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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 amplificrs 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, or SiO, 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/um? 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 SiO, 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 sloge among the reported SN-TFTs and has a higher mobility and a lower

threshold voltage compared to single gate SN-TFTs.
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1. Introduction

1.1 Introduction

The carbon nanotube (CNT) can be conceptually viewed as a rolled-up graphene sheet and is one
of the best alternate materials to meet the challenges dﬁé 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 Iijima in 1991 [1]. The potential applications of CNTs spread to many
diverse fields such as nanotechnology, electronics, optics and material science, nevertheless the two
important 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 silicon. 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 CNT's 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 1s2, 2s2, and 2p?
atomic orbitals. Hybridization i.e. mixing phenomenon of 2s and 2p atomic orbitals is more in carbon

because the energy difference between the 2s and 2p level is small compared to the binding energy
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1.2 Basics of Carbon Nanotube

of the chemical bonds. The three possible hybridizations of the carbon are sp, sp? and sp3. Three
outer-shell electrons of each carbon atom occupy the planar sp? hybrid orbital to form three in-plane
o bonds with an out-of-plane 7 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 (n-SWCNT) and semiconducting (s-SWCNT)
depending on the chirality of rolling. The circular curvature will cause quantum confinement and o-
7 rehybridization in which three o bonds are slightly out of plane. For compensation, the 7 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 a; and ag Fig. 1.1 3],

C = na; + mag (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

avnZ? + m? + nm
Doy = - (1.2)

where a = |a;| = |az] is the lattice constant of graphite. The SWCNTs with n = m are commonly
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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, 8, defined as that between the vector C and the zigzag direction
a;, 6 = tan~! [3'/2m/(m + 2n)), 0 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 (n; and nz). The integer values of n; and n, will affect the conductance, density
and lattice structure of the SWCNT. The conducting characteristics of the SWCNT is considered as
metallic if (n1-ng) is divisible by 3, otherwise it is semiconducting. Typically, the as-grown SWCNTs
consists of 33% m-SWCNT's and the remaining will be semiconducting. The diameter of the SWCNT
is ranging from 0.4 to 3 nm.

SWCNTSs 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 pum [4,5]) and electron transport
(~ 1 pm [6,7]). Long mean free paths of the electrons makes the CNTs excellent 1D materials. The
ballistic transport has been observed in up to micron long metallic [6,7] as well as ssSSWCNTs [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 make SWCNTs p- and n-type,
respectively. Additionally, molecular adsorption provides a sirﬁple, non-covalent doping approach to

turn SWCNTs into p-type with oxygen or water adsorption or n-type with C,H,,.

1.3 Carbon Nanotube Interconnects

The most advanced integrated circuits consist of several millions of transistors, interconnected
by kilometers of Cu wires within 1 ecm? 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-SWCNTSs have aroused a lot of research interest
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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/cm? 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 interconnccts, 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 pm), high band gap and extraordinarily
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high mobility (100,000 cm?/Vs) [23], s-SWCNTs offer enormous potential for realizing an electronic
device such as FET both as an alternative to silicon technology beyond the conventional scaling
limits and as a way to implement high-speed devices and circuits on the flexible substrates. The
device modeling 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.
LV and C-V characteristics in terms of the applied terminal voltage such as V4 and V.. 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 éxpression 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 V,, V, and
Vs.

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 bé,llistic
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]

TH-1861_07610208 .
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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 107 [36] have been demonstrated. By utilizing high-k gate dielectric
materials, the CNFETSs 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 SWCNT's 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. Th;e 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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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 SWCNTSs 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 SiO, surface [37,38,46-49], and a maximum of 32 nanotubes/pm?
has been reported in [46]. Spme 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 ma;gnetic

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
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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 SWCNTSs 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-sSWCNTs, 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 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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Chapter 2 presents the magnetic inductance dependency on the bias voltage of SWCNT based
interconnects. The simulation 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 SWCNTSs, 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 flow 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 pr(;posed. SWCNT:s of 90% and 95 % semiconducting purity are deposited on the
modified SiO, 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
Si0, 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 normal’ source/drain
contacts are considered for the analysis. This chapter presents the high on-current SN-TFTs having
95% s-SWCNT's 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 x 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
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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 sumimarizes 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 SWCNT's are presented subsequently. Finally

this chapter is concluded with the motivation for the present work and the organization of the thesis.

11
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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 chirality, they can be either metallic or semiconducting. The SWCNT is very close
to 1D 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
VLSI integrated circuit (IC) design, inductor is one of the major components. Passive inductors using
the SWCNT bundles are repolfted [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, briefly describe the modelin.g of SWCNT
resistance which is essential to appreciate the variation of the inductance of SWCNT bundles. In
section 2.3, the modeling 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.
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2.2 Modeling of Resistance in an Isolated SWCNT

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 Resistance (R,)

The conductance of a SWCNT is evaluated using the two-terminal Landauer-Buttiker formula.
This formula states that, for a 1D system with N channels in parallel, the conductance G = (Ne?/h)T,
where T is the transmission coefficient for electrons through the sample, & 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 (4€?/h) = 155 uS 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
(R,) regardless of its length. The intrinsic resistance of a SWCNT is expressed as

Ri= 2 (2.1)

4e?
2.2.2 Contact Resistance (R, )
The contact resistance (R,) is to 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 R, 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

hl
= 2.2
(] 462 /\ap ( )

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

[16]. Experimental evidence and theoretical formulations have demonstrated that Aq, depends on
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the diameter of the SWCNT [54,55]. The typical value of the )\, ranges in few micro meters.

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

SWCNT resistance at low bias voltages (V,,,,< 0.1 Volt) depends on the values of R,, R, and R,.
The value of R,, which is a function of SWCNT length is negligible compared to the value of R, for
nanotubes of length less than A,p. Similarly, for longer length SWCNT, the value of R, is negligible
compared to the value of R,. Therefore the resistance of a SWCNT at low bias voltage for different

lengths with respect to A, are given below.

Ry =Ri+R. if I < Aap (2.3)

Rlow =R, + R, zf lb > Aap (24)

The resistance of an individual SWCNT at high bias voltages (Vi > 0.1 Volt) is expressed
in terms of R,,, and the bias voltage [16]. The expression for the SWCNT resistance at high bias

(R,.,s) is given below.
Vbias

Rpigh = Riow + i

(2.5)

where I, is the maximum current that can flow through an individual nanotube, which is approxi-
mately 20-25 pA [56]. The R,, , will be dependent on the length of the SWCNT through the term
R

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-SWCNT, the kinetic inductance (Ix) 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 (lgon.) is given by the

equation below.
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2.3 Modeling of Inductance in SWCNT bundles

h
l =——=
kone 2'Uf P 16 nH/pm (2.6)

The Fermi velocity (v,) for grapheme and CNTs is usually taken as v, = 8% 105 m/s. The individual
SWCNTs have two propagating channels due to the band structure of carbon with spin up or
spin down clectrons, which results in a total of four channels per nanotube. Therefore, the kinetic

inductance (lx) of an individual SWCNT is given by lx = lkone/4 = 4 nH/pm [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 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].
2d
Lo,=20014(In2 +05+ 22 (2.7)
d 3l
=200 (1 1+ r2 1 12+l 2.8)
M, = b n(r+ +7’)— + , 7_ (2.

where 7 = [, /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 SWCNTSs in
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4

Ground

Figure 2.1: GSG configuration of the SWCNT 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 p;. 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 (V,,,, > 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, w, is the bundle
width, A, is the bundle height, s, 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 (V,,,, > 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

TH-1861_07610208
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2.5 Simulation Results of Loop Inductance

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 = ITLma,tI (29)
Lml ]V[m12 e ]\/fmln
Mm Lm Mm n
Lmat = - 2 ? (210)
anl an2 LTmL ]

where I is a vector (2.10) with normalized current in each nanotube and L, 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 L_ , is proportional to the number of SWCNTSs in the bundle. For a low complexity

mat

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 w, and h, of the conductor at different bias voltages (0.1V to 1V) 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 pm </, < 1000, pun, 10d < w, < 20d and 0.1w, < s, < 10w,.
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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2. Impact of Bias Voltage on Magnetic Inductance of Carbon Nanotube Interconnects

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 CSG 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 pm) 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 pm) 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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Figure 2.2: Loop inductance at different bias voltages for a GSG configuration with w, = h, = 10 nm. (a)
For a length of 10 um. (b) For a length of 1000 ym.

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 P, is 45% for an interconnect
of length 10 pum and it is 70% when the length is of 1000 pm. 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].

-
o

Inductance Change (%)
Inductance Change (%)

02 04 06 08 1.0 02 04 06 08 10
Bias Voltage (V) Bias Voltage (V)

(a) (b)

Figure 2.3: Percentage change in loop inductance of a GSG configuration of length 10 pm and w, = h, =
10 nm. (a) For a separation of 1 nm. (b) For a separation of 100 nm.
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Figure 2.4: Change in loop inductance as a function of V,,,, 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 um and w, = h, = 10 nm, but with different s, and P, values. Fig.

2.3(a) shows variation in the loop inductance at various bias voltage for a s, of 1 nm is 34% and 21%
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for P, of 1 and 0.33, respectively. Similarly, for a GSG configuration with s, of 100 nm, variation in
the loop inductance is 9.5% and 8% for a P, of 1 and 0.33, respectively with respect to given V.,
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 V..., is minimized for
large values of s, 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
P_ of 0.33, with different length and separation is shown in Fig. 2.4. The interconnects of lengths
10, 200, 600, 1000 um, s, of 1, 10, 100 nm and w, = h, = 10 nm are considered for the analysis.
The loop inductance variation is 21%, 14% and 8% for s, of 1, 10 and 100 nm, respectively for a
line with length 10 um.. 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 SWCNTSs are not used because of

their high intrinsic resistance and Cu is preferred for such cases.
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Figure 2.5: Comparison of loop inductance of copper and SWCNT bundles for different lengths and P,
values. 4

Fig. 2.5 shows the loop inductance exhibited by interconnects of Cu and CNTs of different
P, 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 5 large deviation in the loop inductance between the Cu and
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2.6 Summary

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 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 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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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-k
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 ip the
forefront of research activity. Among these new devices, CNFET has shown a greater potentia] of
taking the place of MOSFET device in the post silicon era. A SWCNT exhibits metallic or semj;.
conducting characteristics, which enables it to be used for interconnect or transistor applicationg,
respectively. Due to ballistic transport nature [35], adjustable band gap [70] and very low intrinsje
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, theiy
fabrication is compatible with the existing CMOS process.

CNFET devices are classified into two categories, based on their mechanism of operation - Schet.
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-

MOSFET-

tunneling potential behavior of channel region of the device. The
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/drajin
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 SWONTS (46, 49]. The ONFET based digital circuits like
inverter, basic logic gates [77-79] apq 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 digitq) integrated circuits are demonstrated by Koungmin Ry 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 Guo 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 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
Vs, Vp and V.

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.
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
earlier, 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 clqsed-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, 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-like GNFETs 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, bﬁt 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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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-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 MOSFET's

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-like CNFET device and related device
dimensions. CNFET device consists of one or more s-SWCNTs depositéd 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 L, is the channel
length, which is the length of undoped SWCNT: and lies underneath the gate contact, L, is the
length of doped SWCNT source/drain extension region, N is the number of SWCNTs, S is the
separation between SWCNTs (pitch), Doyy is the diameter of the SWCNT, T, , is the physical
thickness of gate-oxide and K,,. 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 um [35].
However, by considering the effects of optical phonon scattering [93] and acoustic phonon scattering
[94] in the SWCNT, MFP of intrinsic SWCNT (L,,,,) is chosen as 100 nm [74] and same for p*/ nt
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 the

CNFET device an inter-electrode material with relative dielectric constant (K, ) 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) Top view of the device.

used. A value of relative dielectric constant of the gate-oxide {B8isnoei. and physical thickness
of gate dielectric layer (7., . ) of 10 nm are selected for CNFET device. Other parameters of the
CNFET model assumed to have default values mentioned in the dats, sheet of J. Deng’s model [96].

The diameter of the SWCNT is related to the carbon lattice constant (a) and chirality (ni, n2)
of the SWCNT, as expressed in equation (1.2). In this work, CNFET device is assumed to have only
SO TE cgheichannel matenial, The threshold voltage (Vro) is an important barameter which
decides the performance of CNFET and is related to the diameter of SWCNT [32] as expressed in
the equation (3.1).

aVy

P st
T (3.1)

Where a = 2.49 A, e = electron charge, V, is carbon m — 7 bond energy = 3.033 eV
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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

L., 30 - 100 nm
S 5-20 nm
T,... 2-10 nm
4 S 1-2 nm
Ves 0.35-1.5 \%
N 1-100 -
K. 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

s r, T,, and K, are considered. This is done by carrying out suitable

as Vgsy L, N, D
simulations by varying different parameters of the CNFET. Fig. 3.2 summarizes the dependency of

CNT?

I, 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
I, at different gate voltages. Fig. 3.2(c) shows that for lower gate voltages, I, 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 I, 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 (Tphys) and the dielectric constant (K, ) 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.

K(" I‘NDI'.8 SO.QL(I.Ié’ L, » ‘
[D = Cz gote Lo.‘?czNTn.:fs = (V(;s - VT()) x 10 (3.2)
sd phys
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where I is in Amps, L, L,;» Donrs S5 Tphye are in nm. Vg and Vi, are in Volts,
C, is the curve fitting constant and 1.3 is its value. The unit of C, 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 €quation (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 I,

increases until L,, reaches 100 nm and saturates for L, 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 I, is calculated using

the equation giveri below.

(I, of proposed equation — I, of J. Deng’s model
I, of J. Deng's model

% deviation in I, =

)x100

The comparisons are grouped into three categories as given below and in all the cases the %
deviation in I, is plotted against Dgy,. In the first category, CNFET device dimensions L_, and
L,, are maintained constant at 32 nm and % deviation in I, are obtained by varying parameters
like Vg, Donrr Tonyss Kyarer S and N over a wide range of values shown in Table 3.1. Fig. 3.3(a)
shows the percentage deviation in I, versus the CNT diameter for the first category. For a particular
value of Dy, = 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 I, ranges between -3% and -11% for Dgpr = 1.03 nm.'

In the second category, V,; and L,, are kept at a constant value of 0.55 V and 32 nm, respectively
and L, Doyr: Topyr Kyarer Sand N are varied over the range as shown in Table 3.1. The percentage
deviation in I, for the second category are plotted in Fig. 3.3(b). For a particular value of D =

CNT

1.34 nm, the CNFET drain current obtained by the proposed equation underestimates the / , of the
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Figure 3.2: Dependency of CNFET drain current on different parameters. (a) shows the V, effect for
different diameter of SWCNTs. For curves (b) to (f) Vg is varied from 0.35 V to 0.65 V. (b) for various
channel lengths. (c) for different L,, 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)
Vs = 0.55 V, L,, = 32 nm and other parameters are varied within range indicated in Table 3.1 (b) L,, =
32 nm, L,,= 32 nm and other parameters are varied within range indicated in Table 3.1 (c) Vgs =0.55V,
L, =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 T,

phys?

K

gate?

S and N over the range as shown in Table 3.1, L,, is varied from 30 nm to 100 nm, but V. and
L,, are kept at a constant value of 0.55 V and 32 nm, respectively. Fig. 3.3(c) shows the pércentage
deviation in I, for the third category. From this error plot, it may be noted that for a particular
value of Dy, = 1.98 nm, the 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
TH-1861 07610208
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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 are widely spaced. On the other extreme, as seen in Fig. 3.3(b) for a D,
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, ) 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, and is given below.

1.21,

Im = (Vs — Vro) (3.3)

3.2.2 Drain to Source Saturation Voltage Equation

In this subsection, the modeling of drain to source voltage (Vys..,) at which the CNFET drain
current saturates is presented. It is one of important par ameters of the device that is to be considered
during the amplifier design because, the Vps.a value of individual transistor will decide the overall
output voltage swing of the amplifier. It is observed that the V. valye of the CNFET is not
only a function of the voltages V¢ and Vo, but also depends on the device gimensions L, and
L,,. The dependency on L, and L, is in contrast to the conventiong] MOSFETSs. The dependency
of V

psear O Vo is represented in terms of the SWCNT diameter, because V., depends on Donr
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as shown in equation (3.1). The CNFET device dimensions such as number of SWCNTs, L, and
spacing between SWCNTs will not affect the V/

pasdevalue:

The dependency of V. ., on the channel length of CNFET can be examined from the output
characteristics shown in Fig. 3.4 . The variations in V., value with respect to the channel length

of short channel CNFET devices is less compared to the variations in V

bs.ar 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; L,=

32 nm, D, y, = 1.5 nm, S =20 nm, N = 1 and other parameters assumed to have default values

mentioned in the users guide [96].

—=—L_ =200 nm

—o—L =400 nm

--.—|__‘:h =30 nm

e 7 o —a—L_ =700 nm
3 0.8 :t::;:g e < 03 L, = 1000 nm
e
—a a
0.4 — 04
0.0 T U v 0.0
R | R 1 i e 00" 05 1.0 1.5 2.0
Vis (V) V.. (V)
& (b)

Figure 3.4: [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. g the J. Deng’s model [32]

The dependency of V. . with respect to Vess L, and D, for both short and 10}1g channel

CNFETSs are shown in Fig. 3.5, Fig. 3.5(a) shows the variations in V

pssae Of a short channel (40
nm) CNFET for various SWCNT diameters at various Vas

values. The variations in Vsea Value of

short channel devices for various D¢ yr values at a constant Vi of 0.35 V is shown in Fig. 3.5(b).

The effect of device channel length on V ssa: for a short channel device for various SWCNT diameter

and a constant Vgs of 0.35 V are shown i Fig. 3.5(c). Similar to the study of V,__  variations for

short channel CNFET device, the anajygis of long channel CNFET device is also considered. Fig.

3.5(d) shows the variations in V.. for variation in V. of a long channel (200 nm) CNFET device

TH-1861_07610208
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3.2 Simplified Closed-Form Equations for CNFET

with different SWCNT diameters. The variations in Vg,,, for different SWCNT diameters at a
constant V. of 0.35 V is shown in Fig. 3.5(e). The influence of the channel length on Vg, for
various SWCNT diameter and at constant Vg is shown in Fig. 3.5(f). The curve fitting method
was used to find the influence of the parameters on the Vg ., of CNFET. The V... dependency

on device parameter is different for short and long channel length CNFETs. Therefore, two different

equations for V., are suggested, one for L, less than 100 nm and the other for L, more than

100 nm.

The proposed V,,,, equation for L, less than 100 nm is

ch CNT

— 02 Vé:;a L0.3D0.7 (3.4)

_ C V0.95L0.55D0.45 (35)

Where V.. and V, are in Volts, L, and Doyr are in nm. C, and C, are the curve fitting
GS DSsat ’ C

constants having values 0.172 and 0.55 respectively. The units of C, and C; will be such that left

side and right side of the equations (3.4) and (3.5) is matched unit wise respectively.

Derived expressions for the Vg of CNFET shows that the short channel length devices are
DSsat

more dependent on the SWCNT diameter and Vg compared to the longer channel length devices.

ful in designing the CN FET based analog circuits, because they estimate
e usefu

These V
value of CNFET by the

pssa: Models ar

he accuracy in estimating the Vi .,

the voltage drop across CNFET. T
channel lengths, SWCNT diameters and gate voltages

proposed equations (3.4) and (3.5) for various

are shown in Table 3.2 and 3.3, respectively. The estim
ation results. The maximum deviation of proposed Vg ., equations

ated Vpgae value of both equations resemble

reasonably well with the simul
Deng’s model for parameter variations mentioned in Table

is within 9% when compared to the J.
el,, 9n and V... are applicable for both n- and

3.1. The proposed closed-form equations for th

p-type CNFETs.

The proposed equations for drain current and drain to source saturation voltage of CNFET are
validated with the experimental results of MOSFET-like CNFET by Amlani et al. [74]. The devices
used for comparison have identical dimensions. Some the parameter values of the device are; MFP of
SWCNT is 100 nm, channel length is 700 nm, source and drain length is 400 nm, SWCNT diameter
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Figure 3.5: Dependency of CNFET drain to source saturation voltage on Ves) L., and D pyr- (a) shows

the Vg effect at a cons.tant channel length of 40 nm for different SWCNT dia
SWCNT diamecter for different channel length at a constant gate voltage of 0.3

meters. (b) shows the effect of
5 V. (c) shows V,,,, variation

for different channel length at V. of 0.35 V for various SWCNT diameter. Vps... dependency of devices
having channel length more than 100 nm for similar parameter variations are shown in (d), (e) and (f).

TH-1861_07610208

38



3.2 Simplified Closed-Form Equations for CNFET

Table 3.2: Comparison of V,
Deng’s model [32).

of CNFET device estimated by the proposed equation (3.4) and the J.

Ssat

V Error
Lo Vos Donr [Equ‘;‘t’f;;‘ 34] J. Deng's [32]

(om) (V) (nm) V) \2) (%)
30 04 1.98 0.29 0.27 6.8
40 055 15 0.37 0.34 8.1
50 035 1.74 0.23 0.24 -4.34
60 045 1.34 0.28 0.27 3.57
80 0.6 198 0.56 0.54 3.57
100 0.65 1.5 0.54 0.54 0

Table 3.3: Cowparison of V,;,,, of CNFET device estimated by the proposed equation equation (3.5) and
the J. Deng’s model [32]

V Error
L V D VDSaat DSsat
“ 79 7 (Equation 3.5] J. Deng’s [32]

(am) (V) (nm) V) V) (%)
200 04 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 06 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 V, are compared with the estimated values by the proposed equations
D DSsat

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 analytica] equation. It

may be noted that the proposed equation (3.2) estimates the I, value withiy 10% of tolerance

. . Similarly, t .
when compared with experimental and simulated values ¥, the proposed vV, Sear €QuUation of

imulated values in Fj )
CNFET is validated by experimentally measured and simulated values in Fig. 3.6(b). Similar to the

. imates the saturati ;
I, equation, the proposed V g.,.. equation also estima ration draip voltage within 10% of

Its of MO I
tolerance. The other experimental measurement results o SFET-like CNFET reported in (34]

tions, but th
are considered for validation of the proposed equa €y could not pe compared with the
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proposed equations because of non-availability of the details.

20 3.2
5 Experlmzntaldl = Experimental
—9— Proposed mode!
184. . Sim:’lation " a 2.8 -_.-—spi::::;i model A
— 2.4
=2
® 2.0
0
[72]
>o 1.6
1.2-
11 12 13 1.4 15 16 1.7 B0 10 12 14
sz (V) VGS (v)
(2) (b)

Figure 3.6: Comparison of current apd voltage estimated by the proposed equations with the experimental
results of Amlani et al. [74] and the §11.nu1ation results of J. Deng et al. [32]. (a) Drain current for different
gate source voltages. (b) Vjg,,, 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 Vps

value of CNFET for
the given specifications. To justify the benefit of the proposed equations, CNFET analog circuits

sat

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 MOSFETSs 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 G, , fringing capacitance Cf between

gate to doped region of SWCNT and coupling capacitance between gate/source or drain contacts
C,,, are shown in Fig. 3.7. The dimensions of the terminal contacts of CNFET device are; height

TH-1861_07610208
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length

width

666"

' . Subtrate

(b)

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.

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 SWCNTSs 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, Deyy = 1.5 nm, §'=20 nm, N = 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 Vpgsat value of CNFET estimated by the proposed equation is 0.24
) DSsa

V. The open circuit voltage gain of the circuit is estimated using the equation (3.6). The g, and g »

are the transconductance and the output conductance of the circuit, respectively. Value of the load

resistor, R, is chosen to have the optimum™ voltage gain and output voltage swing for the CNFET
CS-amplifier.

A, = ‘gm(RDll(l/gds)) (3.6)

The CNFET CS-amplifier performance for a reference bias current of 50 1A and different supply
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Vout

—o

Figure 3.8: Resistive-load common-source amplifier.

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

Vop  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
14 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-
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-amplifier using the conventional MOSFET current equation is designed
and simulated using PTM model of 32 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 outpuyt voltage swing of the CNFET CS-amplifier are compared
TH-1861 07610208
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Figure 3.9: Performance comparison of CN )
& p | versus supply voltage. (c) Output voltage swing versus supply

Output voltage versus input voltage. (b) Gail
voltage.

with the MOSFET amplifier. Fig. 3.9(a) shows that at higher output voltage swings the CNFET

ET lifier.
amplifier has a better linearity as compared t0 the MOSFET amplifier. The plot alse shows that the

. red to th .
MOSFET CS-amplifier require more input voltage compared o the CNFET CS-a-mphﬁer to obtain

the same output voltage.

. ’ ifier and MO .
The performance of CNFET resistive-load CS-amplifier an SFET CS-amplifier ig compared

. lifiers for diffe
in terms of voltage gain. The voltage gain of both smp ifferent Supply voltages are shown

9(b) is a me

in Fig. 3.9(b). Slope of the line shown in Fig- 3 asure of performance of the

ply voltage of the amplifie,

amplifier.

The slope of the line indicates the gain/SUP the slope of the CNFET
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amplifier 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
sumimary, the lower g,, 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 {rolta.ge gain and output voltage swing.

Process variations in the SWCNT dimensions of the CNFET will affect the performance of
the CNFET resistive-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
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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 Pitch Number of SWCNTs Gain  Output #ﬁ;ea)cm_m FOM

voltage

(nm) (nm) (V/V)  (mV) (V/V)/um?]
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 52 4.74 261 71.2 12.9
20 45 4.72 271 40.9 7.4
s 45 3.82 280 132.6 24.0
1.74 10 28 3.67 282 101.0 18.3
20 24 3.62 283 58.9 10.6
s 30 3.15 278 188.5 34.2
1.98 10 19 3.11 287 127.8 23.2
20 14 3.01 297 83.9 15.2

it needs less physical area for the device t0 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

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-amplifier. 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 & large diameter SWCNTs and a less pitch have shown a

higher FOM value.

lifier
3.3.2 Active-Load Common-Source Amplh

f resistive-load amplifiers, CNFET active-load CS-

After the detailed study o amplifiers are ana-

lyzed. A typical active-load CS-amplifier shown in Fig. 3.10 is designeq using CNFET devices with

45

TH-1861_07610208



3. Design and Simulation of Analog Amplifier Circuits using Carbon Nanotube Field-Effect
Transistors

VDD

_l_
M3 ;I l____l If M2

| Vou
Iref HD Vln E M1
VGS
?
=

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 #A and a capacitive load Cy, of 10 pF
are considered. While designing the CNFET active-load CS-amplifier for a given supply voltage the
dimensions of three CNFETs (M1, 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 M1,
M2 and M3 and for different supply voltages. The other device parameters of three CNFETs have
the following parameter values; L, = 32 nm, Dgyp = 1.5 nm, S = 20 nm and remaining parameters
assumed to have default values as mentioned in the users guide [96]. The lower g,, 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-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-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-amplifier is shown in Fig. 3.11(a). For higher supply
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3.3 Common-Source CNFET Amplifiers

Table 3.6: Details of CNFET device dimensions and performance of a CNFET active-load CS-amplifier for
different supply voltages.

Vob L, (nm) Number of SWCNTs DC gain Output voltage

(V) M1 M2 M3 M1 M2 M3 (dB) (mV)
05 50 32 32 38 39 39 38.4 76
07 57 62 62 37 39 39 54.9 100
09 90 82 8 35 36 36 64.4 123
12 90 8 83 35 34 34 91.3 290
14 90 90 90 35 24 24 104.6 413
16 8 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 g, . The output voltage swing for different supply voltage of both circuits is shown in
Fig. 3.11(b)A. For the design optimization of CNFET active-load CS-amplifier at a supply voltage of
1.6 V, CNFET of lcsser 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 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 attributeq 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 Tange 1.34 nm to 1.98 nm
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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.

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 SWCNTSs of M1, M2 and M3 CNFET devices for varidus 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
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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.

Gain

SWCNT diameter Pitch L, nm Number of SWCNTs DC gain Output (g722— area)enr gr FOM

ch

voltage
(nm) (nm) M1 M2 M3 M1 M2 M3 (V/V)  (mV)  (V/V/pm?)
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 9 90 83 40 40 40 1749 120 294.3 642
20 90 82 82 35 36 36 1672 120 116.8 350
5 9 90 8 31 22 22 930 120 860.7 1008
1.74 10 9 9 g8 21 25 % 930 120 458.2 581
20 90 90 66 18 18 18 1000 120 312.1 421
5 9 90 65 20 15 15 so7 110 1212.3 920
1.98 10 9 90 65 14 13 13 520 114 763.5 501
20 90 90 53 12 12 12 505 112 432.4 397

During the study of CNFET amoplifiers, we noticed that the channel length of CNFRT 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 zp onpET
devices of the amplifier under test has L,, of 32 2™ Denr Of 1.5 nm and the Other parameters

assumed to have default values as mentioned in [96]. However, number of SWCNTy 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 voltageé
gain of CNFET CS-amplifier reduces because of increased g, value of CNFET. It is noticeable il
Table 3.8 that, as 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 Vpssat

value also increases as expressed in the V. ., equations.

Table 3.8: Details of the CNFET dimensions and performance of the CNFET active-load CS-amplifier for
various channel length.

L, (nm) Number of SWCNTs DC gain Output voltage

Ml M2 M3 Ml M2 M3 (dB) (mV)
IO 835 83w 3n =34 34 91.45 290
925 SO0 FLO07 ~*3onemal 34 85.0 231
ORI 1 127,235 © 38 38 79.3 200
100, “#154x 154, ~ ‘35r =33 33 74.57 179
150 1565 166 . "36%. 30 30 66.26 160
180 1563+ 1563 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, differentia) amplifier circuit is also carried out for a constant power budget. The CNFET
single-stage differentia] 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; L_, = 32 nm,
L, =320m, Doyr =15 nm, § = 20 nm and the other parameters assumed to have default values

mentioned in [96]. The channe] length of CNFET is chosen as 32 nm to reduce V.., value of
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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 M1 - 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 V,, = +0.9 V and V =

-09 V.
VDD
1 100-
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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.

CNFET MOSFET

Parameter

DC gain (dB) 116 40

CMRR (dB) 154 75

Slew rate (V/us) 5 6.4
Phase margin 90° 90.4°

ICMR (mV) -430 to +600 -300 to +750

Output voltage swing (mV) 620 1000
Power (uW) 160 160

GBW (MHz)(Cr = 10 pF) 7.4 5.6
GBW (GHz)(Cy, = 0 pF) 328 15.8

The performance of a CNFET single-stage differential amplifier is compared With that of 5 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 amplifier. This phenomenon of large voltage gain of CNFET
amplifier is due to a lower g, 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 CNFETSs.

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 Vbssae Of CNFET and it includes the
device parameters L, , D, 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 ag g 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 CNFETSs. 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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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.
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4. Fabrication of Different Types of SN-TFTs

4.1 Introduction

For the past 50 years, VLSI industry more or less follows the trend observed by Gordon E. Moore
who predicted that number of transistors in a chip doubles in every 18 months. However, there are
many challenges such as quantum mechanical tunneling through thin gate oxide, finite subthreshold
slope, high on-off current ratio etc. and therefore innovative solutions are required to maintain the
device scaling. There are two possible approaches to overcome these challenges; in the first, new
devices that depart from the conventional scaling techniques such as high dielectric cor.nstant (high-k)
gate dielectrics, metal gate electrodes, double-gate FETSs, Fin-FETs, silicon on insulator (SOI) and
strained-silicon FETs are employed. In the second approach, non-conventional fabrication techniques
are used to make devices such as Single-electron transistors, Quantum dots, Resonant tunneling
diodes, Organic TFTs and CNFETs. Among these, CNFETs which uses SWCNTs as their channel
have attracted great interest due to the extraordinary structural, electrical and mechanical properties.

Carbon nanotubes which are rolled version of graphene sheet and produced using techniques such
as arc discharge, laser ablation and chemical vapor deposition (CVD). In the year 1993, Bethune ct
al. [98] found the arc discharge method for the synthesis of SWCNT. The laser ablation technique
was developed by Guo et al. [99] in the year 1995. In both arc discharge and laser ablation techniques
along with the desired SWCNTs, a large amount of unwanted non-nanotube graphitic and amorphous
carbon material are also produced, and a cleaning process is necessary before the SWCNTs can be
used. The chemical vapor deposition based SWCNT growth was demonstrated by Hongjie Dai et
al. [100] in the year 1996. The advantage of CVD SWCNT production is that the catalyst sced
particles can be placed at the desired locations on a wafer and hence the SWCNTs can be selectively
grown where they are required.

All synthesis methods discussed above produce SWCNT's with both semiconducting and metallic
chiralities. Typically one third of the SWCNTs grown will be metallic in nature and there are
different techniques to separate them from the as-grown SWCNTs. Guangyu Zhang, et al. [101]
selectively etched m-SWCNTs from the as-grown SWCNT's using gas phase reaction. Philip Collins
et al. [102] proposed an approach based on-current induced electrical breakdown to eliminate m-
SWCNTs. Ralph Krupke et al. used dielectrophoresis process to separate m-SWCNTSs from the as-
grown SWCNTs [103]. Preferential growth of only s-SWCNTs during a synthesis process is desirable

than separating them after the growth or eliminating after the fabrication process. Yiming Li et
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al. [104] have demonstrated growth of nearly 90% of s-SWCNTs. Liangti Qu et al. [105] have grown
vertically aligned SWCNTs consisting of 96% enriched s-SWCNTs by PECVD process.

In the following outline, a SWCNT based transistor is presented initially from a process perspec-
tive and later from a device perspective. Either the in situ grown or the pre-grown SWCNTs may
be used to form the channel in a SWCNT based transistor. In case of the in situ method, the SWC-
NTs are grown during the transistor fabrication process and as of now only the CVD technique is
compatible for such a synthesis. A pre-deposition of catalysts on the substrate are needed to initiate
the SWCNT growth during the CVD process. The SWCNTs can be either grown from a patterned
catalytic island [106] or from a thin-film of catalyst. After the growth of SWCNTs, source and drain
contacts are deposited [107]. The advantage of this process is that the origin of the SWCNTs can be
known and most importantly, by choosing a desired catalytic island dimensions, it possible to have
the required density of SWCNTs. The atomic force microscope (AFM) method is also used to make
source and drain electrical contacts over the SWCNTs. In the in situ growth method, the control
on chirality, length, number and spacing of the SWCNTs is difficult and the process is presently not
scaled-up to wafer scale.

In the pre-grown method, SWCNTs dispersed in the aqueous surfactant solution is readily avail-
able and the pre-grown SWCNTs can be deposited on the wafer using either spin-coat, dip-coat or
jmmersion techniques. Alternatively, the pre-grown SWCNTs available on any other surface can also
be transferred onto the Si surface using a thermal tape [81]. The SWCNTs deposited using the in
situ method will typically consists of 67% of s-SWCNTs, but in case of the pre-grown method it is
possible to use sorted SWCNTs of desired purity and even upto 99% s-SWCNTs are demonstrated.
Another advantage of using the pre-grown SWCNTSs is that the process can be scaled-up easily to a
wafer scale and transistors of the desired channel dimensions can be fabricated.

The SWCNT channel for transistors can be formed either by an aligned [48,49] or a random
network of SWCNTSs [46,47]. It has been established that by the use of densely packed, an aligned
horizontal arrays of non-overlapping linear SWCNTs as an effective thin-film electronic material will
provide a large current outputs with a small device-to-device variations, even with SWCNTs that
individually have widely different transport characteristics [49). For the same device dimensions,
aligned tubes yield a higher on-current (typically 3 times) than random ones [47]. The deposition

techniques for a random network of SWCNTs are relatively simpler compared to the aligned type.
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The material and process considerations of the SWCNT based transistors are discussed so far.
From a device perspective, the SWCNT transistors can be made using either individual SWCNTs
or a thin-film of SWCNTs. The first CNFET reported is based on an individual SWCNT by Tans
et al. in the year 1998. The CNFETSs have exhibited an excellent subthreshold swing [7], transcon-
ductance [34,35), mobility and on-off current ratio [36]. Another advantage of the CNFET is that
multiple transistors can be fabricated on the same SWCNT [80]. Although CNFETSs can poten.

tially achieve the intrinsic mobility of a SWCNT, the method to assemble individual SWCNTs i
s is

extremely challenging to scale up and not technologically practical for large-area, applications. T]
. lere-

fore, instead of individual SWCNTs, a thin-film of SWCNTSs can be used as chanpe] material fi
1al tor

the fabrication of carbon nanotube thin-film transistors (CNTFTs). The CNTFTs having difs
erent

purity of s-SWCNTs have been reported in the literature [46-49]. These CNTFTs have exhibited
ite

a much lower mobility compared to the CNFETs but, achieved better mobility compared to ¢
e

conventional organic TFTs [108-110].
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4.2 Deposition of Carbon Nanotubes

4.2 Deposition of Carbon Nanotubes

In this section, different methods of depositing the SWCNT thin-film are presented. As semicon-
ducting type channel needed for SN-TFTs and the s-SWCNTs are procured from NanolIntegris Inc.,
USA. These SWCNTSs were synthesized by the arc discharge and sorted to enrich the s-SWCNTs to
90% and 95% purity. These SWCNT's are obtained in the solution form containing ionized water,
SWCNTs, and a proprietary combination of ionic surfactants. The SWCNT solutions also contain
some iodixanol, a non-ionic, water-soluble iodine derivative which are used as a density gradient
medium. The SWCNTs are deposited on the oxidized Si surface either by spin-coat, dip-coat or im-
mersion technique. A uniform and high density thin-film of SWCNT is necessary for the wafer scale
tabrication of SN-TFTs. The oxidized surfaces are modified to improve the density of SWCNTs and

the thin-film densities obtained over the non-modified and the modified surfaces are compared. In

order to improve the device performance of SN-TFTs, a high-k dielectric, i.e. hafnium oxide (HfO x)

is used as the gate dielectric material. In this work, SWCNT thin-film is deposited on both types

of Si surface oxidized by HfO, and SiO,, and to the best of our knowledge, this is the first time

deposition of SWCNTs over the silanized HfO x surface is being reported.

First, the SWCNT deposition on the non-functionalized surface is presented. The process starts

with rinsing of the oxidized wafers (Si/SiO, and Si/HfO, ) in 2-Iso propyl alcohol (IPA) followed

by deionized (DI) water and then dried using nitrogen gas. The wafers are immersed in SWCNT
solution for 20 min, followed by rinsing in IPA, DI water and drying in nitrogen. The images of
SWCNTs deposited on the wafer are captured by the scanning electron microscopy (SEM) using
Raith 1 507" C system. Fig. 4.1 presents the SEM images of the SWCNTs deposited on the non-
modified oxide surfaces. Fig. 4.1(a) shows the SWCNTs deposited on the Si/8iO2 surface and Fig.
4.1(b) shows the SWCNTs on Si/HfOx surface. It may be noted that the uniformity of SWCNTs is
poor and average density of SWCNTs is about < 2 SWCNTs/um?2 on Si/SiO3 surface. The SWCNT
density is even worse on Si/HfO x surface and these values are unacceptable for field-effect transistor
fabrication. As the density of the SWCNT obtained on a simple surface is not suitable for the device

fabrication, the subsequent sections discuss SWCNT deposition over modified surfaces.
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Figure 4.1: SEM images of SWCNT thin-film deposited on the non-functionalized oxidized surfaces. (a)
SWCNTs over Si/SiO, surface. (b) SWCNTs over Si/HfO, surface.

4.2.1 Spin-Coat Technique

In order to increase the density of SWCNTSs in the thin-filin, the oxidized Si surface is functional-
ized before depositing the SWCNTs. Aminoisopropyltriehoxy silane (APTES), known for its aflinity
to the SWCNTs [42,114] is used to functionalize the oxidized silicon surface. Spin-coat is one of the
methods to deposit the random network of SWCNTs.

In spin-coat technique, a thin-film of random network of SWCNTs is deposited using the following
procedure. First, the oxidized silicon wafer (Si/HfO, or Si/Si0O,) is immersed in sulfo-chromic acid
for 5 min and then rinsed in DI water thoroughly to create OH bonds. A solution containing 60
pl of 3-aminoisopropyltriehoxy silane and 20 ml of IPA is prepared and the wafer is immersed in
this solution for 10 min in an argon ambient, because argon gas avoids polymerization of APTES.
Subsequently the wafer is rinsed in IPA and dried using argon gas. After the wafer is treated with
amino-silane, SWCNT solution of 100 ul is carefully dropped via pipette near the surface and at
the center of the wafer spinning at speeds between 2000 and 4000 rpm. The density of SWCNTs
deposited over the functionalized wafer at spinning rate of 2000 and 4000 rpm are shown in the
SEM images of Fig. 4.2(a) and 4.2(h), respectively. In both images, the average density of SWCNTs
are found to be less than 5 SWCNTs/pum? and is not suitable for transistor fabrication. Therefore
in order to improve the SWCNT density, other methods for deposition of SWCNTs are examined in

the following section.
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(a) (b)
Figure 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.

4.2.2 Dip-Coat Technique

In order to deposit high density SWCNT thin-film, the oxidized Si wafer is immersed in sulfo-

chromic acid for 5 min and then rinsed in DI water thoroughly in order to create OH bonds. The wafer
is dehydrated by heating it to 110°C for 1 hour at a pressure of 10~2 mbar. A solution containing
60 pl of 3-aminoisopropyltriehoxy silane and 20 ml of IPA is prepared and the wafer is immersed in
this solution for 10 min in an argon ambient. Subsequently, the wafer is rinsed in IPA and dried
using argon gas. The water contact angle of the amino-silane treated Si /810, surface shown in Fig.
4.3 is measured and the obtained value is 68.7°. A contact angle between 38°- 80° range is reported
to be suitable for the deposition of SWCNTs [42]. From the contact angle, the physical properties of
interaction between the solid and the liquid such as wettability, affinity, adhesiveness and repellency
can be studied.

After the APTES treatment, the wafer is dipped in SWCNT solution for 20 min [46]. In order
to remove the sodium dodecyl sulfate (SDS) residual on the SWCNTs, the wafer is dipped in IPA
followed by rinsing in DI water and finally dried with nitrogen. The SEM images in Fig. 4.4(a) and
4.4(b) shows the density of SWCNTSs deposited on both Si/SiO, and Si/HfO . surfaces, respectively
by the dip-coat method. The average density of the SWCNTs on the modified Si surface is found
to be about 30 SWCNTs/um?. Wafers with the SWCNTs deposited using the dip-coat method are

used to fabricate the devices of different dimensions.
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Figure 4.3: Water droplet on a functionalized Si/SiO, surface.
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Figure 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.

4.2.3 Immersion Technique

This technique is similar to the dip-coat method, but has simple process steps. In this method,
the oxidized surface modified by immersing the wafer in sulfo-chromic acid for 5 min followed by DI
rinsing and then the wafer is immersed in a solution containing 60 ul of 3-aminoisopropyltrichoxy
silane and 20 ml of IPA for 10 min in an argon ambient. Subsequently, the wafer is rinsed in IPA
and dried using argon gas as discussed in the dip-coat method. A water contact angle of 69.4° is
obtained on an amino-silane treated surface as shown in Fig. 4.5, and such a value is suitable for

the deposition of SWCNTS on the Si surface [42].
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4.2 Deposition of Carbon Nanotubes

Figure 4.5: Water droplet on a functionalized Si/HfO, surface.

To deposit the SWCNTSs, the wafer is immersed in the SWCNT solution for 20 min. The wafer
is rinsed in IPA, followed by rinsing in DI water and finally dried with nitrogen. The SEM image
in Fig. 4.6 shows the density of SWCNTs deposited on the Si/HfO, surface by the immersion
technique. The average density of SWCNTs on the modified surface is 40-45 CNTs /um?. As the
immersion method yields better SWCNT density, the same is used to deposit the SWCNTs during

the fabrication of wafer scale SN-TFTs.

Figure 4.6: SEM image of SWCNT thin-film deposited on the functionalized Si/HfO , surface by immersion
method.

In this section, the deposition of SWCNTs over the oxidized Si substrate were studied. The

SWCNT density over the non-functionalized wafers was found to be < 2 SWCNTs/um? and is
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unsuitable for SN-TFT fabrication. The spin-coat, dip-coat and immersion methods are examined to
deposit the SWCNTs on the amino-silane modified oxidized Si surfaces. The deposition of SWCNTs
using dip-coat and immersion method have yielded higher density SWCNTs than the spin-coat

technique. The next section discusses the fabrication of different types of SN-TFTs.

4.3 Fabrication of SN-TFT's

section, the fabrication of different types of SN-TFTs are presented. The SWCNT thin-

e deposited on both modified SiO2 and HfOx surfaces. The fabric

In this

films ar ation of SN-TFTs having

different gate structures namely global back, local back, top and dua] gate are discussed scparately.

The wafer scale fabrication include the devices of various channel dimensions and thin-film of different
purity s-SWCNTs:

3.1 Process Flow of Global Back Gate SN-TFTs
4.95.

The fabrication of global back gate SN-TFTs with interdigitated electrode (IDE) source/drain

contacts are summarized in Fig. 4.7. A 2 inch p-type Si <100> wafer having resistivity in the range

of 0.01 - 0.1 {2cm is used as a substrate. The wafer is cleaned by the standard Radio Corporation of

America (RCA) process to remove the organic contaminants from the surface. The SiO, or HfO

is used as the gate dielectric material for the devices, In order to grow the SiO, over the Si surface,

the dry thermal oxidation process is used, A 5() nm Si0, layer is grown over the Si at a furnace
temperature of 1100°. To deposit a high-k dielectric HfO, layer, the RF sputtering technique is
employed. The HfO, of 200 nm is deposited on the wafer at room temperature and the chamber
is maintained at a pressure of 1.2 x 10~3 mbar. The cross sectional view of the wafer after the
deposition of the gate oxide layer is shown in Fig. 4.7(a).

The dip-coat technique is used to deposit high density SWCNT thin-film having 90% or 95%
purity of s-sSWCNTs on the SiO, or HfO gate oxide layer. The cross sectional view of the structure
after the deposition of SWCNTSs on the amino-silane modified wafer is shown in Fig. 4.7(b). Large
dimensions in the range of 10s to 100s of micrometers are chosen in order to verify the uniformity
of SWCNT deposition over a large area and the IDE type electrodes are used for the same purpose
as shown in Fig. 4.8. BEach quarter of the wafer contains 20 SN-TFTs and the same is repeated in
other three quarters of the wafer and therefore a total of 80 devices are accommodated per wafer.

The 20 devices on each quarter is organized in 3 different: patterns such that 12 devices have 3 finger
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SW CS thin-film

Si0, or HfOy

Si

(a) (b)

(e) (f)

Figure 4.7: Process flow for the fabrication of back gate SN-TFT having IDE source/drain contacts. (a)
HfO, (SiO,) deposited (grown) on Si substrate. (b) SWCNTs deposition over APTES functionalized HfO
(5i0,) surface. (c) Lift-off resist and positive photoresist layers after developing. (d) Pd and Au deposited
over developed lift-off resist and positive photoresist layers. (e) Pd and An on SWCNTs for source/drain
contact after lift-off process. (f) Chromium/gold deposited as gate contact at the back side of wafer.

pattern, 6 devices have 6 finger pattern and 2 devices have 16 finger pattern. The lengths of the
fingers are 1000, 1500 and 2000 pm and gaps between the fingers are 20, 50 and 100 gm and the
width of the finger is maintained at 100 um. The resulting channel length of the devices are 20, 50
and 100 gm and the width varied from a minimum 2300 pgm to a maximum of 31600 pgm. The mask
patterns are written over Iron Oxide (FeO) coated mask plates using Laser Write LW405.

Photolithography is carried out using the double sided aligner DSA EVG620. The patterns for
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different layers are obtained on the wafer using the following process. The wafer is dehydrated at
150°C for 15 min before the lithography process. Initially a lift-off resist (LOR) is spun on the wafer
and is followed by a positive photo-resist (PPR) S-1813. The spinning of resists was carried at a
speed of 300 rpm for 30 s initially, followed by 6000 rpm for 45 s and finally at 500 rpm for the
last 5 s. The wafer is baked at 90°C using a hotplate for 2 min to dry the resists. The exposure
by UV rays was carried out for 8 s and a separation of 30 pum between the mask and the wafer is
maintained during the exposure. Finally, the softened resists are removed form the wafer by rinsing
in a developer solution and the resulting cross sectional view is shown in Fig. 4.7(c).

The palladium (Pd) film of thickness of 7 nm is deposited by the RF sputtering technique at
room temperature at a pressure of 2.6 x 10™% mbar and is followed by the deposition of gold (Au)
film of thickness 55 nm under same conditions. The cross sectional view after the metals deposition
is shown in the Fig. 4.7(d). The lift-off process is carried out by immersing the wafer in acetone
solution for 45 s and followed by sonication for 1 min and will result in a structure shown in Fig.
4.7(e). The gate contact for the global back gate SN-TFTs is obtained by sputtering chromium (Cr)
followed by Au in a single process at the back side of the wafer. Before this sputtering process,
contents on the front side of the wafer are protected by the PPR layer and the back side is treated
with the buffered hydrofluoric acid (BHF) to remove the native oxide. The cross sectional view of the
gate contact of the device using Cr/Au of thickness 5/55 nm is shown in Fig. 4.7(f). The SWCNTSs

from the unwanted region are removed using O, plasma after protecting the channel region with
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Figure 4.9: Layout p i showing an array of global gate SN-TFTs with normal source/drain contacts
and magnified view of an individual device.

PPR.

The fabrication of global back gated SN-TFTs with normal source/drain contacts is similar to

above discussed steps, except the deposition of Pd and Au for source/drain contacts. In this type
of SN-TFTs, the source/drain contact regions are not of the IDE type and are defined by level L1
and L2 masks shown in Fig. 4.9. The mask consists of layouts for 50 devices of different dimensions

- channel lengths are 5, 10, 20, 30 and 40 um and widths are 10, 50, 100, 400 and 500 um. Fig,

4.10(g) Bhows the cross sectional view of Pd source/drain contacts deposited over the SWCNT thin-

flm using L1 pattern and Fig. 4.10(b) shows the Ay source/drain terminal pads defined by L2

pattern. The SWCNTs from the unwanted region are removed by the O, plasma after protecting
the channel region with the PPR. The gate contact of the device is obtained by sputtering 5 nm of
Cr and 55 nm of Au in a single process at the back side of the wafer. The final structure of the
global back gate SN-TFT is shown in Fig. 4.10(c).

The optical images of two fabricated global back gate SN-TFTs are shown in Fig. 4.11. A typical
gN-TFT with an IDE source/drain contacts having a channel length of 20 um and a width of 23200
pm is shown in Fig. 4.11(a). A global back gate SN-TFT having channel length of 40 ym and width

of 500 pm is shown in Fig. 4.11(Db).
4.3.2 Process Flow of Local Back Gate SN-TFTs

In this subsection, the process steps involved in the fabrication of local back gate SN-TFTs are
discussed. To examine the uniformity of the SWCNT deposition, an array of wafer scale SN-TFTs

having various dimensions are fabricated using HfOx as the gate oxide, 95% enriched s-SWCNT for
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Figure 4.10: Process flow for the fabrication of back gate SN-TFT with normal source/drain contacts.
(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.

(b)

Figure 4.11: Microscopic images of the fabricated global back gate SN-TFTs. (a) Typical IDE source/drain
contacts. (b) Typical normal source/drain contacts.

thin-film channel. The major process steps involved in the fabrication of SN-TFT is summarized in
Fig. 4.12. A 2 inch p-type Si <100> wafer having resistivity in the range of 0.01 - 0.1 Qcm is used
as a substrate. Over the RCA cleaned Si wafer, the SiO, of 50 nm thickness is grown using the dry
thermal oxidation process to isolate the SN-TFTs from the substrate. The cross sectional view of
after the oxidation process is shown in Fig. 4.12(a).

The masks used for the fabrication of local gate SN-TFTs have 5 levels and are shown in the Fig.
4.13. An array of 4 devices are shown on the left side and one device is enlarged on the right side to
show the details. To define the gate region of the device, resist coated wafer is exposed to UV source

using L1 pattern as shown in Fig. 4.13. Pd film of 7 nm thickness is deposited by the RF sputtering
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G

(b)
SWCNTs thin-film

(c)

Pd

(e) (f)
Figure 4.12: Process flow for the fabrication of local back gate SN-TFT. (a) SiO, 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 SWCNTSs deposited on the silanized oxide surface. (e) Pd
deposition for source and drain contacts. (f) Gold deposition for large arca contact pads.

technique to realize the local back gate structure as shown in Fig. 4.12(b). The gate dielectric region
of the device is defined using L2 mask as shown Fig. 4.13. This is followed by HfO v deposition
(10 nm) using the RF sputtering method at room temperature. HfO « from the unwanted region is
removed by the lift-off process and the resulting cross sectional view is shown in Fig. 4.12(c).

The next process is SWCONT thin-film deposition on the HfO x layer. In order to deposit high
density SWCNT thin-film, the immersion technique discussed in earlier section is employed. The
cross sectional view of the structure after the deposition of SWCNTSs is shown in Fig. 4.12(d). The

source and drain contacts of the SN-TFT are defined by L3 mask as shown in Fig. 4.13 to deposit
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Figure 4.13: Masks used for fabrication of local back gate SN-TFTs. An array of 4 device patten}s are given
on the left side. The magnified view of an individual device and details of different masks are given on the
right side.

Pd of 7 nm thickness by the RF sputtering and the structure obtained is shown in Fig. 4.12(e).
The source, drain and the gate electrode contact pads each of dimensions 100 x 100 pm for probing
purpose are defined using L4 mask as shown in Fig. 4.13. Au of 55 nm is deposited using the RF
sputtering and is followed by the lift-off process to obtain the final device as shown in Fig. 4.12(f).
Finally, the SWCNTs from the unwanted region are removed by the Oz plasma after protecting the
channel region with the PPR using L2 /L5 masks. Total of 5 levels lithography are required to realize
the local back gate SN-TFTs. The wafer scale array of SN-TFTs have the following dimensions -
channel lengths are 2, 5, 8, 10, 15, 20, 30, 40, 50, 75 and 100 pm and channel widths are 2, 9, 8,
10, 15 and 20 ym. An optical image in Fig. 4.14(a) shows the local gate SN-TFT of channecl length
8 pm and width 20 pm. The SEM image in Fig. 4.14(b) indicates visually that a good contact
is established between The SWCNTs and Pd. The contact properties will be further explored by

electrical characterization.
4.3.3 Process Flow of Top Gate SN-TFT

The fabrication of top gated SN-TFT is illustrated in Fig. 4.15. The process starts with the
growth of 50 nm SiO, on the Si surface to isolate the SN-TFT from the substrate as shown in Fig.
4.15(a). The patterns of level L2 shown in Fig. 4.13 are used to define HfO, of 10 nm thickness
over the oxidized Si surface as shown in Fig. 4.15(b). Fig. 4.15(c) shows the cross sectional view of
the SWCNT thin-film deposited on the HfO, surface modified by amino-silane.

Fig.4.15(d) shows the source/drain regions defined by L3 mask after the deposition of 7 nm thin-

film of Pd. The probe contacts for source/drain are realized by L4 mask patterns. The deposition
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(b)

Figure 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.

of 55 nm of Au is followed by a lift-off process and results in a structure shown in Fig. 4.15(e). The
focused ion beam (FIB) based gas injection system (GIS) process is used to deposit 10 nm thick SiO,
as the gate oxide. During the gate oxide deposition, Raith 150" ° is operated at a system vacuum

-6
of 6.68 x 1077 mbar and gun vacuum of 6.79 x 10—9 mbar and Fig. 4.15(f) shows the corresponding

cross sectional view.

The top gate contact for the SN-TFTs are realized by depositing 10 nm thick Tungsten (W) using
the GIS technique resulting in a cross sectional view shown in Fig. 4.15(g). As the deposition rate
of GIS technique is low, the effective length of the top gate device is restricted to 5.6 um. However,

the total channel length for the top gate i.e. combined the lengths of spacers and W is 10 gm and
the channel width is 18.5 pm.

4.3.4 Process Flow of Dual Gate SN-TFT

The fabrication of dual gate SN-TFT is discussed in this subsection. The processing of dual gate
gN-TFT starts with RCA cleaning of a p-type Si substrate followed by the dry thermal oxidation

process for the growth of 50 nm thick SiO, to isolate the SN-TFT from the substrate as shown in

the Fig. 4.16(a).

The cross sectional view of the back gate structure is shown in Fig. 4.16(b) and is obtained by
depositing Pd of 7 nm thickness and subsequent patterning by L1 mask. The back gate oxide regions
shown in Fig. 4.16(c) is obtained by depositing the high-k HfO, of 10 nm thickness and subsequent
patterning by L2 mask. The 95% enriched semiconducting SWCNTs are deposited on the HfO

surface modified by an amino-silane to form a thin-film of SWCNTs as shown in the cross sectional
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Figure 4.15: Process flow for the fabrication of top gate SN-TFT. (a) SiO, grown over the Si substrate. (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 SiO, layer as dielectric material for the top gate. (g) Tungsten deposition to realize
the top gate structure.

view of Fig. 4.16(d). Over this SWCNT thin-film, the source and drain regions are obtained by
depositing 7 nm of Pd and subsequent patterning by L3 mask as shown in Fig. 4.16(e). The probing
contacts of the source/drain/gate regions are defined by the mask L4 after sputtering Au of thickness
55 nm as shown in Fig. 4.16(f). The top gate of the device is realized by depositing 10 nm thick Si0;
layer as the top gate oxide over the SWCNT thin-film as shown in Fig. 4.16(g) and is followed by a
10 nm thin layer of W as the top gate contact as shown in Fig. 4.16(h) both using GIS technique of
> TWO .
Raith 150 equipment. The top gate is shorted with the back gate contact to have an identical

electrical potential on either side of the channel.
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Figure 4.16: Process flow for the fabrication of dual gate SN-TFT. (a) SiO, grown over the Si substrate. (b)
Back gate on Si/Si0, 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 arca contact pads. (g) Deposition of SiO, layer as dielectric for
top gate. (h) Tungsten deposition to realize the top gate structure of the dual gate SN-TFT.
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4.4 Summary

In this chapter, process flow for various types of SN-TFTs using different gate dielectric mate-
rial, source/drain contact geometries and gate structures having different purity of s-SWCNTs are
discussed. Fig. 4.17 summarizes the different thin-film depositions such as SWCNT, gate dielectric
materials and contact metals carried out during the fabrication of SN-TFTs. The deposition process
of SWCNTs over the modified wafer surfaces using the spin-coat, dip-coat and immersion were pre-
sented separately. SiOs is grown by the thermal oxidation and deposited by the FIB technique, and
HfO x is deposited by the RF sputtering. The deposition of Au, Pd and Cr for the terminal contacts

were carried out using the RF sputtering and W by the FIB technique.

Spin-coat

_| Carbon | [Functionalization|| Dip-coat

Nanotube (APTES)

Immersion

Thermal -

oxidation

Deposition Gate RF sputtering HfOx

.|Dielectric o >

Focused Ion <He)
Beam Isio]
|— Palladium
RF sputtering Gold
—Metalization |--IChromiumI

Focused Ion
Beam

Tungsten

Figure 4.17: Summary of different thin-film depositions carried out during the fabrication of SN-TFTs.

Fig. 4.18 shows 9 different types of SN-TFTs fabricated in this work. The process flow of wafer
TH-1861 07610208
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Figure 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.

scale global gate SN-TFTs having SiO, and HfO, as the gate dielectric with thin-film of 90% and
95% purity s-SWCNTs with IDE and normal structures for source and drain contacts was presented.
Wafer scale fabrication of local gate SN-TFTs with HfO, as the gate dielectric were discussed in
detail. Fabrication of a top gate SN-TFT using the FIB technique was presented and finally a
dual gate SN-TFT with SiO2 and HfOx as the dielectric material for the top and the back gate,

respectively was also presented.
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5. Wafer Scale Global Back Gate SN-TFTs having SiO, or HfO, as Gate Dielectric

5.1 Introduction

Bulk nanotube materials may never achieve electrical performance similar to that of the individual
tubes, but they may nevertheless sufficient for many applications. In last decade, SN-TFTs have
made significant progress in terms of developing techniques to deposit high density thin-film of aligned
or randomn SWCNTs [46, 47, 49], achieving good performance wafer scale devices (46, 48, 49] and
fabricating devices on flexible surfaces [115,116]. The SN-TFTs with SWCNT thin-film of different
purity of s-SWCNT [37, 38, 46, 47, 49] have shown a higher mobility compared to the conventional
organic TFTs. A systematic investigation of the gate dielectric material based SN-TFTs arc targeted
in this study. The survey of CNFETSs, which are based on individual SWCNTs shows the use of
HfO, [34], zirconium oxide [117] and aluminum oxide (ALO,) [118] as the gate dielectric material.
However, a survey of the fabricated SN-TFTs indicates that most of the devices use SiO, as the gate
oxide material and Even though Al O, is used as the gate dielectric material for a top gate SN-TFT
fabrication [113], the thin film of SWCNTs was deposited over the SiO2 surface.

Replacing the SiO, gate dielectric with a high-k material allows an increased gatc capacitance
without the adverse leakage effects. While extensive literature is available on the high-k material
incorporation in SN-TFTs, it has been observed that no studies have been reported exclusively
comparing the effects of the dielectric material on SN-TFTs. In this chapter, electrical performance
of wafer scale SN-TFTs having SWCNT thin-film deposited over the silanized HfO, or SiO, surface
is presented. The wafer scale demonstration is important as it provide added information such as
repeatability, yield of the process involved and performance variations among the devices across the
wafer. For a fair performance comparison, the SN-TFTs of identical dimensions fabricated under
similar process conditions are considered.

The sections of the chapter are arranged as follows. Section 5.2 presents the characterization
of SWCNT thin-film deposited over different gate dielectric surfaces. In section 5.3 electrical char-
acterization results of wafer scale SN-TFTs of various channel dimensions fabricated under similar
process conditions using SiO, or HfO, as gate oxide material are discussed. Section 5.4 summarizes

the chapter.
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5.2 Results of Material Characterization

In this section, the SWCNT material characterization is presented. The details of SWCNT thin-
film deposition over the modified HfO; and SiO, surfaces is done using the dip-coat technique as
discussed in the chapter 4. The characteristics of the SWCNT thin-film having 95% purity s-SWCNTs
such as diameter, length and semiconducting purity are presented.

Raman spectroscopy is a good tool for examining the structural and electronic properties of
CNTs and in particular SWCNTs [119]. Diameter, chirality, and phonon structure are reflected in
first- and second-order Raman frequencies, i.e. radial breathing modes (RBM, 150 - 350 cm~!) and
carbon-carbon stretching in the graphene plane (G band, 1565 - 1595 cm™!). The Raman spectra of
the SWCNT thin-film with 95% purity of s-SWCNTs deposited on the APTES functionalized HfO x
and SiO, surfaces are measured using Horiba Jobin HR 800 system with a laser excitation frequency

of 514.5 nm.

The RBM and G-mode are diameter sensitive. Fig. 5.1 shows the Raman spectroscopy data

recorded for the samples deposited with 95% enriched s-SWCNT thin-film. The Raman data recorded

over a wide range of Raman shift from 50 - 3000 -1 has clear characteristic peaks such as RBM

disordered band (D band), graphite band (G band) and G’ band in Fig. 5.1(a). The spectroscopic

details over the RBM and G-band regions for the SWCNTs give a qualitative indication of the

relative population of semiconducting to metallic SWCNTs over the wafer surface. Kataura et

al. [120] reported that the Raman peaks around 160 - 200 c-1! and 200 - 280 cm™! are due to

semiconducting and metallic SWCNTs respectively. The Raman spectrum data obtained for a wafer
with SWCNTs deposited on the HfO, surface has intensity peaks at Raman shift of ranging from
160.2 to 180.2 cm™! in the RBM region as shown in Fig. 5.1(b). Similarly the Raman data of the
SWCNTs deposited on the SiO, surface is shown in the Fig. 5.1(c) and the intensity peaks are
located at less than 200 cm~! indicates that the SWCNT thin-film has majority of s-SWCNTs thus
confirming its high purity and a much narrower G band characteristics of the SWCNTs in Fig. 5.1(a)
further supports the same. RBM can be used to study the SWCNT diameter through its frequency
Wapn- The SWCNT diameter is calculated using the equation (5.1), where A and B parameter
values are determined experimentally as 248 cm™! and 10 cm™! respectively [121], and d, is the

SWCNT diameter in nm. The obtained range of the SWCNT diameters are from 1.37 nm to 1.56

nm. The Raman data of these plots confirm the high purity of s-SWCNTs with very less traces of
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Figure 5.1: Raman spectroscopy data of the SWCNT thin-filin 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, surface. (c¢) RBM data of SWCNTSs deposited on SiO, surface.
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The SWCNTs used in this work are synthesized using the arc discharge technique. The data
provided by the vendor indicated that SWCNTs have length ranging from 100 nm to 4 pm with a

mean length of 1 ym as shown in Fig. 5.2.

5.3 Electrical Characterization Results of SN-TFTs having Differ-
ent Gate Dielectric Material

In this section, the electrical performance of wafer scale global gate SN-TFTs fabricated under
similar process conditions with an identical channel dimensions having either SiO, or HfO _ as the

gate dielectric material is analyzed. The SN-TFTs having IDE source/drain contact and a thin-film
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Figure 5.2: Atomic force microscopy data indicates that SWCNTs range in length from approximately 100

nm to 4 microns (Courtesy: NanoIntegris Inc.).
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Figure 5.3: Experimental setup to characterize global gate SN-TFTs

of 95% purity s-SWCNT's are considered.

The electrical characterization of the SN-TFTs is carried out using Keithley Polaris system probe
station. The current-voltage (-V) characteristics of the wafer scale devices fabricated on the 2 inch
gi wafer are carried out at room temperature using the experimental setup shown in Fig. 5.3. The
global back gate SN-TFTs in which the back side of the substrate itself acts as the gate contact. The
wafer is placed on the chuck of the probe-station and contact probes are carefully placed over the
source and drain contacts without damaging the pads. Depending on the required characteristics,
the voltage of the corresponding terminal is varied as per the required resolution. The recorded L V
values are further used to plot the relevant characteristics of the device.

Each of the wafer consists of 80 transistors of various dimensions. The SN-TFTs considered
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5. Wafer Scale Global Back Gate SN-TFTs having SiO, or HfO, as Gate Dielectric

for the analysis have IDE source/drain contacts of channel lengths 20, 50 and 100 xm and width
ranges from 2300 to 31600 um. Both SiO, and HfO, based SN-TFTs have exhibited a p-type output
characteristics with distinct linear and saturation region of characteristics. The output characteristics
of a typical device having the channel length of 50 um and the width of 2300 um are shown in Fig.
5.4(a). The output conductance (gq4s = dI,/dV,g) of the typical device is 2.32 uS at V4 of -3
V. The linear region of the output characteristics shown in Fig. 5.4(b) indicates an ohmic contact
between SWCNTs and source/drain electrode (Pd) of the device.

The dielectric constant of the HfO,, is found to be 12 by a separate capacitance measurement and
is substantially higher than the value of 3.9 for SiO,. Compared to the 50 nm thickness of SiO,, the
equivalent electrical thickness of HfO, layer is 65 nm, though the corresponding physical thickness

is 200 nm. The oxide capacitance is estimated using the equation C,, = ¢, /T. , where ¢, and

@
T,, are the gate dielectric constant and equivalent thickness respectively. The oxide capacitance of
HfO, based SN-TFTs is 1.3 times smaller compared to the device with SiO, as the gate dielectric.
Fig. 5.4(c) shows the transfer characteristics exhibited by S8iO, and HfO, based SN-TFTs. It may
be noted that the device based on the HfO, has a lower threshold voltage of -1.5 V as against -1.8
V for the SiO, based SN-TFT. The improvement in the threshold voltage by 300 mV for the HfO
based SN-TFTs may be attributed to the difference in charge in the oxide or at the CNT/oxide
interface. It may be noted that the difference in on-current of the two types of devices is increasing
for higher gate voltages. This is due to the lower threshold voltage of high-k based device compared
to the other. The subthreshold swing of the HfO,, based SN-TFT is measured to be 750 mV /decade
and is found to be steeper compared to 850 mV/decade for devices with SiO, as the gate oxide.
The steeper subthreshold swing of HfO, based device is again due to the incorporation of high-k
dielectric material as gate oxide. The current-voltage relationship obtained for these SN-TFTs is not
square law dependent like in the case of a conventional MOSFET, but may be approximated that
drain current of HfO, based SN-TFT is proportional to (Vgs - V7)!'?8 and for devices with SiO,
gate dielectric material it is (Vggs - V)38,

The electrical parameters of the wafer scale SN-TFTs having various dimensions with SiO, or
HfO, as gate dielectric are analyzed. Fig. 5.5 shows the performance such as, the on-current density
(drain current/channel width 7,/ W) and the transconductance normalized to the channel width

(g../ W) for various channel length of both SiO, and HfO, based SN-TFTs. Fig. 5.5(a) shows the
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Figure 5.4: Electrical characteristics of SN-TFTs. (a) Output characteristics of SiO, based SN-TFT. (b)
Triode region characteristics of SiO, based SN-TFT. (c) Transfer characteristics of both SiO, and HfO . based
X

SN-TFTs.

1,/ W measured at V5 of -2 V andV, of -5 V for both types of devices having various channel
lengths. Due to higher dielectric constant and reduced threshold voltage, the average on-current of
the HfO, bascd devices is about two times more compared to the devices with SiO, gate oxide.
Due to high on-current, HfO, based SN-TFTs have more current density compared to the SiO,
based devices for various channel length. However, for each case, the current density decrease as the
channel length increases, due to the larger thin-film resistance of longer channels and also due to the
possible non-continuity between the SWCNTs along the length of channel as the average length of
the SWCNT is only about 1 um. The resistance of the thin-film channel for various channel lengths
of both SiO, and HfO, based devices is measured from the linear region of output characteristics

and the same is shown in Fig. 5.5(b). The on-resistance of a typical SiO, based SN-TFT of channel
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length 20 pm is 38.14 MQ and the same for devices having channel lengths of 50 and 100 um is
81.25 and 172.65 MXS2, respectively and all obtained at a V4 of -5 V. The on-resistance of the HfO
based SN-TFTs for identical dimensions is lower compared to the SiO, based devices as shown in
Fig. 5.5(b). Even though the intrinsic resistance of the individual SWCNT is 6.5 K, the thin-
film consists of many random SWCNTs of average length 1 um and therefore the resistance of the
SWCNT thin-film is in the order of MQs due to several high resistance tube-to-tube contacts [38].
The contact resistance is larger for longer channel devices as there will be more number of tube-to-
tube contacts for the formation of a longer channel device. Another important device parameter,
the transconductance (g,,) is calculated using the slope of SN-TFTs transfer characteristics at Vg
of -2 V. Because of higher dielectric constant, the SN-TFTs based on HfO, have shown a maximum
g.. value at Vg of -3.7 V, which is lower by 400 mV compared to SiO, based devices. The slope
at a Vg of -2 V from the transfer characteristics of SN-TFTs is considered for the calculation of
transconductance. The plots in Fig. 5.5(c) indicate a higher normalized transconductance values for
the HfO, based SN-TFTs compared to the SiO, based devices of various channel length.

The electrical parameter of SiO, and HfO, based SN-TFTs are compared in the Table 5.1.
The HfO, based SN-TFTs have shown reduced threshold voltage and steeper subthreshold slope
compared to devices with SiO, gate oxide. The on-off current ratio of SN-TFTs with high-k gate
oxide device is comparable to SiO, based device. However, the SN-TFT with high-k gate oxide has
exhibited greater current density when compared to SiO, based device. The carrier mobility () of
the device is calculated using the standard formula (5.2) [49]. Where L_, is the channel length, T,.
is the gate oxide thickness, ¢, ,, is the effective dielectric constant of the oxide material and W is the
channel width. For SiO, and HfO, based SN-TFTs, the maximum carrier mobility obtained for a
channel length of 100 um is 4.68 and 32.6 cm2/V's respectively. The higher mobility value for the
HfO, based SN-TFT is corresponding to their higher g, value obtained at a lower gate voltage.

_ LenToiOm

p=Laledn (5.2)
ee.ffVDSW

5.4 Summary

In this chapter, the material characteristics of the SWCNT thin-film deposited on different gate
dielectric material was presented. A study on the electrical performance of various SN-TFTs based
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Figure 5.5: Electrical parameters of SN-TFTs based on both SiO, and HfO x gate dielectric, as a function
of channel length. (a) Current density, I,/ W (uA/pm). (b) On-resistance. (c) Normalized transconductance.

Table 5.1: Performance comparison of SiO, and HfO, based wafer scale SN-TFTs.

Parameter SN-TFT, 0, SN-TFT,,, 0y
Gate-dielectric SiO, HfO,,
Dielectric thickness (nm) 50 200
Threshold voltage (V) -1.8 -1.5
Subthreshold slope (V/decade) 0.85 0.75
On-off current ratio 6 x 10* 7.45 x 10*
Current density I,/ W (pA/pm) 0.12 0.302
Normalized transconductance g,/ W (uS/pm) 0.013 0.071
Carrier mobility (cm?/V-s) 4.68 32.6
85
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on SiO, and HfO , gate dielectric material was presented. The devices having an identical dimensions
fabricated under identical process conditions were considered for the performance comparison. SN-
TFTs based on the HfO, gate dielectric had shown reduced threshold voltage by 300 mV compared
to the SiO, based devices. The SN-TFTs with a high-k dielectric gate oxide also have exhibited
a steeper subthreshold slope, large on-current and higher transconductance compared to the SiO,

based devices of identical channel dimensions.
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6. Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity s-SWCNTs

6.1 Introduction

The SWCNTs to be used for the transistor application must exhibit semiconducting property and
the percentage of the m-SWCNTs of the thin-film plays a significant role in the device performance.
The as-grown SWCNTs typically consist of only 67% of s-SWCNTs and the remaining will be
metallic in nature. As most of the current conduction is through the m-SWCNTs especially at lower
gate voltages, their on-currents will be higher, but the off-currents are also significantly higher and
therefore SN-TFT's fabricated using thin-film of as-grown SWCNT suffer from a poor on-off current
ratio [37,38] which leads to power consumption even during the switched-off condition. Depending on
the purity of s-SWCNTs, the properties of SN-TFTs vary. Therefore it is possible to have SWCNT
thin-films of various purity of s-SWCNTs. The SN-TFTs with as-grown SWCNT thin-film [37,38,47]
have shown a higher mobility compared to the conventional organic TFTs, but suffer from a low
on-off current ratio. This disadvantage is resolved by using sorted nanotubes with higher percentage
of s-SWCNTs. A review of the literature reveals a number of demonstrations of SN-TFTs using
SWCNTs with different semiconducting purity [46-49,113]. Wang et al. [46] have reported a wafer
scale SN-TFTs using 95% s-SWCNTs and Engel et al. [49] have reported the SN-TFTs using 99%
s-SWCNTs achieving better performance compared to the lower purity s-SWCNTs. In reality, the
performance of a SN-TFT is also influenced by the channel dimensions and the process conditions.
In this chapter, a systematic investigation on the impact of SWCNT semiconductive purity on the
device performance is carried out for the wafer scale devices of identical dimensions fabricated under
similar process conditions. For this investigation, both SiO, and HfO, based wafer scalc SN-TFTs
having 90% and 95% purity s-SWCNTSs are considered.

The analysis of the high performance SN-TFTs with the high on-current capability is also pre-
sented. There are many applications wherein it is desirable to have a TFT capable of providing
relatively high output currents and operating at high speeds. One such application is the large area
liquid crystal displays wherein the transistors are called upon to drive the individual pixels of the
displays. The organic TFTs have received significant attention, but suffer from rclatively a low de-
vice mobility. The SN-TFTs have recently attracted lot of attention due to their potential to replace
amorphous or polycrystalline silicon TFTs for active matrix liquid crystal displays. The back gate
SN-TFTs have exhibited a maximum on-current in the range of 2 to 6 mA [46,47] and the top gate
SN-TFTs have exhibited 1 mA [49]. The top gate SN-TFTs need additional process steps such as
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the metallization and the lithography over the deposited SWCNTSs. In order to use SN-TFTs for the
display applications one requires not only the high current, but also adequate values of other device
parameters such as the threshold voltage, on-off ratio, on-state conductance and carrier mobility.
Most of the SN-TFTs reported in the literature have the thin-film of SWCNTSs deposited on the
modified Si/SiO, surface [37,38,46-49]. In this work, HfO, is used as the gate dielectric material
and the thin-film of SWCNTs are deposited over the modified HfO . surface. This helped to achieve
a low voltage operation, much steeper subthreshold voltage swings a.md higher transconductance val-
ues. The report indicates that the short channel length devices formed with an average SWCNT
Jengths of 1.7 um [46] have exhibited a high on-current, but with a poor on-off ratio. In this work,
SWCNTs with shorter average lengths (1 um) are used and thereby mitigated poor on-off ratio
caused by the presence of longer length m-SWCNTs. However, shorter average length of SWCNTs
would increase the contact resistance between SWCNTSs and care must be taken to retain the device
performance such as mobility and transconductance. The high density SWCNTs are deposited to

exploit the high current carrying capacity of the SWCNTs at reduced channel lengths

The sections of the chapter are arranged as follows. The section 6.2 gives the details of the

semiconducting purity of the SWCNTs. . The section 6.3 presents the analysis of electrical charac-

terization results of wafer scale IDE SN-TFTs having 90% and 95% purity s-SWCNTs deposited on
5i0, and HfO surface. Section 6.4 deals with the performance comparison of wafer scale SN-TFTs
with different purity s-SWCNTs. Section 6.5 presents a discussion on the high performance and high

on-current SN-TFT. Finally the chapter is sumnmarized in section 6.6,
6.2 Results on Purity of s-SWCNTs

In this section, the purity of s-SWCNTs deposited on different silanized gate oxide surfaces are
presented. The semiconducting purity the SWCNT thin-film deposited on the wafer are verified using
the Raman spectroscopy data obtained using Horiba Jobin HR 800 system with a laser excitation
frequency of 514.5 nm. The Raman spectra of the SWCNT thin-film of different semiconducting
purity deposited on the APTES functionalized HfO, surfaces are shown in Fig. 6.1. The spectro-
scopic details over the RBM region for the SWCNTS give a qualitative indication of the relative
population of semiconducting to metallic SWCNTSs deposited over the wafer surface. Kataura et

al. [120] reported that the Raman peaks around 160 - 200 cm™! and 200 - 280 cm~! are due to s-
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and m-SWCNTs, respectively. The Raman spectrum of the random network of SWCNTs in RBM
region for 90% purity sample showed a peak beyond 200 cm~! and such a Raman shift shown in
Fig. 6.1(a) indicates the presence of the m-SWCNTs. However, RBM data for 95% semiconducting
purity case in Fig. 6.1(b) is dominated by spectroscopic features of the s-SWCNTs as there are no

peaks beyond 200 em™?! [120]. The peaks before 200 cm™! indicates the presence of high percentage

of s-SWCNTs.

1200 4000
5 1000- 5
S . & 3000
2 800 2
g § 2000-
£ 600, £
= £ 1000-
[1+} p [3+]
: 400 s
X 2004+—— & 0

50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Raman Shift (cm™) Raman Shift (cm™)

(a) (b)

Figure 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.

6.3 Electrical Characterization Results of Wafer Scale Interdigi-
tated Type SN-TFTs

In this section, the electrical characterization of the global gate SN-TFTs having IDE source/drain
contacts is presented. The electrical measurements are carried out using Keithley Polaris system
probe station. The electrical performances of SN-TFTs having thin-film of 90% or 95% enriched
s-SWCNTs deposited on an amino-silane modified HfO, or SiO, surfaces are considered for the
analysis.

905N-TFT and 95SN-TFT abbreviations are used hereafter to indicate SN-TFT having SWCNTs
of 90% and 95% semiconducting purities, respectively. Fig. 6.2 shows the electrical characteristics
exhibited by the 95SN-TFT of a typical dimension of channel length 20 pm and width 16600 pm.

Fig. 6.2(a) shows an excellent p-type output characteristics exhibited by 95SN-TFT with a distinct
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linear and saturation region of operation for the V,, ranging from -1 V to -5 V in steps of -1 V.
The ggqs of 95SN-TFT is 8 1S measured at a V, of -3 V. The transfer characteristics of back gated
SN-TFTs shown in Fig. 6.2(b) are obtained by varying the gate voltage from -5 V to 5 V, at a
constant V¢ of -2 V. It may be noted in Fig. 6.2(b) that the drain currents of both SN-TFTs are
almost identical at larger negative values of V.., as both s-SWCNTs and m-SWCNTSs carry same
currents. However, at lower negative and positive values of Vs, the drain current of the 90SN-TFT
is more compared to the 95SN-TFT. This is because m-SWCNTs do not need V. driven channel
formation for the current conduction. The drain currents of 90SN-TFT and 95SN-TFT are 2.17 mA
and 1.91 mA, respectively at a Vg of -5 V. However, the drain current measured at Vgs of 5V
for a 90SN-TFT is 1.83 pA and it is 98.6 nA for a 95SN-TFT. In other words, the on-off current
ratio of the 90SN-TFT is 1.18 x 10° and that of the 95SN-TFT it is 1.93 x 10%. The on-off current
ratios of SN-TFTs with SWCNT thin-film on the HfO, dielectric are comparable to SN-TFTs with

gWCNTs on the SiO, surface reported in the literature [46].
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Figure 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.

Fig. 6.3 shows the electrical parameters of SN-TFTs having 90% and 95% purity s-SWCNTs
such as on-off current ratio, current density, normalized transconductance and carrier mobility as a
function of the channel length. Fig. 6.3(a) shows the ratio of on and off currents measured at Ves

of -5 Vand Vg, 0of 5V, respectively at a constant V,,; of -2 V. The on-off current ratio of the 95SN-

TFT is always higher compared to the 90SN-TFT. The reason for reduction in on-off current ratio
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Figure 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 (I, / W).
(¢) Normalized transconductance. (d) Carrier mobility.

(d)

of 90SN-TFT is the high off-state current of the device due to the presence of more m-SWCNTs in
the channel, which will anyhow conduct even without the gate potential. Nevertheless, the obtained
on-off current ratio of the 90SN-TFTs is higher when compared to other reported devices using the
as-grown SWCNTs [37,47]. In order to obtain better on-off current ratio devices, much higher purity
s-SWCNTs are required and in literature a highest on-off ratio more than 10° is reported for the
devices using 99% enriched s-SWCNTs [49].

The I,/ W of both 90% and 95% purity s-SWCNTs for various channel lengths are plotted in
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6.3 Electrical Characterization Results of Wafer Scale Interdigitated Type SN-TFTs

Table 6.1: Performance comparison of 4 different wafer scale fabricated SN-TFTs with interdigitated
source/drain contacts.

Parameter 95SN-TFT 90SN-TFT 95SN-TFT 90SN-TFT
On-off current ratio 6 x 10% 4 x 10° 745 x 10* 4.5 x 108
Current density (#A/upm) 0.12 0.16 0.302 0.41
Normalized transconductance (1S/um) 0.013 0.014 0.071 0.075
Carrier mobility (cm?/V's) 4.68 5.02 32.6 33.8
s-SWCNT purity (%) 95 90 95 90
Gate-dielectric SiO, SiO, HfO, HfO,

Fig. 6.3(b). Because of the presence of more number of m-SWCNTs, the 90SN-TFTs have exhibited
a maximum I,/ W of 0.41 uA/um, slightly higher value compared to the 95SN-TFTs. As explained
earlier for longer channel lengths, due to non-continuity of the SWCNTs and higher channel resistance
the on-current reduces and hence the current density also reduces with increase in the channel length
as shown in Fig. 6.3(b).

Similarly Fig. 6.3(c) and 6.3(d) show the normalized transconductance and the carrier mobility

of SN-TFTs as a function of the channel length. The mobility exhibited by SN-TFTs having 90% and
95% purity s-SWCNTs are higher compared to the devices which employed spin coating technique
to deposit SWCNTSs [49]. The carrier mobility of the SN-TFTs is higher than the mobility of the
organic TFTs [109,110]. However, the mobility values of the presented SN-TFTs are lower when
compared to mobility values of 1-2 x 103 ¢cm?/V's obtained for the transistors fabricated using
individual SWCNTs [7,122]. This may be because of very large tube-to-tube contact resistance of
random SWCNTs network reported in thin-films [38].
Table 6.1 shows the comparison of electrical parameters exhibited by the SN-TFTs having SWC-
NTs of s-SWCNT purity 90% and 95% deposited on the silanized SiO, and HfO x surface. Only the
best parameter values exhibited by both types of devices are listed in Table 6.1. Compared to the
90SN-TFTs, the on-off ratio of the 95SN-TFTs is greater by at least by an order, and are suitable for
digital switching applications. Because of higher percentage of m-SWCNTSs, the current density of
the 90SN-TFTs is higher compared to 95SN-TFTs. The normalized transconductance and mobility
exhibited by SN-TFTs with 90% and 95% purity s-SWCNTs are comparable to each other.

In this section, the electrical characteristics of global gate SN-TFTs having IDE contacts with
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6. Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity s-SWCNTs

HfO, and SiO, dielectric material and having different purity of s-SWCNTs are discussed. The
SN-TFTs with 95% pure s-SWCNTs have shown a higher on-off current ratio compared to devices
with 90% purity s-SWCNT's having identical channel dimensions processed under similar process
conditions. The 90SN-TFTs have exhibited higher current density compared to the 95SN-TFTs due
to higher percentage of m-SWCNTs.

6.4 Performance Comparison of Wafer Scale SN-TFTs having Dif-
ferent Purity s-SWCNT's

In this section, the electrical characterization of HfO, based global gate SN-TFT's are presented.
It may be noted that from henceforth the gate contact geometry is non-IDE type (normal) unless
otherwise it is specifically mentioned as IDE type. The electrical performances of SN-TFTs are
examined by obtaining the current-voltage characteristics using the Keithley Polaris probe station.
The electrical characteristics of SN-TFTs having channel lengths 5, 10, 20, 30 and 40 xm and widths
lb, 50, 100, 400 and 500 pm are obtained. The electrical performance of wafer scale HfO based
SN-TFTs having s-SWCNTs of 90% or 95% purity, fabricated under similar process conditions is
presented. The output and transfer characteristics of both types (90% and 95%) of SN-TFTs having
identical channel dimension of length 30 ym and width 100 ym are presented here. The output
characteristics of both types of devices shown in Fig. 6.4 are obtained for various Vg ranging from
-1 V to -5 V. Fig. 6.4 shows the p-type output characteristics exhibited by both types of devices with
a distinct linear and saturation region. Fig. 6.4(a) shows the output characteristics of 95SN-TFT
and has exhibited a maximum current of 113 yA at a Vg of -5 V and the gy, value is 0.307 S at
Vs of -3 V. The triode region of the same for lower V. values shown in Fig. 6.4(b) indicates an
ohmic contact between the source/drain contact and the SWCNTs as expected when Pd metal is
used. Because of more m-SWCNTs, the 90SN-TFT of similar channel dimension has exhibited an
on-current of 116.8 uA at a V4 of -5 V which is marginally greater than the 95SN-TFT.

The transfer characteristics of both types of SN-TFTs are shown in Fig. 6.5. The 95SN-TFT’s
on-state current measured at Vg of -5 V is 31.05 pA and the off-state current at Vg5 of 5 V
is 0.826 nA, resulting in an on-off current ratio of 3.75 x 10%. The 95SN-TFT with HfO, gate
dielectric material has exhibited a steep subthreshold slope 600 mV /decade, when operated with
Vs of -2 V which is steeper than earlier reported similar type of devices [46]. Similarly, the transfer

characteristics of 90SN-TFT is shown in Fig. 6.5. The device has exhibited an on-current of 32.25
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.4 Performance Comparison of Wafer Scale SN-TFTs having Different Purity s-SWCNTs
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Figure 6.4: Output characteristics of global back gate SN-TFTs. (a) IV plot of 95SN-TFT for various
V.. and Vps 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

Vas:

pA at at Vgg of -5 V and an off-current at V4 of 5 V is 8.39 nA. This results in an on-off current
of 3.84 x 103, which is less compared to the 95SN-TFT. The subthreshold slope of the 90SN-TFT is
found to be 650 V /decade and is better than the SN-TFT having 95% s-SWCNTs reported in [48].
This improved performance of the lower purity s-SWCNT SN-TFT may be attributed to the use of
a high-k gate oxide.

The yield obtained was 100% and all the back gate SN-TFTs of various channel dimensions are
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6. Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity s-SWCNTs
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Figure 6.5: Transfer characteristics of global back gate SN-TFTs having thin-film of 90% and 95% s-
SWCNTs.

characterized to compare their performance. The plots in Fig. 6.6 shows the performances of both
types SN-TFTs of various dimensions fabricated on separate wafers. Fig. 6.6(a) shows performance
of the SN-TFTs in terms of on-off current ratio, current density, transconductance and mobility for
various channel dimensions. The on-off ratio exhibited by both types of devices as a function of
the channel length, obtained by varying the V¢ from -5 V to 5 V, at a constant Vg of -2 V are
shown in Fig. 6.6(a). The 95SN-TFTs with the channel length more than 20 pm have shown an
on-off ratio more than 10¢ and a maximum on-off ratio of 4 x 104 is exhibited by devices having a
channel length 40 um. The deposited SWCNT thin-film contains 95% s-SWCNTs and rest will be
metallic. The on-off ratio of the devices of lower channel length is due to the possible bridging of
source and drain contact by the m-SWCNTs. The on-off ratio exhibited by the proposed 95SN-TFT
are in comparison with the similar type of devices reported in [46]. However, the gate voltage swing
to obtain the on-off ratio is -10 V to 10 V for the reported devices [46] as against to, -5 Vto5V
for the proposed devices. This low voltage drive of the proposed device is due to high-k HfO, gate
oxide. For the given channel length, because of higher m-SWCNTSs the on-off ratio exhibited by the
90SN-TFTs are less compared to the 95SN-TFTs as shown in Fig. 6.6(a).

The on-current exhibited by both types of SN-TFTs for various channel length as a function of
channel width are plotted in Fig. 6.6(b). In both cases, wider channel SN-TFTs have exhibited
larger on-current, as more SWCNTSs are involved in the current conduction activity compared to
narrow channel devices. As the channel length increases, due to non-continuity of the SWCNTSs

involved in the channel formation, the on-current reduces as shown in Fig. 6.6(b). However, the
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Statistical study of performance parameters of wafer scale global back gate SN-TFTs. (a) On-off
Latio exhibited by both types 9f SN-TFTs based on 99 and‘ 95% purity s-SWCNTs. (b) On-current exhibited
by global gate SN-TFTs of various channel lengt_h having different channel width (solid line - 95SN-TFT, dash
line - 90SN-TFT). (c) Average on-current density measured f.or both types of SN-TFTs for various channel
Jength. (d) Normalized transconductance. {e) Mobility of devices with various channel length.

Figure 6.6:
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6. Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity s-SWCNTs

on-current is proportional to the channel width, because as the channel width increases the number
of SWCNTs involved in the current conduction activity also increases. A maximum on-current of 3.1
mA (4.2 mA) is measured for a 95SN-TFT (90SN-TFT) having a channel length 5 um and width 500
pm. Similarly the least on-current of 580 pA (620 pA) is measured for a 95SN-TFT (90SN-TFT)
having channel length 40 um and width 5 gm. It may noted that due to higher % of m-SWCNTs,
the 90SN-TFTs have exhibited slightly larger on-current compared to the 95SN-TFTs of identical
channel dimensions.

The I, /W as a function of the channel length is plotted in Fig. 6.6(c). The proposed 95SN-TFTs
of 5 um channel length have exhibited a maximum current density of 6.2 uA/um. Due to the higher
m-SWCNTs the 90SN-TFTs have exhibited a maximum I, /W of 8.4 uA/um. The g, /W of the
proposed SN-TFTs of various channel length is shown in Fig. 6.6(d). The proposed 95SN-TFTs
have exhibited a maximum g, /W of 0.7 uS/um for a channel length of 5 zm and the corresponding
value for similar dimension 90SN-TFT is 0.74 uS/um. The on-current of the device reduces with the
increase in the channel length as explained earlier, therefore g_ /W also reduces with increase in the
channel length as shown in Fig. 6.6(d). The average carrier mobility of the SN-TFTs as a function of
the channel length are plotted in Fig. 6.6(e). The mobility of the device increases with the channel
length and 95SN-TFT with channel length of 40 um has exhibited a maximum carrier mobility of
44.2 cm?/V-s and 90SN-TFT of similar dimension has a maximum mobility of is 46 cm?/V-s. The
p exhibited by both types of SN-TFTs having channel length of 40 um is greater compared to 30
cm?/V's exhibited by the device with 95% purity s-sSWCNTs and having identical channel length

reported in [46].
6.5 High Performance and High On-Current SN-TFT

In this section, the electrical performance of HfO, based SN-TFT with 95% purity S-SWCNT
having a channel length of 5 um and width of 500 pm is presented. The performance of this
high on-current SN-TFT is compared with previously reported high on-current devices. For a fair
performance comparison, SN-TFTs exhibiting an on-current larger than 1 mA are considered. The
global back gate SN-TFTs reported by H. Ko et al. [47] and C. Wang et al. [46] along with a top gated
device demonstrated by M. Engel et al. [49] are considered in Table 6.2. The top gate SN-TFT [49]

has exhibited the largest on-off ratio due to two reasons; one is because of the highest (99%) purity
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6.5 High Performance and High On-Current SN-TFT

of s-SWCNTs and another is due to the aligned nature of SWCNTs in the thin-film. The on-off
ratio of the device with as-grown SWCNTSs [47] is poor because of presence of 33% of m-SWCNTs.
This may leads to the possible bridging of the source contact with the drain contact by m-SWCNT's
and will result in a greater off-state current. The SN-TFT of this work has exhibited the best on-off
ratio among the global gate devices [46,47]). This improvement in the on-off ratio of the proposed
device is achieved by the use of SWCNTs of average length 1 um compared to 1.7 pm for the other
devices [46] and also due to a higher density of SWCNTs. The probability of bridging the source
contact with drain contact by the m-SWCNT network will be higher in the case of longer SWCNTs
compared to the shorter tubes.

The proposed device is operated at a lower gate voltage compared to the other devices [46, 47]
due to the use of high-k gate oxide. The threshold voltage of the proposed device is 3 times lower

compared to the SN-TFTs of similar purity s-SWCNTs reported in [46]. This reduction in the

threshold voltage can be attributed to use of high-k gate dielectric material. The subthreshold

swing of the HfO, based SN-TFT is at least 2 times steeper compared to other the wafer scale

devices [46, 49]. Due to high density SWCNTs, the on-current of the presented device is better
Compared to other devices except for the SN-TFT reported in [47]. The on-current is at least 2
times higher compared to the devices with same purity s-SWCNTs reported in [46]. The highest
on-current of devices reported in [47] is due to the presence of 33% m-SWCNTs in the as-grown
GWCNTs as against 5% in the proposed device and could also be due to the aligned nature of the
SWCNTS- The I,/ W of the proposed device is 3 times larger compared to the devices with similar
dimension and identical purity s-SWCNTs reported in [46].

The high on-current SN-TFT presented has shown a 2 times better value of g,, /W compared to
other the device reported in [46]. The carrier mobility of the proposed device is higher compared to
devices with identical s-SWCNT purity [46] and also devices having as-grown SWCNTs of random
network (47], nevertheless lower compared to aligned version of as-grown SWCNTs [47]. Even though
the devices with as-grown SWCNT thin-film [47] have shown a higher on-current, larger current den-
sity and higher carrier mobility, they cannot be used for display applications as their off-currents
are appreciable, leading to the power consumption even when the devices are switched off. The pro-

posed global back gate SN-TFT based on the thin-film of SWCNTs deposited on the high-k dielectric

material, using a simple fabrication methods and affordable purity of SWCNTSs have exhibited suf-
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6. Wafer Scale Global Back Gate SN-TFTs having Thin-Film of 90% or 95% purity s-SWCNTs

Table 6.2: The performance comparison of high on-current SN-TFTs.

Parameter [PW] [47] [47) [46] [49]
Nanotube density (SWCNTs/um?) 40-45 NR NR 21-32 NR
Threshold voltage (V) -1.5 NR NR -4.5 NR
Subthreshold slope(V/decade) 0.6 NR NR 2 1.2
Maximum on-current (mA) 3.1 6 2 1-2 1
Current density (p#A/pm) 6.2 NR NR 2 NR
On-off current ratio >320 <3 <3 >15 500
Normalized transconductance (puS/pm) 0.7 0,2 0.02 0.3 NR
Carrier mobility (cm?/V-s) 33.4 60 8 28 NR
s-SWCNT purity (%) 95 67 67 95 99
Gate-dielectric HfO, Si0, Si0, Si0O, Al O,
Nanotube orientation Random Aligned Random Random Aligned
Gate structure G G G G T

PW-Present Work, NR-Not reported, G-Global back gate, T-Top gate

ficient on-current, large current density, adequate on-off current ratio, lower threshold voltage and
steeper subthreshold swing, good carrier mobility and these balanced performance matrices make

them highly desirable for the display applications.
6.6 Summary

In this chapter, the purity of the s-SWCNT thin-film deposited on different gate oxide surfaces
are verified using the Raman spectroscopy data. The electrical performances of global gate SN-TFTs
having thin-film of 90% and 95% purity s-SWCNTSs are presented. The SWCNT thin-film having
different purity s-SWCN'T's, deposited on both SiO, and HfO , silanized surface are considered for the
analysis. To compare their electrical performance, wafer scale devices of various channel dimension
are considered. It is observed that the 95SN-TFTs have shown a higher on-off current ratio compared
to the 90SN-TFTs having identical channel dimensions processed under similar process conditions.
The 90SN-TF'Ts have exhibited a higher current density compared to the 95SN-TFTs due to the
presence of higher percentage of m-SWCNTs. The proposed high on-current SN-TFT having shorter
length SWCNTSs deposited on the HfO, surface has exhibited better on-off current ratio, reduced

threshold voltage and steep subthreshold swing and therefore suitable for display application.
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7. Wafer Scale High Performance Local Back Gate SN-TFTs

7.1 Introduction

Researchers have developed TFTs for applications such as lightweight flexible displays, smart
materials and radio frequency identification tags achieving low cost per unit area, compatibility with
large area and non-crystalline substrates [108-110]. TFTs can be made using a wide variety of
semiconductor materials such as amorphous silicon, microcrystalline silicon, polysilicon, compound
semiconductors, metal oxides and organic materials. Polycrystalline-Si TFT technology requires high
process temperatures. Amorphous-Si and organic semiconductor can be processed at lower temper-
atures, but are limited by poor carrier mobility and are unsuitable for higher spced applications.
The SWCNTs have emerged as highly promising channel material for the thin-film transistors due
to their excellent electrical and mechanical properties. A SWCNT offers high carrier mobility and
current carrying capacity.

The SN-TFTs are classified depending on the gate structure i.e. they have their gate contact
either at bottom [42,46,47] or at top of the channel [49,113] and are known as back gate and top
gate devices, respectively. Many groups have developed individual SN-TFTs [41-45], but few groups
have fabricated SN-TFTs on a wafer scale [46-49]. Wafer scale demonstrations are important as
they provide added information about performance variations among the devices across the wafer.
Yet another way to group the fabricated devices are based on either a random [46,47] or an aligned
[47-49, 113] network of the SWCNT thin-film. A major roadblock for using aligned SWCNTS is
the lack of a growth process to precisely assemble SWCNTs for the device fabrication. Because of
the simplicity in the deposition process, a random oriented SWCNT thin-film is preferred over the
oriented SWCNT network.

In this chapter, focus is on the performance of local back gate devices and also on wafer-scale pro-
cessing of SN-TFTs and includes the following essential components. (1) In the reported wafer scale
fabricated global back gate SN-TFTs, the individual transistors cannot be switched independently
and this limits the integration of devices to form a circuit. A local back gate device on an individual
SWCNT has been demonstrated [111]. However in this work, a local back gate structure is employed
at the wafer scale and therefore the individual transistors could be independently controlled. (2)
Typical threshold voltage values reported for wafer scale back gate devices are in the range of -2.5 V
to - 5 V. The device on-off currents are typically reported for gate voltage swings ranging from -10 V
0V.Inordertor ealize low-voltage operations, We have employed a high-k dielectric material for

tol
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7.2 Electrical Characterization of Local Back Gate SN-TFTs

the gate oxide and this also helped to achieve much steeper subthreshold voltage swings and higher
transconductance values. Another advantage of high-k dielectric is that the physical thickness of
the insulator film can be increased, which could prevent tunneling of the electrons through the gate
insulator layer [123-126], thus reducing the leakage power and maintaining a high value capacitance.
This chapter reports for the first time, the wafer scale fabrication of local back gate SN-TFTs using
HfO, as the gate dielectric material and the SWCNT thin-film is deposited over HfO, surface. (3)
It is important to consider the deposition of CNTs over the HfO x surface, for achieving good density
of SWCNTs because the current carrying capability depends mainly on the density of SWCNTs. In
addition, the device on-off current ratio and mobility parameters should not be degraded. (4) Most of
the s-SWCNTs were deposited using a sophisticated evaporation self-assembly method. Like other
researchers [46-48] an uniform and high density random oriented SWCNT thin-film is deposited
onto a 2 inch wafer using a simple solution-based assembly method and demonstrate that good TFT
performance can be achieved with separated SWCNTs of less demanding purities and illustrated the
same using 95%.

The sections of the chapter are arranged as follows.

The section 7.2 presents the analysis of

rical characterization results of the wafer scale local gate SN-

dect TFTs. Section 7.3 summarizes the

chapter-

7.2 Electrical Characterization of Local Back Gate SN-TFTs

In this section, the electrical characteristics of local back gate SN-TFTs are presented. The
currcnt‘VOIta’ge and capacitance-voltage characteristics of the local back gate SN-TFTs of various
dimensions are presented separately. The output and transfer characteristics of local gate SN-TFTs
are preSented. The performances parameters such as on-off ratio, current density, transconductance,
mobility of SN-TFTs having various channel dimensions are discussed. The C-V characteristics of

gN-TFTs having different dimensions is also presented.
7.2.1 Results of -V Characterization

Electrical performances of proposed the local back gate SN-TFTs are studied using a Keithley
Polaris system probe-station. The IV characteristics of the wafer scale devices fabricated on the 2
inch Si wafer are carried out using the experimental setup shown in Fig. 7.1. The wafer is placed on

the chuck of the probe-station and three contact probes are carefully placed over the source, drain,
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Figure 7.1: Experimental setup to characterize local gate SN-TFTs.

gate contacts without damaging the pads. Depending on the required characteristics, the voltage of
the corresponding terminal is varied as per the required resolution.

The current-voltage characteristic of a typical SN-TFT device having channel dimensions of
length 20 pm and width 15 pgm is shown in Fig. 7.2. The output characteristic of the device shown
in Fig. 7.2(a) is obtained for various local back gate voltage (V) ranging from -1 V to -5 V in steps
of -1 V. The device has exhibited a p-type transistor behavior with distinct triode and saturation
regions. It may be observed from the output characteristics that for lower V.. values of the device,
the drain current (I,) is saturated between -1 V and -2 V of the drain voltage ( V). However, for
larger Vg values of the device requires more Vg for I, to reach the saturation level. The peak
on-current of this SN-TFT is 93.16 pA at a Vg of -8 V for a V__ of -5 V and it corresponds to
a [,/ Wof 6.21 pA/pm. The current density achieved in the proposed local back gate SN-TFT is
about 30 times greater than identical channel length global back gate device reported in [46]. The
local gate SN-TFT has exhibits an output conductance g, of 0.402 ;S when operated at a V. of -3
V. Fig. 7.2(b) shows the linear region of the output characteristic of the device obtained by varying
the V¢ value from -1 V to 1 V. The I,-V, curves obtained are linear, indicating an ohmic contact
between SWCNTSs and source/drain electrodes.

The transfer characteristics of the device measured at a constant V,, of -1 V are shown in Fig.
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Figure 7.2: Electrical characterization of local gate SN-
. (a) Output characteristics of the device for local g
V. (b) Linear region of the output characteristics

TFT having the channel length 20 um and width 15
ate voltages ranging from -1 V to -5 V in steps of -1

7.3. The drain current and gate leakage current (I;) of the typical SN-TFT for a V sweep from -5
GS =

v to 3 V are shown in Fig. 7.3(a). The on-current, of the local back gate SN-TFT at V.. of -5 V j
GS = 1S

43.4 pA and the off-current at V¢ of 3 V is 3.49 nA measured at a constant V. of -1 V. Therefore
DS = 1

che on-off current ratio exhibited by this local back gate SN-TFT is found to be 1.24 x 104 which
s two orders of magnitude higher compared to earlier demonstrated global back gate SN-TFTs [46]
for the same range of V. values. The average gate leakage current is found to be 1 pA over a

wide range of gate voltages and is comparable to the reported gate leakage current values in the

literature [42148]- The threshold voltage, an important parameter of the proposed SN-TFT device

is -0.5 V3 this value is very less compared to -5 V reported for global back gate device with similar
purity 5-SWCNTs [46]. The reduction of the threshold voltage of the proposed device is attributed
to the use of high-k gate diclectric and local back gate structure.

The fabricated SN-TFTs exhibited an excellent subthreshold slope of 400 mV /decade, which is
steeper compared to the previously reported values [46,48,122]. This improvement in subthreshold
slope of the SN-TFTs of the present work may be attributed to the use of HfO, as the gate dielectric

material. The drain current in linear scale and the corresponding transconductance variations of the

device at a V of -1 V are shown in Fig, 7.3(b). The peak transconductance of the device is 21 uS

at a Vg of -4.70 V.
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Figure 7.3: Transfer characteristics of local back gate SN-TFT. (a) Drain current variations (logarithinic
scale) for different Vg at constant V,; of -1 V and the corresponding gate leakage current. (b) Drain current
variations (linear scale) and transconductance variation for various V, values.

Electrical characteristics of local back gate SN-TFTs having different channel dimensions are
studied to compare their performances. Fig. 7.4 shows the performances of wafer scale local back
gate SN-TFTs in terms of the on-off current ratio. It is noticeable in Fig. 7.4(a) that, for SN-TFTs
with channel length less than 10 pm the current ratio is less than 1000, due to the possible bridging
of source and drain contacts by m-SWCNTs in the short channel length. However, as the channel
length of the device exceeds 20 pum, the drain current on-off ratio is more than 10%. The on-off

current measurements of all SN-TFTs are carried out by varying the Vos from -5 V to 3 V and the

V,s is maintained at -1 V.

The statistical distribution of on-off ratio for the wafer scale fabricated SN-TFT's is shown in Fig.
7.4(b). In this fabrication process, device yield on the wafer is 90%. Few devices are not working
due to the peel-off of the metal contacts during the process. About 94% of the working SN-TFTs
have exhibited the on-off ratio more than 10% and about 64% of them have shown a current ratio of
greater than 10%.

The average drain current of SN-TFTs for different channel dimensions at a constant Vos of
-1 Vand a V_, of -5 V are plotted in the Fig. 7.5(a). The maximum on-current measured is 230
pA for a SN-TFT with channel length of 2 pm and width of 20 um. The length of the deposited
nanotubes ranges from 100 nm to 4 pm with a mean value of 1 um. In case of longer channel

devices, many individual nanotubes are involved in the channel formation and number of tube to
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Figure 7.4: Perforn'mnce 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.

tube contacts will be increased and this leads to lower on-currents as shown in Fig. 7.5(a). However,

I, is proportional to device channel width because more number of SWCNTSs takes part in the
current conduction activity as width increases. The liner variation of the drain current versus the
channel width of various channel length devices is shown in the Fig. 7.5(b). It may be noted that, as
the channel width reduces the on-current of the SN-TFT also reduces. Due to very small dimensions
of the SWCNT which is nm, there is a possibility of current flowing through the devices even as
Jie channel width approaches 0 (few nm) width. The maximum value of J p/ Wis 13.03 pA/um for
g gN-TFT of channel length 2 pm. This high value of I,/ W is attributed to the high density of
GWCNTs on the amino-silane modified HfO, surface. The average on-current density of SN-TFTs
for different channel lengths is plotted in Fig. 7.5(c). The on-current density decreases as the channel
length increases.

Two important parameters of the device, transconductance and carrier mobility values of the
devices, are also determined. The slope of SN-TFTs transfer characteristics at a V ps Of -1V
is considered for the calculation of transconductance. The variations of average transconductance
normalized to the channel width and average carrier mobility of the proposed SN-TFTs as a function

of channel length are shown in Fig. 7.5(d). Due to better control of the transistor channel, proposed

local gate SN-TFTs of channel length 2 ym have exhibited maximum normalized transconductance
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Figure 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.

of 18.5 uS/pum. The high value of normalized transconductance exhibited by proposed SN-TFTs
can be attributed to the use of local gate structure, high density SWCNT thin-film and high-k gate
dielectric. The on-current of the device reduces with the increase in the channel length as explained
earlier; therefore, transconductance reduces with the increase in the channel length. The plot in
Fig. 7.5(d) shows that normalized transconductance reduces as the channel length of the SN-TFTs
increases.

The charge carrier mobility of the SN-TFT is calculated using the equation (5.2) [49}]. To account
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7.2 Electrical Characterization of Local Back Gate SN-TFTs

for the inhomogeneous dielectric environment, the €,,, = (€5,0, + €540, )/2 is considered [49]. The
dielectric constant of HfO, is found to be 12, by a separate capacitance measurement and a value
of 3.9 is used for the SiO, finally gives £, ,, = 7.95 €,. The mobility of local back gate SN-TFTs for
various channel length are plotted in Fig. 7.5(d). The u of the device the increase with the channel
length up to 50 pm and then decreases. The maximum carrier mobility of 60.6 cm?/V's is obtained
for a SN-TFT having the channel length 50 um. The carrier mobility of the local back gate devices
are more compared to the similar type of wafer scale SN-TFTs reported in (46, 48,49]. However,
the mobility of SN-TFT is less compared to single CNT-FETSs because of high coupling resistance
between SWCNTs in the thin-film. A coupling resistance between the SWCNTs is reported (38] to
be as high as 100 MX2 and it dominates the SWCNT resistance.

To explore the advantages of the proposed local back gate SN-TFTs, their performances are com-
pared with other global back gate [46-48] and top gate [49, 113] SN-TFTs reported in the literature.
Only the wafer scale fabricated SN-TFTs are considered for a fair comparison. SN-TFTs having
random/aligned SWCNT thin-film and SWCNTSs of various semiconducting purity are chosen to
examine the effect of SWCNT orientation and semiconducting purity of the SWCNTs on the device
Performance' Table 7.1 lists various physical and performance parameters of different SN-TFTs.
A random network of SWCNTs deposited on the silanized HfO, layer in this work is found to be
having the highest SWCNT density compared to other reported values. Due to higher SWCNT
densitys the proposed devices have exhibited a greater I,/ W compared to the device with similar
purity s-SWCNTs reported in [46]. Local back gate devices of the present work with HfO, as the
gate oxide have exhibited a low threshold voltage, which is ten times less compared to the value
rep orted for global back gate SN-TFTs with similar s-SWCNT purity [46]. The proposed local back
gate SN-TFTs have exhibited a subthreshold swing which is fivefold stecper compared to global gate
devices with random network SWCNTs [46] and it is comparable to the top gate devices with 99%
< SWCNT purity [49] and global back gate devices having the aligned SWCNT network [48].

Table 7.1 shows that the local gate SN-TFTs of this work have exhibited the maximum on-off
current ratio of 5 x 10% which is about two times greater compared to similar type of devices with
global back gate structure [46]. It should be noted that to achieve the on-off currents gate voltage
swing for the the proposed device ranges from -5 V to 3 V compared to -10 V to 10 V for the

global back gate devices [46]. However, the on-off current ratio of the proposed devices is lower
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7. Wafer Scale High Performance Local Back Gate SN-TFTs

Table 7.1: Performance comparison of various wafer scale fabricated SN-TFTs.

Parameter [PW] [46] [47] (48] [49] [113]
Nanotube density (SWCNTs/um?) 40-45 21-32 3 18 NR 25
Current density (pA/pm) 13.03 10 NR NR NR NR
Threshold voltage (V) -0.5 -5 NR NR NR -2.5
Subthreshold slope (V/decade) 0.4 2 NR 1 0.5 5
On-off current ratio 5x 10 2 x 10* 3 10° 10° 10°
Normalized transconductance (uS/pm) 18.5 0.6 0.02-0.2 NR NR NR
Carrier mobility (cm?/V's) 60.6 52 125 2 5-20 8
Gate-dielectric HfO, Si0, Si0, Si0O, AL O, Al O,
Gate-oxide thickness (nm) 10 50 200 300 15 50
s-SWCNT purity (%) 95 95 67 NR 99 NR
Nanotube orientation Random Random Aligned Aligned Aligned Aligned
Gate structure L G G G T T

PW- Present work, NR-Not reported, L-Local back, G-Global back, T-Top

when compared to devices reported in [49] and [48]. The main reasons for a higher on-off ratio of
the devices [48,49] are use of higher purity s-SWCNTs (99%) and an aligned network of SWCNTs.
Even though, the gate voltage can modulate the current through a s-SWCNT, it will not change the
current in a m-SWCNT. In case of lower purity s-SWCNTs (95%), more m-SWCNTSs are present
compared to 99% purity film. In 95% purity case more m-SWCNTs will be involved in the channel
formation between source and drain and this will lead to a reduced on-off current ratio.

Normalized transconductance of the proposed device is 30 times greater compared to the SN-
TFTs with similar purity s-SWCNTs [46] and this can be attributed to the high density of SWCNTs,
local back gate control and the use of a high-k gate dielectric material. Important performance
parameter of SN-TFT, the charge carrier mobility of various types of devices is also discussed. The
proposed local back gate SN-TFT with a random network of SWCNTs has exhibited the highest
average carrier mobility compared to other SN-TFTs, except for the devices reported in [47]. The
reason for greater mobility for devices reported in [47] is the use of as-grown SWCNTs, which contains
33% m-SWCNTSs as compared to 5% of the proposed device. The improved carrier mobility of the
proposed device compared to other devices is due to high density SWCNTSs, high-k gate dielectric

and local gate structure. In summary, proposed local back gate SN-TFTs with a random network of
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7.2 Electrical Characterization of Local Back Gate SN-TFTs

SWCNTs deposited over the amino-silane treated HfO, surface have exhibited an excellent on-off
ratio, threshold voltage, subthreshold swing, normalized transconductance and carrier mobility when

compared to global back/top gate devices having a random/aligned network of SWCNTs having the

same/greater semiconducting purity.
7.2.2 Results of C-V Characterization

The gate to source capacitance (C,g) versus V. of the local gate SN-TFT is measured using
Agilent B1500A Semiconductor Deviee Analyzer. The experimental setup used for C- V characteriga-
tion is shown in Fig. 7.6. The C-V curves of the local gate SN-TFTs are obtained by sweeping V¢
from -5 V to +5 V in steps of 50 mV dc voltage superimposed with a sinusoidal ac signal of amplitude
o5 mV and frequency ranging from 100 KHz to 1 MHz. Fig. 7.7 shows the (- V curves obtained for
Jevices having various channel dimensions. Even though there is no bulk region present in this case,
the C-V curves obtained are similar to a MOS capacitor. For large negative gate voltages, there
s accumulation of holes near the SWCNT - dielectric interface and the capacitance obtained are
maximunm. For positive gate voltages, the holes are depleted from the thin-film and finally reaches
o maximum depletion width and therefore the corresponding capacitance saturates to a minimum
value. The Cgs plots for various dimension local gate SN-TFTs at 100 kHz are shown in the Fig.
7.7(3). As the device channel area increases, the capacitance values also increases. The experimen-
cally obtained maximum capacitance value (G, x) 1s closely matched within 3% compared to the
ted gate capacitance using the formula C,, ., = e, L, W /T, . where €ox 1s a dielectric

calcula

constant of the gate oxide, L_, is the channel length, W is the channel width and T, is the thickness

of ga_t-,e oxide.

Semiconductor Device
Analyzer (B15004)

-‘ Gate dielectiac

Figure 7.6: Experimental setup for C-V measurement.
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Figure 7.7: Capacitance measurements of local back gate SN-TFTs. (a) C-V curves of the devices 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.

In order to study the effect of trapped interface charges, ac signals of different frequencies are
used to obtain the C-V curves shown in Fig. 7.7(b). The capacitance values increased rapidly at
lower frequencies, which is probably due to the faster response of the trapped charges in the interface
regions. When the device was operated at higher frequencies, the charges present at lower frequencies
were localized and did not response to voltages at 1 MHz. Almost similar frequency dispersion has
occurred at higher values of negative as well as positive gate biases which probably indicates that

the charges are trapped at SWCNT-dielectric as well as SWCNT-source metal contact interfaces,

respectively.
TH-1861_07610208
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7.3 Summary

Fig. 7.7(c) shows the C-V curves obtained at 100 kHz for a device of channel length 2 um
and width 5 gm obtained by double sweeping of the gate voltages from -5 V to +5 V followed by
+5 V to -5 V. The -V curve showed a counterclockwise hysteresis with flat-band voltage shifted
towards positive direction by 400 mV which probably suggests that the trapped holes in the SWCNT-
dielectric interface during the positive direction sweep is not fully de-trapped during the negative
direction sweep. These trapped charges will also affect the carrier mobility of the device. To the
best of our knowledge, this is the first C-V characteristics reported for a SWCNT thin-film and an

t mechanism of frequency dispersion and hysteresis is yet to be understood clearly.
exact

7.3 Summary

In this chapter, electrical characterization of the high performance wafer scale HfO, based local
pack gate SN-TFTs having high density of SWCNTs with various channel dimensions are discussed.
The advantages of the local back gate structure, high density of SWCNTSs and high-k gate dielectric
are evident from the performance of the proposed local back gate devices. The proposed SN-TFTs
have cxhibited an excellent performance in terms of on-off ratio, current density, threshold voltage,
Subthl‘BShOId swing, transconductance and carrier mobility as compared to the other reported wafer

;‘ale §N-TFTs in the literature as well as other types of SN-TFTs presented in the previous chapters.
:‘s the devices can be switched individually, the circuit realization is possible by using n-type SN-
TFTS. The C-V characteristics of local gate SN-TFTs are also discussed. In the next chapter,
he advantages of dual gate SN-TFTs over the single gate SN-TFTs are examined by studying
t 10 clectrical performances of identical channel dimension devices. The performance of local and

th
| gated wafer SN-TFTs of identical dimension and processed under same process conditions are
globa ge

presen‘ted.
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8. SN-TFT Channel Control Using Various Gate Structures

8.1 Introduction

The conventional TFTs based on the organic material [108-110] and the amorphous silicon exhibit
a poor carrier mobility and require a higher processing temperature. To overcome these drawbacks,
SWCNT's have emerged as highly promising channel material for TFTs due to their excellent electrical
and mechanical properties. So far most of the SN-TFTs reported in the literature have only one
gate contact either at bottom [37,38,46] or at top [49,113] of the channel. In case of back gate SN-
TFTs with substrate as the gate contact [37, 38,42, 44, 46-48], switching of individual transistor is
not possible. Even though the devices are controlled individually in the top gate SN-TFTs [49,113],
these single gate devices suffer from a poor subthreshold slope and a high threshold voltage because
of the limited control over the transistor channel. In this chapter, a dual gate SN-TFT having
planar gate structures at top and bottom of the SWCNT thin-filin channel to mitigate performance
limitations of single gate devices are presented. In this work, to improve the electrical performance
of SN-TFTs, the RF sputtered high-k HfO, is used as the back gate dielectric material. To explore
the advantages of the dual gate structure over the single gate, SN-TFTs having dual, back and top
gate structures with similar channel dimensions are fabricated. The dual gate SN-TFT is expected
to exhibit better performance compared to the single gate devices.

A number of researchers have demonstrated wafer scale fabrication of global gate SN-TFTs, but
to realize integrated circuits using SN-TFTs, it is important not only to fabricate many SN-TFTs
on the same wafer but also necessary to control individual transistors. A global back gate is known
to lower device speed and to produce unwanted hysteresis in the gate response [75,127). Therefore,
the local gate control is introduced and several types of locally-gated SN-TFTs have been fabricated
and studied [49,111,113]. They can be classified as top and bottom gate SN-TFTs, depending on
the position of the gate. A top gate is known to exert pressure on the underlying SWCNTs and may
change its electric transport property [35,128]. A bottom gate structure is a viable option for an
effective local gating, however it requires additional fabrication steps compared to top gate SN-TFTs
and also the gate electrode should be fabricated before the SWCNT deposition. The local back gate
device having individual SWCNT has been demonstrated [111]. However in this work, the local
back-gate structure is employed at the wafer scale and therefore each of the individual transistors
could be independently controlled. In order to understand the transistor channel control by the gate

structure, the wafer scale SN-TFTs having local and global gate of identical channel dimensions are
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8.2 Electrical Characterization Results of Top, Bottom and Dual Gate SN-TFT's

presented.

The sections of the chapter are arranged as follows. Section 8.2 presents the analysis of electrical
performance of three SN-TFTs of identical channel dimension having top, bottom and dual gate
structure. Section 8.3 presents the analysis of electrical characterization results of wafer scale SN-

TFTs with local and global gate structures. Finally the chapter is summarized in section 8.4.

8.2 Electrical Characterization Results of Top, Bottom and Dual
Gate SN-TFT's

In this section, the electrical performances of top, bottom and dual gate HfO, based SN-TFTs
are presented. These SN-TFTs have thin-film of 95% s-SWCNTs deposited on the silanized HfO x
using the immersion technique. The Electrical performances of these SN-TFTs are studied using a
Keithley Polaris system having an experimental setup shown in Fig. 7.1. In order to make a fair

comparison of different gate structured SN-TFTs, the devices fabricated with identical dimension

are considered for the analysis.

The output characteristics of three SN-TFTs with different gate structures are shown in Fig

g.1. The dual gate SN-TFT exhibits a p-type behavior for various Vg, ranging from -0.4 V to -2

y as shown in Fig. 8.1(a). The device has exhibited a maximum I, of 9.51 uA for a V.._ of -2.0
GS &

y and has gds of 0.052 uS at a Vg of -0.8 V. The back and top gate SN-TFTs have also exhibited

_type output characteristics for various V; from -1 V to -5 V as shown in Fig. 8.1(b) and 8.1(c)

P
pectiveb’- The back and top gate SN-TFTs have exhibited a maximum on-current of 4.5 uA and

res
0.47 ph, respectively for a V¢ of -5 V and the output conductance of the back gate device is 0.061
uS and for the top gate SN-TFT it is 0.112 S both calculated at a Vs of -2 V. The study of output
charactcriStiCS of three SN-TFT's shows that due to better control of the transistor channel, the dual
gate SN-TFT has exhibited higher on-current at a lower V; and has the least output conductance

compared to the other two single gate SN-TFTs.

The transfer characteristics of three SN-TFTs are obtained by varying the Vs at a constant Vg
of -2 V and the corresponding g, of the devices are shown in Fig. 8.2. The transfer characteristics
of the dual gate SN-TFT plotted in Fig. 8.2(a) is obtained by varying V¢ from -2 Vto 2 V at a
constant Vg of -2 V, shows the steepest subthreshold slope of 280 mV /decade. To the best our
knowledge this is the lowest value reported for the SN-TFTs. The dual gate SN-TFT has exhibited an

on-off current ratio greater than 103. The transfer characteristics of the back and top gate SN-TFTs
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Figure 8.1: The output characteristics of the SN-TFTs having different types gate structure. (a) I-V plots
of dual gate SN-TFT for V_, ranging from -0.4 V to -2 V. (b) p-type behavior of back gate SN-TFT. (c)
I,-V,s plot of the top gate SN-TFT for V4 ranging from -1 V to -5 V.

are obtained by varying V¢ from -5 V to 3 V at a constant V,,; of -2 V are shown in Fig. 8.2(b) and
8.2(c), respectively along with the corresponding g,, value. The dual, back and top gate SN-TFTs
fabricated under same process conditions, have exhibited a maximum g,, of 5.89 uS, 1.36 uS and
0.48 uS at V , of -1.44 V, -3.6 V and -4.2 V, respectively. The carrier mobility of three SN-TFTs
are calculated using the equation (5.2). To account for the inhomogeneous dielectric environment,

the €_,, of 7.95 ¢, is considered. The dual gate device has the highest u of 2.26 cm?/Vs compared
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to 0.54 ecm?/V:s and 0.1 cm?/V's for back and top gate devices, respectively. It is clearly observed
from Fig. 8.2(d), which shows the transfer characteristics of all three devices that the dual gate
device has the lowest threshold voltage of -0.65 V compared to -1 V and -1.2 V for top and back
gate SN-TFTs respectively, achieving at the least 350 mV reduction compared to single gate devices.
Since only one gate controls the conduction of the transistor channel, both single gate SN-TFTs
exhibited poor subthreshold slope, higher threshold voltage and lower on-off current ratio compared
to dual gate SN-TFT as shown in Table 8.1. The top gate SN-TFT has exhibited lowest gate control

over the channel compared to other two devices due to the presence of spacers in the channel region.

In summary, the comparison of three SN-TFTs with different gate structure fabricated under similar

process conditions in this work shows that the dual gate SN-TFT has the best control over the

¢ransistor channel compared to other single gate devices.

In order to validate the present work, the performance of three SN-TFTs are compared with
previously reported similar type of devices. Table 8.1 lists the subthreshold slope, on-off current ratio
and threshold voltage of dual, back and top gate SN-TFTs. The double gate SN-TFT reported by
Bae-Horng Chen et al. [129] using plasma enhanced oxide (PE-oxide) as the gate dielectric material,
has exhibited a poor subthreshold slope and a comparable on-off current ratio when compared to
the proposed dual gate SN-TFT. The Vs swing for on-off current for the SN-TFT of the present
work is ranging from -2V to 2 V, where as for the reported device [129] it is from -10 V to 10 V.

This lower gate voltage swing of the proposed dual gate SN-TFT is due to the use of high-k HfO,

gate oxide.
The back gate SN-TFT of the present work is compared with a device having identical channel

dimension and fabricated with same purity SWCNT reported by Chuan Wang et al. [46]. Table 8.1
shows that the back gate SN-TFT with HfO, gate oxide has exhibited steep subthreshold slope,
high on-off current ratio and low threshold voltage compared to corresponding values reported for

device having SiO, as the gate oxide [46]. The other back gate devices reported by A. Schindler

et al. [130] and M.E. Roberts et al. [44] exhibited a much better on-off current ratio compared to

proposed device. The information on semiconducting purity of SWCNTs for devices in [130] and [44]

is not reported and moreover these devices have longer channel length which further increases the

on-off current ratio.

The performance of the top gate SN-TFT with SiO, gate oxide deposited by the GIS technique
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Figure 8.2: Transfer characteristics and transconductance of SN-TFTs for different V.. and at a constant
V,s of -2 V. (a) for the dual gate SN-TFT. (b) for the back gate SN-TFT. (c) for the top gate SN-TEFT. (d)
Transfer characteristics of all 3 types of devices.

is compared with the devices of identical channel length having Al, O, as the gate oxide deposited by
the ALD process [49,113]. The subthreshold slope exhibited by the top gate SN-TFT of this work
is better compared to the device reported in [113], but the on-off ratio is inferior, nevertheless the
corresponding gate voltage swing is from -5 V to 3 V as against -40 V to 40 V [113] and purity of
s-SWCNTs for the devices in [113] is not reported. The other top gate device [49] has 99% enriched
s-SWCNTs and therefore has a higher on-off ratio compared to present work SN-TFT having 95%
purity s-SWCNTs. From above discussions, it may be concluded that the dual gate SN-TFT of
this work has better electrical performances in terms of subthreshold slope and threshold voltage,

compared to the previously reported double gate SN-TFT [129] and other single gate devices.
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8.3 Performance Comparison of Wafer Scale Global and Local back gate SN-TFTs

Table 8.1: The performance comparison of SN-TFTs having three different gate structures

Parameter Dual gate Back gate Top gate

[PW]  [129]f [PW]  [46] [130]f [44)f [PW]  [113]  [49]*

Subthreshold slope (V /decade) 0.28 1.2 1 2 1.1 0.5 1.3 5 0.5
On-off current ratio 1.2x10*  2x10®° 3x10° 20 10" 108 2x10° 10° 10°
Threshold voltage (V) -0.65 NR -1.2 -5 -4.7 0.24 -1.0 -2 NR

PW Present Work, 1 Longer channel lengths, * Device with 99% purity s-SWCNTs, NR Not reported

8.3 Performance Comparison of Wafer Scale Global and Local back
gate SN-TFT's

The electrical performance of the wafer scale SN-TFTs having local and global back gate struc-
tures are presented. The HfO, based SN-TFTs having thin-film of 95% purity s-SWCNTs deposited
using the immersion technique having identical channel dimensions and processed under similar con-
ditions are considered for the analysis. The electrical performances of these SN-TFTs are studied
using a Keithley Polaris system. The Experimental setup shown in Fig. 5.3 and 7.1 are used for
characterizing global and local back gate SN-TFTs, respectively. Both global and local back gate
SN-TFTs have exhibited p-type output characteristics. The advantage of local back gate SN-TFTs
is that the devices can be controlled individually and therefore the performance of the devices is
expected to be better compared to the globally controlled devices. Fig. 8.3 shows the electrical pa-
rameters such as on-off current ratio, current density, transconductance and mobility of both global
and local gate SN-TFTs. Fig. 8.3(a) shows the ratio of on- and off-currents measured at Vs i0F
-5 V and 3 V, respectively at a constant V,_, of -2 V. Due to the bridging of source and drain by
m-SWCNTs in the shorter channel devices of both global and local category, their on-off current
ratio is lower compared to devices with the longer channel lengths. The local gate devices have
higher on-off current ratio, due to the close proximity of the gate structure to the SWCNT thin-film
resulting in better control over the channel compared to global gate devices.

The on-current density of both global and local gate devices for various channel lengths measured
at Vs of -5V are plotted in Fig. 8.3(b). The current densities of local gate SN-TFTs are always
higher compared to global gate devices. The on-current density difference between the local and

global gate devices increases as a function of channel length, because local gate has better control
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8. SN-TFT Channel Control Using Various Gate Structures

over the channel than global gate structure. The transconductance of the local gate SN-TFTs is

greater compared to the global gate SN-TFTs again because of better control over the transistor

channel. Fig. 8.3(c) shows the normalized transconductance of local and global back gate SN-TFT's
as a function of the channel length. Similarly, the carrier mobility of the local back gate SN-TFT is

higher compared to the global gate devices for various channel dimensions as plotted in Fig. 8.3(d).
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Figure 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). (¢) Normalized transconductance. (d) Carrier

mobility.

The local gate SN-TFTs are compared with other global gate [46,47] and top gate (113] SN-TFTs

reported in the literature. The channel length of 10 pm is considered for comparison purpose. The
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8.3 Performance Comparison of Wafer Scale Global and Local back gate SN-TFTs

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

Parameter [PW] [PW] [46] [47] [47] [113]
Nanotube density (SWCNTs/um?) 40-45 40-45 21-32 3 3 25
Threshold voltage (V) -0.5 -1.5 -5 NR NR -2.5
Subthreshold slope (V/decade) 0.4 0.6 2 NR. NR. 5
Current density (puA/pm) 3.8 1.9 1.2 NR NR NR
On-off current ratio 5.4 x 10° 1.2 x 10° 2 x 102 3 3 10°
Normalized transconductance (uS/pm) 2.9 0.42 0.1 0.07 0.01 NR
Carrier mobility (cm?/V-s) 43 36 32 80 12 8
Gate-dielectric HfO, HfO SiO, Sio, Si0, Al O,
s-SWCNT purity (%) 95 95 95 67 67 NR
Nanotube orientation Random Random Random Aligned Random Aligned
Gate structure L G G G G T

PW-Present work, NR-Not reported, L-Local back, G-Global back, T-Top

SN-TFTs with thin-film of random and aligned SWCNTs having various semiconducting purities
are considered to examine the effect of SWCNT orientation and purity of the s-SWCNTs on the
device performance. Table 8.2 lists various process and the electrical parameters of different SIN-
TFTs. A random network of SWCNT's deposited on the silanized HfO « have higher SWCNT density
compared to other reported values. Because of higher SWCNT density, the proposed devices have
exhibited larger current density compared to reported device in [46] with similar purity s-SWCNTs.
the local back gate devices of the present work with HfO « as the gate oxide have exhibited the
west threshold voltage, which is tenfold lower compared to the value reported for global back gate
gN-TFTs with similar s-SWCNT purity [46]. Our global back gate device has exhibited 3 times lower
threshold voltage when compared to other global gate device with same purity SWCNTs [46]. Among
the local and global categories, the local back gate SN-TFTs have exhibited a steep subthreshold
swing compared to global back gate devices. It may be noticed that local gate SN-TFT of the
present work has a subthreshold swing which is ten fold steeper compared to top gate devices having
aligned SWOCNT network [113] and is fivefold steeper than global gate devices with random network

SWCNTs [46].

Table 8.2 shows that the local gate SN-TE'T of the present work has exhibited an on-off current
ratio of 5.3 x 10% which is about twenty five times higher compared to similar type of devices with

global back gate structure of identical channel length [46]. In order to obtain the on-off current, the
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8. SN-TFT Channel Control Using Various Gate Structures

gate voltages for the present local gate SN-TFT, is varied from -5 V to 3 V compared to -10 V to 10
V for reported global back gate devices [46]. This improvement in the on-off ratio of the proposed
devices is achieved by the use of SWCNTs of average length 1 um compared to 1.7 pum for other
devices [46] and also by higher density of SWCNTs. The probability of bridging the source contact
with drain contact by the m-SWCNT network will be higher in the case of the longer SWCNTs
compared to the shorter tubes. However, the on-off current ratio of the proposed devices is lower
when compared to the devices reported in [113]. The main reasons for higher on-off ratio of the
devices [113] are use of higher purity s-SWCNTs (99%) and the aligned network of SWCNTs.

The normalized transconductance of the proposed local and global gate devices is greater com-
pared to the other reported global gate SN-TFTs [46,47] and this can be attributed to the high
density of SWCNTs and the use of high-k gate dielectric material. The charge carrier mobility of
different devices is also discussed. The SN-TFTs of the present work with random network of SWC-
NTs have exhibited higher average y compared to other SN-TFTs, except for the devices reported
in [47]. The reason for greater mobility for devices reported in [47] is probably the presence of
as-grown SWCNTSs, which contains 33% m-SWCNTs as compared to 5% in the proposed device.
The improved p of the local gate device compared to other devices is due to it’s high density SWC-
NTs, high-k gate dielectric and localized gate control. In summary, the local back gate SN-TTFTs
with random network of SWCNTSs deposited over the amino-silane treated HfO , surface have exhib-
ited adequate on-off ratio, reduced threshold voltage, steeper subthreshold swing, higher normalized

transconductance and better mobility when compared to global back gate or top gate devices having

random or aligned network of SWCNTs.

8.4 Summary

In this chapter, electrical performance of SN-TFTs with the gate structure located at top, bot-
tom, and both at top-bottom (dual) of the SWCNT thin-film channel having identical dimensions
fabricated under same process conditions were compared. The dual gate SN-TFT has shown an on-
off ratio more than 10°, subthreshold slope of 280 mV /decade and threshold voltage of -0.65 V. To
the best of our knowledge, the obtained subthreshold slope for the dual gate device is the lowest value
reported for SN-TFTs. "The threshold voltage of the dual gate SN-TFT was reduced by at the least

of 350 mV when compared to the single gate SN-TFTs of similar dimensions. These performance
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8.4 Summary

improvements are mainly due to better control of the transistor channel by the dual gate structure
and HfO, as the gate oxide. The wafer scale SN-TFTs with SWCNT thin-film deposited on the
HfO, having local and global back gate contact are also compared. Because of better control over
the transistor channel, the local back gate SN-TFTs have exhibited better performance compared to
the global gate devices of identical dimensions. The local back gate device with HfO « gate dielectric
material had showed a higher current density and higher mobility compared not only to the this

work global gate devices, but also previously reported SN-TFTs.
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9. Conclusion

9.1

Contributions

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 SWCNTSs. Finally the third and major part addressed the

fabrication and characterization of 9 different thin film transistors based on SWCNTs. The major

contributions of the entire thesis are briefly categorized as follows.

(i) Impact of bias voltage on magnetic inductance of carbon nanotube interconnects

(ii

~—

(iii)

The magnetic inductance of the carbon nanotube interconnects at various bias voltages was
estimated. The analysis of magnetic inductance was carried out for the GSG configuration of
SWCNT based interconnects having various dimensions and different percentage of m-SWCNT
purity. The simulation study of the interconnects having the as-grown SWCNTs showed a 21%
change in the loop inductance when the bias voltage was varied from 0.1 to 1 V for the closely
spaced lines of length 10 pgm, but for longer length interconnects it was less than 1%. It was
observed that the percentage of m-SWCNT content in the nanotube bundle also influence the
inductance and therefore it is essential to have a good control over the chirality during the

synthesis of SWCNTs, in order to use them for the analog circuit applications.
Design of CNFET based analog amplifiers

To enable the analog circuit design based on the CNFETs, closed-form equations for drain
current and drain to source voltage in terms of the device dimensions were derived for a
MOSFET-like CNFET using the curve fitting method. The performance of common source
amplifiers and a single stage differential amplifier were compared with the CMOS counterparts.
This performance comparison study showed that the CNFET based analog circuits have higher
DC gain and large gain band width product at the same power dissipation. The effect of process

variations in terms of the diameter, spacing and number of SWCNTSs on the performance of

CNFET analog circuits were also analyzed.

Fabrication and characterization of wafer scale global back gate thin-film transis-

tors using different semiconducting purity nanotubes and dielectric materials

Wafer scale global gate SN-TFTs of various channel dimensions having SiO, and HIO as

the gate oxide using 90% and 95% s-SWCNTs were fabricated. A systematic study of the
TH-1861_ 07610208
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electrical performance of devices having different gate dielectric material has been carried out
for identical dimension SN-TFTs. The HfO, based SN-TFTs have shown a reduction of 300
mV in the threshold voltage compared to the devices based on SiO,. Due to the higher gate
capacitance, HfO, based SN-TFTs have exhibited a maximum current density compared to
SiO, based device. The performance of identical channel dimension SN-TFTs having 90%
and 95% s-SWCNTs fabricated under identical process conditions were compared. A 100 pm
channel length SN-TFT with 95% pure s-SWCNTSs has exhibited an on-off ratio of 6 x 10? as
against 4 x 103 for an identical channel dimension device with 90% s-SWCNTs. The devices
with 90% purity have exhibited higher current density compared to 95% purity s-SWCNTs.
The high performance and high on-current global gate SN-TFT has also been demonstrated
and has obtained higher on-current, lower threshold voltage, higher on-off ratio and steeper

subthreshold swing compared to other reported high on-current SN-TFTs.

Fabrication and characterization of high performance wafer scale local gate SN-
TFTs
For the first time wafer scale local back gate SN-TFTs with HfO, as the gate oxide and a

technique to deposit the SWCNT thin-film of densities 40-45 SWCNTs/pum? over the silanized

HfO, surface is reported. The local back gate SN-TFT has exhibited a low threshold voltage

of -500 mV and a steep subthreshold swing of 400 mV /decade. The obtained current den-

sity, normali ransc : 3
sity, lized transconductance and mobility values were better when compared to reported

devices. The C-V characteristics on the local back gate SN-TFTs was measured and to our

knowledge this is the first C-V curves on SN-TFTs reported.

Performance comparison of SN-TFTs having different gate structures

The SN-TFTs having top, back and dual gate structures of identical channel dimensions were

demonstrated. The dual gate SN-TFT having a subthreshold slope of 280 mV /decade was the
steepest value obtained so far for SN-TFTs. The dual gate SN-TFT has also exhibited better
performance in terms of the threshold voltage and the mobility compared to similar dimension
single gate devices of present work due to greater control over the transistor channel. The wafer
scale SN-TFEFTs having the local and global back gate structures were also compared. Because

of the better control over the transistor channel, the local back gate devices have exhibited
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9. Conclusion

better performance compared to the global gate devices of identical dimensions. The local
back gate device having HfO, gate dielectric material had showed a higher current density
and higher mobility compared to both present work global gate devices and also previously

reported SN-TFTs.

The process and performance parameters all 9 different types of SN-TFTs fabricated in this work
are summarized in Table 9.1. The table includes SN-TFTs having different gate structure, gate
dielectric material, purity of s-SWCNTs and source/drain contacts. The dip-coat as well as the
immersion techniques were employed to deposit the SWCNT thin-film. The dry thermal oxidation,
the RF sputtering and the FIB technique were used to deposit different gate oxides. The threshold
voltage of -500 mV obtained for SN-TFT 7 was the minimum compared to all other types of SN-TFT's
and this can be attributed to the high-k gate dielectric, the local gate structure and high density
SWCNT thin-film employed. Due to the better channel control, the dual gate device (SN-TEFT 9)
has exhibited a subthreshold swing of 280 mV /decade, which was the steepest slope not only among
the devices fabricated in this work, but also for the devices reported in the literature. The SN-TFT's
using 95% s-SWCNT thin-film have exhibited an on-off current ratio in excess of 10* and for the
devices with 90% s-SWCNT thin-film the ratio was in excess of 10, The maximum [,/ W of 13
A /pm was exhibited by the local gate device (SN-TFT 7) having a channel length of 2 pm and it
has been been observed the current density depends on various factors such as channel length, the
gate structure and the SWCNT density. Similarly, the maximum mobility was also exhibited by the
local gate device and wide range variation in the mobility values among the devices may attributed
to various reasons such as trapped charges in the oxide layers, the channel dimensions, the density
of SWCNTs and the gate dielectric material. Except the top gate (SN-TFT 8) and the dual gate

(SN-TFT 9) devices, all other cases multiple devices were fabricated simultaneously on wafer scale.
9.2 Directions for Future Research

(i) Study of transistor dimensions mismatch in CNFET based differential amplifier

The reliable circuit design based on SWCNT devices is really a challenging task because of
large process variations and device mismatches involved. The influence of process variations
and device mismatches and its implications on the analog circuit performance should be in-

vestigated., Offering many useful properties, differential operation has become the dominant
TH-1861_ 07610208

130




9.2 Directions for Future Research

choice in today’s high performance analog and mixed signal circuits and therefore an investi-
gation on how much device dimension mismatch a classical differential pair between signal or

load transistors can tolerate will be relevant.

(ii) High density SWCNT thin-film

Presently the achieved densities of SWCNTs in thin films are less than 50 nanotubes/um? and
theoretically one could accommodate a maximum of 500 SWCNTSs having average diameter of
2 nm in a micrometer width. As the performance of SN-TFTs depends heavily on the density
of SWCNTs of thin-film, there is a need for methods to deposit high density (hundreds of

SWCNTs/um?) on wafer scale to achieve high performance operations.
(iii) Flexible SN-TFTs

Lightweight and flexible devices such as mobile phones, Radio Frequency Identification (RFID)
tags, flexible displays and electronic papers are gaining attention for their roles in achieving a
smarter and green ubiquitous information society. The demonstrated high performance local

back SN-TFTs of the current work may be considered for fabrication on flexible surfaces with

appropriate process modifications.
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