of CNFET device obtained by simulating the J Deng's model [32] for
device channel length (a) less than 100 nm (b) more than ICQ nm. e g

The dependency of with respect to and for both short and long channel
CNFETs are shown in Fig. 3.5. Fig. 3.5(a) shows the variations in V^g^^^ of a short channel (40
nm) CNFET for various SWCNT diameters at various F,, values. The variations in value of
short channel devices for various values at a constant V^s of 0.35 V is shown in Fig. 3.5(b).
The effect of device channel length on for a short channel device for various SWCNT diameter
and a constant V^g of 0.35 V are shown in Fig. 3.5(c). Similar to the study of variations for

DSsat

short channel CNFET device, the analysis of long channel CNFET device is also considered. Fig.
3.5(d) shows the variations in V^g^^^ for variation in Vcs of a long channel (200 nm) CNFET device

r

1:
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with different SWCNT diameters. The variations in for different SWCNT diameters at a

constant of 0.35 V is shown in Fig. 3.5(e). The influence of the channel length on V^g^^^ for

various SWCNT diameter and at constant V^s is shown in Fig. 3.5(f). The curve fitting method

was used to find the influence of the parameters on the Vpg^^^ of CNFET. The dependency

on device parameter is different for short and long channel length CNFETs. Therefore, two different

equations for are suggested, one for less than 100 nm and the other for more than

100 nm.

The proposed equation for less than 100 nm is

(3.4)VoSsat = ̂2 ̂GS ^ch ^CNT

The proposed Vpg^^, equation for greater than 100 nm IS

0.95 0.55 y\0.45

yDSsat = ̂3^03 ^CNT
(3.5)

.  ,r 14. r and D are in nm. C, and C, are the curve fittingWhere V^g and Vpg,,^ are in Volts, and Ucnt are 2 3
, ̂ rr The units of C, and C, will be such that leftconstants having values 0.172 and 0.55 respectively, xne unnb 2 3

.  . , , , , x- /■Q /l^ and rs 51 is matched unit wise respectively,side and right side of the equations (3.4) and {o.oj
, PNFET shows that the short channel length devices are

Derived expressions for the Vpg,at
X  and V compared to the longer channel length devices,more dependent on the SWCNT diameter and compar

,  • • a. fVix. rNFET based analog circuits, because they estimateThese Vpg^^^ models are useful in designing the ON f 1
,  " ^ivTtrtn^ Tha accuracy in estimating the Vpg,^, value of CNFET by thethe voltage drop across CNFET. The accu y

•  /O d -^1 for various channel lengths, SWCNT diameters and gate voltagesproposed equations (3.4) and (3.5) tor vari
.  1 T-i,o<><!timated Foe . value of both equations resembleare shown in Table 3.2 and 3.3, respectively. The estimatea

.  , X- naci,lt«5 The maximum deviation of proposed Vpg^^^ equationsreasonably well with the simulation resul
,  T model for parameter variations mentioned in Tableis within 9% when compared to the J. Deng s modei f

frsr- tVtP r a and Fns,at applicable for both n- and3.1. The proposed closed-form equations for the Ip, 9„
p-type CNFETs.

r. J • and drain to source saturation voltage of CNFET areThe proposed equations for drain current and era
.P 1 of MOSFET-like CNFET by Amlani et al. [74], The devicesvalidated with the experimental results ot mwo

•A dimensions. Some the parameter values of the device are; MFP ofused for comparison have identical dim
SWCNT is 100 nm, channel length is 700 nm. source and drain length is 400 nm, SWCNT diameter
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D^ = 1.98 nm

D  = 1.50nm
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Figure 3.5: Dependency of CNFET drain to source saturation voltage on V L and D Ca'* «Viows
the effect at a consent channel length of 40 nm for different SWCNT diameters! fbi shows^the effect of
SWCNT diameter for different chamiel length at a constant gate voltage of 0.35 V (c) shows V variation
for different channel length at of 0.35 V for various SWCNT diameter. V deoendencv of devices
having channel length more than 100 nm for similar parameter variations are shwn 'in (d), (e) and (f).

3.2 Simplified Closed-Form Equations for CNFET

Table 3.2: Comparison of Kds.., of CNFET device estimated by the proposed equation (3.4) and the J.
Deng's model [32].

^CNT
V
DSsat

V
DSsat Error

[Equation 3.4] J. Deng's [32]

(nm) (V) (nm) (V) (V) (%)

30 0.4 1.98 0.29 0.27 6.8

40 0.55 1.5 0.37 0.34 8.1

50 0.35 1.74 0.23 0.24 -4.34

60 0.45 1.34 0.28 0.27 3.57

80 0.6 1.98 0.56 0.54 3.57

100 0.65 1.5 0.54 0.54 0

Table 3.3: Comparison of of CNFET device estimated by the proposed equation equation (3.5) and
the J. Deng's model [32]

ch
V,
GS ^CNT

V  V" DSsat DSaat

[Equation 3.5] J. Deng's [32]

(V) (V)

Error

(%)

200 0.4 1.98 0.52 0.52 0

400 0.35 1.74 0.69 0.71 -2.89

600 0.45 1.34 0.91 0.97 -6.59

800 0.6 1.98 1.66 1.66 0

1000 0.65 1.5 1.78 1.72 3.37

is 2 nm, gate oxide thickness is 10 nm and dielectric constant is 9. The experimentally measured
values of the I, and the are compared with the estimated values by the proposed equations
and the simulated results [32]. Fig. 3.6(a) shows the dram current values of CNFET device obtained
by the experimental measurement, the simulation results and the proposed analytical equation. It
may be noted that the proposed equation (3.2) estimates e value within 10% of tolerance
when compared with experimental and simulated values ly, the proposed equation of
CNFET is validated by experimentally uieasured and alues in Pig. 3.6(h). Similar to the

/p equation, the proposed V^ssat equation also estimat aturation drain voltage within 10% of
tolerance. The other experimental measurement results MOSFET-Uke CNFET reported in [34]
are considered for validation of the proposed equations, but they could not be compared with the
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Figure 3.5: Dependency of CNFET drain to source saturation voltage on V L and D
the Vas effect at a coi^Unt channel length of 40 nm for different SWCNT diameter^ fbi shows the effect of
SWCNT diameter for different chaimel length at a constant gate voltage of O.35 v (c) shows V variation
for different channel length at of 0.35 V for various SWCNT diameter. V deDendencv of devices
having channel length more than 100 nm for similar parameter variations are shcwn 'in (d), (e) and (f).
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Table 3.2: Comparison of of CNFET device estimated by the proposed equation (3.4) and the J.
Deng's model [32].

l^GS ^CNT V̂
 DSaat

[Equation 3.4]
V
DSaat

J. Deng's [32]
Error

(nm) (V) (nm) (V) (V) (%)

30 0.4 1.98 0.29 0.27 6.8

40 0.55 1.5 0.37 0.34 8.1

50 0.35 1.74 0.23 0.24 -4.34

60 0.45 1.34 0.28 0.27 3.57

80 0.6 1.98 0.56 0.54 3.57

100 0.65 1.5 0.54 0.54 0

Table 3.3: Comparison of
the J. Deng's model [32]

of CNFET device estimated by the proposed equation equation (3.5) and

^ch ^GS ^CNT

(nm) (V) (nm)

^DSnat ^DSaat Ertor
[Equation 3.5] J. Deng's [32]

(V)(V) (%)

200 0.4 1.98 0.52 0.52 0

400 0.35 1.74 0.69 0.71 -2.89

600 0.45 1.34 0.91 0.97 -6.59

800 0.6 1.98 1.66 1.66 0

1000 0.65 1.5 1.78 1.72 3.37

is 2 nm, gate oxide thickness is 10 nm and dielectric constant is 9. The experimentally measured
values of the /, and the are compared with the estimated values by the proposed equations
and the simulated results [32]. Fig. 3.6(a) shows the drain current values of CNFET device obtained
by the experimental measurement, the simulation results and the proposed analytical equation. It
may be noted that the proposed equation (3-2) estimates the value within 10% of tolerance
when compared with experimental and simulated values. Similarly, the proposed equation of
CNFET is validated by experimentally measured and simulated values m Fig. 3.6(b). Similar to the
/, equation, the proposed equation also estimates the saturation drain voltage within 10% of
tolerance. The other experimental measurement results of MOSFET-like CNFET reported in [34]
are considered for validation of the proposed equ , ey could not be compared with the
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proposed equations because of non-availability of the details.

Experimental
- Proposed model

Simulation

■  Experimental
—^ Proposed model
* • Simulation

S
H 2.0-

1.1 1.2 1.3 1.4 1.5 1.6 1.7

v.. (V)
0.6 0.8 1.0 1.2 1.4

(V)

Figure 3.6: Comparison of current and voltage estimated by the proposed equations with the experimental
results of Amlani et al. [74] and the simulation results of J. Deng et al. [32]. (a) Drain current for different
gate source voltages, (b) for different gate source voltages.

The proposed drain current equation and drain to source saturation voltage equations of CNFET

are useful in estimating the device dimensions for the design of CNFET analog circuits. Using these
proposed equations it is also possible to estimate the drain current and V value of CNFET for

DSsat.

the given specifications. To justify the benefit of the proposed equations, CNFET analog circuits

are successfully designed, simulated and their performances are compared with CMOS counterpart.

3.3 Common-Source CNFET Amplifiers

Common-source amplifiers (CS-amplifier) having a resistive-load and an active current mirror load

are designed using the proposed equations. The simulations of the designed CNFET CS-amplifiers

are carried out using a HSPICE compatible CNFET model proposed by J. Deng et al. [32]. Similar
CS-amplifiers are designed using the MOSFETs and are simulated using 32 nm node Predictive
Technology Model (PTM) for MOSFET [97]. The performance of both types of amplifiers are
compared at different supply voltages keeping a constant bias current.

The capacitances considered for CNFET are gate to channel Gg^, fringing capacitance C/ between
gate to doped region of SWCNT and coupling capacitance between gate/source or drain contacts

^gta shown in Fig. 3.7. The dimensions of the terminal contacts of CNFET device are; height

Biilk flielecbicl
V  dielectiicl

Subtrate

Figure 3.7: Different capacitance of CNFET. (b) 3D view showing the fringing and inter electrode capaci
tance. (b) Cross sectional view showing gate to channel capacitance.

1  "

;  of gate/source/drain contact is 64 nm, length of source/drain is 32 nm, length of gate contact it
•1 is equal to the channel length and the contact width depends on number of SWCNTs and spacing

11 ; between the SWCNTs.
t  J

^  3.3.1 Resistive-Load ComiTion-Source Amplifier

A typical resistive-load CS-amplifier shown in Fig. 3.8 is designed using CNFETs with the help

of proposed equations (3.2 - 3.5). A supply voltage of 0.9 V and drain current of 50 fiA are initially
I  considered for the CNFET CS-amplifier design. The gate voltage of 0.35 V is selected to minimize

the voltage drop across the CNFET device. The proposed CNFET drain current equation (3.2) is
used to estimate the dimensions of the CNFET device for the given specifications. The CNFET

dimensions obtained are = 32 nm, 4. = 32 nm, = 1.5 nm, 5 = 20 nm, A = 45 and other

parameters assumed to have default values as mentioned in users guide of the J. Deng's model [96].
For the given specifications, the estimated by the proposed equation is 0.24
V. The open circuit voltage gain of the circuit is estimated using the equation (3.6). The 5. and 3,.
are the transconductance and the output conductance of the circuit, respectively. Value of the load
resistor, is chosen to have the optimum voltage gam and output voltage swing for the CNFET
CS-amplifier.

^ =-gmiRoWil/ga,))

The CNFET CS-amplifier performance for a reference bias current of 59 and different supply
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proposed equations because of non-availability of the details.

■ Experimental
9  Proposed model

• • Simulation

Experimental
• Proposed model
Simulation

^ 16^
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3 14-
a

m 2.0-^

1.1 1.2 1.3 1.4 1.5 1.6 1.7 0.6 0.8 1.0 1.2 1.4
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Figure 3.6: Comparison of current and voltage estimated by the proposed equations with the experimental
results of Amlani et al. [74] and the simulation results of J. Deng et al. [32], (a) Drain current for different
gate som'ce voltages, (b) for different gate source voltages.

The proposed drain current equation and drain to source saturation voltage equations of CNFET

are useful in estimating the device dimensions for the design of CNFET analog circuits. Using these
proposed equations it is also possible to estimate the drain current and V value of CNFET for

DSsat

the given specifications. To justify the benefit of the proposed equations, CNFET analog circuits

are successfully designed, simulated and their performances are compared with CMOS counterpart.

3.3 Common-Source CNFET Amplifiers

Common-source amplifiers (CS-amplifier) having a resistive-load and an active current mirror load

are designed using the proposed equations. The simulations of the designed CNFET CS-amplifiers

are carried out using a HSPICE compatible CNFET model proposed by J. Deng et al. [32]. Similar
CS-amphfiers are designed using the MOSFETs and are simulated using 32 nm node Predictive
Technology Model (PTM) for MOSFET [97]. The performance of both types of amplifiers are
compared at different supply voltages keeping a constant bias current.

The capacitances considered for CNFET are gate to channel , fringing capacitance C/ between
gate to doped region of SWCNT and coupling capacitance between gate/source or drain contacts

^otg shown in Fig. 3.7. The dimensions of the terminal contacts of CNFET device are; height

3.3 Common-Source CNFET Amplifiers

Stilk flielectricl Subtrate

Figure 3.7: Different capacitance of CNFET. (b) 3D view showing the fringing and inter electrode capaci
tance. (b) Cro.ss sectional view showing gate to channel capacitance.

of gate/source/drain contact is 64 nm, length of source/drain is 32 nm, length of gate contact it

is equal to the channel length and the contact width depends on number of SWCNTs and spacing

between the SWCNTs.

3.3.1 Resistive-Load Common-Source Amplifier

A typical resistive-load CS-amplifier shown in Fig. 3.8 is designed using CNFETs with the help

of proposed equations (3.2 - 3.5). A supply voltage of 0.9 V and drain current of 50 pA are initially
considered for the CNFET CS-amplifier design. The gate voltage of 0.35 V is selected to minimize
the voltage drop across the CNFET device. The proposed CNFET drain current equation (3.2) is
used to estimate the dimensions of the CNFET device for the given specifications. The CNFET

dimensions obtained are L , = 32 nm, L,, = 32 nm, = 1.5 nm, 5 = 20 nm, A = 45 and other
parameters assumed to haL default values as mentioned in users guide of the J. Deng's model [96].
For the given specifications, the estimated by the proposed equation is 0.24
V. The open circuit voltage gain of the circuit is estimated using the equation (3.6). The 3. and g,,
are the transconductance and the output conductance of the circuit, respectively. Value of the load
resistor, is chosen to have the optimum voltage gam and output voltage swing for the CNFET
CS-amplifier.

A„„ " 9m{Rd\\{1/9J)

The CNFET CS-amplifier performance for a reference bias current of 50 and different supply

P
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Rd

Vout

Figure 3.8: Resistive-load common-source amplifier.

Table 3.4: Performance of the CNFET resistive-load CS-amplifier for different supply voltages.

^DD gain Output voltage
(V) (V/V) (mV)

0.5 1.8 105

0.7 3.3 189

0.9 4.7 271

1.2 6.8 388

1.4 8.3 468

1.6 9.7 550

1.8 11.2 630

2.0 12.6 710

voltages is studied. The voltage gam and output voltage swing of the CS-amplifier are optimized

by selection of proper value of the load resistor. Table 3.4 summarizes the values of supply voltage,

voltage gain and output voltage swing of the CNFET CS-amplifier. It is observed that CNFET CS-
amplifier has a large voltage gain and more output swing for higher supply voltages. The CNFET
amplifier analysis will be incomplete without comparing its performance with the CMOS counterpart.

A MOSFET resistive-load CS-amphfier using the conventional MOSFET current equation is designed

and simulated using PTM model of 32 nm node MOSFET on a HSPICE simulator. The supply

voltage and bias currents of both MOSFET and CNFET based circuits are kept identical so that all

the performance comparison are carried out at constant power.

The linearity, voltage gain and output voltage swing of the CNFET CS-amplifier are compared
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Figure 3.9: Performance comparison of CNFET and MOSFET resisdve-load common-source amplifiers, (a)
Output voltage versus input voltage, (b) Gain versus supply voltage, (c) Output voltage swing versus supply
voltage.

with the MOSFET amplifier. Fig. 3.9(a) shows that at higher output voltage swings the CNFET
amplifier has a better linearity as compared to the MOSF p The plot also shows that the
MOSFET CS-amplifier require more input voltage compared to the CNFET CS-amplifier to obtain
the same output voltage.

The performance of CNFET resistive-load CS-amphfier and MOSFET CS-amplifier is compared
in terms of voltage gain. The voltage gain of both amplifiers for different supply voltages are shown
in Fig. 3.9(b). Slope of the line shown in Fig- 3.9(b) is a measure of performance of the amplifier.
The slope of the line indicates the gain/supply voltage of the amplifier, the slope of the CNFET
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Figure 3.8: Resistive-load common-source amplifier.

Table 3.4; Performance of the CNFET resistive-load CS-amplifier for different supply voltages.

^DD DC gain Output voltage
(V) (V/V) (mV)

0.5 1.8 105

0.7 3.3 189

0.9 4.7 271

1.2 6.8 388

1.4 8.3 468

1.6 9.7 550

1.8 11.2 630

2.0 12.6 710

voltages is studied. The voltage gain and output voltage swing of the CS-amplifier are optimized

by selection of proper value of the load resistor. Table 3.4 summarizes the values of supply voltage,
voltage gain and output voltage swing of the CNFET CS-amplifier. It is observed that CNFET CS-

amplifi®'^ has a large voltage gain and more output swing for higher supply voltages. The CNFET
amplifi^'^ analysis wi complete without comparing its performance with the CMOS counterpart.

A MOSFET resistiv S amplifier using the conventional MOSFET current equation is designed

and simulated using PTM model of 32 nm node MOSFET on a HSPICE simulator. The supply
voltage and bias currents of both MOSFET and CNFET based circuits are kept identical so that all
the performance comparison e carried out at constant power.

The linearity, voltage gain and output voltage swing of the CNFET CS-amplifier are compared
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Figure 3.9: Performance comparison of CNFET and amplifiers, (a)
Output voltage versus input voltage, (b) Gain versus supply voltag . ( ) tput voltage swing versus supply
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with the MOSFET amplifier. Fig. 3.9(a) shows that at higher output voltage swings the CNFET
amplifier has a better linearity as compared to the MOSF p he plot also shows that the
MOSFET CS-amplifier require more input voltage compared to the CNFET CS-amplifier to obtain
the same output voltage.

The performance of CNFET resistive-load CS-amphfier and MOSFET CS-amplifier is compared
in terms of voltage gain. The voltage gain of both ampli r different supply voltages are shown
in Fig. 3.9(b). Slope of the line shown in Fig- 3.9(b) is a measure of Performance of the amplifier.
The slope of the line indicates the gain/supply voltage of the ainpUfiei.^ the slope of the CNFET
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ampUfier is 7.15 per volt as compared to 3.67 per volt for the MOSFET amplifier. The slope shows

that the CNFET CS-amplifier has exhibited more than two times of voltage gain increment per volt,

when compared to the MOSFET CS-amplifier. However, Fig. 3.9(c) shows that the output voltage

swing of the MOSFET CS-amplifier is always more compared to the CNFET amplifier. During the

simulation result measurement of both CS-amplifiers, the total harmonic distortion (THD) of the

output voltage waveform is maintained at 5%. Two parallel lines of the plot in Fig. 3.9(c) shows

proportional increment in the output voltage of both CS-amplifiers for various supply voltages. In

summary, the lower value of CNFET results in a higher voltage gain, but it has less output

voltage swing compared to the MOSFET amplifier.

Wafer scale fabrication of CNFET device is not yet streamlined due to the challenges in large

scale growth of aligned SWCNTs and control over the number of SWCNTs. The dimensions of

channel length and width of the CNFET can be controlled lithographically. However, the SWCNT

diameter and spacing between SWCNTs are growth dependent. Since the SWCNT diameter and

spacing between the SWCNTs (pitch) are not fully controllable therefore, these two parameters are
chosen in the analysis for effects of process variation on the performance of CNFET amplifiers. The
performance of CNFET resistive-load CS-amplifier for various process parameters are studied at a

supply voltage of 0.9 V. During the analysis for every process variation, the CNFET amplifier design
is optimized to achieve better voltage gain and output voltage swing.

Process variations in the SWCNT dimensions of the CNFET will affect the performance of
the CNFET resistiv^load CS-amplifier as shown in Table 3.5. The first two columns give the
values of process variation parameters i.e. SWCNT diameter and pitch. The third column gives

the corresponding value of the number of SWCNTs which mitigate these process variations by
maintaining the same current through the device. As the SWCNT diameter increases, the number of
SWCNTs required to meet the specifications will reduce, which reduces the effective capacitance of
the device thus resulting in a lesser gain of the amplifier. Table 3.5 shows that for a given SWCNT
diameter the CNFET amplifier exhibits a constant voltage gain irrespective of the pitch value. The
output voltage swing of the CNFET amplifier is not affected by the changes in process variations.

The gain per unit area is considered as one of the performance characteristics to compare the area

efficiency of the CNFET amplifier with that of the MOSFET amplifier. Table 3.5 shows that the

gain per unit area of a CNFET amplifier having larger diameter SWCNTs is always more because

(
I'

I
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Table 3.5: Effects of variation in the SWCNT dimensions on the performance of CNFET resistive-load CS
amplifier.

SWCNT diameter

(nm)

Pitch

(nm)

Number of SWCNTs Gain

(V/V)

Output

voltage
(mV)

/  Gain \

^Unit area ̂ CNFET

[(V/V)///m2]

FOM

1.34

5

10

20

171

105

90

6.33

6.02

5.96

215

230

240

57.8

44.7

25.8

10.5

8.1

4.6

1.5

5

10

20

82

52

45

4.87

4.74

4.72

251

261

271

92.7

71.2

40.9

16.8

12.9

7.4

1.74

5

10

20

45

28

24

3.82

3.67

3.62

280

282

283

132.6

101.0

58.9

24.0

18.3

10.6

1.98

5

10

20

30

19

14

3.15

3.11

3.01

278

287

297

188.5

127.8

83.9

34.2

23.2

15.2

It needs less physical area for the device to accommodate lesser number ot SWCNTs. The Figure of
Merit (POM) Is defined as the ratio of gain per area of a CNFET CS-ampllfier to that of a MOSFET
CS-ampllfier. The study of FOM In Table 3.5 shows that the CNFET amplifiers designed with
lower pitch value are always more area efficient than larger pitch values Irrespective of the SWCNT
diameter. The study of process variations also shows that either SWCNT diameter or pitch will not
affect the output voltage of the CNFET CS-ampllfier. Table 3.5 shows that the CNFET amplifier
exhibits a constant voltage gain for a given SWCNT diameter Irrespective of the pitch value. The
CNFET reslstlve-load CS-ampllfiers with a large diameter SWCNTs and a less pitch have shown a
higher FOM value.

3.3.2 Active-Load Common-Source Amplifier

After the detailed study of resistive-load amplifiers, CNFET active-load CS-amplifiers are ana
lyzed. A typical active-load CS-amplifier shown in Fig. 3.10 is designed using CNFET devices with
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amplifier is 7.15 per volt as compared to 3.67 per volt for the MOSFET amplifier. The slope sho^s

that the CNFET CS-amplifier has exhibited more than two times of voltage gain increment per volf'>

when compared to the MOSFET CS-ampUfier. However, Fig. 3.9(c) shows that the output voltage

swing of the MOSFET CS-amplifier is always more compared to the CNFET amplifier. During the

simulation result measurement of both CS-amplifiers, the total harmonic distortion (THD) of the

output voltage waveform is maintained at 5%. Two parallel lines of the plot in Fig. 3.9(c) shows

proportional increment in the output voltage of both CS-amplifiers for various supply voltages.

summary, the lower value of CNFET results in a higher voltage gain, but it has less output

voltage swing compared to the MOSFET amplifier.

Wafer scale fabrication of CNFET device is not yet streamlined due to the challenges in large

scale growth of aligned SWCNTs and control over the number of SWCNTs. The dimensions of

channel length and width of the CNFET can be controlled lithographically. However, the SWCNT

diameter and spacing between SWCNTs are growth dependent. Since the SWCNT diameter and

spacing between the SWCNTs (pitch) are not fully controllable therefore, these two parameters are

chosen in the analysis for effects of process variation on the performance of CNFET amplifiers. The
performance of CNFET resistive-load CS-amplifier for various process parameters are studied at a

supply voltage of 0.9 V. During the analysis for every process variation, the CNFET amplifier design
is optimized to anhieve better voltage gain and output voltage swing.

Process variations in the SWCNT dimensions of the CNFET will affect the performance of

the CNFET resistiv^load CS-amplifier as shown in Table 3.5. The first two columns give the
values of process variation parameters i.e. SWCNT diameter and pitch. The third column gives

the corresponding value of the number of SWCNTs which mitigate these process variations by
maintaining the same current through the device. As the SWCNT diameter increases, the number of
SWCNTs required to meet the specifications will reduce, which reduces the effective capacitance of

the device thus resulting in a lesser gain of the amplifier. Table 3.5 shows that for a given SWCNT
diameter the CNFET amplifier exhibits a constant voltage gain irrespective of the pitch value. The
output voltage swing of the CNFET amplifier is not affected by the changes in process variations.

The gain per unit area is considered as one of the performance characteristics to compare the area

efficiency of the CNFET amplifier with that of the MOSFET amplifier. Table 3.5 shows that the

gain per unit area of a CNFET amplifier having larger diameter SWCNTs is always more because

3.3 Common-Source CNFET Amplifiers

Table 3.5: Effects of variation

amplifier.
in the SWCNT dimensions on the performance of CNFET resistive-load CS

SWCNT diameter

(nm)

Pitch

(nm)

Number of SWCNTs Gain

(V/V)

Output

voltage
(mV)

/  Gain \
^Unit area ̂ CNFET

[(V/V)//im2]

FOM

5 171 6.33 215 57.8 10.5

1.34 10 105 6.02 230 44.7 8.1

20 90 5.96 240 25.8 4.6

5 82 4.87 251 92.7 16.8

1.5 10

20

52

45

4.74

4.72

261

271

71.2

40.9

12.9

7.4

5 45 3.82 280 132.6 24.0

1.74 10

20

28

24

3.67

3.62

282

283

101.0

58.9

18.3

10.6

5 30 3.15 278 188.5 34.2

1.98 10

20

19

14

3.11

3.01

287

297

127.8

83.9

23.2

15.2

it needs less physical area for the device to accommodate lesser number of SWCNTs. The Figure of
Merit (FOM) is defined as the ratio of gain per area of a CNFET CS-amplifier to that of a MOSFET
CS-amplifier. The study of FOM in Table 3.5 shows that the CNFET amplifiers designed with
iower pitch value are always more area efficient than larger pitch values irrespective of the SWCNT
diameter. The study of process variations also shows that either SWCNT diameter or pitch will not
affect the output voltage of the CNFET CS-amplffler- Table 3.5 shows that the CNFET amplifier
exhibits a constant voltage gain for a given SWCNT diameter irrespective of the pitch value. The
CNFET resistive-load CS-amplifiers with a large diameter SWCNTs and a less pitch have shown a
higher FOM value.

3.3.2 Active-Load Common-Source Amplifier

are ana-After the detailed study of resistive-load amplifi i ET active-load CS-amplifiers
lyzed. A typical active-load CS-amplifier shown m Fig. 3.10 is designed using CNFET devices with
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Figure 3.10: Active-load common-source amplifier.

the help of proposed equations (3.2 - 3.6). During the design of CNFET active-load CS-amplifiers

for different supply voltages a constant reference current of 50 /zA and a capacitive load Cl of 10 pF

are considered. While designing the CNFET active-load CS-amplifier for a given supply voltage the
dimensions of three CNFETs (Ml, M2 and M3) are estimated to obtain a large voltage gain and a
large output voltage swing. Table 3.6 shows the DC voltage gain and the output voltage swing of
the CNFET active-load CS-amphfier for different channel lengths and number of SWCNTs of Ml,

M2 and M3 and for different supply voltages. The other device parameters of three CNFETs have

the following parameter values; = 32 nm, = 1.5 nm, 5 = 20 nm and remaining parameters
assumed to have default values as mentioned in the users guide [96]. The lower value of the CN

FETs can be attributed to the gain boosting of a CNFET active-load CS-amplifier at higher supply
voltages. Compared to the resistive-load, the active-load CS-amplifier has a voltage gain which is
improved by a factor of 46 at a supply voltage of 0.5 V. However, the output voltage swing of the
CNFET active-load CS-amphfier is low compared to the resistive-load amplifier because the longer
channel length CNFETs are used in the active-load amplifier.

To compare the performance of the CNFET active-load CS-amplifier with its CMOS counterpart,
a MOSFET active-load CS-amplifier for the same power is designed. The voltage gain, output voltage
and frequency response of the CNFET active-load CS-amplifier are compared with the MOSFET
CS-amplifier- The gain of CNFET active-load common-source amplifier for different supply voltages
compared with gain of the MOSFET CS-amphfier is shown in Fig. 3.11(a). For higher supply

:
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Table 3.6: Details of CNFET device dimensions and performance of a CNFET active-load CS-amplifier for
different supply voltages.

DD
(nm) Number of SWCNTs DC gain Output voltage

(V) Ml M2 M3 Ml M2 M3 (dB) (mV)

0.5 50 32 32 38 39 39 38.4 76

0.7 57 62 62 37 39 39 54.9 100

0.9 90 82 82 35 36 36 64.4 123

1.2 90 83 83 35 34 34 91.3 290

1.4 90 90 90 35 24 24 104.6 413

1.6 89 64 64 35 28 28 118.7 744

voltages the CNFET CS-amplifier exhibits a larger voltage gain when compared to the MOSFET

CS-amplifier. The increase in voltage gain of the CNFET CS-amplifier at higher voltage is due to a

lower value of Pj,. The output voltage swing for different supply voltage of both circuits is shown in

Fig. 3.11(b). For the design optimization of CNFET active-load CS-amplifier at a supply voltage of

1.6 V, CNFET of lesser channel lengths are used as shown in Table 3.6. Due to this output voltage

swing is more compared to that of MOSFET CS-amplifier. During the comparison, the THD of

output voltage is maintained at 5%.

The frequency response of the CNFET active-load CS-amplifier is compared with the MOSFET

amplifier to know the ac performance. Fig. 3.11(c) shows the frequency response of CNFET CS-

amplifier obtained for a supply voltage of 0.9 V with different capacitive loads. The frequency

response of MOSFET CS-amplifier obtained under identical condition is shown in the inset. CNFET

(MOSFET) CS-amplifier showed an open loop gain of 64.4 dB (35 dB) and gam bandwidth product
(GBW) of 10.9 MHz (6.02MHz) for a capacitive load of 10 pF. The CNFET and MOSFET amplifier
circuits with a zero capacitive load have exhibited a GBW of 370 GHz and 30.6 GHz, respectively.
Ten times improvement in the GBW value of the CNFET amplifier can be attributed to a lower value
of intrinsic capacitance of CNFETs. The study of frequency responses of both amplifiers shows that
the CNFET active-load CS-amplifier performs better compared to the MOSFET amplifier in terms
of DC open loop gain and GBW.

The effect of process variations in terms of the SWCNT diameter and pitch for a CNFET active-
load CS-amplifier is examined. In the this study, the SWCNT diameter of range I.34 nm to 1.98 nm

47
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Figiure 3.10: Active-load coinmon-source amplifier.

the help of proposed equations (3.2 - 3.6). During the design of CNFET active-load CS-amplifiers

for different supply voltages a constant reference current of 50 /zA and a capacitive load Cl of 10 pF

are considered. While designing the CNFET active-load CS-amplifier for a given supply voltage the
dimensions of three CNFETs (Ml, M2 and M3) are estimated to obtain a large voltage gain and a
large output voltage swing. Table 3.6 shows the DC voltage gain and the output voltage swing of
the CNFET active-load CS-amplifier for different channel lengths and number of SWCNTs of Ml,

M2 and M3 and for different supply voltages. The other device parameters of three CNFETs have

the following parameter values; L,, = 32 nm, = 1.5 nm, 5 = 20 nm and remaining parameters
assumed to have default values as mentioned in the users guide [96]. The lower g. value of the ON-

^aa

FETs can be attributed to the gain boosting of a CNFET active-load CS-amplifier at higher supply
voltages. Compared to the resistive-load, the active-load CS-amplifier has a voltage gain which is
improved by a factor of 46 at a supply voltage of 0.5 V. However, the output voltage swing of the
CNFET active-load CS-amplifier is low compared to the resistive-load amplifier because the longer
channel length CNFETs are used in the active-load amplifier.

To compare the performance of the CNFET active-load CS-amplifier with its CMOS counterpart,
a MOSFET active-load CS-amphfier for the same power is designed. The voltage gain, output voltage
and frequency response of the CNFET active-load CS-amplifier are compared with the MOSFET
CS-amplifiei • The gain of CNFET active-load common-source amplifier for different supply voltages
compared with gain of the MOSFET CS-amplifier is shown in Fig. 3.H(a). For higher supply
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Table 3.6: Details of CNFET device dimensions and performance of a CNFET active-load CS-amplifier for
different supply voltages.

DD
(nm) Number of SWCNTs DC gain Output voltage

(V) Ml M2 M3 Ml M2 M3 (dB) (mV)

0.5 50 32 32 38 39 39 38.4 76

0.7 57 62 62 37 39 39 54.9 100

0.9 90 82 82 35 36 36 64.4 123

1.2 90 83 83 35 34 34 91.3 290

1.4 90 90 90 35 24 24 104.6 413

1.6 89 64 64 35 28 28 118.7 744

voltages the CNFET CS-amplifier exhibits a larger voltage gain when compared to the MOSFET

CS-amplifier. The increase in voltage gain of the CNFET CS-amplifier at higher voltage is due to a

lower value of . The output voltage swing for different supply voltage of both circuits is shown in

Fig. 3.11(b). For the design optimization of CNFET active-load CS-amplifier at a supply voltage of

1.6 V, CNFET of lesser channel lengths are used as shown in Table 3.6. Due to this output voltage

swing is more compared to that of MOSFET CS-amplifier. During the comparison, the THD of

output voltage is maintained at 5%.

The frequency response of the CNFET active-load CS-amplifier is compared with the MOSFET

amplifier to know the ac performance. Fig. 3.11(c) shows the frequency response of CNFET CS-
amplifier obtained for a supply voltage of 0.9 V with different capacitive loads. The frequency

response of MOSFET CS-amplifier obtained under identical condition is shown m the inset. CNFET
(MOSFET) CS-amplifier showed an open loop gain of 64.4 dB (35 dB) and gain bandwidth product
(GBW) of 10.9 MHz (6.02MHz) for a capacitive load of 10 pF. The CNFET and MOSFET amplifier
circuits with a zero capacitive load have exhibited a GBW of 370 GHz and 30.6 GHz, respectively.
Ten times improvement in the GBW value of the CNFET amplifier can be attributed to a lower value
of intrinsic capacitance of CNFETs. The study of frequency responses of both amplifiers shows that
the CNFET active-load CS-amplifier performs better compared to the MOSFET amplifier in terms
of DC open loop gain and GBW.

The effect of process variations in terms of the SWCNT diameter and pitch for a CNFET active-
load CS-amplifier is examined. In the this study, the SWCNT diameter of range I.34 j gg
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Figure 3.11: Performance comparison of the CNFET active-load CS-amplifier with that of the MOSFET
amplifier, (a) Gain versus supply voltage, (b) Output voltage swing versus supply voltage, (c) Frequency re
sponse of CNFET active-load CS-amplifier for different capacitive loads and inset shows the same for MOSFET
amplifier.
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and the pitch of range 5 nm to 20 nm are considered. The details of CNFET device dimensions such

as, channel length and number of SWCNTs of Ml, M2 and M3 CNFET devices for various possible

process variations are listed in Table 3.7. The effect of process variations on the performance of

CNFET active-load CS-amplifier in terms of output voltage swing and DC gain is listed in Table

3.7. The study of process variation shows that the DC gain of CNFET CS-amplifier decreases with

increase in the SWCNT diameter. However, it is observed that for a given SWCNT diameter, the DC

gain of CNFET CS-amplifier remains constant irrespective of the pitch value. It is noticeable that

3.3 Common-Source CNFET Amplifiers

the process variation of the SWCNT diameter or pitch does not affect the output voltage of the CS-

amplifier. The output voltage swing of CNFET CS-amplifier is less because the longer channel length

devices are used. The gain per unit area of CNFET amplifier mentioned in Table 3.7 shows that

amplifiers with a larger SWCNT diameter are more area efficient than circuits with smaller SWCNT

diameter. The FOM of the active-load amplifiers in Table 3.7 shows that CNFET amplifier performs

better than the MOSFET amplifier, as FOM value is always of the order 2 and even reaching order

3.

Table 3.7: Details CNFET device dimensions and performance of the CNFET active-load CS-amplifier for
various process variations of SWCNT dimensions.

SWCNT diameter Pitch Number of SWCNTs DC gain Output (t;„f°'area).^Unit areafCNFET FOM

voltage

(nm) (nm) Ml M2 M3 Ml M2 M3 (V/V) (mV) (V/V/^m^)

5 90 110 110 137 400 400 2500 130 71.4 212

1.34 10 90 90 90 85 75 75 2697 129 157.0 499

20 90 90 90 73 95 95 2739 129 70.3 226

5 90 90 93 62 66 66 1799 119 358.9 803

1.5 10 90 90 83 40 40 40 1749 120 294.3 642

20 90 82 82 35 36 36 1672 120 116.8 350

5 90 90 83 31 22 22 930 120 860.7 1098

1.74 10 90 90 80 21 25 25 930 120 458.2 581

20 90 90 66 18 18 18 1000 120 312.1 421

5 90 90 65 20 15 15 507 110 1212.3 920

1.98 10 90 90 65 14 13 13 520 114 763.5 591

20 90 90 53 12 12 12 505 112 432.4 327

During the study of CNFET amplifiers, we noticed that the channel length of CNFET device is
one of the important device parameters that affects the performance. The performance of CNFET
active-load CS-amplifier is examined for different channel length of CNFET device. All CNFET
devices of the amplifier under test has of 32 nm, Dcnt of nm and the other parameters
assumed to have default values as mentioned in [96]. However, number of SWCNTs for the given
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Figure 3.11: Performance comparison of the CNFET active-load CS-amplifier with that of the MOSFET
amplifier, (a) Gain versus supply voltage, (b) Output voltage swing versus supply voltage, (c) Frequency re
sponse of CNFET active-load CS-amplifier for different capacitive loads and inset shows the same for MOSFET
amplifier.
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and the pitch of range 5 nm to 20 nm are considered. The details of CNFET device dimensions such

as, channel length and number of SWCNTs of Ml, M2 and M3 CNFET devices for various possible

process variations are listed in Table 3.7. The effect of process variations on the performance of

CNFET active-load CS-amplifier in terms of output voltage swing and DC gain is listed in Table

3.7. The study of process variation shows that the DC gain of CNFET CS-amplifier decreases with

increase in the SWCNT diameter. However, it is observed that for a given SWCNT diameter, the DC

gain of CNFET CS-amplifier remains constant irrespective of the pitch value. It is noticeable that

3.3 Common-Source CNFET Amplifiers

the process variation of the SWCNT diameter or pitch does not affect the output voltage of the CS-

amplifier. The output voltage swing of CNFET CS-amplifier is less because the longer channel length

devices are used. The gain per unit area of CNFET amplifier mentioned in Table 3.7 shows that

amplifiers with a larger SWCNT diameter are more area efficient than circuits with smaller SWCNT

diameter. The FOM of the active-load amplifiers in Table 3.7 shows that CNFET amplifier performs

better than the MOSFET amplifier, as FOM value is always of the order 2 and even reaching order

3.

Table 3.7: Details CNFET device dimensions and performance of the CNFET active-load CS-amplifier for
various process variations of SWCNT dimensions.

SWCNT diameter Pitch Lch nm Number of SWCNTs DC gain Output /  Gain \

^Unit area^CNFET FOM

voltage

(nm) (nm) Ml M2 MS Ml M2 M3 (V/V) (mV) (V/V//xm2)

5 90 110 110 137 400 400 2500 130 71.4 212

1.34 10 90 90 90 85 75 75 2697 129 157.0 499

20 90 90 90 73 95 95 2739 129 70.3 226

5 90 90 93 62 66 66 1799 119 358.9 803

1.5 10 90 90 83 40 40 40 1749 120 294.3 642

20 90 82 82 35 36 36 1672 120 116.8 350

5 90 90 83 31 22 22 930 120 860.7 1098

1.74 10 90 90 80 21 25 25 930 120 458.2 581

20 90 90 66 18 18 18 1000 120 312.1 421

5 90 90 65 20 15 15 507 110 1212.3 920

1.98 10 90 90 65 14 13 13 520 114 763.5 591

20 90 90 53 12 12 12 505 112 432.4 327

ISDuring the study of CNFET amplifiers, we noticed that the channel length of CNFET device
one of the important device parameters that affects the perfon The performance of CNFET
active-load CS-amplifier is examined for different channel length of CNFET device. A.11 CNFET
devices of the amplifier under test has of 32 nm, I^cnt of nm and the other parameters
assumed to have default values as mentioned in [96]. However, number of SWCNTs for the given
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channel length of CNFET device is estimated to optimize the amplifier performance and are listed

in Table 3.8. It is observed from Table 3.8 that for designs with a longer channel lengths, the voltag®

gain of CNFET OS-amplifier reduces because of increased value of CNFET. It is noticeable in

Table 3.8 that, 3S the channel length of CNFETs increases the output voltage swing of the CNFET

CS-amplifier circuit reduces; This is because, as the channel length of CNFET increases, its Vj^ssat

value also increases as expressed in the equations.

Table 3.8: Details of the CNFET dimensions and performance of the CNFET active-load CS-amplifier foi'
various channel length.

^ch (nni) Number of SWCNTs DC gain Output voltage

Ml M2 M3 Ml M2 M3 (dB) (mV)

90 83 83 35 34 34 91.45 290

92 107 107 35 34 34 85.0 231

95 127 127 35 38 38 79.3 200

ioo 154 154 35 33 33 74.57 179

150 156 156 35 30 30 66.26 160

180 153 153 35 31 31 62.6 120

250 138 138 35 35 35 53.8 110

In this section, the practical applications of the proposed equations was demonstrated by design

ing the CNFET based analog amplifiers. It was shown that it is possible to have an estimate of the

dimensions of the CNFET device and its performance can be compared with MOSFET counterparts.

3.4 Single-stage CNFET Differential Amplifier

The differential amplifier is one of the most widely used circuit configuration in the analog

integrated circuit design due to its superior noise suppression performance. A typical single-stage

differential amplifier is shown in Fig. 3.12(a). As in the the previous designs of CNFET and CMOS

amplifiers, differential amplifier circuit is also carried out for a constant power budget. The CNFET

single-stage differential amplifier is designed using the proposed equations (3.2) - (3.5). All CNFET

devices of the single-stage differential amplifier have the following device parameters; = 32 nm,

== ^CNT = 1-5 nm, 5 = 20 nm and the other parameters assumed to have default values
mentioned in [96]. The channel length of CNFET is chosen as 32 nm to reduce V^^sat value of

I
I

■ ^

li

f -
Til

3.4 Single-Stage CNFET Differential Amplifier

CNFET which in turn increase the output voltage of the amplifier. The number of SWCNTs for the

devices Ml - M6 are estimated as 29, 29, 3, 3, 60 and 60, respectively to meet the specifications.

The MOSFET single-stage differential amplifier is also designed for identical specifications. Both

single-stage differential amplifiers are simulated with supply voltages of = 4-0.9 V and F^^ =

-0.9 V.

-C^ = 10pF

-C, =0

1 10* lo' 10* 10' 10* lo"
1.11^ IH»^ I 111^ Iiiw< mil I 111^ 1,,,^ ,,,

id' 10* 10* 10^ 10®

Frequency (Hz)

Figure 3.12: (a) Single-stage differential amplifier circuit, (b) The frequency response of CNFET circuit for
diifercnt capacitivc loads and inset shows the same for MOSFET circuit.

Table 3.9: Performance comparison of a CNFET single-stage differential amplifier with a MOSFET single-
stage differential amplifier.

Parameter CNFET MOSFET

DC gain (dB)

CMRR (dB)
Slew rate (V///s)

Phase margin

ICMR (mV)

Output voltage swing (mV)

Power (/iW)

GBW (MHz)(Cl = 10 pF)

GBW (GHz)(Cl = 0 pF)

-430 to -4600 -300 to +750

620 1000

160 160

7.4 5.6

328 15.8

The performance of a CNFET single-stage differential amplifier is compared with that of a MOS-
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^ch (nm) Number of SWCNTs DC gain Output voltage

Ml M2 M3 Ml M2 M3 (dB) (mV)

90 83 83 35 34 34 91.45 290

92 107 107 35 34 34 85.0 231

95 127 127 35 38 38 79.3 200

loo 154 154 35 33 33 74.57 179

150 156 156 35 30 30 66.26 160

180 153 153 35 31 31 62.6 120

250 138 138 35 35 35 53.8 110

In this section, the practical applications of the proposed equations was demonstrated by design

ing the CNFET based analog amplifiers. It was shown that it is possible to have an estimate of the

dimensions of the CNFET device and its performance can be compared with MOSFET counterparts.

3.4 Single-Stage CNFET Differential Amplifier

The differential amplifier is one of the most widely used circuit configuration in the analog

integrated circuit design due to its superior noise suppression performance. A typical single-stage

differential amplifier is shown in Fig. 3.12(a). As in the the previous designs of CNFET and CMOS

amplifiers, differential amplifier circuit is also carried out for a constant power budget. The CNFET

single-stage differential amplifier is designed using the proposed equations (3.2) - (3.5). All CNFET

devices of the single-stage differential amplifier have the following device parameters; — 32 nm,

^cNT = 1-5 nm, 5 = 20 nm and the other parameters assumed to have default values

mentioned in [96]. The channel length of CNFET is chosen as 32 nm to reduce value of
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channel length of CNFET device is estimated to optimize the amplifier performance and are listed

in Table 3.8. It is observed from Table 3.8 that for designs with a longer channel lengths, the voltage

gain of CNFET CS-amplifier reduces because of increased value of CNFET. It is noticeable in

Table 3.8 that, as the channel length of CNFETs increases the output voltage swing of the CNFEl*

CS-amplifier circuit reduces; This is because, as the channel length of CNFET increases, its V^saat

value also increases as expressed in the equations.

Table 3.8: Details of the CNFET dimensions and performance of the CNFET active-load CS-amplifier for
various channel length.

:  i

1  ::

3.4 Single-Stage CNFET DifferentieJ Amplifier

CNFET which in turn increase the output voltage of the amplifier. The number of SWCNTs for the

devices Ml - M6 are estimated as 29, 29, 3, 3, 60 and 60, respectively to meet the specifications.

The MOSFET single-stage differential amplifier is also designed for identical specifications. Both

single-stage differential amplifiers are simulated with supply voltages of = -f-0.9 V and =

-0.9 V.

M3J[ M4

[fMI M2lhn +
1

M6j[ irMs

-■-C =10pF

(a)

10' 10' 10' 10' 10' 10"
Frequency (Hz)

(b)

Figure 3.12: (a) Single-stage differential amplifier circuit, (b) The frequency response of CNFET circuit for
different capacitive loads and inset shows the same for MOSFET circuit.

Table 3.9: Performance comparison of a CNFET single-stage differential amplifier with a MOSFET single-
stage differential amplifier.

Parameter CNFET MOSFET

DC gain (dB)
CMRR (dB)

Slew rate (V//is)
Phase margin

ICMR (mV)
Output voltage swing (mV)

Power (juW)
GBW (MHz)(Cl = 10 pF)
GBW (GHz)(Cl = 0 pF)

116

154

5

90°

-430 to -1-600
620

160

7.4

328

40

75

6.4

90.4°

-300 to -t-750

1000

160

5.6

15.8

The performance of a CNFET single-stage differential amplifier is compared with that of a MOS-
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FET amplifier. Table 3.9 shows that the CNFET single-stage differential amplifier's DC gain is

superior compared to the MOSFET amphfier. This phenomenon of large voltage gain of CNFET

amplifier is due to a lower value of CNFET devices. The CNFET amplifier's performance in

terms of the common mode rejection ratio (CMRR) is better compared to the MOSFET amplifier.

Some of the performance parameters like slew rate, phase margin and input common mode range

(ICMR) value of both CNFET and MOSFET amplifiers are comparable. However, output voltage

swing of the MOSFET amplifier is more compared to the CNFET amplifier. Fig. 3.12(b) shows the

frequency response of CNFET single-stage differential amplifier obtained with different capacitive

loads. The frequency response of MOSFET amplifier obtained for similar load conditions is shown in

the inset. The ac performance of CNFET single-stage differential amplifier is also better compared

to MOSFET amplifier. The GBW value of CNFET amplifier for a capacitive load and no load

conditions are greater compared to that of MOSFET amplifier. This large GBW value of CNFET

amplifier can be attributed to the lower value of intrinsic capacitance of CNFETs.

3.5 Summary

in terms of device and process parameters, it is difficult to optimize the design to the required

specifications. There are no reports available comparing the performance of the CNFET analog

circuits with that of the CMOS counterparts and therefore this work is relevant. The gain, frequency

response, linearity and output voltage swings are some of the factors used for comparison. The

CNFET CS-amplifiers exhibit a high DC voltage gain and large GBW values compared to the

MOSFET amplifiers. The CNFET differential amplifier showed better performance in terms of DC

voltage gain, GBW. The impact of process variations in SWCNT diameter and pitch of the CNFET

devices on the performances of CNFET amplifier was also examined.

3.5 Summary

An analytical closed-form equation to estimate the drain current of CNFET device was proposed.

The proposed equation is obtained by the curve fitting technique and it includes the device dimen

sions, process parameters and gate voltage. The drain current estimated by the proposed equation

deviated from the drain current of CNFET model reported by J. Deng et al. only by ±10% for most

of the device parameters. Another equation was proposed for of CNFET and it includes the

device parameters and the gate voltage. Both the proposed equations were validated with

the available experimental result and were found matching within 10% error.

The proposed equations of saturated drain current and saturated drain to source voltage of

the CNFET devices were used to design CNFET based analog amplifiers. The progress of the

prospective CNFETs as a post silicon era device depends not only on the design of digital circuits

but also on the analog circuit designs. There are very few reports of analog circuit implementation
using CNFETs. Using proposed equations, the analog circuits like common source amplifiers and
differential amplifiers were designed, simulated and performance of these circuits was compared
with that of the CMOS counterparts. It may be noted that without the closed-form expression
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FET amplifier. Table 3.9 shows that the CNFET single-stage differential amplifier's DC gain is

superior compared to the MOSFET amplifier. This phenomenon of large voltage gain of CNFET

amplifier is due to a lower value of CNFET devices. The CNFET amplifier's performance in

terms of the common mode rejection ratio (CMRR) is better compared to the MOSFET amplifier.

Some of the performance parameters like slew rate, phase margin and input common mode range

(ICMR) value of both CNFET and MOSFET amplifiers are comparable. However, output voltage

swing of the MOSFET amplifier is more compared to the CNFET amplifier. Fig. 3.12(b) shows the

frequency response of CNFET single-stage differential amplifier obtained with different capacitive

loads. The frequency response of MOSFET amplifier obtained for similar load conditions is shown in

the inset. The ac performance of CNFET single-stage differential amplifier is also better compared

to MOSFET amplifier. The GBW value of CNFET amplifier for a capacitive load and no load

conditions are greater compared to that of MOSFET amplifier. This large GBW value of CNFET

amplifier can be attributed to the lower value of intrinsic capacitance of CNFETs.

3.5 Summary

in terms of device and process parameters, it is difficult to optimize the design to the required

specifications. There are no reports available comparing the performance of the CNFET analog

circuits with that of the CMOS counterparts and therefore this work is relevant. The gain, frequency

response, linearity and output voltage swings axe some of the factors used for comparison. The

CNFET CS-amplifiers exhibit a high DC voltage gain and large GBW values compared to the

MOSFET amplifiers. The CNFET differential amplifier showed better performance in terms of DC

voltage gain, GBW. The impact of process variations in SWCNT diameter and pitch of the CNFET

devices on the performances of CNFET amplifier was also examined.

An analytical closed-form equation to estimate the drain current of CNFET device was proposed.

The proposed equation is obtained by the curve fitting technique and it includes the device dimen

sions, process parameters and gate voltage. The drain current estimated by the proposed equation

deviated from the drain current of CNFET model reported by J. Deng et al. only by ±10% for most

of the device parameters. Another equation was proposed for of CNFET and it inchides the

device parameters and the gate voltage.'Both the proposed equations were validated with

the available experimental result and were found matching within 10% error.

The proposed equations of saturated drain current and saturated drain to source voltage of

the CNFET devices were used to design CNFET based analog amplifiers. The progress of the

prospective CNFETs as a post silicon era device depends not only on the design of digital circuits

but also on the analog circuit designs. There are very few reports of analog circuit implementation

using CNFETs. Using proposed equations, the analog circuits like common source amplifiers and
differential amplifiers were designed, simulated and performance of these circuits w£ls compared

with that of the CMOS counterparts. It may be noted that without the closed-form expression

TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208



TH-1861_07610208


