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Abstract

A full band quantum mechanical simulation model using p. orbital of carbon atom is
developed to study the transport physics of uniaxial and torsional strained double-
walled (DW) carbon nanotube (CNT) field-effect transistors (FETSs) and to analyze
their performance. The characteristics and performance of our proposed DW CNT-
FET are compared with existing SW CNTFET. It is shown that both the uniaxial
and torsional strain can change the band gap of DW CNT and this band gap is the
minimum of the two band gaps of the tubes from which DW CNT is constituted. The
strain has large impact on the I-V characteristics of both SW and DW CNT devices.
Tensile and torsional strains improve greatly the off-state current and on/off current
ratio of both devices. Compressive strain improves on-state current, but this im-
provement is comparatively small. The effect of strain on off-state current, on-state
current and on/off current ratio is higher in SW CNTFET. The inverse subthreshold
slope of DW CNTFET is better than SW CNTFET. But the variation of inverse
subthreshold slope with strain is smaller in DW CNTFET. The effect of strain on
C-V characteristics is observed. Unlike SW CNTFET the on-state transconductance
of DW CNTFET increases with tensile and torsional strains and decreases with com-
pressive strain. The on-state cut-off frequency of DW CNTFET also shows opposite
behavior to SW CNTFET with strain following on-state transconductance. Intrin-
sic switching delay improves greatly with compressive strain only for both devices.
Again the SW CNTFET exhibits better change with strain than DW CNTFET.
Concrete Physical description is provided to explain all above changes with strain.
To complete the whole analysis of DW CNTFET the dimensions of the device are
varied and their effects on the performance are observed.



Chapter 1

Introduction

Advent of nanotechnology will scale the size of the conventional MOS device to its
physical limit within next decade [1,2]. Then the conventional silicon technology
will confront tough challenges to sustain the scaling trend and some challenges are
already menacing. Unconventional device geometry and different channel materials
are being actively pursued in recent years with a view to keep device performance in
line with the ever accelerating progress of semiconductor technology. Carbon nan-
otube (CNT) is one of the front line candidates for a possible replacement [3-8]. Each
layer of graphite is known as graphene. Carbon nanotubes are formed by rolling-up
the graphene sheets. Carbon nanotubes can be single-walled (SW), double-walled
(DW), or multi-walled (MW) depending on the number of graphene sheets rolled-up
to form the tubes. Carbon nanotubes have very high electron mobility [9]. Both elec-
tronic and mechanical properties of carbon nanotubes are remarkable. An overview
of experimental and numerical study of carbon nanotubes and corresponding devices
up to present time is discussed in the following sections.

1.1 Literature Review

Carbon nanotube was first discovered by Japanese electron microscopist Sumio
lijima in 1991 [10]. Since then a significant progress has been achieved to learn
the characteristics of carbon nanotubes and to examine their application in future
nanoelectronics. First transistor using CNTs appears in 1998 [11,12]. Since then
the development of CNTs as a field effect transistors (FETs) has been rapid. The
potential performance advantages of CNTFETSs over conventional silicon MOSFETSs
have been established up to the scaling limit [13]. Schottky-barrier CNTFETSs have
been heavily studied. It has been found that carbon nanotube Schottky-barrier
transistors exhibit scaling that is qualitatively different than conventional Si metal-
oxide-semiconductor field effect transistors (MOSFETSs) [14]. To suppress the OFF
current the drain voltage must be scaled appropriately [15]. Contact geometry of
carbon nanotube FETs plays an important role to charge transfer from the contact
electrode to the one dimensional (1D) CNT channel [16]. Thinner electrodes for
contacts dramatically improve device performance by modifying the electric field at
the contact [17]. Asymmetry between the source and drain dielectrics can reduce the
OFF current [18,19]. The metal-CNT work function difference has been modified by
adsorbates and chemical means [20-23]. A zero-Schottky-barrier metal-CNT contact
for the valence band or p-channel CNTFET has been demonstrated experimentally



using different metals, such as palladium (Pd) and rhodium (Rh) [24,25]. Recently,
zero-Schottky-barrier ballistic n-type CNTFET has been realized using scandium
(Sc) [26]. Potassium doping has been demonstrated to give n-type channels [21].
Also a lot of researches have been accomplished on ambipolar behavior [20] and the
frequency response of CNTFETSs [27-29].

Strain engineering has been extensively investigated for boosting the perfor-
mance of nanoscale silicon MOSFETSs through application of stress in the channel
region [30,31]. Strain improves the transconductance of PMOSFET by 7 % by im-
proving electron and hole mobilities. Strain improves the drive current of CMOS
devices by 20 %. Here, heavy mechanical stress is produced by addition of SiN
to the channel. Strain also plays an important role in the electrical properties of
carbon nanotubes [32-41] and has been a subject of strong research interest. Me-
chanical [42,43] properties of carbon nanotubes are remarkable. It can withstand
very large mechanical strains [42] and have extremely high Young’s modulus [43].
Depending on its radius and chirality, it shows metallic or semiconducting behav-
ior [35]. Maiti et al. [41] have shown that strain can change the conductance of a
zigzag nanotube by several orders of magnitude through theoretical analysis. The
pioneer experiment by Tombler et al. [44] has demonstrated that high strain (~3%)
can change the conductance of a metallic single wall nanotube by two orders of mag-
nitude by applying strain to a suspended nanotube using atomic force microscope
(AFM) tip. Strain can open up a band gap in metallic CNTs and can modify the
band gap of semiconducting CNTs [45]. Small band gap semiconducting or quasi-
metallic nanotubes exhibit the largest changes in resistance and piezo-resistive gauge
factors, and they can be used as nanoscale pressure sensors [46]. While the study
of strain effects on electronic and mechanical properties of CNT's shows significant
progress, strain engineering in CNT based devices is still in early stage. Single walled
carbon nanotube devices have been fabricated on elastomeric polydimethylsiloxane
(PDMS) substrates [47]. In those devices, strain has been applied to modulate
their electronic properties. The conductance of a suspended multi-walled CN'T has
been measured by applying strain using AFM tip [48]. The strain effects on the
performance of ballistic Schottky-barrier single-walled carbon nanotube field effect
transistors (SB-CNTFETSs) have been theoretically studied [49]. In this paper it is
shown that strain significantly improves off-state current, on/off current ratio and
switching speed. Strain also improves the drive current. DW tubes possess clear
advantages over SW CNTs for various specific applications such as superior mechan-
ical properties and structural and thermal stability [50]. SW CNTs are structurally
stable up to 1200 °C whereas DW CNTs 2000 °C [50]. Carbon nanotubes always
contain structural defects eg. pentagons, pentagon-heptagon pairs, vacancies, inter-
stitials, metallic impurities etc. These defects diminish considerably the mechanical
strength of nanotubes and affect their electronic transport. Structural defects and
metal particles present within DW CNT's can be efficiently removed without altering
the structure and diameters of the tubes by heat treatment or annealing which is
not possible in SW CNTs for lower stable temperature limit. Therefore, DW CNTs
could replace SW CNTs in numerous technological applications, and could be used
in the fabrication of nanoelectronic devices. DW CNT exhibits superior mechanical
properties over SW CNTs [51]. Double-walled carbon nanotubes also have attracted
considerable attention since their intrinsic coaxial structure gives rise to intriguing
electronic and optical properties [51].



Research on DW CNTFETS is still in early stage [52-56]. However, few measure-
ments on electrical transport in DW CNTFETSs have been carried out so far [57].
DW CNTFET experimentally exhibits better inverse subthreshold slope than SW
CNTFET [52]. For a DW CNT with metallic inner tube and semiconducting outer
tube, Wang et al. [54,56] have found that free charges in the inner tube screen the
outer tube’s potential from the gate effect. This screening is directly related to the
charge transfer from outer tube to inner tube or inter tube interaction and degrades
the device performance [54]. Electronic transport properties of Cs-encapsulated DW
CNTs synthesized via the plasma irradiation method have been studied [55]. The
Cs-encapsulated DW CNTs exhibit high performance n-channel FETs in contrast to
ambipolar behavior of pristine DW CNTs. The future of DW CNTFET is bright, the
DW CNTs exhibit superior mechanical properties over SW CNTs, and strain greatly
improves the performance of SW CNTFET. That is why we have been motivated
to analyze the performance of DW CNTFET with strain.

1.2 Objective of the Work

In this work, we pay more emphasis on the performance analysis of ballistic Schottky-
barrier DW CNTFETSs with strain through quantum mechanical simulation. Since
theoretical work on Schottky-barrier SW CNTFETSs with strain has already been
performed, we pay less emphasis on it. To extend our work we have made per-
formance analysis of the same device by varying different physical parameters of
it. The simulation model uses a self-consistent solution between electrostatics and
charge density. For electrostatics of the coaxial geometry, we solve two dimensional
Poisson’s equation in cylindrical coordinates. For charge density, we solve the p,
orbital basis Schrodinger’s equation using recursive Green’s function algorithm [58].
The DW nanotube is generated from two semiconducting, (10, 0) and (19, 0), zigzag
nanotubes with wall separation of 0.34 nm [59-61], and the SW nanotube is the (19,
0) zigzag tube. The experimental study by Wang et al. [54] shows that the M-S
and M-M structures, out of the possible four distinct shell (outer)-shell (inner) com-
binations, i.e., metallic (M)-semiconducting (S), M-M, S-M, and S-S, are basically
metallic CNTFETSs, and they lose their functionality as a FET due to the lack of
defined on- and off-states. The inner M and outer S structure shows hole conduction
in negative gate bias at low temperature, however, the device can not be turned off.
At room temperature, this structure, S-M, has almost no variation of drain current
with the gate bias. Therefore, S-S is the only possible structure that can be used to
build electronic logic devices, and we use this structure in our study. We make the
SW nanotube to have the same diameter as the DW nanotube because in that case
both of them would have almost same band gap, and their performance comparison
would be meaningful.

1.3 Thesis Layout

This thesis consists of seven chapters. Chapter one gives an introduction followed
by literature review, objective of the work.

Fundamental matters of carbon nanotube are studied in chapter two.

Chapter three deals with the self-consistent model between Poisson’s solver and



Schrodinger’s solver. We develop numerical Poisson’s solver using finite difference
method. To develop schrodinger’s solver we have two alternative methods: Green’s
function algorithm and recursive Green’s function algorithm. But we use the second
one for our research.

The conductivity of both strained single-walled and double-walled carbon nan-
otubes are measured through numerical simulation in chapter four.

A comparison of performance through quantum mechanical simulation between
the single-walled CNTFETSs and the double-walled CNTFETs with strain is pre-
sented in chapter five.

The performance of CNTFETSs is analyzed with varying different physical lengths
in chapter six in unstrained case.

Conclusive remarks and discussions are presented in chapter seven. A recom-
mendation for future study is also suggested here.



Chapter 2

Study of Carbon Nanotube

Each layer of graphite is known as graphene. Carbon nanotubes are formed by
rolling-up the graphene sheets. Carbon nanotube can be single-walled, double-
walled, or multi-walled depending on the number of graphene sheets rolled-up coax-
ially. Although in experiment the carbon nanotubes are built up automatically
through chemical vapor deposition, for simulation purposes we should have clear
idea about graphene to develop the numerical model of carbon nanotube. In this
section, the electronic structures and properties of carbon nanotubes as well as
graphene sheets are discussed.

2.1 Two Dimensional Graphene

A graphene sheet is a single layer of three dimensional graphite. The bonding
mechanism in a graphene is similar to that of graphite. The atomic number of carbon
is 6, and the atom electronic structure is 1522s%2p? in atomic physics notation. When
carbon atoms combine to form graphite, sp? hybridization occurs. In this process
one s-orbital and two p-orbitals (p, and p,) combine to form three hybrid sp*-orbitals
at 120° to each other within a plane. This in-plane bond is referred to as a o-bond.
This is a strong covalent bond that binds the atoms in the plane, and results in
the high stiffness and high strength of a graphene. The remaining p-orbital (p,)
is perpendicular to the plane of o-bonds. It contributes mainly to the interlayer
interaction and is-called the m-bond. This m-bond is much weaker than a o-bond.
Figure 2.1 shows the graphene lattice with lattice vectors, @ and @, where,

@1 =(2,0)5, @ = (L-V3)S. (2.1)
Here the lattice constant a = |@’y| = |@s] = V3acc = 2.49A. The carbon-

carbon bond distance acc for graphene is 1.44 A. In tight binding model, only
the nearest-neighbor interactions are non-zero. Each atom in the basis has three
nearest-neighbor as shown in Fig. 2.1. Here the bond vectors are

71 = (V3,—1ace/2 (2.2)
Ty = (2,0)acc/2
7)3 = (—\/g, —1)@00/2

Using the lattice vectors and bond vectors, and adding them appropriately we

1



Figure 2.1: A 2D graphene sheet with lattice vectors and bond vectors.

easily determine the different lattice position of the graphene to form the numerical
model.

2.2 Graphene to Carbon Nanotube

A single-walled CNT is made from a 2D graphene by rolling it up into a cylindrical
shape. Electrons in a CN'T are confined in the radial and circumferential directions
due to layer thickness and periodicity, respectively. So the structure becomes one-
dimensional (1D) with axial symmetry. CNTs can be single-walled, doubled-walled,
or multi-walled. However, first we discuss about single-walled CNT, then double-
walled CNT. Hle structure of single-walled ganotube is distinguished by two vectors,
chiral vector (', and translational vector T'. The chiral vector is expressed by the
real space unit vectors @1 and @4 of the graphene sheet

6)h = n?l —+ mﬁg (23)

and the nanotube is specified as (n,m), where, n and m are integers. A zigzag
nanotube corresponds to the case of m = 0, an armchair nanotube corresponds to
the case of n = m, and all other (n,m) nanotubes are chiral nanotubes. In terms of
n and m, the magnitude of the chiral vector is

C, = avn2 +m2 + nm. (2.4)

The chiral vector is the circumference of the nanotube. The translational vector is
defined as the unit vector parallel to the nanotube axis and perpendicular to the
chiral vector in the graphene lattice as shown in Figure 2.1. In terms of the honey
comb lattice vectors, the translational vector is

T =731+t @, (2.5)



where,
_2m+n . 2n+m

S L
Here dp is the greatest common divisor of (2m+n) and (2n +m). The unit vectors
of the nanotube are the chiral vector and the translational vector, and the unit cell
is the rolled-up form of the rectangle generated by these two vectors.

Alike graphene we can develop the simulation model of the single-walled carbon
nanotube structure by taking the help of the lattice vectors and the bond vectors.
The procedure for counting the atomic position should be:

Calculate the atomic position of all the first layer atoms consecutively. Repeat
this procedures for consecutive layers until all layers completed.

Now we develop the simulation model of double-walled carbon nanotube struc-
ture in strainless case. The procedure for counting the atomic position should be:

Calculate the atomic position of all the first layer atoms consecutively of the
outer tube as we did for single-walled carbon nanotube by taking the help of lattice
vectors and bond vectors of the outer tube.

Now switch to the first layer of the inner tube. Calculate the atomic position
of all the first layer atoms consecutively of the inner tube with the help of lattice
vectors and bond vectors of the inner tube.

Now switch back to the outer tube and calculate the atomic position of the
second layer of this tube. Then do the same task for the second layer of the inner
tube.

Now move to the next layers consecutively and repeat the previous procedures.

Within layer, with uniaxial strain applied, the axial, r;;, and the circumferential,
Ti, components of a carbon-carbon bond are modified by the following equation [35]

(2.6)

rie = (1 4 €)Tiot,
Tie = (1 + GC)TiQC. (27)

Here, ¢ is the transverse strain and e, is the circumferential strain [62], and
rioe and ;. are the axial and the circumferential components, respectively, of the
unstrained carbon-carbon bond. Here, ¢, and €, are related via Poisson’s ratio [49]

_Arfr
AlJl
€

=& (2.8)

€t

where, r and Ar are original radius and its change, [ and Al are the original length
and its change of the strained CNT, and ¢ = 1, 2 and 3 for three bond vectors
of graphene layer (Figure 2.1). Poisson’s ratio is considered here for the realistic
calculation of strain and its value of 0.2 is used in our simulation [39,49]. For
torsional strain, the circumferential component of the carbon-carbon bond modifies
as

Tic = Tioc T tan(e)h'()t, (2-9)

where, 0 is the shear strain [35].
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After incorporating uniaxial as well as torsional strain by Eqs. 2.7 and 2.9, the
modified bonding vectors become [35]

T, = [(1+60)—
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To develop the simulation model of both single-walled and double-walled carbon
nanotube structures with strain we take the help of modified bond vectors due to
strain and follow the previous procedures.

There are three possible combination to incorporate strain in double-walled car-
bon nanotube: strain only in outer tube, strain only in inner tube and strain in both
tubes. To apply strain in outer tube only and leave the inner tube unstrained, we
use modified bond vectors for outer tube and bond vectors for inner tube to develop
the simulation model of the double-walled carbon nanotube structure and we follow
the same procedure of developing the structure as we did in strainless case. To
incorporate strain in both tubes we use modified bond vectors for both tubes and
for inner tube only we use modified bond vectors for inner tube.



Chapter 3

Simulation Model of the Device

The simulation model uses a self-consistent solution between electrostatics and
charge density.

3.1 Poisson’s Solver

The cross section of the cylindrical device that we study is shown in Figure 3.1. This
device structure was reported in literatures [63-66]. The carbon nanotube (either
SW or DW) is used as channel materials. The length of the tube is the summation
of gate length(L,), source underlap (L,s) and drain underlap (L,p). The gate oxide
is SiOy of dielectric constant 3.9 with thickness t,, [67]. The same oxide is used
as extended dielectric material with thickness of t,,_.,. Source and drain metal
extensions L., are included to take care of fringing electric fields [63-66]. The gate
metal has the same work function as the CNT has. The work function of the CNT
is 4.5 eV [68]. The source and drain metal Fermi levels align with the conduction
band of the CNT.

For the coaxially gated CNTFET, Figure 3.1, we obtain electrostatic potential
by solving Poisson’s equation [63]

V.(eVV) = —p. (3.1)

Figure 3.1: The cross-sectional view of the coaxial gate device with carbon nanotube
as channel. The coordinates and different dimensions are also shown.

Here, p is charge density and € = ¢ye, with €, being the relative permitivity and €
the free space permitivity. Poisson’s equation, Eq. (3.1), in cylindrical coordinates
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(r, ¢, z) with the assumption that V' is independent of ¢ for the coaxial device is
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The Poisson’s equation, Eq. (3.2), is discretized using finite difference and it
becomes
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Here, we assume that there is no variation of dielectric constant along axial direction
at r = 0. Again we discretize this using finite difference as Eq. (3.3) where,

2
[2(i+1)—z(i — 1)][z(z) — 2(: — 1)]
e(i+1,7)—€e(@—1,7)
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(i, Nz +1) — 2(i — 1)) (3.12)
Here, due to symmetry V; ;1 = V;;_1 and the coefficient of V; ;1 becomes
. . 4

@) +eld) = me (3.13)

Here 1=1,2,3,...... ,N, and j=1,23,...... ,N, where, N, is the number of grid points in
the axial coordinate and N, is the number of grid points in the radial coordinate.
Equation (3.3), in matrix form can be written as

DIV} = {}. (3.14)

where,
bt -
ty h to
ti h t,

ty h t,
ty h

and {V}, and {f} = —{p}/{€} are the column vectors of N = N, x N, elements.
The block matrices [h], [t1], and [t2] are N, x N, squared matrices where,
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The matrix [D] can be regarded as a block tri-diagonal matrix with [h] the cross-
section matrix, and [t1] and [ts] the coupling matrices between the cross sections
when we walk across the device from left to right. Dirichlet boundary conditions
are used at the source, drain, and gate metals [63—65]. Von Neumann boundary
conditions are used along the exposed surface of the dielectric. There, the radial
component of the electric field is set to zero [63-65].

After solving Poisson’s equation, Eq.(3.2), numerically we learn potentials at
different grid points of the device. But to solve this equation, we have to determine
the charge density before hand. The solution of the Schrodinger’s equation provides
us the charge density. In next section we develop the recursive Green’s function
algorithm (RGFA) to solve Schrodinger’s equation.

3.2 Schrodinger’s Solver

For charge density, we solve time independent Schrodinger’s equation [69]

Hy = B, (3.15)



where,

h?
H=——V*+V. (3.16)

2m
Here, H is the Hamiltonian operator, E is the total energy of the particle, & is the
reduce Plank constant, and m is the mass of the particle. Matrix representation of
the Schrodinger’s equation [69]

[Hi{y} = E{y}. (3.17)

Here [H]| is the Hamiltonian matrix. We can get Eq. (3.17) from Eq. (3.15) by
using finite difference method. We can also generate Hamiltonian matrix by using
atomistic Hamiltonian concept [69].

We can rewrite Eq. (3.17) as

[EL— HJ{¢} = {0}. (3.18)

Here [I] is the identity matrix.

To solve the Schrodinger’s equation (Eq. (3.15)) efficiently and to reduce the
computation time there are two algorithms: non-equilibrium Green’s function algo-
rithm and recursive Green’s function algorithm. But the latter one is more efficient
and we have used it in our simulation. Since the recursive Green’s function algo-
rithm is the modified form of non-equilibrium Green’s function algorithm, we have
discussed both of them in this chapter in next sections.

3.2.1 Non-equilibrium Green’s Function Algorithm

We now solve the Schrodinger’s equation numerically for a channel connected to
two contacts: source and drain (see Figure 3.2), by using non-equilibrium Green’s
function algorithm [69].

The electrons in the source and the drain contacts have wavefunctions {¢s} and
{ép}, respectively, before connecting to the channel. Using Eq. (3.18) we can write
Schrodinger’s equations for the isolated contacts as

[ET — Hs + in{¢s} = {Ss}, (3.19)
and
[E1—Hp +in|{ép} = {Sp}, (3.20)

where, [Hg] and [Hp| are the Hamiltonians for the contacts source and drain, re-
spectively, and a small positive infinitesimal times an identity matrix, [n] = 0%[I],
is added to introduce levels broadening. While coupling of the source and the drain
contacts with the channel, states from both the contacts spill over to the channel
and vice versa. The contacts lose part of their states as they spread into the channel
and also gain some states from the channel. Since the loss occurs from fixed energy
levels while the gain is spread out over range of energies, the overall effect is to
broaden the channel density of states from their initial sharp structure to a more
diffuse structure. The source terms, {Sg} and {Sp}, are representing the excitation
for the source and drain contacts, respectively, by the channel. When we couple the
device to the contacts the electronic states from the contacts spill over giving rise
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Source Device Drain

Figure 3.2: A carbon nanotube channel connected to two contacts.

to a wavefunction {1} inside the device which in turn excites scattered waves {xgs}
and {xp} in the source and drain, respectively.

The overall wavefunction satisfies the composite Schrodinger’s equation in ma-
trix form for the source-device-drain system which can be written as

El-Hg+in —18 0 b5 + Xs Ss
—Tg EFI-H —7p 0 =40 5, (3.21)
0 —7},  EI-Hp+in| oo+ xp Sp

where, [H] is the channel Hamiltonian, and [rs] and [7p] are the source-channel
and drain-channel coupling Hamiltonian matrices, respectively. Using straightfor-
ward matrix algebra we can write

[ET — Hs + inl{¢s + xs} — [7s]{¢} = {Ss}, (3.22)
—[rsl{¢s + xs}t — [ET = H{¥} — [tp[{ép + xp} = {0}, (3.23)
~[mo]{¥} + [E1 = Hp +inl{¢p + xp} = {Sp}. (3.24)
Substituting Eq. (3.19), in Eq. (3.22) we obtain
{xs} = [Gs][rs]"{¥}, (3.25)
where,
[Gs] = [ET1 —Hg +in] " (3.26)
Similarly replacing Eq. (3.20) in (3.24) the result becomes
{xp} = [Gpl[rp] {¢}, (3.27)
where,
[Gp] = [ET — Hp +in] . (3.28)

Here, [Gg] and [Gp] are the Green’s function for the isolated reservoirs. Substituting
Egs. (3.25) and (3.27) in Eq. (3.23) considering coupling the Schrodinger’s equation
for the device becomes

[E1-H - X5 - Xpl{v} = {S}, (3.29)
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where, [3g] = [75][Gs][7s]" and [Xp] = [7p][Gp][Tp]!, the self energy matrices, are
the modification of the channel Hamiltonian [H], to incorporate boundary conditions
from the source-channel and drain-channel interfaces, respectively. The broadening
matrix for source contact is

Ts] = i[Ss—=f]
= [ ][ slrs]'. (3.30)

Similarly, for drain contact the broadening matrix is
[Tp] = [0][Ap][ro]", (3.31)

where, [Ag] = i[Gg — GL] and [Ap] = i[Gp — GI)] are the spectral function for the
isolated source and drain contacts, respectively. Also

{S} = [rsl{és} + [rol{on} (3.32)

is the sum of the source terms [7s]{¢s} (from the source) and [7p]{¢p} (from the
drain). To evaluate the density matrix, we define the channel Green’s function

[G]=[FI-H—-X5 - Xp]™* (3.33)

and use it to express the channel wavefunction in terms of the source terms from
Eq. (3.32)

{¢} = [GI{S}. (3.34)

Density matrix [69]
— [@Bn{iAL s + A7) (339
where, spectral function [A’] = [G][I's][G]' arises from the spill over of states from

the left contact and [A”] = [G][['p][G]" from the right contact. The total spectral
function for the channel [A] = [A’] + [A”]. Fraction [A’] of the total spectral
function of the channel remains in equilibrium with the source Fermi function fg,
while another fraction [A”] remains in equilibrium with the drain Fermi function
fp. The density of states of the channel at a particular energy level will be the
summation of the diagonal elements of the spectral matrix [A] divided by 2.

The net carrier flow at source terminal is given by the difference of inflow and
out flow current [69]

tr[irsds — bl iy — vlirsxs]

Ip = (3.36)

The first part of Eq. (3.36) is inflow and the second part outflow. Making use
of Eq. (3.34) we can write Inflow =tr [STG'Sg — SLGS]/ih =tr[SsSLA]/A, since
{8} = {Ss} + {Sp} and {Ss}{Sp} = {Sp}'{Ss} = 0. {Ss}{Ss}" = [rsdsokri].
{¢sH{os} = [ 42 fs[As]. So that

Inflow = %/(dE/ZW)fStr[FSA]. (3.37)
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We make use of Egs. (3.25) and (3.30) to write the outflow term as: Outflow =
tr[frgGLriy — YirgGeriap) /i = tr[yTTg]/h. So that

Out flow = %/(dE/Qﬂ)tr[I‘S[A'fS + A" fp]]. (3.38)

The net current at source terminal is given by the difference between the inflow and
the outflow multiplied by the charge (-q) of an electron

I =4 [ dET(E)fs - fo), (3.39)
where, transmission, T'(F) = tr[C'sAp], tells us the rate at which carriers transmit
from the source contact to the drain contact by propagating through the device.

3.2.2 Recursive Green’s Function Algorithm

The recursive Green’s function (RGF) algorithm [58] is most powerful for the nearest
neighbor tight-binding model. In the derivation of the RGF we divide the 2-terminal
device domain into N blocks in the longitudinal direction (see Figure 3.3). Each
block can be single atomic layer or may be a unit cell. In Figure 3.3, Ly, Lo,...., Ly
are different layers of carbon nanotube. For our simulation of the whole thesis each
layer is considered as block of recursive Green’s function algorithm. The block size
is chosen so that the matrix elements are non-zero only between nearest neighbor
blocks. Upper case G’s are reserved for exact Green function elements. The term
[gﬁl’ ;] indicates that the Green’s function takes into account everything exactly on
the left with the coupling elements immediately on the right, [t r+1] and [tz41.2],
set to zero. The term [g] ;| indicates that the Green’s function takes into account
everything exactly on the right with the coupling elements immediately on the left,
[tr.r-1] and [t;_1 ], set to zero. The right connected Green’s function is created
from

Source LL Lo, Ly Drain

Figure 3.3: A carbon nanotube channel divided into N blocks for recursive Green’s
function algorithm.

[gZ,L] = [E1-Hp - tL,L+1g2+1,L+1tL+LL]_1a (3.40)
where, [Hy] is the layer Hamiltonian. The simulation started from the right hand
side with boundary self-energy [Ynyn] = —i[tnn41). At atomic layer 1, the full

Green’s function is calculated from the following equation:

(G11] = [ET—H; — 511 — t18) 5t01] ', (3.41)
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where, [¥1 1] = —i[t1] is left boundary self-energy. The {2, ..., N} block-diagonal
elements are calculated from

Grrl=I[grr + 8Lt 1Gr 11t 1187 1] (3.42)

and the corresponding spectral function [Ap ;] = i{[GL L — GL 1]. The first block
column of the Green’s function is created from

Gra] = g oll(=tr.L-1)][Gr-1,] (3.43)
and the left-connected spectral function is given by
[AL L] = [GLM1l[GL ], (3.44)

where, [['1 1] = i[¥11 — ZL]. Finally we calculate the charge density {p}, the
Jacobian {g—‘ﬁ}, and the current

(pe) = 20) [ GulfslA )+ fo [Ans — AL} (3.45)
{apL = (2 )/@tr{afS[Af,L]jL géfD AL — A7} (3.46)
1p =21 [ aBT(E) (75 ~ 1), (3.47)

where, h is Planck’s constant and the transmission is calculated from [58]

T(E) = tr [Pm (Al,1 - Gl,lrl,lGLl)} . (3.48)

3.3 Self-Consistent Loop

The self-consistent loop between Schrodinger’s and Poisson’s solver is started with
Poisson’s solver by initial guess of charge density throughout the device zero. After
setting appropriate boundary conditions, Eq. (3.14) is solved using Newton-Rapshon
method and updated in each iteration in the self-consistent loop as

(Vi) = (V1Y 4 m{AV), (3.49)
where,
(AV) [D - g—;] (f - DV}
= {D+%§—ﬂ 1{DV+§} (3.50)

and m is a mixing factor. Here, m = 0 means to take the old input vector once
more and m = 1 corresponds to use the output vector of the actual iteration directly
as input vector for the following iteration. The latter choice in most cases leads
to oscillations. For simple mixing scheme the value of m between 0-1 is assumed
arbitrarily. Here, the convergence depends very sensitively on the choice of the
mixing parameter, but experience has shown that m ~ 0.5 is a good choice for
simple systems.
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3.3.1 Anderson Mixing Scheme

The simple mixing scheme usually needs many iterations before convergence is
reached since it does not save all the information gained from previous iterations
and, even worse, fixes the linear combination of input and output vector without
any jurisdiction. For self-consistent loop each iteration itself costs a lot of CPU time
and thus reducing their number by accelerating convergence would save computer
resources or else allow for the larger systems to be investigated. The simple mixing
scheme takes into account only the input and output vector of the actual iteration
to calculate the new input vector. But the mixing scheme introduced by Ander-
son [70], in addition, considers the vectors of the previous iterations and combines
them in wisely. Though the Anderson scheme is one of the most powerful methods
which leads to very fast convergence, it is still quite simple as concerns the under-
lying concept. Now we fix the coefficients xg-l) by the requirement that they yield
that particular linear combination which minimizes the norm of the general residual
vector from the following relation

M
S AV — AVENAVO = AVED D = (AVO — AVED AV (3.51)
j=1

which has to be solved in order to yield the coefficients xﬁ” and, hence, the linear

combination with the shortest residual vector. Here, 0 < M <[—1land:=1,...., M.

Considering M previous iterations the estimated values

M
—(l) .
VI = VO 4+ 3 (VD) - [vO)) (3.52)
j=1
and
AVY) = 1aV0) £ 3720 (avED) - |AVD)Y). (3.53)
j=1

Now we fix the potential for the subsequent iteration by
(+1)y _ 70 Nl
VU = V) +m|AV ). (3.54)

The updated potential, the solution of Anderson mixing scheme is incorporated in
Hamiltonian matrix to calculate charge density through recursive Green’s function
algorithm. This calculated charge density is used in Poisson’s solver to calculate po-
tential again. This process continues until the loop converges. About 4-11 iteration
in self-consistent loop is sufficient for convergence. If the loop converges by using
Eq. (3.47) we calculate current.



Chapter 4

Strain Effect on Single-Walled and
Double-Walled Carbon Nanotubes

In this chapter we study the effect of both the uniaxial (< 10 %) and the torsional
strain (< 5°) on the band gap of the single-walled as well as double walled carbon
nanotubes. Previously Yoon et al. considered uniaxial strain <10% and torsional
strain <5° in their literature [49]. Through experiment up to 12% tensile strain is
applied on carbon nanotube [71,72]. The Young’s modulus and mechanical strength
of carbon nanotube are around 2 TPa and 50 GPa, respectively [72]. We have
compared the band gap of the single-walled and double-walled nanotubes. We have
taken into consideration of those single-walled nanotube from which double-walled
nanotube is constructed. We show the variation of band gap of SW and DW CNTs
with uniaxial and torsional strain using p, orbital basis quantum simulation. The
DW nanotube is generated from two semiconducting, zigzag, SW nanotubes. For
DWs [(19, 0) (10, 0)], [(19, 0) (9, 0)] and [(19, 0) (8, 0)] the wall separations are
0.35 nm, 0.39 nm and 0.42 nm, respectively [59-61]. It is shown that the band gap
of DW CNT is the minimum of the band gaps of the two tubes from which it is
produced. We have also investigated the effect of intertube bonding energy on band
gap of DW CNT. For DW CNT the band gap variation with uniaxial or torsional
strain depends on the band gap variation of each CNT from which DW CNT is
constructed. The band gap of DW CNT is the minimum of band gaps of two CNT's
it constituted with for every value of strain. The bonding energy between inner and
outer tubes atoms has insignificant effect on band gap.

4.1 Simulation Model

Figures 4.1 (a) and (b) show the single-walled and double-walled carbon nanotubes
structures, respectively. Figures 4.1 (c), (d), and (e) exhibit, respectively, un-
strained, uniaxially strained, and torsionally strained forms of same single-walled
CNT. Here, Ly, L4, L, etc. in Figure 4.1 (c) are different layers of carbon nanotube.
The CNT is modeled using p. orbital basis of carbon atom [35,49,63]. Without
strain, the bonding energy between two atoms of inner tube and outer tube is cal-
culated from [73-76]

15
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Figures 4.1: Structure of (a) unstrained single-walled tube, (b) unstrained double-
walled tube, (c) single-walled tube before strain, (d) single-walled tube after tensile
strain, and (e) single-walled tube after torsional strain.



17
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+(p1.£) (p2.1)], (4.1)

where, for unstrained case, Ry and Ry are the atomic positions in inner tube and
outer tube respectively, Vp%(, and V;,%ﬂ are the energy integrals between 7 orbitals
decomposed into the directions parallel and perpendicular, respectively, to the vector
d = R; — Ry, p; and py are unit vectors directed along 7 orbitals at R; and R,
respectively, d = |d|, e and f are unit vectors perpendicular to d and to each other,
ag is the distance between two nearest neighbor carbons in two dimensional graphite,
c is the lattice constant along the c¢ axis in bulk graphite, and ¢ is the decay rate
of 7 orbital. Within the layer, the on-site energy is ¢, and the nearest-neighbor
carbon-carbon bonding energy is V) = [49,63].

When strain is applied, within tube, we assume that the on-site energy does not
change and the carbon-carbon bond energy changes following Harrison’s formula
Vipe = Ve(ro/r)? [39,49,77]. Here 7y and 7 are the carbon-carbon bond length
of the unstrained and strained CNTSs, respectively. A detail explanation about
incorporating strain to bond lengths and calculating lattice positions is provided in
chapter 2.

After computing the position of all atoms, we have determined the distance, r
between two atoms of inner tube and outer tube. Then, the bonding energy between
these each pair of atoms is calculated by using the relation v = 7°(rq/r)? [39,49,77].

Next, we have formed Hamiltonian matrix using atomistic Hamiltonian (also
known as full band Hamiltonian) concept [63,69]. According to atomistic Hamilto-
nian concept the element of Hamiltonian matrix is the bonding energies of all atoms
with each other. The Hamiltonian parameter values are taken from [78]. The eigen
values of the Hamiltonian matrix is the eigen energies of the carbon nanotube. After
forming Hamiltonian matrix, we determine band diagram using this matrix. The
band gap is the difference of energy between the bottom of the conduction band and

the peak of the valence band.

4.2 Numerical Results and Discussions

The results shown here, we get by following the method described in section 4.1.
In Figures 4.2 the energy band diagram in unstrained case is shown. Dotted lines
in Figure 4.2 (a) represent the energy band diagram for (10, 0) SW CNT. The
bottom of the conduction band of (19, 0) CNT is lower than the that of (10, 0)
CNT and the peak of the valence band of (19, 0) CNT is higher than that of (10,
0) CNT indicating lower band gap in (19, 0) CNT in unstrained case. The energy
band diagram of DW [(19, 0) (10, 0)] CNT in Figure 4.2 (b) represents that it is a
combination of energy band of SW (19, 0) and SW (10, 0) CNTs. So the band gap
of DW [(19, 0) (10, 0)] CNT will be equal to the band gap of SW (19, 0) CNT.
The energy band diagram is sketched in Figure 4.3 (a) for SW (19, 0) and
(10, 0) CNTs and in (b) for DW [(19, 0) (10, 0)] CNT with 5 % tensile strain.
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Figures 4.2: Partial energy band diagram of (a) single-walled and (b) doubled-walled
CNTs without strain.
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Figures 4.3: Partial energy band diagram of (a) single-walled and (b) doubled-walled
CNTs with 5 % tensile strain.
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Figures 4.4: Partial energy band diagram of (a) single-walled and (b) doubled-walled
CNTs with 4 degree torsional strain.
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Experimentally tensile strain up to 12 % is applied on carbon nanotube [71,72]. So,
we choose a tensile strain < 12 % randomly to observe the effect of uniaxial strain
on E-k diagram. With the application of tensile strain the carbon-carbon bond
length increases which corresponds to increase in tube length. This is quite visible
in Figure 4.1 (d). With this strain for both the SW (19, 0) and (10, 0) CNTs each
the bottom of conduction band shifts upward but still the bottom of the conduction
band of (19, 0) CNT is lower than the that of (10, 0) CNT. The peak of valence
band for both (19, 0) and (10, 0) CNT each shifts downward and again the peak of
(19, 0) is higher than that of (10, 0) CNT corresponds to lower band gap in (19, 0)
CNT. Alike unstrained case, the energy band diagram of DW [(19, 0) (10, 0)] CNT
is still the combination of energy band diagram of SW (19, 0) and (10, 0) CNTs and
obviously the band gap of DW CNT is determined by the band gap of (19, 0) CNT.

The shape of energy band diagram of zigzag CN'T with the application of tor-
sional strain is quite different from the shape with unstrained and uniaxially strained.
Previously torsional strain up to 5° is considered [49]. The energy band diagrams
for SW (19, 0) and (10, 0) CNTs and for DW [(19, 0) (10, 0)] CNT are stated in
Figures 4.4. Here, also the band gap of SW (19, 0) CNT is lower than that of (10,
0) CNT. But unlike unstrained and uniaxially strained case we here get minimum
energy difference between valence and conduction band at k # 0. Like before the
band gap of DW [(19, 0) (10, 0)] CNT is the lowest of SW (19, 0) and (10, 0) CNTs.

The band gap variation of SW (19, 0) and (10, 0) CNTs with the application of
uniaxial strain is plotted in Figure 4.5 (a). In unstrained case the conduction be-
havior (metallic or semiconducting) of the SW tube is determined by mod (n-m,3)
rule [35,39,79,80]:

mod (n-m,3) = 0 — metallic
= 1 or 2 — semiconducting.

Here mod stands for modulo or remainder. For strained (uniaxial or torsional)
case SW tubes having same mod follow same trend of band gap variation with
strain [35,39,49]. Both (19 , 0) and (10, 0) SW CNTs have mod (n-m,3) = 1,
which indicates for small tensile strain the band gap proportionately increases and
for compressive strain the band gap decreases which is quite discernable in this
figure [35,39,49]. With the application of uniaxial strain in both inner and outer
tubes of DW [(19, 0) (10, 0)] CNT, this DW CNTs energy band gap versus uniaxial
strain plot shown in Figure 4.5 (b) by solid line follows the minimum path of the
same plot for SW (19, 0) and (10, 0) CNTs in Figure 4.5 (a). From -10% to —7%
compressive strain the band gap of DW CNT follows SW (10, 0) strained CNT; with
further reduction of compressive strain the band gap of SW (10, 0) CNT becomes
higher than the that of (19, 0) SW CNT. So, now it follows the path of (19 , 0)
SW CNT for rest of the curve up to 10 % tensile strain. If we apply the uniaxial
strain only in outer tube and leave the inner tube unstrained, then in that case the
energy band gap of this DW CNT follows the minimum of band gaps of unstrained
(10, 0) and strained (19, 0) CNTs, which is quite noticeable in Figure 4.5 (b). The
band gap variation of unstrained inner tube (10, 0) and strained outer tube (19, 0)
is sketched in dashed line. The band gap of unstrained (10, 0) SW CNT is 1.0 eV.
Since the band gap of SW (19, 0) uniaxially strained CNT for -10% to 10% strain
is below 1.0 eV, so the band gap of DW unstrained inner tube (10, 0) and strained
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Figures 4.5: Band gap versus uniaxial strain curves for SW (19, 0) and (10, 0) and
DW [(19, 0) (10, 0)] CNTs. Compressive uniaxial strain is represented as negative
strain and tensile uniaxial strain is represented as positive strain.
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carbon bonding energy in unstrained case.
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outer tube follows the band gap variation of SW (19, 0) uniaxially strained CNT.
The band gap variation of uniaxially strained inner tube and unstrained outer tube
DW CNT is shown by dotted line in Figure 4.5 (b). The band gap of unstrained
SW (19, 0) CNT is 0.53 eV. So, from -10% to -5% compressive strain the band gap
of SW (10, 0) CNT is below 0.53 eV the band gap of SW (19, 0) unstrained CNT.
After -5% compressive strain the band gap of (10, 0) strained SW CNT becomes
higher so the band gap of this DW CNT follows the band gap of (19, 0).

For SW (19, 0) and (10, 0) and for DW [(19, 0) (10, 0)] CNTs, the band gap
variation with torsional strain is shown in Figures 4.6 (a) and (b), respectively.
According to mod(n-m,3) = 1, the band gaps of both (19, 0) and (10, 0) SW CNTs
increase with torsional strain [35,39,49]. For same amount of strain the band gap
of (19, 0) SW CNT is always lower than that of (10, 0). With the application of
torsional strain in both inner and outer tubes of DW [(19, 0) (10, 0)] CNT the band
gap variation shown in solid line goes after the minimum band gap of SW (19, 0)
and (10, 0) CNT as like uniaxial strain we have observed above. The band gap of
DW CNT with torsional strain in outer tube only, denoted by dashed line follows
the band gap variation of SW torsionally strained (19, 0) CNT, since its band gap is
always lower than that of unstrained (10, 0) CNT. But for torsional strain in inner
tube only the band gap of this DW is insensitive of torsional strain because the band
gap of torsional strained SW (10, 0) CNT is always higher than that of unstrained
SW (19, 0) CNT and band gap of DW CNT is the minimum of the two tubes from
which it is constructed. For the verification of our work we have performed strain
analysis on SW (16, 0) and SW (17, 0) tubes [49]. The result are provided in Figures
4.7. The results almost match with the previous report [49].

To generalize that the band gap of the DW CNT is always the minimum of the
two tubes from which it is generated in every possible case, we also perform the test
for DW [(19, 0) (9, 0)] and [(19, 0) (8, 0)] CNTs. The SW (9, 0) and (8, 0) follow
mod (n-m,3) = 0, mod (n-m,3) = 2, respectively. In Figures 4.8 the band gap versus
uniaxial strain plots and in Figures 4.9 the band gap versus torsional strain plots
for SW (19, 0) and (9, 0) and for DW [(19, 0) (9, 0)] CNTs are displayed.

According to mod 3 rule the SW (9, 0) CNT behaves as metallic [35]. However,
the application of uniaxial or torsional strain open the band diagram converting it to
semiconducting tube [35]. As before the band gap variation of DW CNT with both
the inner and outer tubes uniaxially strained symbolized by solid line, follows the
minimum of two band gaps of strained SW (19, 0) and (9, 0) CNTs. For strained in
outer tube only the band gap of this DW CNT is numb of strain. But for strain only
in inner tube the band gap remains insensitive from -10% to -5%, then it follows SW
(9, 0) strained CNT, after 5% it again becomes insensitive. The band gap variation
with uniaxial strain only in outer tube and also only in inner tube is represented by
dashed line and dotted line, respectively. As Figure 4.9 (a) the band gaps of both
SW (19, 0) and (9, 0) CNT increase with the application of strain; but the band gap
of (9, 0) CNT is always lowest. So, the band gap of DW CNT indicated by solid
line shown in Figure 4.9 (b) is always follows (9, 0). The band gap of this DW CNT
with strain only in outer tube is insensitive of strain, but the band gap with strain
only in inner tube merges with band gap of strain in both.

Since the band gap of SW (8, 0) CNT is always higher than that of SW (19, 0),
for same uniaxial strain and even it is always higher than that of unstrained SW
(19, 0) as conspicuous in Figure 4.10 (a), the band gap of corresponding DW CNT
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DW [(19, 0) (9, 0)] CNTs. Compressive uniaxial strain is represented as negative
strain and tensile uniaxial strain is represented as positive strain.



27

0-8 M ) M ) M ) M ) M ) M ) M ) M ) v L) v

- — (19,0) -
o L .
& 0.4} .
©
c
s 0.2} :
OO 1 -l...l----l-.-l.-.-

5 4 321012 3 45
Torsional Strain (deg)

(@)

0.16F  —— DW str both tube /

< 0.1 — — —-DW str out tube

% =l \----- DW str in tube

o

O 0.08+ 1

@)

G

m 0.04f DW [(19, 0) (9, 0)] 1
0.00 et

5 4 321012 3 45
Torsional Strain (deg)

(b)

Figures 4.9: Band gap versus torsional strain curves for SW (19, 0) and (9, 0) and
DW [(19, 0) (9, 0)] CNTs. Torsional strain in anti-clockwise direction is represented
as negative strain and in clockwise direction is represented as positive strain.
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Figures 4.11: Band gap versus torsional strain curves for SW (19, 0) and (8, 0) and
DW [(19, 0) (8, 0)] CNTs. Torsional strain in anti-clockwise direction is represented
as negative strain and in clockwise direction is represented as positive strain.
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Figures 4.12: Effect of intertube bonding energy on band gap versus strain curve

for DW [(19, 0) (10, 0)] CNTs.
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with strain both in inner and outer tube, and outer tube only, merges each other
and both follow the band gap versus uniaxial strain curve of SW (19, 0) CNT. But,
for strain only in inner tube most of the cases the band gap is insensitive of strain
except uniaxial strain greater than 8%. With the application of torsional strain the
band gap of SW (8, 0) CNT decreases, noticeable in Figure 4.11 (a) according to
mod (n-m,3) rule. The band gap of DW CNT with torsional strain in both inner
and outer tube or inner tube only tracks the that of SW (19, 0) CNT. The band
gap for strain only in inner tube is insensitive of torsional strain.

The effect of intertube bonding energy on band gap for different type strains is
shown in Figures 4.12. The atomic bonding energy between inner and outer tube
atoms have negligible effect on band gap [56]. The solid line represents band gap
variation with strain considering intertube bonding energy and the dotted line for
zero intertube bonding energy.

In conclusion, band gap variations of DW CNT and the SW CNTs from which
DW CNT is generated with strain are invesigated using a m-bond atomistic quantum
simulation. It is found that the band gap of the DW CNT is always the minimum
of the two tubes from which it is produced. To generalize we have considered three
different type zigzag inner tubes for same outer tube. At last, we explored that the
intertube bonding energy between inner and outer tubes atoms has trifling effect on
band gap.



Chapter 5

Strain Effects on Schottky-Barrier

Single-Walled and Double-Walled
Carbon Nanotube Transistors

From previous chapter we observe that band gap of DW CNT is the minimum of
band gaps of two CNTs it constructed with for every value of strain. In this chap-
ter the effects of uniaxial and torsional strain on the performance of both SW (19,
0) and DW [(19, 0) (10, 0)] zero-Schottky-barrier CNTFETSs are analyzed through
atomistic quantum simulation. For the CNT devices we have applied strain to chan-
nel materials only and other parts have been left unstrained. For DW CNTFET we
have considered strain on both tubes. We have limited our analysis with tensile and
compressive strains below 2 % and torsional strain below 6° [49]. The Young’s mod-
ulus and mechanical strength of carbon nanotube are around 2 TPa and 50 GPa,
respectively [72]. The number of unit cell in our channel is 114 for the whole anal-
ysis of this chapter. With the application of the tensile strain and torsional strain
both the off-state current and on/off current ratio improve greatly. The on-state
current improves with compressive strain. But, this improvement is comparatively
small for both devices. Previously off-state and on-state currents improvement with
strain is reported for SW CNTFET [49]. The off-state current, on-state current,
and on/off current ratio improvement is slightly better in SW CNTFET. With the
increase of the compressive strain the I-V curves shift upward verifying high conduc-
tivity [49]. The opposite result occurs with tensile strain. With the increase of the
torsional strain the band gap increases corresponding to low conductivity. So the
[-V characteristics shift downward with the torsional strain. The I-V characteristics
saturate at gate voltage Vgs > E,/(2q), one important finding of DW CNTFET
with or without strain. Thermal component as well as tunnel component of -V
curves saturate at this region. Thermal component saturates for the saturation of
the peak of conduction band near source-channel interface after Vgg > E;/(2q) for
both SW and DW CNTFET. For DW CNTFET near on-state region the inner tube
acts as a second gate. This gate screens the effect of main gate on conduction band
of outer tube. That is why tunneling current saturates which is absent in SW CNT-
FET. This current saturation corresponds to very low on-state transconductance
and consequently low switching speed.

One important advantage of DW CNTFET over SW CNTFET is better in-
verse subthreshold slope with or without strain. But, the change of inverse sub-
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threshold slope with strain is smaller in DW CNTFET. The capacitance-voltage
characteristics, transconductance, intrinsic switching delay and intrinsic cut-off fre-
quency all peak at gate voltage Vgg > E;/(2q) where, flat band condition exists
between the source and channel under the gate region. This is reported before for
SW CNTFET [65,81,82]. Due to application of strain with the increase of the
band gap the peaks of the capacitance-voltage characteristics, transconductance,
intrinsic switching delay and intrinsic cut-off frequency shift to higher gate voltage.
Unlike SW CNTFET in DW CNTFET with the increase of compressive strain on-
state transconductance decreases and with tensile strain it increases. The on-state
transconductance also increases with torsional strain. The inner tube in DW CNT-
FET acts as a second gate. It reduces the modulation of conduction band with gate
voltage near on-state region. The screening of main gate by inner tube is responsi-
ble for this behavior. A details physics is provided later in this chapter to explain
the variation of on-state transconductance of DW CNTFET with strain. The in-
trinsic switching delay follows the variation of gate capacitance for both devices.
The on-state intrinsic switching delay improves with compressive strain for both
devices. But for this case also SW CNTFET exhibits better variation with strain.
The on-state intrinsic cut-off frequency follows the variation of transconductance
with strain. Unlike SW CNTFET, in DW CNTFET the on-state intrinsic cut-off
frequency increases with tensile and torsional strain depending on the behavior of
on-state transconductance with strain.

5.1 Device Structure

We simulate coaxially gated zero-Schottky-barrier SW and DW CNTFETSs. A zero-
Schottky-barrier metal-CN'T contact for the valence band or p-channel CNTFET
has been demonstrated experimentally using different metals, such as palladium
(Pd) and rhodium (Rh) [24,25]. Recently, zero-Schottky-barrier ballistic n-type
CNTFET has been realized using scandium (Sc) [26]. The SW CNT is a (19, 0)
zigzag tube with diameter of 1.5 nm and band gap of 0.5202 eV, and the DW CNT
is generated from (10, 0) and (19, 0) zigzag tubes that has a band gap of 0.5163 eV.
The device, shown in Figure 3.1, has a gate length L, of 5 nm and the source and
drain underlaps L, of 22.5 nm each in strainless case. The gate oxide thickness t,;
is 2 nm, and the gate dielectric is SiOs with dielectric constant 3.9. The absolute
physical thickness limit of SiOj is 0.7 nm [67]. Below this thickness, the Si reaches
the interfacial regions from the channel and causes an effective ”short” through the
dielectric, rendering it useless as an insulator [67]. The chemical composition and
electronic structure of gate oxides as thin as one nanometer have been measured
using electron-energy-loss spectroscopy [83]. The spatial extent of the interfacial
states that result from the spillover of the silicon conduction-band wavefunctions
into the oxide places a fundamental limit of 0.7 nm (four silicon atoms across) on
the thinnest usable silicon dioxide gate dielectric, and for present-day oxide growth
techniques, interface roughness raises this limit to 1.2 nm [83]. Poisson solver uses an
extended dielectric thickness t,,_., of 6 nm. Source and drain metal extensions L.,
of 15 nm are included in Poisson solver to take care of fringing electric fields [63-66].
The gate metal has the same work function as the CNT has. The work function
of CNT is 4.5 eV [68]. The source and drain metal Fermi levels align with the
conduction band of the CNT. Ballistic transport is assumed. Ballistic transport in
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short CNTs (~ 60 nm) has been confirmed experimentally by measuring conductance
at different temperatures [84].

5.2 Simulation Model

We perform a self-consistent solution between Poisson’s equation and Schrodinger’s
equation. Our device is a coaxially gated CNTFET (see Figure 3.1) so that the
potential V is independent of circumferential direction ¢. We obtain electrostatic
potential by solving two-dimensional Poisson’s equation in cylindrical coordinates.
The Poisson’s equation, Eq. (3.2), is discretized using finite difference and solved by
standard Newton-Raphon method. We have attached a detail explanation about the
development of Poisson’s solver in chapter 3. The potential is fixed to Vgs—®g/q at
the gate electrode, to —®g/q at the source electrode, and to Vps —Pp/q at the drain
electrode. Here Vg and Vpg are the gate to source and drain to source voltages, and
dq, g, and P p are the work functions of gate, source, and drain metallizations. Von
Neumann boundary conditions are used along the exposed surface of the dielectric.
There, the radial component of the electric field is set to zero [63-65].

For charge density calculation, we use nearest-neighbor m-bond model to create
Hamiltonian and recursive Green function (RGF) algorithm to solve Schrodinger’s
equation [58,63]. A detail procedure of calculating Hamiltonian matrix elements
incorporating strain is provided in chapter 4. We can incorporate strain in our
tubes through the method in chapter 2. The recursive Green function algorithm is
used to solve non-equilibrium Green function (NEGF) equation to calculate charge
density and current as described in chaper 3.

5.3 Numerical Results and Discussion

The band gap variations with uniaxial strain of SW CNTs are shown in Figure
4.5(a). The band gap variation of DW CNT for different combination, like strain
applied on outer tube only and inner tube left unstrained or vice versa or strain
applied to both tubes are demonstrated in Figure 4.5(b). The band gap variations
with torsional strain of both SW and DW CNTs are shown in Figures 4.6. The DW
CNT follows the minimum of two band gaps of the tubes, it is constituted with.

The log Ip versus Vgg characteristics for both devices with uniaxial strain are
introduced in Figures 5.1 and with torsional strain in Figures 5.2. In unstrained
case the shape of the log Ip versus Vg characteristics agrees with the previous
results [63-65]. For both devices the log Ip versus Vg curve has shifted upward for
compressive strain indicating higher current with reduced band gap than unstrained
case and for tensile strain it has shifted downward indicating lower current with
increased band gap. With the application of the torsional strain the conductivity
decreases. So the I-V curve shift downward with the torsional strain for both devices.
The log Ip versus Vg characteristics of SW (19, 0) (mod(n-m,3) = 1) with strain
exhibits same type of behavior as previous literature [49].

The two components of the drain current for SW and DW CNT devices are
shown in Figures 5.3 with unstrained tube and in Figures 5.4 with strained tube.
The increase of thermal current of DW CNTFET in subthreshold region is more
rapid than SW CNTFET. Near the Fermi level the density of states (DOS) of SW
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Figures 5.1: Simulated log Ip versus Vg characteristics of (a) SW and (b) DW
CNTFETSs with uniaxial strain. Here, Vpg = 0.5V.
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Figures 5.2: Simulated log Ip versus Vg characteristics of (a) SW and (b) DW
CNTFETSs with torsional strain. Here, Vpg = 0.5V.
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Figures 5.4: (a) Thermal component and (b) Tunnel component of the total current
versus gate bias for devices with 2% compressed SW and DW tubes. Here, Vpg =
0.5V.
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(19,0) and DW [(19, 0) (10, 0)] CNTs are almost equal (the band gap of inner tube
(10, 0) is very high, so the states are available at energies far from the Fermi level).
But the more far from the Fermi level the more are the density of states in DW [(19,
0) (10, 0)] CNT than SW (19,0) CNT for contribution of states of inner tube at
high energy level (Figures 4.2, 4.3 and 4.4). These states from inner tube contribute
in thermal current of DW CNTFET with outer tube. Irrespective of strain and
irrespective of number of coaxial tubes in devices the thermal current saturates at
Vas > E4/(2q) [63]. Unlike thermal component, in tunnel component we get the
lowest current at gate voltage other than zero volt with or without strain. Like
thermal component for DW CNTFET the tunnel component also saturates after
Vis ~ E;/(2q). The inner tube in DW CNTFET acts as a second gate near on-
state region. The concentration of electron in inner tube is very high in this region.
This high concentration of electron increases the hole concentration and reduces the
electron concentration on outer tube due to capacitive effect. But the main gate with
the increase of positive gate voltage increases the electron concentration and reduces
the hole concentration on outer tube due to capacitive effect. So, the inner tube
screens the the gate effect on the conduction band of outer tube. The modulation of
conduction band with the increase of gate voltage reduces near on-state region. That
is why the tunnel current is almost insensitive to gate voltage near on-state region.
The saturation of tunneling current near on-state region is missing in SW CNTFET
with or without strain. But after Vgg > E,/(2q) this current increases slowly [63].
A detail explanation about the thermal component and tunnel component of I-V
characteristics is provided with the help of band diagram in Figures 5.5 and current
density in Figures 5.6.

To understand the off-state and on-state I-V characteristics of DW CNTFETSs
with different uniaxial strain, we plot, in Figures 5.5, the conduction band profiles,
and in Figures 5.6, the energy spectrum of current, in off- and on-states of them. The
conduction band profiles and the energy spectrums of current are reported before
for SW CNTFET [63-66]. The band profiles of these devices is the energy versus
position plots at the surface of outer tube. The conduction band is started with 0
eV from source side and ended with -0.5 eV near drain side depending on the bias
voltages [63]. Under the gate region in off-state the energy of the conduction band
is E,/2 depending on work functions of different materials of the devices [63].

With the application of tensile strain the conductivity decreases and since it is
a zero-Schottky-barrier device the whole conduction band shifts upward. We get
opposite effect with the compressive strain. We get this variation in both off- and
on-states. We get thermal current in the energy range E,/2 < E < oo eV in off-state
condition. We get thermal current in off-state in the energy ranges 0.13 < E < o0 eV,
0.26 < E < 0o eV, and 0.34 < E < oo eV, respectively, for 2% compressive strained,
unstrained, and 2% tensile strained CNTFETSs. So with the increase of compressive
strain thermal current increases and opposite effect occurs for tensile strain. The
lower the top of the conduction band the higher the thermal current. The smaller
the band gap the higher the possibility of having tunneling current near the band
gap region. It is clearly visible in Figures 5.6. We get electron tunneling current for
2 % tensile strain in the region 0.15 < E < 0.34 eV, for 0 % in the region 0 < E
< 0.26 eV, and for 2 % compressive strain in the region -0.15 < E < 0.13 ¢V. Near
the band gap region both the electron and hole tunneling currents simultaneously
exist. For the rest lower energy region we get solely hole tunneling current for all the
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Figures 5.5: Conduction band profiles at three different values of uniaxial strain (a)
off-state and (b) on-state for DW CNT devices. Here, Vpg = 0.5 V.
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(b) on-state for DW CNT devices. Here, Vpg = 0.5 V.
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Figures 5.7: Current density versus energy superimposed on the band diagram in

both (a) off-state and (b) on-state for DW CNTFET with unstrained tube. The
drain bias is fixed to Vpg = 0.5 V.
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DW CNTFET devices in this study. In the hole tunneling region we also get higher
current for 2 % compressive strained CNTFET. Thermal current, electron tunneling
current, and hole tunneling current of compressed CNT device dominate over others
that is why we get higher current in off-state for compressed CNTFET. In on-state
we get thermal current for all the strained or unstrained devices in our study in the
energy range 0 < E < oo eV. After gate bias above the half band gap potential, the
thermal current does not change due to potential barrier saturation at ~ 0 eV for
all the devices. Here, we get the peak of all the conduction bands at source-channel
interface at ~ 0 eV. We get on-state electron tunneling current for 2 % tensile strain
in the region -0.17 < E < 0 eV, for 0 % in the region -0.3 < E < 0 eV, and for 2 %
compressive strain in the region -0.65 < E < 0 eV. For the rest lower energy region
we get hole tunneling current. In on-state although the thermal currents same in
all the devices, the 2 % compressed device has the both higher electron and hole
tunneling currents. That is why again we get higher current for 2 % compressed
device. But now in on-state. The physics behind the current variation with strain is
the modulation of band gap (Figures 4.5 and 4.6) with strain. The current reduces
with the type of strain that increases the band gap. The potential barrier height
and length increase with larger band gap as shown in Figures 5.5. The increased
height and length of the barrier reduces the current.

We plot current density versus energy superimposed on the band diagram in
strainless case in Figures 5.7, to get clear cut idea about different components of
the drain current. In off-state in Figure 5.7 (a) in the energy range 0.26 < E < oo
eV we get thermal current, in the energy range 0 < E < 0.26 eV we get electron
tunneling current, and in the energy range -1.0 < E < -0.3 eV we get hole tunneling
current. In on-state in Figure 5.7 (b) in the energy range 0 < E < 0o eV we get
thermal current, in the energy range -0.26 < E < 0 eV we get electron tunneling
current. The hole tunneling current is negligible in on-state.

The off-state current, on-state current, and on/off current ratio versus uniaxial
strain curves and torsional strain curves are shown in Figures 5.8 and 5.9, respec-
tively. The shape of the off-current versus strain and on-state current versus strain
curves follow the shape of previous report [49]. With 2 % compressive strain the off-
state current becomes 423 time and 813 time of corresponding unstrained off-state
current for SW CNTFET and DW CNTFET, respectively. The off-state current
becomes 3.27 x 1073 time and 7.58 x 1073 time of corresponding unstrained off-
state current for SW CNTFET and DW CNTFET, respectively, at 2 % tensile
strain. With 2 % compressive strain the on-state current becomes 2 time and 1.23
time of corresponding unstrained on-state current for SW CNTFET and DW CNT-
FET, respectively. The on-state current becomes 1/1.82 time and 1/1.18 time of
corresponding unstrained on-state current for SW CNTFET and DW CNTFET, re-
spectively, at 2 % tensile strain. The on/off current ratio of SW CNTFET is 1/210
time of the untrained value and of DW CNTFET is 1/661 time of the unstrained
value at 2 % compressive strain. At 2 % tensile strain the on/off current ratio of
SW CNTFET is 168 time of the untrained value and of DW CNTFET is 112 time
of the unstrained value. With 6° torsional strain for SW and DW CNTFETSs the
off-state current becomes 8.86 x 1072 and 18.54 x 1073 times, respectively, of their
unstrained value, on-state current becomes 1/1.625 and 1/1.18 times, respectively,
of their unstrained value, and on/off current ratio becomes 70 and 46 times of their
unstrained value. The change of off-state current and on/off current ratio with strain
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zero-Schottky-barrier SW and DW CN'T devices.
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is very high of both devices. On-state current variation with strain is small. This
was reported for SW CNTFET in past [49].

The on-state transconductance versus uniaxial and torsional strain curves are
shown in Figures 5.10 (a) and (b) respectively for both SW and DW CNTFETS.
Transconductance is computed from g,, = dIp/0Vgs. The on-state transconduc-
tance for SW and DW CNTFETSs at 2 % compressive strain is 1.58 and 1/1.075
times, respectively, of their corresponding unstrained value, and at 2 % tensile strain
is 1/1.37 and 1.48 times, respectively, of their corresponding unstrained value. The
on-state transconductance is 1/1.31 time of the unstrained value for SW CNTFET
and is 1.31 time of the unstrained value for DW CNTFET at 6° torsional strain. Un-
like SW the on-state transconductance of DW CNTFET increases with the increase
of tensile strain and decreases with the increase of compressive strain. The inner
tube of the DW CNTFET acts as a second gate. Near on-state its impact deepens.
The more far from subthreshold region(deep on-state region) the more the effect
of second gate. So the on-state transconductance decreases. The more the tensile
strain the nearer the on-state to the onset of threshold region(Figures 5.1 and 5.2),
the more the on-state transconductance. This type of behavior is also observable in
DW CNTFET with torsional strain.

The variation of inverse subthreshold slope, defined as S = (9logioIp/OVas) ™,
with uniaxial and torsional strain is shown in Figures 5.11(a) and (b), respec-
tively. In Figures 5.11, DW CNTFET presents better inverse subthreshold slope
than SW CNTFET in unstrained case which agrees qualitatively with experimental
results [52]. In subthreshold region more rapid increase of thermal current in DW
CNTFET is responsible for this better inverse subthreshold slope. With strain also
DW CNTFET exhibits better inverse subthreshold slope. The inverse subthreshold
slope of SW CNTFET is 3.07 time and 1/1.13 time of their unstrained value at 2
% compressive strain and at 2 % tensile strain, respectively. For DW CNTFET the
inverse subthreshold slope is 2.48 time and 1/1.05 time of their unstrained value at
2 % compressive strain and at 2 % tensile strain, respectively. At 6° torsional strain
the inverse subthreshold slope is 1/1.13 time and 1/1.04 time of their corresponding
unstrained value for SW CNTFET and DW CNTFET, respectively.

Finally we compare the performance metrics, namely the transconductance g,,,
the intrinsic switching delay 7g, and the intrinsic unity current gain frequency fr.
For this the gate capacitance is calculated from [64—66]

Ly 5DT tox—ex 5D
=2 2 £ 1
C, WR/O dz 57, + W/tm. rdr 5, (5.1)

where, R is the radius of the dielectric covering t,,. The first integral takes care
of the fluxes emanating from the bottom surface of the gate metal and the second
integral takes care of the fluxes emanating from the two sides of the gate metal
facing to the source and drain. This gives the total gate capacitance Cy = Cys + Cyq
which includes the effect fringing fields directly from the gate metal to the source
and drain. The gate capacitance is the summation of gate-source capacitance, gate-
drain capacitance and gate-channel capacitance. Among them the first two are the
fixed capacitance for metal-metal capacitors. The last one depends on the density of
states of carbon nanotube. That capacitance which depends on the density of states
is known as quantum capacitance [69]. Since the density of states of carbon nanotube
show up-down behavior with energy [33, 39,41, 69], the capacitance also exhibits
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Figures 5.10: (a) The on-state transconductance versus uniaxial strain and (b) The
on-state transconductance versus torsional strain curves for zero-Schottky-barrier

SW and DW CNT devices.
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same behavior with gate voltage. This quantum capacitance is significantly small
compare to other parts of gate capacitance [64,65]. The intrinsic switching delay is
calculated from 7¢ = CyVpp/Ion and the intrinsic unity current gain frequency from
fr = gm/27C,, where, transconductance is computed from g,, = 0Ip/IVgs [64-66].
Vpp is 0.5 V in our study.
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Figures 5.12: (a) The gate capacitance, (b) intrinsic switching delay, (c) transcon-
ductance and (d) intrinsic cut-off frequency versus gate voltage curves of zero-
Schottky-barrier DW CNT devices with unstrained tubes.

The gate capacitance, the transconductance, the intrinsic switching delay, and
the intrinsic cut-off frequency versus gate bias plots of DW CNTFET only in un-
strained case is shown in Figures 5.12. The gate capacitance and transconductance
peak as usual at a gate bias ~ E;/2q where, there is approximately a flat band situa-
tion between the potential under the gate region and the source Fermi level. This is
reported before for SW CNTFET [65,81,82]. The intrinsic switching delay depends
on gate capacitance. So, the shape of intrinsic switching delay is similar to gate
capacitance [82]. Since the variation of gate capacitance is very small compare to
transconductance. So, the intrinsic cut-off frequency follows the shape of transcon-
ductance [65,81,82]. The on-state value of g, is much lower in DW CNTFET due
to current saturation. Consequently we get low cut-off frequency in on-state.

For four different values of uniaxial strains we plot the transconductance versus
gate voltage and gate capacitance versus gate voltage curves in Figures 5.13 (a) and
(b) respectively. The variation of gate capacitance with gate voltage depends on
the density of states [69]. The vaiation of density of states with strain is reported
before [39]. With the increase of the band gap both the peaks of transconductance
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Figures 5.13: (a) Transconductance and (b) gate capacitance versus gate voltage
curves at four different values of uniaxial strain of DW CN'T devices.
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versus gate voltage and gate capacitance versus gate voltage curves shift to higher
gate voltage. Actually we get the peaks of these curves when the flat band condition
exists between the source fermi level and conduction band under the gate region
[65,81,82]. For higher band gap we need high gate voltage to achieve flat band.
Due to application of uniaxial strain with the increase of the band gap the peaks of
both the transconductance and the gate capacitance decreases. The on-state gate
capacitance decreases as well. But the on-state transconductance increases.

The switching speed as well as the operating frequency of any device relies on
intrinsic switching delay. The on-state intrinsic switching delay and intrinsic cut-off
frequency for both devices are shown in Figures 5.14 (a) and (b), respectively, with
different uniaxial strain. The on-state switching delays of SW CNTFET and DW
CNTFET are 1.69 and 1.09 times, respectively, of their corresponding unstrained
switching delay at 2 % tensile strain. At 2 % compressive strain the on-state switch-
ing delays of SW CNTFET and DW CNTFET become 1/1.87 and 1/1.12 times,
respectively, of their corresponding unstrained switching delays. The variation of
on-state switching delay of SW CNTFET with uniaxial strain is qualitatively similar
with the previous reports [49]. The SW CNTFET shows shorter switching delay for
50 nm CNTFET device with or without strain. With the increase of tensile strain
the on-state switching delay increases and with the increase of compressive strain it
decreases for both SW and DW CNTFETs. We observe the opposite scenario for
on-state intrinsic cut-off frequency versus strain curves. Unlike the SW CNTFET,
for DW CNTFET the on-state intrinsic cut-off increases with the increase of tensile
strain. Intrinsic cut-off frequency proportional to transconductance since the vari-
ation of gate capacitance compare to transconductance is very small. The on-state
transconductance increases with the increase of tensile strain which is unlikely in
SW CNTFET; consequently increase in on-state cut-off frequency. For compressive
strain also we observe opposite behavior between SW and DW CNTFETS in terms
of cut-off frequency. For SW CNTFET the on-state cut-off frequency at 2 % tensile
strain is 1/1.26 time of the unstrained on-state cut-off frequency. At 2 % compres-
sive strain this is 1.47 time of the unstrained value. For DW CNTFET with the
application of 2 % tensile and 2 % compressive strains the on-state cut-off frequency
becomes 1.59 time and 1/1.18 time, respectively, of unstrained value. With the
application of the torsional strain (see Figures 5.15) the switching delay increases
as usual for both devices. At 6° torsional strain the on-state intrinsic switching
delay becomes 1.59 time for SW CNTFET and 1.19 time for DW CNTFET of the
corresponding unstrained values. The shape of the on-state switching delay versus
torsional strain curves is almost similar to previous report [49].The on-state cut-off
frequency for SW CNTFET is 1/1.28 time and for DW CNTFET is 1.29 time of the
unstrained on-state cut-off frequency for 6° torsional strain. Again unlike the SW
CNTFET, for DW the intrinsic cut-off frequency increases with torsional strain.

In conclusion, with the application of strain I-V curves are shifted either upward
or downward for both devices. The variation of off-state current and on/off current
ratio are very high for both devices. The change of on-state current with strain is
comparatively small. The SW CNTFET shows better variation of off-state current,
on-state current and on/off current ratio with strain. With the application of tensile
and torsional strains on-state transconductance increases and with torsional strain
it decreases which is unlikely in SW CNTFET. Although the inverse subthreshold
is better in DW CNTFET with or without strain, its variation with strain is smaller
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Figures 5.14: The on-state intrinsic switching delay and on-state intrinsic unity
current gain frequency versus uniaxial strain for Schottky-barrier (a) SW CNTFET
and (b) DW CNTFET.
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Figures 5.15: The on-state intrinsic switching delay and on-state intrinsic unity
current gain frequency versus torsional strain for Schottky-barrier (a) SW CNTFET
and (b) DW CNTFET.
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compare to SW. Unlike SW CNTFET the on-state cut-off frequency increases with
tensile or torsional strain following on-state transconductance. The variation of
on-state intrinsic switching delay is smaller of DW CNTFET with strain.



Chapter 6

Scaling of Double-Walled Carbon
Nanotube Field Effect Transistors

We have studied the current-voltage characteristics, capacitor-voltage characteris-
tics and figures of merit for zero-Schottky-barrier CNTFETSs with strain in previous
chapter. To explain the current-voltage characteristics we have incorporated the
help of band diagram and current density versus energy curve. For a 50 nm CNT-
FET with strain one important finding of DW over SW is better inverse subthreshold
slope with or without strain. But the performance of DW CNTFET is very poor
regarding switching speed. SW CNTFET has much better switching speed. Poor
on-state current and transconductance are responsible for this. To extend our re-
search we have also perform work by varying length of the different section of the
devices and materials. With the increase of the channel length the I-V character-
istics almost remain same. This was reported before for SW CNTFET [64]. But
the gate capacitance of the devices drastically reduces which shortens the intrinsic
switching delay and increases the intrinsic cut-off frequency. The gate capacitance
of DW CNTFET is much sensitive to channel length over SW CNTFET. So the
more the channel length, the more the switching speed of DW CNTFET over SW
CNTFET. Unlike the channel length with the increase of the gate length the gate
capacitance increases. But with the increase of both the gate length and channel
length the gate capacitance reduces but much slower than that for increase of gate
length only. With the increase of gate oxide thickness the gate capacitance increases.
This has also been reported for SW CNTFET before [65]. As a result performance
degrades. Later we use schottky-barrier height £,/4 and E;/2, and determine I-V
characteristics. With the increase of barrier height the tunneling current signifi-
cantly increases so that thermal current is negligible to it in both off- and on-states.
Even there is no define off- and -on states for Schottky-barrier DW CNTFET with
high barrier height. So it is useless as a switch. But for SW CNTFET although the
on/off current ratio decreases, still it can be used as a switch [49].

6.1 Device Structure

The geometry consists of a coaxial channel, gate-oxide and gate with source and
drain underlap as before (see Figure 3.1). Both the source and drain are metallic
materials connected to the source and drain ends of the tube, respectively. First we
have made simulation by assigning gate length L, = 5 nm, t,, = 2 nm, other things
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as before and only varied the channel length. We have evaluated the performance
of the device for channel length L. = 50, 70 and 100 nm. We have measured the
performance of the device again with L = 50 nm for different values of L, such as
5, 15, 30 nm. Next the performance of the device by varying gate oxide thickness
at three different values t,, 2, 4 and 6 nm is estimated. We have also repeat the
simulation of Ly = 5 nm, t,; = 2 nm and L = 50 nm by varying only Schottky-barrier
height.

6.2 Simulation Model

The simulation model uses a self-consistent solution between electrostatics and
charge density. We use the same device structure as discussed in the previous chap-
ter except the strainless channel. The electrostatic calculation solves the 2D Pois-
son’s equation in cylindrical coordinates, which has been discussed in detail in the
chapters 3 and 5. The charge density calculation solves the non equilibrium Green
function equations using the recursive Green function algorithm with an atomic p,
orbital basis which is also discussed in chapter 3. Ballistic transport is assumed.
Ballistic transport in short CNTs ( ~ 60 nm) has been confirmed experimentally by
measuring the conductance at different temperatures [84].

6.3 Numerical Results and Discussion

We simulate coaxially gated Schottky-barrier SW DW CNTFETSs as shown in Figure
3.1. The devices have a gate length Ly of 5 nm and source and drain extensions
L.s and L,p depend on the channel length. The gate oxide is SiO, of dielectric
constant 3.9 with thickness t,, of 2.0 nm [67]. Poisson solver uses an extended
dielectric thickness t,,_., (or gate metal thickness) of 6 nm and source and drain
metal extensions L., of 15 nm so that the fringing electric fields are taken care
of [63-66]. The gate metal has the same work function value as the CNT. The work
function of the CNT is 4.5 eV [68]. The source and drain metal Fermi functions
align with the conduction band of the CNT. We have performed this research with
varying channel length to L. = 50, 70 and 100 nm. We repeat this work now with
variable gate length L, = 5, 15 and 30 nm. Next we vary the gate oxide thickness
to three different values t,, = 2, 4, and 6 nm.

6.3.1 Effects of Channel Length

We have performed research with channel length L = 50, 70 and 100 nm in this
section. The log Ip versus Vg characteristics for both devices are introduced in
Figures 6.1. For both devices the log Ip versus Vgg curve has shifted downward
with the increase of channel length [64]. In upper portion of the subthreshold region
the [-V characteristics are almost same irrespective of channel length for both SW
and DW CNTFETSs. There is only small variation in off-state and on-state region.
However, current variation near on-state region for SW CNTFET is much higher
over DW CNTFET.

To understand the I-V characteristics of DW CNTFETSs with different channel
lengths, we plot, in Figures 6.2, the conduction band profiles, and in Figures 6.3, the
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Figures 6.1: Simulated log Ip versus Vg characteristics of (a) SW and (b) DW
CNTFETSs. Here, Vps = 0.5V.
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Figures 6.2: Conduction and valence band profiles at two different values of channel
length (a) off-state and (b) on-state. Here, Vpg = 0.5V.
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Figures 6.3: J vs E plot at two different values of channel length (a) off-state and

(b) on-state. Here, Vpg = 0.5V.
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Table 6.1: Performance metrics of zero-Schottky-barrier DW CNTFETSs with L, =
5 nm and {,, = 2 nm.

L Ioff [on Ion/[off S Cg TS fT
(nm) | (uA) | (pA) (mV/dec) | (aF) | (fs) | (THz2)

50 |55 x 107 | 3.04 | 5.52 x 10? 63.45 0.11 | 1837 | 2.75

100 | 1.8 x 1074 | 2.82 | 1.56 x 10* 60.97 0.01 | 1.81 | 21.12

energy spectrum of current, in off- and on-states for DW CNTFET only. Previously
these profiles are reported for SW CNTFET [63-66]. The band profiles of DW
CNTFET is the energy versus position plots at the surface of outer tube.

From the band profile of Figures 6.2 it is clear that with the increase of channel
length height of the conduction band remain same (due to similar device structure
and same band gap of the channel materials), but the width increases proportion-
ately with the channel length. Due to similar height of the conduction band the
thermal current remains same in both devices which is quite visible in Figures 6.3.
Besides, in our model system the transport is ballistic, so the thermal current is
independent of the length of the source and drain extensions. In off-state, both the
electron tunneling current through the conduction band (0 < E < 0.26 eV of Figure
6.3 (a)) and hole tunneling current through the valence band (E < -0.26 eV of Figure
6.3 (a)) are much higher in CNT devices with shorter channel. The width of the
conduction and the valence band is responsible for this variation of tunnel current.
The on-state hole tunneling current (E < -0.52 eV of Figure 6.3 (b)) is negligible
in both devices. The thermal current (0 < E < 0o ¢V of Figure 6.3 (b)) is almost
same in two devices due to ballistic transport and similar conduction band height.
The electron tunneling current through the conduction band (-0.3 < E < 0 eV of
Figure 6.3 (b)) is higher for shorter channel, making overall larger on-state current.

We compare the performance metrics, namely the transconductance g,,, the
intrinsic switching delay 75, and the intrinsic unity current gain frequency fr. For
this the gate capacitance is calculated from Eq. (5.1).

The gate capacitance, the transconductance, the intrinsic switching delay, and
the intrinsic cut-off frequency versus gate bias plots of DW CNTFET only at L =
70 nm is shown in Figures 6.4. Both the transconductance and gate capacitance
peak at a gate bias ~ E,/(2q) where, there is approximately a flat band situation
between the potential under the gate region and the source Fermi level. This is
reported previously for SW CNTFET [65,81,82]. As usual the on-state value of
gm is much lower in DW CNTFET due to current saturation. The intrinsic cut-off
frequency peaks at Vgg = 0.25 V, this is very low at on-state.

The inverse subthreshold slope is defined as S = (9logioIp/0Vas) ™. The most
remarkable feature of DW CNTFET is its better inverse subthreshold slope [52].
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Figures 6.5: (a) Inverse subthreshold slope and on/off current ratio versus channel
length. (b) On-state gate capacitance versus channel length. (c) On-state intrinsic
switching delay and on-state intrinsic cut-off frequency versus channel length. Here,
Vps = 0.5V.
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The on/off current ratio and inverse subthreshold slope versus channel length are
shown in Figure 6.5 (a). With the increase of channel length both the on current
and off current reduces but on/off current ratio increases. This is reported before
for SW CNTFET [64]. The inverse subthreshold slope decreases with the increase of
channel length. So now we can say in terms of inverse subthreshold slope and on/off
current ratio the performance improves with the increase of channel length. But
with the increase of channel length both the device size and the chip size increases,
one important limitation in this case. One important properties of DW CNTFET is
with the increase of the channel length the capacitance decreases (Figure 6.5 (b)).
Similar effect occurs for SW CNTFET. But for DW CNTFET it is more drastic.
With shorter channel length the advantage of DW CNTFET over SW CNTFET is
better inverse subthreshold slope. As a consideration of performance metrics the
DW CNTFET exhibits much longer switching delay and smaller switching speed
comparing to SW CNTFET (chapter 5). However, with the increase of the channel
length both the intrinsic delay and switching speed improve. This is clear from Fig-
ure 6.5 (¢). The switching speed of SW CNTFET also improves with larger channel.
But for drastic reduction of gate capacitance of DW CNTFET its speed becomes
higher than SW CNTFET. DW CNTFET exhibits better inverse subthreshold slope
with smaller as well as larger channel. A detail numerical results of the performance
metrics of DW CNTFET with channel length variation is supplied in Table 6.1.
The Ip vs Vpg curves are shown in Figures 6.6 (a) and (b), respectively, for DW
and SW CNTFETSs for 50 nm devices. For a particular gate voltage with the increase
of the drain voltage the current first increases in linear region and then entering into
saturation region it saturates. This happens for both SW and DW CNTFETS.
For equal increase of gate voltage the Ip vs Vpg curves are equal spaced for SW
CNTFET. But for DW CNTFET for high value of gate voltage the curves become
closer. This is due to saturation of both the thermal current and the tunneling
current of DW CNTFET at Vgs > E;/(2q) (chapter 5). The onset saturation
voltage of SW CNTFET is higher than DW CNTFET and the saturation current
of SW CNTFET is higher. Besides, in saturation region the drain currents become
almost constant for DW CNTFET, but for SW CNTFET it slightly increases.

6.3.2 Effects of Gate Length

Now we discuss the results of the simulation of the previous device structure with
constant channel length L = 50 nm and variable gate length. The I-V characteristics
of the SW and DW CNTFET in Figures 6.7 exhibit same shape for same gate
length. Near the upper subthreshold region current remains insensitive of gate length
irrespective of SW/DW device. The I-V characteristics with gate length variation
is reported before for SW CNTFET [63]. Current saturates at Vag > E;/(2q) as
usual for DW CNTFET. But for SW CNTFET in that region current moderately
increases. Currents near off-state region and on-state region shift upward with the
increase of gate length. But the off-state currents of both the SW and DW CNTFET
vary significantly with gate length. The lowest point of the I-V curve of both devices
shifts right with the increase of gate length.

To understand the [-V characteristics of DW CNTFETs with different gate
lengths, we plot, in Figures 6.8, the conduction band profiles, and in Figures 6.9,
the energy spectrum of current, in off- and on-states for DW CNTFET only. The
conduction band profiles and the energy spectrums of current are reported before for
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Figures 6.7: Simulated log Ip versus Vg characteristics of (a) SW and (b) DW
CNTFETSs. Here, Vps = 0.5V.
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Figures 6.8: Conduction and valence band profiles at two different values of gate
length (a) off-state and (b) on-state. Here, Vpg = 0.5V.
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Figures 6.9: J vs E plot at two different values of gate length (a) off-state and (b)

on-state. Here, Vpg = 0.5V.
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Figures 6.10: (a) On-state gate capacitance versus gate length. (b) On-state intrinsic
switching delay and on-state intrinsic cut-off frequency versus gate length. Here,

Vps = 0.5V.
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Table 6.2: Performance metrics of zero-Schottky-barrier DW CNTFETSs with L. =
50 nm and t,; = 2 nm.

Lg Cg TS fT
(nm) | (aF) | (fs) | (THz)

5 0.11 | 1837 | 2.75

100 | 0.21 | 32.26 | 1.52

SW CNTFET [63-66]. With the increase of gate length both the conduction band
and valence band become much wider in off-state. Conduction band height is in-
sensitive of gate length. For similar conduction band height and since the transport
is ballistic thermal current should be insensitive of gate length. It is clearly observ-
able in Figure 6.9 (a) for 0.26 < E < oo eV. Wider conduction band is accountable
for lower electron tunneling current (Figure 6.9 (a) for 0 < E < 0.26 eV) for DW
CNTFET with L, = 30 nm. Wider valence band corresponds to narrower tunneling
barrier for hole. That is why we get larger hole tunneling current for DW CNTFET
with L, = 30 nm. The difference of hole tunneling current is larger than difference
of electron tunneling current. The DW CNTFET with L, = 30 nm exhibits larger
off current. In on-state both the electron tunneling current (Figure 6.9 (b) for -0.3
< E < 0 eV) and hole tunneling current (Figure 6.9 (b) for -0.9 < E < -0.75 eV)
are larger for larger gate length DW CNTFET. The hole current is negligible in
on-state.

Unlike channel length with the increase of gate length the on-state gate capacitance
increases. The on-state gate capacitance versus gate length curve is shown in Figure
6.10 (a) for DW CNTFET. The intrinsic switching delay curve in Figure 6.10 (b)
follows the gate-capacitance curve. The intrinsic unity current gain frequency curve
show downward slope with the increase of gate length. So switching performance
degrades. Figures of merit of DW CNTFET with different gate lengths are included
in Table 6.2.

6.3.3 Effects of Gate Oxide Thickness

To complete the full analysis of the whole device structure we even vary the oxide
thickness of the device and measure the characteristics and performance. One im-
portant finding of DW CNTFET is with the increase of oxide thickness off current
increases but on current decreases (Figures 6.11) Consequently on/off current ratio
decreases. So, performance degrades.

Unlike channel length and gate length with the increase of oxide thickness the
top of the conduction band lowers. This is reported before for SW CNTFET [65].
The slight change of thermal current (Figure 6.13 (a) for 0.26 < E < oo eV) is visible
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Figures 6.11: Simulated log Ip versus Vg characteristics of (a) SW and (b) DW

CNTFETSs. Here, Vps = 0.5V.
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Figures 6.12: Conduction and valence band profiles at two different values of gate-
oxide thickness (a) off-state and (b) on-state. Here, Vpg = 0.5V.
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Figures 6.13: J vs E plot at two different values of gate-oxide thickness (a) off-state

and (b) on-state. Here, Vpg = 0.5V.
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in off-state. The conduction band becomes slightly narrower with the increase of
gate oxide thickness. So, electron tunneling current (Figure 6.13 (a) for 0 < E <
0.26 eV) increases. For narrower valence band the hole faces larger tunnel barrier.
Consequently hole tunneling current decreases. But the change is not significant.
The difference of electron tunneling current dominates. In on-state thermal current
almost same (Figure 6.13 (b) for 0 < E < 0o e€V), and electron and hole tunneling
current slightly lower at ¢,, = 6 nm.
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Figures 6.14: (a) Gate capacitance, (b) intrinsic switching delay, (c¢) transconduc-
tance and (d) intrinsic cut off frequency versus gate voltage for Schottky-barrier DW
CNTFET at gate-oxide thickness t,, = 6 nm.

The gate capacitance, the transconductance, the intrinsic switching delay, and
the intrinsic cut-off frequency versus gate bias plots of DW CNTFET only at ¢,
= 6 nm is shown in Figures 6.14. Gate capacitance, transconductance, intrinsic
switching delay and intrinsic cut-off frequency peak at a gate bias ~ E,;/(2q) as
usual where, there is approximately a flat band situation between the potential
under the gate region and the source Fermi level. This is reported before for SW
CNTFET [65,81,82].

The on-state gate capacitance and the performance metrics are shown in Fig-
ures 6.15. The inverse subthreshold slope increases with the increase of gate oxide
thickness. The more the inverse subthreshold slope the less the on/off current ratio.
On/off current ratio decreases with increase of oxide thickness. With the increase of
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Table 6.3: Performance metrics of zero-Schottky-barrier DW CNTFETSs with L, =
5 nm and L = 50 nm.

oz ]off I(m ]on/[off S Og Ts fT
(nm) (nA) (nA) (mV/dec) | (aF) | (fs) | (THz)

2 5.5 x 107* | 3.04 | 5.52 x 10? 63.45 0.11 | 1837 | 2.75

6 812 x 107% | 2.78 | 3.43 x 10? 68.1 0.24 | 42.3 1.25

gate oxide thickness the on-state gate capacitance increases resulting bad switching
performance (Figure 6.15 (c)). This is reported before for SW CNTFET [65]. Table
6.3 carries the information of performance metrics of the DW CNTFET devices with
variation of oxide thickness.

6.3.4 Effects of Schottky-Barrier Height

Next we vary the Schottky-barrier height of the source-channel and drain-channel
contacts. From the [-V characteristics of Figures 6.16 we can say that for SW
CNTFET with the increase of the barrier height the bottom of the [-V characteristics
shifts right side. For Schottky-barrier height ¢p = E,/2, we get the bottom at
Vps/2. This is reported for SW CNTFET before [49,65]. The characteristics
exhibits 'V’ shape. For DW CNTFET at Schottky-barrier height other than zero,
the drain current reduces with the increase of gate voltage. The characteristics
exibits no trough. There is no defined on- or off- state. The on/off current ratio is
very small. So, these devices lose their functionality as a FET. We can not use this
structure to build electronic logic devices.

From the band diagram of Figures 6.17 at off-state it is clear that unlike zero-
Schottky-barrier CNTFET the conduction band of barrier height ¢5 = E,/2 peaks
near the source region. Higher peak of conduction band correspond to lower thermal
current. The thermal current (Figure 6.18 (a) for 0.26 < E < oo eV) at off-state
with ¢p = E;/2 is almost negligible. There is no electron tunneling current for
range 0 < E < 0.26 eV of Figure 6.18 (a). We get electron tunneling current in
the energy range -0.26 < E < 0 eV. Both the electron tunneling current and hole
tunneling current with ¢ = E, /2, are much higher resulting higher current at Vgg
= 0 V. The thermal current is insensitive of gate voltage at ¢ = E;/2. But now we
get electron tunneling current in the energy range 0 < E < 0.26 eV (see Figure 6.18
(b)). As usual the hole tunneling current is significantly high. For ¢p = 0 eV DW
CNTFET both the thermal current and electron tunneling current increases with
the increase of gate voltage. Only the hole tunneling current decreases.

In conclusion, a detail study of length effects on zero-Schottky-barrier DW CNT-
FETs with source and drain underlap is presented in this chapter. To complete
the analysis of the whole device structure we have also varied the Schottky-barrier
height. The I-V characteristics are almost insensitive to channel length variation and
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Figures 6.16: Simulated log Ip versus Vg characteristics of (a) SW and (b) DW
CNTFETSs. Here, Vps = 0.5V.
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Figures 6.17: Conduction and valence band profiles at two different values of
Schottky-barrier height (a) off-state and (b) on-state. Here, Vpg = 0.5V.
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oxide thickness variation. The off current changes considerably with gate length.
With the increase of gate length this performance degrades. Only with the increase
of channel length the gate capacitance reduces drastically indicating higher switch-
ing speed. For others length variation the switching speed reduces. For Schottky-
barrier other than zero the DW CNT devices become useless as a logic devices losing
field-effect characteristics.



Chapter 7

Conclusion and Future Research
Work

7.1 Summary

In this work the following has been accomplished:

First, the whole simulation model for this research is prepared. The Poisson’s
solver is developed using finite difference method. This solver is used to calcu-
late electric potential at different position of the device. Dirichlet boundary condi-
tions are applied at the source, drain, and gate metals. Von Neumann boundary
conditions are used along the exposed surface of the dielectric. There, the radial
component of the electric field is set to zero. To calculate charge density recursive
Green function algorithm is exploited. Simulation starts with the initial guess of zero
charge density. This is input to Poisson’s solver. The solution of the Poisson’s solver
is applied to recursive Green function algorithm to calculate charge density. This
is a self-consistent process. This process continues until full convergence. Newton-
Raphson method and Anderson mixing scheme are used to accelerate convergence.

Next, The simulation is started with the conductivity analysis of both SW and
DW CNTs with strain. First, the numerical model of the tubes without strain is
constructed by determining all lattice coordinates. To incorporate strain in this
numerical tube structures each carbon-carbon bond length is varied depending on
the value of strain. With the variation of bond length the bonding energy definitely
changes. The bonding energy is modified through Harrison’s formula. Hamiltonian
matrix is formed by incorporating the energy among different orbitals of the tube.
Then the band gap is determined. This process is continued for every value of strain.
The band gap of DW CNT is the minimum of the two band gaps of the SW tubes
from which it is constituted.

Later, research is performed in device level with SW and DW carbon nanotubes
including strain. Here, self-consistent model is applied between Poisson’s solver and
recursive Green’s function algorithm. The [-V characteristics and the C-V charac-
teristics are observed with both uniaxial and torsional strain. With the application
of tensile or torsional strain conductivity decreases. This is reflected clearly in I-V
characteristics. Unlike SW CNTFET the drain current saturates in DW CNTFET
at Vgs > E;/(2q). With the tensile and torsional strain off-state current and on/off
current ratio improve greatly and with compressive strain on-state current improves
for both devices. But improvement is better for SW CNTFET. DW CNTFET
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exhibits better inverse subthreshold slope than SW CNTFET and with the appli-
cation of tensile or torsional strain this improves in both devices. SW CNTFET
shows more improvement of inverse subthreshold slope than DW CNTFET with
strain. Unlike SW CNTFET the on-state tranconductance increases with tensile
and torsional strain and decreases with compressive strain for DW CNTFET. The
on-state cut-off frequency of DW CNTFET also shows opposite behavior to SW
CNTFET following on-state transconductance. The DW CNTFET with 50 nm
channel exhibits poor switching speed. With the application of compressive strain
the switching delay improves in both devices. But again the SW CNTFET exhibits
better improvement.

To complete the analysis of the whole device structure next simulation is made by
varying channel length, gate length, gate oxide thickness. The I-V characteristic is
almost insensitive to length variation. But small gate length or small oxide thickness
results small gate capacitance which corresponds to high switching speed. Long
channel consequences low gate capacitance. Better inverse subthreshold slope as
well as on/off current ratio is observed with thinner oxide layer. The DW CNTs
lose their functionality as a field-effect transistors with high source-channel and
drain-channel Schottky-barriers.

7.2 Future Research Work

This thesis is performed by considering ballistic transport. Incorporating scattering
the performance of CNT devices may be different. The whole analysis of this thesis
can be repeated by slightly changing the device structure. The doped source-channel
and drain-channel contacts can be incorporated instead of Schottky contacts. The
doped contact DW CNTFET may be analyzed including scattering. The compact
model of the DW CNTFET with or without strain has not been developed yet. In
this side also there is scope to work. The Poisson’s equation in this thesis is solved
using finite difference method. This equation can be solved using finite element
method for our CNT devices and results can be compared. The Schrodinger’s equa-
tion is solved using atomistic Hamiltonian (also known as full band Hamiltonian)
with recursive Green’s function algorithm. This equation can be solved using effec-
tive mass Hamiltonian with non-equilibrium Green’s function algorithm and results
can be compared with the report of this paper. Gate oxide tunneling current has
not been considered here.
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