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ABSTRACT

The need for technological advancement in the féldlectronics has been ever increasing. Till
now silicon has been the prime material of chomereeting the current demands. However,
silicon has its own limitations; Silicon based gr&ted circuits and the scaling of silicon
MOSFET design faces complications like tunnelinfigef gate oxide thickness effect etc. which

has given the scope for new materials to emerge.

The growing academic interest in carbon nanotuld&NT) as a promising novel class of
electronic material has led to significant progresthe understanding of CNT physics including
ballistic and non-ballistic electron transport @dweristics. In a nanotube, low bias transport can
be nearly ballistic across distances of severatitethnanometers. Non-ballistic CNT transistors
have been considered, and extended circuit-leveletsowhich can capture both ballistic and
non-ballistic electron transport phenomenon, inicigdelastic, phonon scattering, strain and

tunneling effects, have been developed.

The purpose of this paper is to establish a coniparanalysis of the transport characteristics of
ballistic and non-ballistic carbon nanotubes. Timeugation is carried out using MATLAB and
the main focus is on the changes in the I-V chargtic curves of elastic scattering effect,
bandgap strain effect, tunneling effect and theralyeombined effect, varying the parameters
such as gate oxide thickness, temperature, digexinstant, and chirality. The obtained results
were then compared to their respective ballistisults. We verified our work by further
comparison of our findings with other establisheddemic papers published under the same

category.
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Chapter 1

Introduction

The intention of this paper is to institute a conapiae analysis of the transport characteristics of
ballistic and non-ballistic carbon nanotubes by egating its corresponding I-V curves in
MATLAB and observing the changes of these curveteuthe elastic scattering effect, bandgap
strain effect, tunneling effect and overall comhiregfect when other varying parameters such as
gate oxide thickness, temperature, dielectric @mstnd chirality come into play. This chapter
presents a background on the research, objectnespur scope of study. It also provides a brief

summary of our total thesis work.

1.1 Overview:

Silicon has been the building block for the progrés the field of electronics until today.
However, the scaling limits of silicon are nearthg end since many problems arise as devices
become smaller in size. Problems like tunnelingaffshort-channel effect etc. come into the
picture and these effects hinder the device pedona. It is therefore vital that silicon be
replaced by other materials which will take devaclvancement to a whole new level. Chemical
synthesis, self-assembly, and template self-asseprbimise the precise fabrication of device
structures or even the entire functional entitywNuwuaterials with superior electronic, optical,
and mechanical properties emerge as a result dhfigy to manipulate matter on a nanoscale.
Now it is achievable to consider new nanoelectrosystems based on new devices with
completely new system architecture, for exampl&onzes, nanowires. Therefore, research on
finding new molecular-scale devices with bettectleal capabilities to allow device scaling to

continue to the atomic level is a major issue igiegering today.

Significant progress has been achieved since theodery of carbon nanotubes (CNTs) by
lijima in 1991, for both understanding the elementaroperties and exploring potential

engineering applications. The possible applicafmmnanoelectronic devices has been broadly
investigated since the demonstration of the fissbon nanotube transistors (CNTFETS). Due to

its excellent electrical properties, carbon nanesudire attractive for nanoelectronic applications.
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Low bias transport can be nearly ballistic acrossstance of about several hundred nanometers
in nanotube. The conduction and valence bands wmemstric, which is beneficial for
complementary applications. The band structureirescy which enables optical emission, and
finally, CNTs are highly resistant to electro migpa. Noteworthy efforts have been dedicated
to comprehend how a carbon nanotube transistoratggerand to improve the transistor
performance. Most of the up to date CNTFETs opdigéenon-conventional Schottky barrier
transistors [1], [2], which results in quite difést device and scaling behaviors from the
MOSFET-like transistors [3], [4]. In the near futuit is hoped that transistor exceeding the
performance of the traditional Silicon MOSFETs tanachieved.

In this work, simulations are developed to explaow differently ballistic and non-ballistic
CNTFETs behave. In order to exploit the infinitespibilities there is with carbon nanotubes,
understanding their basic physics is extremelyraggdeThis research therefore deals with the

I-V characteristics of ballistic and non ballistarbon nanotubes and this has increased our
depth of knowledge regarding the fundamental plsy$i@at governs their behavior in other

devices.

1.2 Objectives of the Research:

Due to the limitations imposed by the silicon-batadsistors, researchers have been motivated
to explore and discover other alternative technpldg carbon nanotubes for better functioning
of the current devices. Carbon nanotubes are anfpaltenaterial for future nanoelectronics, both
as interconnects and as critical elements for fefldct transistors because of their low
dimensionality and outstanding electronic propertidt the present time, ballistic carbon
nanotube field-effect transistor (CNTFET) is trehtes one of the nanoelectronic devices that
have immense prospective to be treated as a sngtactavice for future. We plan to explore the
possibilities that lie within non-ballistic CNTFET$he core objectives of the research work to

summarize are:

» Understand the operation and limitation of Silidd@SFETS.
= Identify with the fundamental physics of carbon oiaes and their electrical properties.

= Scrutinize the carbon nanotube device model.

15



» Understand the physical and theoretical differersga/een silicon field effect transistor
(MOSFET) and carbon nanotube field effect transi@NTFET).

» Get familiar with the device characteristics, fumdmtal equations, and mathematical
models of CNTFET.

» Understand the differences between ballistic ana-badlistic theories, characteristics,
and equations.

» Using MATLAB model simulation investigate the I-Waracteristics of both ballistic and
non-ballistics CNTFETs by varying different paraerstand comparing our results with

those of other established thesis groups workirteuthe same topic category.

By examining the objective stated above, we camuce@n overall CNTFET characterization of

ballistic and non-ballistic electron transport whis important for other device simulations.

1.3 Scope of the Research:

This research paper is confined to the followingpscof work as there was a lack of expertise

and resources on this field:

= Using CNTFETTOY in MATLAB to generate the I-V cumenon-ballistic carbon
nanotubes.

» Simulating the transfer characteristic of non-lséiti CNTFETSs taking into account some
of the major non-ideal effects like elastic scatigr band gap tuning with strain and
tunneling effects altering different parameterkglgate oxide thickness, chirality (leads
to diameter), temperature and dielectric constamd)) calculating the respective data.

= Comparing the obtained results from the simulatiatih those of other research groups’

data and observe the deviation in the data.

= Comparison between ballistic and non-ballistic CETE.

16



1.4 Outline of the research report:

This thesis is divided into four chapters:

Chapter 1 deals with the background, scopes afetbearch and objectives of our work.

Chapter 2 consists of an elaborate discussioneoBtlicon MOSFETs and its limitations due to
scaling. Then we provided a detailed backgroundaggtion on carbon nanotubes and the
working principles of carbon nanotubes field effgeinsistors. Next we gave a comprehensive
discussion of ballistic and non-ballistic CNTFEThexe all the aspects of these two types have
been noted down explicitly.

Chapter 3 contains the results and analysis ohmin work where we generated the |-V curves
for both ballistic and non-ballistic CNTFETs. NoaHstic curves have been obtained by
incorporating the non-ideal effects such as elastattering, band gap tuning with strain and
tunneling effect and at the same time varying patams such as temperature, gate oxide
thickness, dielectric constant and chirality. Weoagienerated the tunneling parameter ‘F’ in
MATLAB and further investigated the changes in Fattgring the parameters mentioned above.
Chapter 4 concludes our whole research and disswdssut our future prospects and feasible

research in carbon nanotubes and CNTFETS.

17



Chapter 2
Silicon MOSFET, Carbon nanotube and CNTFET

2.1 Review of the Silicon MOSFET:

In 1930, Lilienfeld [8] patented the basic concepthe field effect transistor (FET). After thirty
years in 1959, the concept was finally materialize&8i-SiQ, by Kahng and Atalla [5], [6]. The
first MOSFET was invented in 1959 and since thehas$ completely changed the world of
digital electronics. MOSFETs have dominated alhfsoof digital applications especially modern
computers; because it offers many advantages tastie MOSFETSs are relatively small in size
and this contributes to the fact that they can &eked in large numbers on a single integrated
circuit. It is also very reliable and offers lownsumption of power. The progress up to now is
well described by “Moore’s law.” Gordon Moore prefid in 1965 that for each new generation
of memory chip and microprocessor unit on the marttee device size would reduce by 33
percent, the chip size would increase by 50 peraerd the number of components on a chip

would quadruple every three years. So far thisdttegs shown no signs of stopping [11].

Several properties of silicon have made these dpugnts in microelectronics possible. Silicon
can be grown in single crystals that are more thamlong and 30 cm across. The purity of the
crystal and the number of electrically active deferan be controlled. The number of atomic
crystal defects in sub-micrometresized MOSFET=is hmited to individual centers that act as
traps for electrons. Such traps may be identifiedividually characterized, and counted, so that
single-electron transistors are possible. The redmhind Silicon being the semiconductor of
choice for MOSFET, is its native oxide. Silicon xite (SiQ) is an almost perfect insulating
material with a resistivity in excess of 1016 Vche insulating films of Si@grown on silicon

are smooth and coherent with no holes, in a thiskmanges down to single atomic layers [11].

The metal-oxide—semiconductor field-effect tramsis(MOSFET) is a transistor used for
amplifying or switching electronic signals. Althduthe MOSFET is a four-terminal device with
source (S), gate (G), drain (D), and body (B) tesats; [66] the body (or substrate) of the

18



MOSFET often is connected to the source terminaking it a three-terminal device like other
field-effect transistors. The gate terminal is a@ahelectrode that controls the current flow from
source to drain [69]. The gate voltage needs thigleer than the threshold voltage in order for
the current to flow in MOSFET. The source termiisalisually grounded and the drain voltage
applied is relatively very small. As the gate vg#arises above the threshold voltage; an
inversion layer or channel is created. This caessstrons to flow from source to drain terminal
and as a result of which the current flows fromirdta source terminal. There is no current flow

to gate terminal since there is an oxide barrieicvlacts as an insulator. Figure 2.1 shows the
structure of MOSFET.

source gate drain
contact contact contact
contact metal ———»

BPSG
thin isolation oxide

gate metal

thick oxide —oie ARSI S e thin oxide, gate
' .V L‘“ n 31 ‘-- 4 " = ’ —
b =] <——P* channel stop
T p~ type substrate T

source drain

Figure 2.1: Structure of MOSFET [Source-internet image]

2.1.1 Scaling of the Silicon MOSFET:

Scaling is a process which involves reducing thee ©f MOSFET and at the same time
improving its performance. The first method wasadticed in 1974 in which by reducing the
MOSFET dimension, the device density, switchingeshband energy was also improved. Each
new generation has approximately doubled logicudirdensity and increased performance by
about 40% while the memory capacity has increasedobr times. In ideal scaling, as the

dimension and the operating voltage is reduced Ibgctor of 0.7, the area density doubles,
switching delay decreases by a factor of 0.7 aedsthitching energy is halved. The switching

speed can be estimated when the gate capacitapeggtiog voltage, and drive current are
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known. Switching energy is reduced as a result hef kbwer total combination parasitic
capacitance due to smaller device size and loweratipg voltage. Reduction of switching
energy is very important since the overall cirpotver is very crucial especially if the system is

used for a long period continuously [69].

Feature Size

100pm.L
1 Integrated Circuit
10pm 4 History
lpm 4+
_0.18pin 1999 ITRS Roadmap
0.1pm +

10nm

Inm

0.1nm
1960 1980 2000 2020 2040
Year

Figure 2.2: Feature size versus time in silicon ICs [67]

2.1.2 Limitations of Scaling:

There have been many articles and papers on tmentwgituation and future prospects for Si-
MOSFETSs; many different scaling limits for MOSFERave also been discussed and proposed
[6]. There are a number of factors which needsetdaen under consideration with continued
MOSFET scaling that present challenges for theréutand, ultimately, fundamental limits.
There are quite a few problems which arise as tRESMET size reaches nanometer scale and
ultimately limits the performance of the MOSFETelts These problems are crucial and must be

taken under consideration if the MOSFET is to stevn the near future.
2.1.2.1 Short Channel Effect:

The first factor to be considered is the short dehmeffect. The short channel effect introduces

several leakage currents in MOSFET which are dssdielow and shown in the figure- 2.3[7].
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Reverse bias p-n junction current occurs due tomhwority carriers, diffusion near the
depletion region and also due to the generatiaiexsftron-hole pairs.

Weak reverse current occurs when gate voltagenisrithan threshold voltage.

DIBL current is present when source’s potentialrivaris reduced as a result of the
drain’s depletion region interacting with the saurdhe existence of DIBL lowers the
threshold voltage.

Gate-Induced Drain Lowering (GIDL) current occunshigh electric field between gate
and drain, and it also occurs along the channalhwdtween gate and drain.

Another leakage current mechanism, punchthrougburscwhen the drain and source
depletion regions touch deep in the channel.

Narrow-width current arises when the channel lefmgtieduced to less than Qr8.
Gate-oxide tunneling current occurs when the otxader is made very thin and also
causes gate leakage current tunneling through dradds.

Hot-carrier injection occurs when hot carriersnigcted into the oxide.

Gate

Source ; L L Drain

n+ —_— +
A LLL B

Is A I,

Figure 2.3: Short-channel-transistor leakage current mechamisgwerse-bias p-n junction
leakage (1), weak inversion ¢), drain-induced barrier lowerings)J gate-induced drain
leakage (), punch-through €, narrow-width effect ¢), gate oxide tunneling4), and hot-

carrier injection (d).
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Table 2.1: schematically illustrates the MOSFET used in tdslagilicon chips. The basic
fabrication process steps to manufacture such eelénave been broadly described. The basic

structure will continue to evolve to allow contimuperformance improvements, but fundamental
changes are unlikely until 2015 [67].

Year of 1st DRAM 1997 1999 | 2002 | 2005 | 2008 2011 2014

Shipment

Minimum Feature Size {250 nm|180nm|130nm | 100 nm| 70nm | 50 nm | 35 nm

Isolated Gate Length - 100nm| 70 am | 50 nm | 35nm | 25nm | 18 nm

DRAM Bits/Chip 256M 1G (3G) 8G (24G) | 64G | (192G)

DRAM Chip Size (mm?) | 280 400 460 530 630 710 860

Equivalent Physical Gate | 3-5 |1.9-25|1.5-1.9]1.0-1.5 | 0.8-1.2 | 0.6-0.8 | 0.5-0.6

Oxide Thickness (nm)

Dielectric Constant of 22 50 250 700 1500 1500
DRAM Capacitor
Max Gate Electrode 60 43 33 23 16 11
Resistivity (u€2 cm)
Max Silicide/Si Contact 30x10% [ 17x10° | 10x10* | 5x10° |2.5x10° [ 1.5x10°

Resistivity pe (Q cm?)

S/D Extension Sheet 350- 250- 200- 150- 120- 100-

Resistance ({V/sq) 800 700 625 525 450 400

S/D Extension x; (nm) | 50-100 | 42-70 | 25-43 | 20-33 | 16-26 | 11-19 8-13

S/D Extension Lateral 14 8.5 6.5 4.5 3.2 2.2

Abruptness (nm/decade)

Minimum Supply 1.8-25(1.5-1.8|1.2-1.5|0.9-1.2 | 0.6-0.9 | 0.5-0.6 0.5

Voltage (volts)
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2.1.2.2 Oxide Thickness:

The gate insulator in a MOSFET needs to be thinpaoed to the device channel length in order
for the gate to exert dominant control over thencleh potential. This avoids “short channel

effects,” which are largely the result of the dralactric field penetrating throughout the channel

and influencing the channel potential at the soofdbe device [67].

Gate-oxide thickness causes two kinds of limitagidfirstly, the thin layer of oxide eventually

increases leakage current. This effect is alsde@lto quantum effect tunneling that dominates
in MOSFET as the oxide thickness is reduced. Tihadling current due to thick oxide layer

may look negligible in comparison with “on stateirent. However, it has a major effect when
the chip is in standby mode. Secondly, due to tkideothickness there is a loss of inversion
charge and also the transconductance as a resaltesion-layer quantization and polysilicon

gate depletion effect [9].

The gate electrode itself also presents some g&gnif challenges. Polysilicon has been used for
more than 25 years as the gate electrode mateigalever, decreasing its resistivity, as shown
in table-2.1, implies increasing the doping leveisthe polysilicon, which minimizes the
resistivity of the gate electrode. This aids inidir@y polysilicon depletion effects. However, this
approach is limited by dopant solubility limits abyg dopant out diffusion from the polythrough
to the thin gate dielectric and into the silicormisT later problem is particularly acute with p-
gates because boron diffuses rapidly through,.ST@e likely solution is again new materials.

But there are no known materials solutions thakaoevn to work in manufacturing [67].

2.1.2.3 Tunneling Effect:

Under normal conditions, in an operating or compomal system integrated transistors are
separated sufficiently enough so that operationra transistor does not in any way affect the
operation of another transistor. This separatiom&ie by inserting a material that acts as a
barrier between two transistors. However, the besriare also scaling down along with the
MOSFETSs. So there is a possibility of carriers frone MOSFET crossing over to another and

distorting the performance. This effect increasgmaentially as the barrier distance decreases.
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Figure 2.4: Potential barrier between two transistors.

2.1.2.4 Threshold Voltage Effect:

A notable limitation to MOSFET is that the threghafbltage is not proportionally decreasing

with respect to transistor scaling. The threshatage is maintained at a constant level when
the channel length is between @1i-1um and it deviates further when the channel length i

below 0.1um [69], [8]. If the transistor is scaled below 1, the threshold voltage current does

not drop to zero immediately but it decreases egpbally, and is inversely proportional to the

thermal energy [69]. There are some thermally ithisted electrons at source terminal that have
enough energy to overcome the barrier potentiallatgd by gate terminal. This behavior is

independent of channel length and power supply. 8gher threshold voltage causes higher

leakage current. Denoting leakage currentagivves:

bt = lo (-qVi/ mKT) (1)
I, = Extrapolated current per width at threshold agé.
m= Dimensionless ideality factor

V= Threshold voltage.

Lower leakage current is essential for a transistasrder to reduce the power loss. However

lower threshold voltage can reduce the leakageentirSo, designing a transistor should be in
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such a way that its threshold voltage remains \‘ew. According to Sanudin, the leakage

current is reduced ten times for every 0.1V redurctf threshold voltage [69].

2.1.2.5 Contact Resistance:

Contacts are normally made by self-aligned silisigéhich are in contact with heavily doped
silicon. This process provides an ohmic contactjctvhcompletely covers the area of the
source/drain diffusions and this leads to the miration or reduction of the contact resistance.
Current flows in a distributed manner from the selnrain extension to the contact. The exact
flow lines depend on the doping profile in thecgihh and on the physical geometry. The contact
resistance depends on the effective area of thacorCurrent crowding on the leading edge of

the contact can have a significant effect. In gtwacture, the contact resistance is given by:

Reontacey (PcRsp) /(W X coth(Le/Ly)) = p./(WL,) (2)

Where,

pc= specific contact resistivity of the silicide/semnductor contactQ cm);

Rs sheet resistance of the source/drain diffusieisquare);

W= contact width;

L .= contact length.

L= V(peRsg) is called the transfer length and is the averigi@nce that carriers travel in the

diffusion before entering the contact.

For typical values of., Rsg and L, is greater than the physical contact lengghnthich results in
the approximation shown above. In this case, theent flows into the entire length of the
contact and current crowding effects are minim&ug; the contact resistance varies inversely

with the contact area f; is constant.

The silicide formation process itself often consars@icon since the metal component (Ti, for
example) is usually deposited and then reactedno the silicide. This has several important

consequences. Firstly, some of the volume of tlevihedoped source/drain regions is lost or
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consumed by the silicide formation. The portiorthe source/drain region which is “lost” is the
top portion, which is normally the most heavily édpand, therefore, the most conductive. This
increases the sheet resistance of the remainifgsitih in which current can flow to the contact

and, therefore, increases the effective contadteese [67].

2.1.2.6 Power Consumption and Heat Dissipation:

Power consumption and heat dissipation are twoaolest for further advancement in Si-based
transistors. For the past three years power demsity grown with the rate of 0.7 for every

generation [10]. Large amount of power consumphboonsts up the heat generation, increasing
the possibility of transistors interfering with éaother. As MOSFETSs are scaling down these
small transistors consume small amount of power®uthips are becoming denser because of
large number of transistors on each of them. Sasés large amount of power to drive all

transistors and therefore generates more heat. digsipation and power consumption are two
major limitations. Therefore, there is the needseérching for alternative media, which can

overcome the limitations of conventional Si base@SFET. And this is where the idea of using

carbon nanotubes instead of Silicon is conceived.

2.1.2.7 Theoretical Limitations:

Thermal limit and quanta limit are a major problefmount of energy needed to write a bit
must be greater than the thermal function in otdeavoid the bit error to occur. This is called
the thermal limit. Currently CMOS needs 10-13 Write a bit and the trend is to reduce it, in
order for the power dissipation to reduce [69].

Quantum limit is associated with E/f where, E ie thermal energy and f is the frequency.
Currently CMOS is operating higher than the quantunit and if the scale reaches to 100nm

then it is expected the limit is approached asdeieased and f is increased.

2.1.2.8 Design Limitations:

Due to the scaling down of MOSFETSs lead to thealiscy of its design limitations. MOSFET
does not work effectively when it is scaled to oatpund 30nm. The limit is because of the fact
of Zener breakdown at source/substrate junctioh [68akage at gate also starts to surface and it

becomes very difficult to have control over the roial.
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2.2 Carbon Nanotube (CNT):

Carbon nanotubes were first discovered in 1991 .Hyji®a, also known as the father of carbon
nanotubes. Carbon nanotubes are formed when graplgers are folded into a seamless
cylindrical form. Carbon nanotubes are quasi-omeedlisional and look like long thin cylinders
of carbon with diameters of about 1nm. There am tiypes of carbon nanotubes depending on
their composure. When the nanotube is composee\wdral shells of carbon, it is known as
multi wall nanotube (MWNT). On the other hand, wimerty one shell composes the nanotube it
is known as single wall nanotube (SWNT). Carbonotalbes display a versatile range of
properties which has attracted researchers allndrade globe. They are good conductors of
heat, electricity and also display semiconductim@racteristics. Carbon nanotubes can be
metallic, semiconducting or insulating dependingttogir rolling helicity most importantly and
then on its length and diameter. What is fasciigaisnthe fact that carbon nanotubes require no
doping. The bandgap can also be varied just bygihgrthe diameter of the nanotube. Bandgap
decreases with increasing diameter. Carbon nanstlia@e a very high current density;
individual tubes are able to carry currents at ghéi density than most metals and other
semiconductors. Carbon nanotubes are also inerthéschakes them very compatible with other
materials. Currently, SWNTs are synthesized by antree different techniques: pulsed laser
vaporization, arc discharge growth, or chemicalovagieposition (CVD) on supported or gas
phase catalysts. Transition metals in their narlesare used as catalysts in the processes. Pure
carbon nanotubes are highly polarizable, smootbeesstructures, they tend to aggregate into
parallel bundles that are held together by non-emtanteractions of approximately 0.5 eV per
nanometer. These substantial Van der Waals cohdsiees are sufficient to bundle the
nanotubes in raw samples. This makes it reallycdilf to separate and collect individual tubes
for further research or device construction. Oné¢hef greatest needs in nanotube research and
commercialization is the development of effectivetinods for obtaining samples of SWNTs
with uniform electronic character. Ultrasonic agda in surfactant solution followed by
ultracentrifugation can often give stable suspersithat are rich in individual nanotubes.
However, physical separation of the semiconductingy metallic species is much more difficult
particularly for larger batch sizes. Obtaining SWBHAmMples of specific (n, m) types is the most
difficult goal and it is one of the major factorsmipting the commercialization of carbon

nanotubes [3].
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Figure 2.5: Single Wall Nanotube (SWNT) [Internet ima

Figure 2.6: Multi Wall Nanotube (MWNT) [Internet Imag

2.2.1Physical Structure and Properties of CNT

SWNTs are more pliable than their m-walled counterparts and can be twisted, flattemet
bent into small circles or around sharp bends witoeaking [13]. They can be conducting, |
metal or semiconducti} which means that the flow of current throughnhean be controlle
by varying an electrical fieldVhereas, multiwalled carbon nanotubes are basically like Rus
dolls made out of SWNTs concentric cylindrical dréie tubes. In these more compl
structures, the different SWNTSs that form the MWN&yrhave quite different structures (len
and chirality). MWNTs are typically 100 times lomgthan they are wide and have ot
diameters mostly in the tens of nanometers. Althatgs easier to prodie significant quantities
of MWNTSs than SWNTSs, their structures are less welllerstood than sin¢wall nanotubes

because of their greater complexity and varietyltitles of exotic shapes and arrangeme

28



often with imaginative names such as bamboo-trusda,urchins, necklaces, or coils, have also
been observed under different processing conditibne variety of forms may be interesting but
also has a negative side—MWNTs always (so far) havee defects than SWNTs and these

diminish their desirable properties [13].
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Figure 2.7: Graphene sheet [14] and rolling graphene sheettie carbon nanotube [18].

A SWNT is described as a graphene sheet rolledtapai cylindrical shape with axial symmetry,
exhibiting a spiral conformation called chirality3]. Graphene has a hexagonal structure, and
rolling up the graphene sheet in different diratsi@nd diameter would yield the nanotubes with
different symmetries, which induces different elecic structures. Since electronic properties of
SWNTs depend on their structures, it is very imgairtto find a way to specify the geometric
structure of a SWNT. As shown in Fig. 2.7, we calhup the graphene sheet alone vector OA,
which is perpendicular to the nanotube axis indinection of OB. Here, we can see that O, A, B
and B’ are four crystallographically equivalentesit By rolling up the paper plane and making
OB overlap with AB’, we get a seamless single-waltebular structure. Then it would be
straightforward to define the vecta@s =OA as chiral vector an@=0OB as translational vector.

If we use al and a2 as the base vectors of grapgh&nerystal lattice, we can have the chiral

vector as [14]:
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G = na+ma = (n, m) (3)
0O<m<n.
The way the graphene sheet wraps can be repredgntedair of indices (n, m) called the chiral
vector. The relationship between n and m defineseticategories of CNTs. Arm chair (n = m)
and chiral angle equal to 30°); zigzag (n = 0 or 1@ and chiral angle equal to 0°); and chiral

(other values oh andm and chiral angles lie between 0 and 30°) [12]-[THese are shown in

figure 2.8
G= aNn® +n? +n (4)
Where, a = 2.49 A,
d(diameten= @/=x (5)
f(chiral angle)=arc cos (2n+m/&* +n?¥ +nm) (6)

{0,10) nanotube -0

P —

{7,10) nanotube : . e (10,10)
fchiral) - & larm

Figure 2.8: 3D model of the three types of single walled carbanotubes [12].
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Material Young's Modulus(Gpa)

Single wall nanotube
Multi wall nanotube
Steel
Epoxy

Wood

Table 2.2: Young’'s modulus, Tensile strength, and densitgasbon nanotubes

other materials [12]

1054
1200
208
3.5

16

Tensile Strength (Gpa Density (g/cm3)
150
150 2.6
0.4 7.8
0.005 1.25
0.008 0.6

Average diameter of SWNTs

Distance from opposite carbon atoms (Line 1)
Analogous carbon atom separation (Line 2)
Parallel carbon bond separation (Line 3)
Carbon bond length (Line 4)

C-C tight bonding overlap energy

Group symmetry (10, 10)

Interlayer spacing:

(n, n) Armchair

(n, 0) Zigzag

(2n, n) Chiral

Optical properties

Fundamental gap:

For (n, m); n-m is divisible by 3 [Metallic]
For (n, m); n-m is divisible by 3 [Semiconducting]
Maximum current density

Thermal transport

Thermal conductivity (room temperature)
Phonon mean free path

Relaxation time

Elastic behavior

Young's modulus (SWNT)

1.2-1.4 nm
2.830 A
2.456
430 A
1.420 A
250 eV

C5v

3.380 A
3.410A

3.390 A

OeV
~0.5eV

1013 A/m2

~ 2000rMvK

~100 nm

~10-11s

JPa

compared with

Table 2.3: Some parameters for carbon nanotubes [12]
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2.3 Carbon Nanotube Field Effect Transistor (CNTFET):
CNTFETs were first brought to life in the year 9B by Dekker et al. Basic principle of

operation of CNFET is the same as MOSFET. Electrares supplied by source and drain
collects the electrons. In other words, currentvfidrom drain to source terminal. Gate terminal
controls current intensity in the transistor chdraed the transistor is in off state if no gate
voltage is applied. The main reason that is aitrgaiesearch on CNTFET is their high channel
mobility. A carbon nanotube field-effect transist&NTFET) refers to a field-effect transistor
that utilizes a single carbon nanotube or an aofagarbon nanotubes as the channel material
instead of bulk silicon in the traditional MOSFETrusture [20]. The most important reason
behind choosing carbon nanotube FETSs is their ledsional characteristic; because of which
the carriers are confined on the cylinder of thHeetand this gives rise to a strong quantization of
electron and hole states and charge transportDnsiitb band becomes feasible even at room
temperature. The reduced phase space for scatteviegts reduces the probability of back
scattering and manifests itself in a high condutstiof carbon nanotubes [21]. Secondly, all
chemical bonds of the C atoms are satisfied ancke tieeno need for chemical passivation of
dangling bonds as in silicon. This implies that C&l@ctronics would not be bound to use silicon
oxide as an insulator. High dielectric constant angtalline insulators can be used, allowing,
among other things, the fabrication of three dinamed structures. The strong covalent bonding
gives the CNTs high mechanical and thermal stghdlitd resistance to electromigration. Their
key dimension, their diameter, is controlled by rofsry, not conventional fabrication. In
principle, both active devices (transistors) arn@riconnects can be made out of semiconducting
and metallic nanotubes, respectively [22]. By usangingle-wall CNT as the channel between
two electrodes, like the source and drain contaicéesFET, a coaxial CNTFET can be fabricated.
Coaxial devices, due to their geometry allows fettdr electrostatics since the gate contact
wraps all around the channel (CNT) and has a veog gontrol on the transportation of carriers.
The type of Metal-CNT contacts plays crucial ralethe output characteristics of the transistor.
Heavily doped semiconductors because of the ahitform Ohmic contacts can be used as
ideal electrodes but they suffer from high parasesistance [19]. Carbon nanotube FETs can be
classified into two categories:

- Back gate CNTFET
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- Top gate CNTFET

2.3.1 Back Gate CNTFET:

CNTFET was first demonstrated in 1998 by Tans et[24] to show a technologically
exploitable switching behavior and this work markiee inception of CNFET research progress.
In this structure a single SWNT was the bridge leetwtwo noble metal electrodes on an
oxidized silicon wafer. The silicon oxide substrate be used as the gate oxide and adding a
metal contact on the back makes the semicondu€iig gateable. Here the SWCNT plays the
role of channel and the metal electrodes act ase@nd drain. The heavily doped silicon wafer
itself behaves as the back gate. These CNTFETs/bdles p-type FETs with an | (on) / | (off)
ratio~10 [23]. This suffers from some of the limitationsdilkigh parasitic contact resistance
(>1Mohm), low drive currents (a few nanoamperes), lamd transconductance, gm1nS. To
reduce these limitations the next generation CNTEEVeloped which is known as top gate
CNTFET.

2.3.2 Top Gate CNTFET:

To get better performance Wind et al. proposediteetop gate CNTFET in 2003 [23]. In the
first step, single-walled carbon nanotubes aret®woiwdeposited onto a silicon oxide substrate.
Then by using either atomic force microscope onstay electron microscope the individual
nanotubes are located. After which, source andhdrantacts are defined and then patterned
using high resolution electron beam lithographyghHiemperature annealing reduces the contact
resistance and also increases union between thiact®rand CNT. A thin top-gate dielectric is
then deposited on top of the nanotube, either végeration or atomic layer deposition. Finally,
the top gate contact is deposited on the gatealiiede Arrays of top-gated CNTFETs can be
fabricated on the same Silicon wafer, since the gantacts are electrically isolated from each
other, unlike in the back-gated case. Also, du¢hothinness of the gate dielectric, a larger
electric field can be generated with respect tortheotube using a lower gate voltage. These
advantages mean top-gated devices are generatlyethwver back-gated CNTFETS, regardless

of their more complex fabrication process [25].

The advantages of top gated CNTFET over back gaté@FET is summarized in table- 2.4
[23].
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Silbcon wafer

Figure 2.9: (a)Back gate CNTFET [23]pb) Top gate CNTFET [Source- Internet image]

Table 2.4: Comparison between Back gate CNTFET and Top gRERET [23]

Parameters

Back gate CNTFET

Top gate CNTFET

Threshold voltage

-12V

-0.5Vv

Drain current

Of the order of nanoampere

Of theoal microampere

Transconductance

1nS

3.3uS

I(on)/1(off)

10°

10°

2.3.3 Electrodes dependent CNTFET:
Based on the type of electrodes used CNTFET isifled into three categories.
(a) Schottky-barrier (SB) CNTFET
(b) Partially gated (PG) CNTFET and
(c) Doped-S/D CNTFET. [26], [27]
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Figure 2.10:Different types of CNTFET{a)Schottky-barrier (SB) CNTFETb) partially gated
(PG) CNTFET(c) doped-S/D CNTFET [23].

2.3.4 Schottky-barrier (SB) CNTFET:

As shown in figure 2.10, an intrinsic CNT is usadthe channel region. This is connected to
metal Source/Drain and forms Schottky barriershat junctions. Carbon nanotube transistors
operate as alternative Schottky barrier transistomshich transistor action occurs above all by
varying the contact resistance rather than the relanonductance. The barrier height is
determined by the filling of metal-induced gap esatThese states become available in the
energy gap of semiconductor due to boundary forwiddthe metal. The SB is controlled by the
difference of the local work functions of the mesald the carbon nanotube [70]. SB-CNFET
works on the principle of direct tunneling throutite Schottky barrier at the source-channel
junction. The barrier width is controlled by thetgaoltage and hence the transconductance of
the device depends on the gate voltage. At low gete, large barrier limits the current in the
channel. As gate bias is increased, it reducesb#reer width, which increases quantum
mechanical tunneling through the barrier, and floeeeincreases current flow in transistor
channel. In SB-CNFET, the transistor action ocduyrsnodulating the transmission coefficient
of the device [70], [72]. These types of FET requiareful alignment of the Schottky barrier and

gate electrode which leads to manufacturing chgdednother concern regarding is that this
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type of transistor suffers from metal-induced-gtgtes which limit minimum channel length and
thus increases source to drain tunneling [28],,[21]].

2.3.5 Partially gated (PG) CNTFET:

PG-CNTFET, shown in Figure-2.10 is a depletion m&@NTFET in which the nanotube is
uniformly doped or uniformly intrinsic with ohmi®atacts at their ends. PGCNTFETSs can be of
n-type or p-type. In these devices the gate loa#dyletes the carriers in the nanotube and turns
off the p-type (n-type) device with an efficientpositive (negative) threshold voltage that

approaches the theoretical limit for room-tempamtperation [25], [26].

2.3.6 Doped- source or drain (S/D) CNTFET:

Doped-S/D CNTFETSs presented in Figure-2.10 are oseg of three regions. The region below
the gate is intrinsic in nature and the two ungaéggions are doped with either p-type or n-type.
The ON-current is limited by the amount of chargest can be induced in the channel by the
gate and not by the doping in the source. Theyaipen a pure p-type or n-type enhancement-
mode or in a depletion-mode, based on the prin@plearrier height modulation when applying
a gate potential. Out of these three, doped S/D KENE are promising because they show
unipolar characteristics unlike SB-CNTFETs. Theesge of SB reduces the OFF leakage
current. In ON-state, the source-to-channel jumctias a significantly higher ON current.
Depending on the doping profile doped source omd&NTFETs can again be classified into
two groups.

» Conventional CNTFET (C-CNTFET): This comprises dfiTF-ETs with p/i/p or n/i/n

doping method where the source or drain are dopideither p-type or n-type material.
* Tunneling CNTFET (T-CNTFET): CNTFETs with n/i/p dog scheme (source and

drain are oppositely doped) comes under this gfa8p All the CNTFETSs discussed till
are of planer structure
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2.3.7 MOSFET-like CNTFET:
The structure of this device is slightly dissimitarSB-CNTFET since it uses heavily doped

terminals instead of metal. This was formed in otdeovercome problems in SB-CNTFET and
operates like MOSFET. Unlike SB-CNTFET, source drain terminals are heavily doped like
MOSFET and hence it is called as MOSFET-like CNTFETis device, as shown in Figure

2.11, operates on the principle of modulation theibr height by gate voltage application. The

drain current is controlled by number of charge thanduced in the channel by gate terminal.

This type of transistor has several advantages 88eCNTFET. This device is able to suppress
ambipolar conduction in SB-CNTFET. It also provid@sger channel length limit because the
density of metal-induced-gap-states is signifigargduced. Parasitic capacitance between gate
and source terminal is greatly reduced and thosvalfaster operation of the transistor. Faster
operation can be achieved since length betweenagatsource/drain terminals can be separated
by the length of source to drain, which reducesgific capacitance and transistor delay metric.
It operates like SB-CNTFET with negative Schottleyrier height during on-state condition and
thus it delivers higher on-current than SB-CNTFEifevious work has shown that this type of
device gives higher on-current compared to SB-CNITREd therefore it can justify the upper
limit of CNTFET performance. Based on the devicdgrenance, it is obvious that this device
can be used to investigate the ballistic transpoc@NTFET [88], [90].

=

s __Intrinsic CNT p

MOSFET-like CNFET

Figure 2.11: MOSFET-like CNTFET [89]
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2.3.8 Vertical CNTFET (V-CNTFET):

The most recent development is the V-CNTFET conaded in 2004, by Chat al They are
made of a SWCNT with a coaxial gate. The improveneérV-CNTFET is that vertical growth

in CNT is easier and aligned than horizontal growtie SWCNT is either grown from a bottom
source contact in a hole defined through separalietgctric layers and a ring gate, or the
dielectric and gate are built on the nanotube ajtemwth. A top drain contact completes the
device. The advantages of these devices includedifi@adjusted alignment of the nanotube and
gate, optimum gate control, and the minimal foatprequired. The vertical CNFET allows
higher packing densities that can be achieved siauece and drain areas can be arranged on top
of each other [71]. On the other hand, real 3-cttmres can be made possible because the
active devices are no longer bound to the surfaeceomo-crystalline silicon wafer. Figure 2.12

shows the concept of the device.

¥
So urceﬂ
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Figure 2.12:Vertical carbon nanotube field-effect transistor@XNTFET) concept [Source-

Internet image]

2.4 Introduction to Carbon Nanotube behavior

Carbon Nanotubes can either be metallic or semigcinth. It depends precisely to the way they
are wrapped which is shown in figure 2.13(a) ariB). In metallic carbon nanotubes, low-

bias transport is ballistic over a length range tan reach micrometers. This phenomenon is
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possible because acoustic phonon scattering igaxinarily weak in this one-dimensional
conductor, and only few defects that act as redosattering centers are present. Nevertheless,
at high bias the electrons strongly excite opfdanons, which lead to energy dissipation in the

tube and current saturation.

| (b)

ka

Figure 2.13:Band structure ofa) a metallic (5, 5) CNT an¢b) a semiconducting (10, 0)
nanotube
The wave vector k is plotted in units of 1/a, whare 0.249 nm is the graphene lattice constant.
The low-energy band structure of metallic CNTs ¢stssof two pairs of crossing bands right at

the Fermi level. In semiconducting nanotubes a lgapdon the order of 1 eV opens up at k = 0.

2.4.1 Metallic carbon nanotubes:

The fact that metallic behavior is observed in Ciibes of 1 nm is significant. Most one-
dimensional materials show Peierls instability tlealds to the opening of an energy gap and thus
the material undergoes a metal-to-insulator treovsi73]. The Peierls instability occurs because
the total energy of a one-dimensional chain caanolie reduced by doubling the unit cell. For
say, two neighboring atoms move closer togetheilevthe next pair goes farther apart. A good
thing about carbon nanotubes is that it does notvsReierls instability even at the lowest
measured temperatures. This is due to the massigagth of the carbon—carbon bond in

graphitic materials and the cylindrical rather tltdwain-like array of carbon atoms.

It can be demonstrated via tight-binding calculagiohat all chiral (m = n) carbon nanotubes are
truly metallic, shown in Figure 2.14(a). Their bastducture consists of two sets of linear bands
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that cross right at the Fermi level. Among the @hiubes, about 2/3 are semiconducting [(m — n)
mod3 = 1 or 2], while the remainder [(m — n) modB]=exhibit a small band gap on the order of
a few meV. Small-gap semiconductors are includetthismsection on metallic carbon nanotubes
because at room temperaturgTk 26 meV) the effects related to the small banplsgare not

very prominent.

The low-energy band structure of a metallic carbanotube comprises of four linear bands that
intersects at two distinct K-points (Figure 2.13@%] In each K-point, one band carries the
forward-moving electrons, while the other carriee backward moving electrons. Moreover
each band is spin degenerate so that in a metaltlicon nanotube, there are a total of four
forward-moving conduction channels. The theoretigait for the conductance through an
individual single-wall carbon nanotube is as a ite€i= 4 xé/h, which is equivalent to a
resistance of 6.5(k. Experimentally, the low bias resistance of carbanotube was found to be
in a range between 10kto a several 100& [78], which suggest the transmission coefficigots
be in the range between 75 and 1%. Palladium centac chemical vapor deposition (CVD)-

grown tubes were found to make the best contad¢tsadinost unity transmission [79], [80].

2.4.2 Semiconducting carbon nanotubes:

Semiconducting carbon nanotubes have band gaph#satan inverse relationship with tube
diameter and its band gap ig & 0.84eV/d nm. Conduction through semiconductiges is
dependent on the exact position of the Fermi lewtd respect to the band edges, and chemical
or electrostatic doping can be used to changedhductivity significantly. Highly doped CNT
which has for example, the Fermi level is deep thi® valence band, they conduct almost as
good as metallic tubes, as they also have foulahtaichannels: two quasi-degenerate valence
bands, each of which can carry spin up or down. [dtebias conduction is ballistic over 100-
nm-length scales, and the maximal achievable cteneith optimized contacts are about 20 pA,
similar to what is observed in metallic tubes. Bixng dependence of the conductivity on the
electrochemical potential in the carbon nanotulrebzautilized to make a device that acts like a
switch. It conducts current acting as a metal wtienpotential on a capacitively coupled gate
moves the Fermi level into the valence — or condact— band and acts as an insulator when

the Fermi level is in the band gap. This kind ofiide is well known in the semiconductor
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industry and called a field effect transistor (FEThe silicon metal-oxide semiconductor field
effect transistor (MOSFET)[88], [89] is of massiezhnological importance. Fundamentally all
modern computer chips are based on MOS logic. Ratély, this device is the most
straightforward to replicate with a semiconducticarbon nanotube in the channel as the

inversion layer instead of silicon (Figure 2.140]991].
(a) MOSFET (b)) namotube FET
nanoctube

g
metal le
ety B .

K,

— ) {-degerneraleﬁ silicon gate
tnvein layer
(a) (b)
Figure 2.14:Schematic ofa) a silicon MOSFET an¢b) a carbon nanotube FET. The channel
in the case of the MOSFET is aftype inversion layer in the-type substrate close to the
interface with the silicon oxide. In the nanotull€TE-the inversion layer is replaced by the

carbon nanotube

Similar to metallic carbon nanotubes but unlikeceii, semiconducting carbon nanotubes are
ballistic at low bias and length scales below heddrof nanometers [95]. Reducing the channel
length below this value will not result in any clganin resistance. Due to time-of-flight
considerations, however, the device will still shitfaster. On the other hand, CNTFETSs with
very long channel lengths, above 10 um behave rikeebulk-switching MOSFETs .This
means that they show current saturation, becawsehhnnel resistance gets larger than the
resistance of the contact barriers. In these néesttransport is dominated by drift of carriers in
a charge gradient that builds up inside the namotthannel. It then makes sense to use a
geometric capacitance to model conduction [92] extdact material quantities such as mobility.
Low-bias mobility ofp~ 100,000 citVs, that exceeds any other known semiconductorilityob
was found by Fuhrer et al [93], [94].The eventugldixdown of saturation in and the crossings in
the varioud-V curves are due to the opening of an electron ch@aneonduction in addition to
the predominant hole conduction. Due to the cyloadrgeometry of carbon nanotubes, the gate
capacitance in long-channel devices scales witlntherse logarithm of the oxide thickneSex

~ 1/In¢ox), rather than inversely, as in the planar MOSFEGgetry.
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2.5 Balllistic transport:

The resistance of short one-dimensional conductepgnds neither on their compaosition nor on
the length of the conductor. It depends only a fiencon the number of available conduction
channels for example, one-dimensional subbandstrentlansmission at the contacts [74]. For a
single conduction channel with 100% transparentams, the quantum resistance is a universal
constant, which is given by,
Ro= h/gé~ 26KQ 7 (

This activity is known as the ballistic conductisince electrons travel with zero scattering
effect between two terminals (Figure 2.15a).Althougere is no scattering in the conduction

channel or any back scattering of the electrongngathe conductor, the resistance of a ballistic
conductor is not zero.

The quantum resistance, also known as contactasses develops from the difference between
the large number of modes in the macroscopic ctstaat the current is distributed over and
few electronic modes (1Dsubbands) available iroteedimensional conductor [75].

(a)
i M
right mfﬁs// 120
S
ni=EFE=mn2 = 80}
n2 e
Q}mcﬁfexs ...g 40
“h
3 )
95 > 4 6
Contact 1 CNT Contact 2 MNanotube length / um

(a) (b)
Figure 2.15: (a)Design of ballistic transport in a short metadlarbon nanotube where energy is
plotted as a function of position. Carriers wittergy up to 4 are injected into the CNT from
contact 1 and those from energies up4aue injected from contact 2. There is no scatteirn
the CNT, and carries injected with certain energyakierse the tube without any energy loss.
(b) Low-bias resistance vs. nanotube length for 1lalethemical vapor deposition (CVD)
tubes after 10. The solid line is a linear fithe data with slope 1XXum and y-axis intercept
of 14 kQ. The y-axis intercept suggests transmission aoeffts of & 0.5 and the slope an

electron mean free path of 0.4 um.
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Equation 7 can be generalized to include M conduacthannels and contacts with non unity

transmission coefficient: t

G =¢€hxil, t;(Ep) (8)
Where,
* G = 1/Ryis the quantum conductance,
* Eris the Fermi energy.
Equation 8 is called the Landauer formula for alisted conductor. For 100% transparent
contacts the conductance is simply M%heThe quantum resistance (or contact resistagmes
to zero when there is a large number of conduai@nnels, such as a macroscopic system.
The Landauer formula can be further generalizeddlude scattering in the conduction channel
by introducing an electron mean-free path (momerdaattering lengthy):
R=R Ly (9)
Here,
* L is the length of the conductor,
* Rg= 1/G is the quantum resistance.

In this form, the classical length dependence efrésistance is recovered

The mean free path can be extracted from Equation&ing the length dependence of the low-
bias resistance. In carbon nanotubes, this has deee by contacting a tube with one
lithographic contact as well as one movable scampretbe [81] and also by comparing the
resistances of many similarly fabricated two-termhitievices with varying nanotube lengths
(Figure 2.15b) [82] Both methods give a mean-frathn the order of Im ~ 500 nm at room
temperature. This is much larger than the typiedi@s of about 10 nm in most other materials.
Due to the perfect lattice with no localized suefastates and the large momentum transfer
required for backscattering, the scattering is elesed or suppressed in carbon nanotubes.
(Cumulative small-angle scattering that adds udl&60° is impossible in a one-dimensional
system.).The two most significant sources of sgatjan metallic carbon nanotubes in the low-
bias regime are called ‘acoustic phonon scattefB@], [84] and ‘elastic scattering from defects’

[85]. Acoustic phonon scattering typically domiratat room temperature, whilst on the
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contrary, elastic scattering from defects ruleloattemperatures, where the mean-free path can

be several micrometers long.

2.5.1 Resonant scattering centers and resonant tueing:

Metallic carbon nanotubes are not expected to rebsgo varying gate voltages due to their
constant density of states. The gate voltage isiegppt the silicon substrate which is separated
from the CNT by a Si@layer. In some devices a moderate amount of gdtageodependency
of current (up to a factor of 2) is found. A progesilled ‘Scanning gate microscopy’ (SGM) is
used to show that these changes happens becathsel@talized scatterers in the CNT [85].

2.5.2 Current-carrying capacity, current saturation:

A single carbon nanotube can carry up to 25pA ofrecd, which corresponds to an
astonishingly high current density of “1@/cm?® A typical |-V characteristic for a metallic
carbon nanotube is shown in Figure 2.16 [77] .A% loias (the ballistic region) the current is
seen to be increasing linearly. But at high bialis over and saturates.

In the small figure inserted to the larger one, data are plotted in a different way, explicitly,

resistance R =V/I as a function of bias voltage.

20 e
-—== 200 K :

- 100 K
— 4 K

10

I{uA)

v(Vv)

Figure 2.16:Current saturation in metallic carbon nanotube.
Main image: current voltage characteristics shovamgent saturation at high bias. Inset:

resistance R = V/I vs. bias voltage [77]
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Above a few 100 mV the resistance increases lipergith voltage. A simple model [77] where
phonon excitation is included can explain the lmggrease in resistance and also correctly
predict the value for the saturation current t@beut 25 pA.

Two important assumptions made in the model are:

I.  There is an energy threshold eVi#£2 below which the excitation of phonons is
impossible and the transmission is ballistic. (\this bias voltage ah€ is the energy of
the phonon.)

IIl.  The electron excites the optical phonon immediadslyt gains enough excess energy to
do so. Unless the electron reaches the oppositaaothe process of acceleration in the

applied electric field and optical phonon excitatis repeated.

The Landauer formula (Equation 9) and Matthiesseunls is used to combine the scattering
mechanisms,
h L L
R:F (Q + E) (20)

Where,

» L isthe length of the carbon nanotube,

* Iyis the low-bias mean-free path that may includsteladefect scattering and acoustic

phonon scattering,
* lg=hQ L/eV, is the length it takes an electron in thelegu electric field to gain the

optical/zone boundary phonon energy.

The functional form of resistance, R%t{RV/ly of the experimental data yields the low-bias
resistance R= %(li)and saturation curreng ¥ %hQ. With L = 0.5um and R= 40KQ the

low-bias mean-free path for the device in Figure5Becomes Im ~ 100 nm. This value is a
lower limit because of likely nonunity transmissiam the contacts. More importantly, the
saturation current oh+ 25 LA proposes a phonon energynQf~ 0.16 eV, which is right in the

approximate range for zone boundary or optical pherin carbon nanotubes.
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As long as the electron—phonon scattering lengthofatical/zone boundary phonons, lop, is
much shorter thang) the second assumption made before is accept@plehe other hand,
experimentally observed divergence from the cursattiration at 25 pA can be used to infer
lop. This is very noteworthy because devices thasealler than the electron—phonon scattering
length will remain ballistic even at high biasidtconfirmed by two experiments

that the current does not saturate in short dewva€ed00 nm [81], [87] and instead it reaches
values as high as 60 pA with no sign of saturatiefore breakdown. Javey et al used electron
beam lithography to fabricate carbon nanotube @sweith lengths down to 10 nm and derived
optical/zone boundary phonon scattering lengths/det 11 and 15 nm [87]. Park et al. used a

mobile scanned probe as an electronic contact aAtained lop = 10 nm [81].

2.6 Non-Ballistic Properties Analysis:

Recent investigations of carbon nanotube transisk@s shown its potential to play a very
important role in future electronic systems as ascdadant of the CMOS technology because
they have excellent electrical properties includangh electron mobility [31]. Studies were more
focused on two terminal devices such as PN junstamd Schottky diodes before, but in case of
applications transistors are the most feasible.ohidsniow CNFETS have used channels lengths
of hundreds of thousand nanometers and shows a tangtact resistance between metal and
nanotube. One possible way of them operating, whcstill ambiguous, is that the gate field
modulated the width of a barrier at the source acthtanalogous to the Schottky barrier metal—
oxide—semiconductor field-effect transistor comnyokhown as MOSFET [32]. Furthermore,
other experiments with CNTFETs have demonstratedt tthese devices have large
transconductances, indicating a great prospectiwe nanoelectronic circuits, but not so
comprehensive about large scale nanoelectronics. practicability of CNTFET electronics
depends on the responses of the logic gates thahade up of multiple CNTFETs and used in
larger circuits [33], [34].

CNTFETs exhibit the potential of becoming an atixe&c solution in addition to their silicon
twins, chiefly due to their electrostatic propestguch as ballistic or near ballistic transport of
electrons and very low conduction threshold volsaglich makes carbon nanotubes suitable for
significantly very high speed and ultra low poweruit design [35], [36], [37]. The want for
numerically efficient CNT transistor models suitbfor implementation in circuit-level
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simulators has been elevating since, especiallhenlight of the recently reported successful
implementations of logic circuits built with CNTBreakthrough improvements to accurate spice
compatible CNT transistor modeling have been pregoshere not only ballistic but also a

number of non-ballistic effects have been incluf88j, [39].

2.6.1 Mobile Charge Density and Self-Consistent Vialge:

Accurate calculations of the mobile charge reqnumerical integration of the densities of states
over the number of allowed energy levels usingRéeni probability distribution. Moreover, the
total drain current is affected not only by the +emuilibrium mobile charge in the nanotube but
also by the charges present at terminal capacsandet is why, an iterative approach using
Newton-Raphson method is needed for the soluticanaimplicit non-linear algebraic equation
[35], [40].

A non-equilibrium mobile charge is induced in thenatube when an electric field is applied
between the drain and the source of a CNT transigimonstrated in Figure 2.17 [35], [41].

GATE
S Cc —— Insulator D

@ Carbon Nanotube

|| < ||

Cs || lps || Co
| | Qs (Vsc) > Qp(Vsc) ‘ ‘»

Si0; —— Csub

Substrate

Figure 2.17: Structure layout of a top-gate CNT transistor singvecomponents of the proposed

equivalent circuit model with the virtual no8ldor Vsc
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AQ = (Ns+ No—No) (11)
Where,
* Ngsis the density of positive velocity states fillegthe source
* Npis the density of negative velocity states fillgdtbe drain
* Npis the equilibrium electron density.

Fermi-Dirac probability distribution is used to éehine these densities by the following

method:
Ns = 2 ["*D(E)f(E — Usp)dE (12)
Np = 2 [""D(E)f(E — Upp)dE (13)
No =37 D(E)f(E — Up)dE (14)

D (E), Usrand Wyrare defined as,

D(E) = Dy————0(E — E, /2 (15)
e (E - Eg/2)

Usp = Ep — qVsc (16)

Upr = Er — qVsc — qVps (17)

Where,
» D(E) is the density of states at the channel,
* Do= 8/(37V.ac) is the constant density of states of a metablicatube,
* Egis the band gap which can be calculated usig BaccVce/d12],
* ais the carbomr —z nearest-neighbor bond length ,
* Vcis the energy of the tight bonding model.
*  O(E —Ey/2)= 1 wherE >EglRand®(E — Ey/2) = 0 wherE <Ey/2
* Eris the Fermi level,
» f is the Fermi probability distribution,
* (is the electronic charge,

» Erepresents the energy levels per nanotube unitieng
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* Vscis the self-consistent voltage, a recently discoveraucept [35] which exemplifies
that the CNT energy band is affected by extermatiteal voltages.
The self-consistent voltagéscis without a doubt related to the device terminaltages and
charge sat terminal capacitances by the followinig-imear algebraic equation [35], [43]:

—Qt+qNs(Vsc)+qNp(Vsc)—qNg
Cy

VSC = (18)

The standard approach to the solution of Equati®moflVs. is to use the Newton-Raphson
iterative method and in each iteration to evaltdla¢eintegrals in Equation 13 b and Equation
14 of N to obtain the state densities EquatiorNb&and Equation 1Rls,
Q¢ = Vil + VpCp + VsCs + Voup Csup (19)

Where,

* (Qrepresents the charge stored in terminal capae$anc

* Cg, Cp, GsandCgypare the gate, drain, source and substrate capeestaespectively.

Csupalso implies that the body effects may be takem aticount in further work.

» Cyis the total terminal capacitance given by,

CZ - CG +CD +CS+CSub (20)
_ 27Tk1€0

Cox = In((2tox+d)/d) (21)
_ 27'[’(280

Coup = Toatigu/a) (22)

Where,
* d is the diameter of the carbon nanotube,
* Hsuis the thickness of th&iO.layer on the substrate,
* toxis the thickness of the gate insulator and,

* ky, koare the relative permittivities of the gate andghbbstrate respectively [44].
The capacitances between terminals can be caldwdatéllows: [42].

Ce = Cox (23)
Cs = 0.097C,, (24)
Cp = 0.040C,, (25)
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2.6.2 Circuit Model and Spline-Based Approximatiorof Charge Densities:

Equal parts of the equilibrium mobile charge dgnligto the drain and source was apportioned
in the earlier works [45]. This facilitates circumplementation of the model because now the
corresponding non-equilibrium mobile charge deesif)sandQp can be modeled as non-linear

circuit capacitances, dependent on the self-cargistoltageVsg and connected between a

conceptual inner node, which represents the sel$istent potential, and CNT terminal nodes:

Qs(Vsc) = q (NS(VSC) - %No) (26)

Qo Wse) = q (No(Vse) =3 No ) (27)

The resulting equivalent circuit is shown in Fig@ré8.

Co — Q4

G

Figure 2.18: Equivalent circuit for the proposed CNT transistardel.

Where,
* X is the hypothetical inner node described abovéchwomprises all the CNT charges,
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* |; represents the tunneling current which is one efnbn-ballistic effects,

* lIpsis the transport current determined by the selkant voltageVsc if only the
ballistic transport is considereths is equivalent to currenirsg given by equation of
IpsoLater we consider models of non-ballistic effeethich allow a more accurate
representation of the transport curriyat

According to the ballistic CNT ballistic transpahteory [35], [42], the drain current caused by
the transport of the non-equilibrium charge acrties nanotube can be calculated using the
Fermi-Dirac statistics as follows:

Ios, = S5 [0 (57) = 7o (57 (28)

Where,
» Forepresents the Fermi-Dirac integral of order 0,
» Kis Boltzmann’s constant,
* Tis the temperature and,

* /s the reduced Planck’s constant.

2.7 Non-Ballistic Transport Effects:

Further research of CNTFETs has produced some hewriés in the energy domain which
reveals that the insufficient system within a ndeal nanotube indicates the existence of a
general non-ballistic regime [46]. The transpogeyn carbon nanotubes if it | ballistic or non-
ballistic basically depends on the energy regiaali®ic transport will take over if the length of
the CNTFET is smaller than the carrier mean freth jbait larger than the Coulomb blockade
length. To travel through a single defect Coulomkeptial, the transmission coefficient can be
calculated by [47],

Taetect(E) = Giited (E)/Gempty (E) (29)
Where, E is the energy of the hole in a nanotube. Thereftite, charging and discharging
decides the maximum differential conductance thinosagle transport channels, and E is
directly determined by the terminal voltades.
For non-ballistic CNTFETS this transmission coeéfit fluctuation could be caused by mobility

fluctuation. Yet, under the effects of scatteriegs much smaller than\gpsin this case. Studies
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have also shown that a short mean free path mag dtie to the mismatch of helicity between
the adjacent shells [48]. Furthermore, non-batlistansport can be caused by various other
defects such as contamination, vacancies, comtabetsubstrate and absorbed molecules [48].

Four major non-ballistic affects are:

» Elastic Scattering
» Band gap tuning with strain
»= Tunneling effect

= Phonon Scattering effect

2.7.1 Elastic scattering:

There are three typical scattering mechanismsdrctannel region:
1) Acoustic phonon scattering (near elastic prof&s

2) Optical phonon scattering (inelastic proces$)[34

3) Elastic scattering.

The elastic-scattering rate and thus the meanpage (MFP) are assumed to be independent of
the carrier energy. Although the elastic-scatteMigP of the intrinsic CNT can be longer than 1
um [33], the fabricated CNTs often contain non-idsehttering centers for example defects,
which may decrease the MFP significantly and camseaadditional potential drop along the
channel region.

The elastic scattering mechanism in the CNT charegibn affects the channel resistance and

therefore makes a potential drop of the channeagel Assuming that,
Ieff o0 d (30)

les= A/ (ch)Aest (31)

Where,
» legis the mean free path which is proportional todlzeneter of the nanotube [49], [50],
* dis the CNT diameter
* dpis the reference diameter with a value of 1.5nm,

* Jeffis the elastic-scattering MFP[IhLi~ 200nm[51]
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o Tei leil (L+ler) is the transmission probability in the elastic-ter@tg channel region,

* Lis the channel length,
Therefore the potential drop at the channel cardéée derived as [53],

L
Vosers = Trtajagaer; ' PS (32)

Vps= Vch,DS+ Vch,el, (33)

Vch,DS: IDS.R(:h,o: (34)

Vch, e IDSRch,eI (35)
Renei= (1= Ter) / Terr Renc (36)

The total potential drop (%) across the channel region is a summation of titenpial drop
(Vchp9 due to the channel quantum resistangg,Rand the potential drop ¢V <) over the

channel resistand® ¢ due to the elastic scattering (Fig. 2.19).

Channel length
dependent

Channel length
independent

Figure 2.19:Fermi-level profile for 1-D device with series r&@since (finite MFP along CNT).
The Fermi-level profile is approximated as a linfegaction of the position along the channel.
The contribution to the device current charactiesstan be computed directly from the variable

voltageVpserdue to the elastic scattering instead of the cHamsestance, which simplifies the

calculation efficiently [58].
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2.7.2 Band gap tuning with strain:

It has been proved that the transport property T €an vary under strain [41]. Experiments
have shown that the strain applied onto a nanotabechange the band gap and thus affect the
transport characteristics. A shape distortion i by the strain which can be treated as a key

factor when calculating the extra band gap caugdtdeffect.

dE gstrain
eff = Eg + —gd; X (37)

Ey

Where,
* Egeriis the effective band gap under strain,
* dEgstainiS the gap shift due to the strain,
» yis definedas the distortion factor under strgis.0.1,

rain

. : : d .
Studies have also shown that in presence of thesthe rate of change of band g%gé)t(— is

dependent on the chirality of the CNT. The ratelvdnge of band gap is calculated using the

following formula:

(w%;ain = 30(1 + ry)sign(2p + 1) cos(3¢) (38)

In this equation,
* olis the overlap integral of the tight-binding C-C ded with a value of circa.2eV,
* 10=0.2 is the Poisson’s ratio,
s ¢ is the chiral angle of the nanotulpe20°
* pcomes from the CNT chirality and p=1. For a CNThwthe chirality (n,n),m—-n=3l+p,

wherel andp are both integrals.
It should be noted that the band gap change dl@ €n be influenced both by chirality and

strain. The total band géfyerrcould be either more than or less than the idemhdter-based

calculationEg, which might cause the transport to decreasecoe@se correspondingly.

2.7.3 Tunneling effect:

There are basically three current sources in th&€ KEN' model:
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1) The thermionic current contributed by the semitecting subbanddstm) with the classical
band theory;

2) The current contributed by the metallic subbaihgs.);

3) The leakage currenky{,) caused by the band-to-band tunneling (BTBT) meigma through

the semiconducting subbands. [54]

Ibit: The BTBT current from drain to source becomes §igamt in the sub-threshold region;
mainly with negative gate bias (nFET).There are pwssible tunneling regions:

I.  The “n"-shape called the region 1

II.  The “L"-shape known as the region 2
This phenomenon is depicted in figure 2.20 givetowe With Vchps> Eip, the tunneling
through the drain junction in region 1 causes thles(electrons) to pile up in the nFET (pFET)
channel region because the source junction fortiidsholes (electrons) from escaping away.
The piling up of holes (electrons) results in tbevéring of the surface-potential and thereby
leads to a higher current and worse sub-threshethd\aor [55].But for well-tempered devices
this effect is very minor and so for simplificatiai the modeling, this effect in region 1 is
ignored [55], [56].Since tunneling through the s@ujunction in regionl is prohibited, only
band-to-band-tunneling (BTBT) current through thraim junction in region 2 is considered.
Assuming a ballistic transport for the tunnelinggess, the BTBT currentyfd;,) is estimated by
the BTBT tunneling probabilityTiuy) times the maximum possible tunneling currentgraéng

from the conduction band at the drain side ufphéovialance band at the source side[55].

E, = - -

Figure 2.20: Energy-band diagram (only the first subband isxst)aand the associated Fermi
levels at the source/drain side for CNFET with nratkegate/drain bias. There are two possible
tunneling regions: regions 1 and 2, which are stiaatethe plot. Only the tunneling through

region 2 is considered in this paper [54]
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The tunneling current then can be obtainediyming the maximum possible tunneling current

using:

M
4qkT
I = qTTt Z [ln (1 + e(qVDSeff—Egeff/Z—EF)/KBT)

m=1

max(qVpsetr — Egetr,0)

qVpsett — Egetr

- ln(l + quDSeff_EF/KBT)]

(39)
Where,E; is the Fermi level of the doped source/drain nanoiatsectron-volt unit.
The tunneling current increases the total draimerurthroughout th&/psrange, but the effect
only becomes obvious when the bias voltage isrgetirge and exceeds a certain turning point
depending on the coefficients. [57]
The tunneling effect is also inevitable in the shikeshold region, which may cause the lowering
of the self-consistence potential and thereby wotke threshold characteristics of the transistor.
One simplified method to describe the tunneling@fis to introduce a paramefgtr called the
tunneling probability [44],
Following the work of Kane [58], [59], theWentzelrdfners—Brillouin like transmission

coefficient is given by:

m? —(n m*Eg/,/thF)

Tt =~ ? e (40)

WhereF is a parameter which triggers the tunneling undgh kblectrical field [44]

F=Vchpst (EfF-ADB)/€)/l ejax (41)
F is known as the electrical field triggering thumrieling process near the drain-side junction.
The potential drop across the drain-channel juncgoassumed to relax over the distahgg,

which affects both the BTBT current slope and isgmtude m+ is the effective electron mass,
which is defined ag?(6°Enm J/ok%)? [54].

2.7.4 Phonon scattering:

CNT transistors operating close to the ballistigifihave been experimentally reported to be at
low temperature [60], [61]. However, at room tengbere carrier transport in short tubes is still

influenced by phonon scattering [62]. At low bil® associated interface is known to be nearly
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elastic and dominated by acoustic phonon (AP) ecag and the mean free path (MFP) detected
to be very long in CNTs~0.6-1.5um) in comparison to the channel length of a CNT evéas

on the other hand at high bias, optical phonon (@®ission dominates and the electron MFP is
short <15 nm) compared to the channel length of a CNT.[63]

For semiconducting carbon nanotubes, the scatteffiegts are related to the band energy. The

effective phonon scattering mean free path in as@mducting nanotube can be calculated by:

1 1 " 1
I, (V) E[ 1+ e(EF_qVSC+qu)/KBT]

1 1
+—|1-
Lop 1+ e(EF—quc—hwopwvx)/KBT]

(42)
Where,
lap= 500hmis a typical acoustic phonon scattering MFP value,
lop= 15nmis a typical optical phonon scattering MFP,
hoop=0.16eVis atypical optical phonon (OP) energy[64], [65].
At low carrier energy (e.g<0.15eV) the acoustic scattering dominates; while the capti

scattering takes place at high kinetic energy.

_ lsc(0)
TS o lsc(0)+L (43)
Isc(Vpseff)
T, = —>\"Deff/ 44
b Isc(Vpserf)+L ( )
Iy = 2 [Ty (1 + P =05/iT) — Ty (1 + Fr=abses¥osa)AT)] (4

The phonon scattering effects may limit the tramspapability of carriers in the channel and
hence restrain the drain current.
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2.8 Summary:

From the non-ideal effects discussed earlier ahdretlike contact junction effects, it is noticed
that the transport characteristics of CNT becomas-brallistic when these parameters exist.
Some other factors present include scattering nmesims, parasitic capacitances and energy
barriers as well and the transport phenomenon sgcliabove is just a part of them. Practically,
the non-ballistic effects are caused by a numbemrciors, including fabrication technologies,
materials etc and thus it is difficult to determivlich effect is of more importance as certain
effects are dominant when the related coefficipotsses more value in the provided device. For
a CNT model with non-ballistic effects, the trandpguation can be treated as the summary of

the transport current and the tunneling current.
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Chapter 3

Results and Analysis of Non-Ballistic CNTFET
characteristics Using MATLAB Simulation

This chapter discusses the methodology of thisareke Simulation model used to study the
characteristics is explained here. Also, obtairesluilts are scrutinized and compared with the
reported results of other research groups.

This work uses the model developed by Rahmearal [35]. The detailed calculation and
modeling is provided in Appendix B. The input pasers and different constant values are
shown in table 3.1. Also, to generate 3D plots,caeh developed by Khaet al. [96] has been
followed.

3.1 The Model:

The equations have been collected from the wotkazimierskiet al.[45]. Step by step process
of the calculation of tunnel control parameteraesatibed below:

1) Firstly, effective drain to source voltage was aoited using the following equation.
L
V = ——F—7——V 46
DSEff L+(d/d0)}{eff DS ( )
Due to non-ballistic conduction, applied drain agk will suffer some loss and will be
reduced to effective drain voltage.

2) Then, bandgap will also be affected because ofbatlistic conduction. The effective
bandgap is calculated using the follow formulae.

‘“5%;31“ = 30(1 + ry)sign(2p + 1) cos(3¢) (47)
dE gstrain
Egest = Eg + #X 148

3) Tunneling current is calculated by reproducing ésults of Tom J. Kazmierski, Dafeng
Zhou, Bashir M. Al-Hashimi and Peter Ashburn [45].

4) Value of tunneling current is put into the followiequation to evaluate.T
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I, = %Tt []n (1 + e(qVDSeff—Egeff/Z—EF)/KBT) _ ln(l + quDSeff_EF/KBT)] (49)

5) The following equation was used to find out theueabf tunnel control paramet

_ 2
F = @quhxw

* 3
nmeg

Detailed modeling hi been discussed in Appendix A.

(50)

Table 3.1:Parameters used in the simula

Input parameters: List of values (Physical parameters):
|iPerm.1ttn‘1ty of free space:lﬁs:ﬁ.ﬁé* 10512
Gate insulator thickness t (m); (Relative permittivity of dielectric cons.)
S £:3.9
Gate insulator Dielectric constant (€); C-C bond length (ac<): 1.42%10"-10
O=ide thickness(Default) t= 1.5%10"-8
Tube diameter (d): No. of bias point NV|Default)= 11

Ra_ng'e |:1-'I—"'1-'f:! :|: o-1 RS
(Fermm level for source] (Default|Ef=-0.5¢

. . R ag (Default)= 88
Number of bias point (NV); ad(Default)= 035

C-C bond energy: (Default] Sev
Tunnel control parameter, f=9.795e38
Reduced Planck's constant hbar=1.05e-54;

Temperature (T);

Imitial voltage (Vi);

Final ., { V) : ;
- (m"2-kg-/s)

Non-ballistic effect parameters:
Channel leng'th_. L=300e-5;

Source Fermu level (Ef)eV;

Gate control parameter alphag (ag); Elastic scattering MFETF, lambda_eff=
200e-9 (m);
Drain control parameter alphad {od); Reference diameter, d0=1.5e-9 (m).

Onverlap integral of tight bonding c—c
Chiral axis(nm); model sigma=2.7 (eV);

Poisson's ratio, rO0=.2;
Dhstortion factor under strain, chi=.1:
Fermi energy, EF=-.52 (eV)
p=mod{n-m.5);

Chiral angle, phi=atan((sqrt{3)*m)/ (m+
(2%¥n}));

effective mass of electron, m_eff= 19Fmo;
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The flowchart used in generating the results igigikelow:

i

START

Choose;
1 Non-Balkstic Vanation
1F vanaton
! I
h e I | Choose Parameter:
1Onide thickmess L | Pinobie charge
Tengenture 1) 1) Channellength
3 Dielectnic constant Calculate diameter
iy T ) Temparatira
No T me: themal vmg% '3) Chiral axis,n
Enroe!! [Max and Min . s
fvalue Chosing {5 4)Chiral aism
S
w T
T Density of Sates (D0S) N0
No
S
M \-m;b.
F YES
Electron concentration
attop of the bamier
min= min value A
Laplace potential
max= max value ~f
Intemal calculation starts ERROR # EXD )
«:(>—@='7 P
NO
YES

/gt uch} NO
elasiiren Default values
YES
Enter values

Calculate diameter
and bandgap

Effective Drain Voltage

Effective Bandgap

Figure 3.1: Flowchart of MATLAB simulation used in this reselarc

61



3.2 Results and Analysis:

This work starts by observing the change in electtoncentration at the top of the barrier of a
neutral device with respect to different paramet@te change rate is plotted to have a better
understanding of its tendencies. In the simulatitve, change in |-V characteristics of non-
ballistic Carbon Nanotube Field Effect Transister dbserved with the change of different
parameters. The output characteristics are showrhiiee different 3D views for better
understanding. Firstly, a linear 3D plot is showich is followed by another 3D plot without
mesh and finally, a logarithmic view of the ressltdisplayed. In this research, the considered
CNTFET structure is similar to that of a MOSFET .aadition to these, this work evaluates the
total non-ballistic effect and compares the resulthat of ballistic CNTFET. The deviation in
performance is thoroughly studied. Also, change cdtunnel control parameter with the change

of parameters is calculated.

3.2.1 Change of Electron Concentration at the Top of Barier:
Electron concentration was calculated by varyinggerature and chirality and change rate was
studied by plotting the results.

3.2.1.1Effect of Temperature:

Firstly, the effect of temperature is varied to dstuits effect on electron concentration.
Temperature was varied from 300 K to 500 K. Elatitoncentration shows significant change
with this variation. The other parameters involvegle gate oxide thickness which was fixed at
1.5 nm, dielectric constant was taken to be 3.& gad drain control parameters which were .88
and .035 respectively. Also, chiral axis n wastget3 while m was 0. Fermi level was -.32 eV.

Figure 3.2 shows the effect of temperature on mlaatoncentration.
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Figure 3.2: Change rate of electron concentration with Tempee

It can be seen from the plot that electron conegiotn increases as the temperature goe

3.2.1.2Effect of Chirality:

After this, the change rate wstudied due to chiral effects. Since electron cotre¢ion depend
on diameter and diameter in turns is dependenthoality, electron concentration was stud
by varying the chiral indices.

This was done in two separate stef

Firstly, chiral axiam was varied from 11 to 23 while m was constafft dtemperature was tak
at 300 K. Temperature was set to 300 K, gate akidness was 1.5 nm, and dielectric cons
was fixed at 3.9. Gate control parameter was .88 drain control parameter wasken to be

.035. Fermi level was set t@2 eV. Figure 3.3 shows the obtained re
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Figure 3.3: Change of electron concentration with Chiral Axis n

Lastly, chiral axis m was varied from 0 to 12, ttiee chiral axis n was fixed at 13. Temperature
was again set to 300 K, gate oxide thickness wasrh, and dielectric constant was fixed at 3.9.
Gate control parameter was .88 and drain contridmater was taken to be .035. Fermi level

was -.32 eV for this experiment. The obtained itesa be seen in figure 3.4.
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Therefore, electron concentration at top of theieamaintains an inverse relation with chirality.

3.2.2Effect of Gate Oxide Thickness:

Gate oxide thickness wields strong influence onpiidormance of CNTFET. In this section, the
changes in |-V characteristics of non-ballistichzar nanotube transistor with the increase of
gate oxide thickness are observed and then, tteneblt results are compared with a previously
reported ballistic result to understand the effeofs non-ballistic considerations on the
performance of the transistor.

Gate oxide thickness was varied from 1 nm to 4 @hicality was fixed at n=13 and m=0 and so,
diameter of the nanotube was also constant at 4.008. Other parameters were also kept
constant. Temperature was 300 K, source Fermi lexad -.32 eV, gate and drain control
coefficients were .88 and .035 respectively. Thededtric constant was set at 3.9.

Gate Oxide thickness values were taken at an mtest/ .25 nm. For all cases, the largest
currents were found at 1 nm, the initial value. Therents gradually decrease with the increase
of oxide thickness. At 4 nm the drain currents dase to the lowest value.

3.2.2.1Elastic Scattering Effect:
From the following figure 3.5, we can see the dffafcelastic scattering. For elastic scattering
effect, the highest current at 1 nm oxide thickneas found to be 1.0X110° A and at 4 nm the

current was valued at 5.230°A.
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Figure 3.5: Effect of Gate Oxide Thickness variation -V characteristics of Carbon Nanotu

Field Effect Transistor with Elastic Scattering fea
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3.2.2.2Bandgap Strain Effect:

Next, we will discuss and show the effects of bapdgtrain. From the following figure 3.6, we
can easily see the effect of bandgap strain. FanIgate oxide thickness the current was found
to be 7.55%10° A and for 4 nm it decreased to the value of 3:808° A.
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Figure 3.6: Effect of Gate Oxide Thickness variation on I-\adchcteristics of Carbon Nanotube

Field Effect Transistor with Bandgap Strain Factor

67



3.2.2.3Tunneling Effect:
The following figure 3.7clearly shows the effect of tunneling on CNTFETr Honm gate
thickness the largest amount of current was obslefitee value of this current was 1.x10° A

and for 4 nm the smallest amount of current waadowith a value of 5.6(x10° A.
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Figure 3.7: Effect of Gate Oxide Thickness variation -V characteristics of Carbon Nanotu

Field Effect Transistor with Tunneling Fac
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3.2.2.4Combined Non-Ballistic Effect:

From the following figure3.€, we can clearly observe the combined -ballistic effect on
CNTFET. For 1 nm gate thickness the largest amotiotirrent was observed. The value of -
current was 7.43410°A and for 4 nm the smallest amount of current veamél with a value ¢
3.83310° A.
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Field Effect Transistor with Combined N-Ballistic Effec

69



Therefore, from our finding, we can assume thabiéigcally thinner Oxide layer at the gate v

yield better drain current.

The deviation from ideal behar due to nordallistic effects can be easily observed once

results have been compared with ballistic resoitmfl Khan et al. [96]. The ballistic simulatiol

was run with the same values of the parameand it was found that for 1 nm gate ox

thickness, the drain current was 1.x10° A and for 4 nm thickness, it was 5..x10° A. This

is clearly superior to the obtained rballistic results. The figure.€ shows the ballistic

characteristics in 3D.
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Figure 3.9: Effect of Gate Oxide Thickness variation -V characteristics of Carbon Nanotu
Field Effect Transistor with Ballistic Effe [96]

3.2.3 Effect of Temperature:

Effect of temperature on the performance of-ballistic CNTFET is also consideren this
work. Temperature was changed from 273 K to 323 IKother parameters were kept consti
For this case, gate oxide thickness was considerd® 1.5 nm. The temperature values v
taken at an interval of 1 K. From the following drgs, it canbe seen that the effect
temperature is very negligible on the performarfc€TFET. Here, the drain currents at hig
temperature are slightly higher than the drain enis at lower temperature. In all cases,

minimum currents were found for 27%. The currents slowly ris® the peak values at 323
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3.2.3.1Elastic Scattering effect
The figure 3.1@eals with the effect of elastic scattering. Faisat scattering effect, the lowe

current at 273 K temperature was found to be £&x10° A and at 323 K the current was valt
at 8.39%10° A.
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3.2.3.2Bandgap Strain Effect:

The next figure, figure 3.11 clearly shows the effef bandgap strain on CNTFET. For 273 K,
the smallest amount of current was observed. Theevef this current was 5.830° A. This
current kept slowly increasing until it reached msak value at 323 K. The peak value was
observed to b6.162 x10°A.
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3.2.3.3Tunneling Effect:
The figure 3.1Zlearly shows the effect of tunneling on CNTFETr E@3 K gate thickness tt
smallest amount of current was observed. The vafugis current was 8.5:x10° A and for

323 K the largest amount of current was found aitralue of 8.82x10° A.
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3.2.3.4Combined Non-Ballistic Effect:

From the following figure3.1:, we can clearly observe the combined -ballistic effect on
CNTFET. For 273 K, the lowest amount of current waserved. The value of this current v
5.771x10° A and for 323 K the highest amount of current wasnfl with a value of 6.1(x10°
A.
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Based on our result, we can deduce that drain minril increase very slowly with temperatt
and temperature has a nmmum impact on the characteristics of CNTF

The deviation from ideal behay due to norballistic effects can be easily observed once
results have been compared with ballistic resolisiéiKhanet al. [96]. The ballistic simulatiol
was run with thesame values of the parameters and it was founddha?3 K temperature, tt
drain current was 8.382L0° A and for 323 K, it was 8.69210° A. This is clearly superior t

the obtained non-ballis results. The figure 3.. shows the ballistic characistics in 3D.
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Figure 3.14:Effect of Temperature variation o-V characteristics of Carbon Nanotube Fi
Effect Transistor with Ballistic Effe [96]

3.2.4 Effect of Dielectric Constant:
To observe how the dielectric constant of used gaderial affectsthe -V characteristics of
CNT transistors, 3D ¥ plots were generated with respect to differendiefectric constant
In this case, the dielectric constant was changenh f3 to 15. The values were taken at
interval of .5. The other parameters v kept constant as usual. Also, this is to be megti
that the value was temperature was taken to bek30R is evident from the figures th
dielectric constant has a profound impact on tlandecurrent . It has been observed that in
the casesthe currents are increasing as the value of dmtecbnstant is going higher. Tl
lowest currents were found for dielectric constd. The highest currents were for dielec

constant 15.
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3.2.4.1Elastic Scattering Effect:
The following set of graphs figure 3.15show the effect of dielectric constant when ele
scattering is considered. The smallest currentlii@ectric constant 3 was found to be 6.x10

® A and the largest current at 15 was 2 x10° A.
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3.2.4.2Bandgap Strain Effect:
The following figure 3.16 deals with the effect lmindgap strain on CNTFET. For dielectric

constant 3, the smallest amount of current wasrebdeThe value of this current was 2.489

®A. This current kept increasing until it reachesipeak value at dielectric constant 15. The peak
value was observed to Bel46 x10°A.
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3.2.4.3Tunneling Effect:

Figure 3.17clearly shows the effect of tunneling on CNTFET s [gelectric constant 3 tt
smallest amont of current was observed. The value of this curmeas 1.81x10° A and for

dielectric constant 15 the largest amount of cumes found with a value of 3.x10° A.
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3.2.4.4Combined Non-Ballistic Effect:
From the following figure3.1¢, we can clearly observe the combined -ballistic effect on
CNTFET. For dielectric constant 3, the lowest amountwfent was observed. The value of-
current was 3.56810° A and for when dielectric constant was 15, the é&glamount of currer
was found with a value of 4.2x10° A.
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From our results, we can say that higher dieleatoigstant will produce higher drain curre
Therefore, drainurrent is directly proportional to dielectric coast

The deviation from ideal behar due to nordallistic effects can be understood once the re
have been compared with ballistic results foKhan et al [96]. The ballistic simulation we
run with the same values of the parameters and it wasd that for dielectric constant 3, 1
drain current was 6.65110° A and when dielectric constant was 15, current va8¢x10° A.
This is clearly superior to the obtainedn-ballistic results. The dure 3.1' shows the ballistic

characteristics in 3D.
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Figure 3.19:Effect of Dielectric Constant variation 0-V characteristics of Carbon Nanotu
Field Effect Transistor with Ballistic Effe [96]

3.2.5 Effect of Chirality:
One of the most important aspe of a carbon nanotube is Chirality. Diameter of aboa
nanotube depends entirely on the chirality and dtamchanging effect has a profound effec
the performance of CNTFET. Diameter of a CNT isgklted by the formul

d; = a/n(vVnZ + nm + m?) (50)

Where, n and m are the chiral index for (n,m) carbanotube and a is a constant valued at

nm. This is to be mentioned that n should alwaygreaer than m.
At the same time, energy bandgap is inversely ptap@l to the diamete
E; =2 x (C — C bond length) x (C — C bond energy)/d; (51)
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Where, C-C bond length is considered constant 42x1101° m and C-C bond energy is
constant at 3 eV. It is evident from the previogsiaion that since diameter of the nanotube
plays a major part in controlling the bandgap,dren current is also dependent on the diameter
as energy bandgap is dependent on the diameteult®oately the drain current depends on the
chirality of the nanotube.

In this experiment, we observed the change in tklecharacteristics of non-ballistic carbon
nanotube field effect transistor by changing bdtthe chiral indices n and m. First, we changed
chiral index n and kept m constant. 3D plots wemeegated with respect to these conditions and
change effect was observed. Then chiral index mwaaied for a fixed value of n and again
another set of 3D curves were produced to obsdreechanges in the current vs. voltage
characteristics. For both sets of experiments,rqtheameters remained constant at their default
values as usual. This should be mentioned thahfsrcase, the value of dielectric constant was
taken to be 3.9 which was the operating subjeth®previous experiment.

From the figure, we can see that the value of dcaiment increases quite rapidly with the
increasing chiral index n. Chiral index n was vdriem 11 to 21 for all cases, whereas, m was
considered to be 0. The values were taken at anvaitof 1. In all the simulations, the minimum
currents were found for n=1 and the maximum currents were measured at n=21.

Then, chiral axis m was varied from 1 to 12 witbeing constant at 13. The other parameters
maintained their default values. From the figuiess evident that chiral index m has a strong
influence on drain current. The current increasét te increasing chiral index m. For all the
simulations, the minimum currents were measuredrfel and m=12 gave out the maximum
currents. However, this should be noted that cimdéx n influences the drain current more than

chiral index m. The current changes more rapidiycforal index n than chiral index m.

3.2.5.1Elastic Scattering Effect:
Figure 3.20 shows the effect of change of chirdein‘n’ when elastic scattering factor is taken
into consideration. The minimum current for n=11swa07% 107® A and the maximum

measured at n=21 was 1:250~° A.
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The following figure 3.21displays the change effect of chiral index ‘m’ whadastic scatterin
factor is accounted folThe minimum current was measured for m=1 which hie&value o

8.559% 10~¢ A and m=12 gave out the maximum current of 1x 107> A.
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3.2.5.2Bandgap Strain Effect:
We can see the effect of bandgapin on CNTFET from the figure 3.22Vhile the chiral inde:

n held a value of 11, the smallest amount of curveag observed. The value of this current

5.299x10° A. This current kept increasing until it reachesipieak value when value of n is |

The peak value was observed tc8.623 x10°A.
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Again, from figure 3.23, when value of chiral indexwas 1, the smallest amount of current was
observed. The value of this current was 6:2P3° A. The current kept increasing until it

reached its peak value d291 x10°A when the value of m was 12.
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3.2.5.3Tunneling Effect:
The figure 3.24 darly shows the effect of turling on CNTFET. When chiral index n was
the smallest aount of current was observed. The value of thiserurwas 7.82x10° A and for

when n was 21 the largest amount of current wasdaith a value of 1.3¢x10° A.

Chirality Changing effect:30 “iew

¥ 10
1.5
1 —
Current
0.5 — :
15
D -
a
o ™ 5
Chiral Axis 'n’ 10 120 Applied Drain Voltage
Chirality Chenging efect: 3D «iew?2
1.5
1
Current
0.5
1€
a
a
: 5
Chiral Axis 'n’ ® o 12
s n Applied Drain Voltage
Chirality Changing effect:3D “iew3
¥ 10
1.5
C T
urrent
Ca—-7 A e
15
|:|=-
O
= . 5
* Chiral Axis 'n 10 12 0 Applied Drain Voltage

Figure 3.24:Effect of Chiral Axis ‘n’ variation on-V characteristics of Carbon Nanotube Fi

Effect Transistor with Tunneling Fac

86



In figure 3.25, when chiral index m was 1, the sesilamount of current was observed. The
value of this current was 8.9820° A and for when n was 12 the largest amount of ciives
found with a value of 2.79710° A.
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3.2.5.4Combined Non-Ballistic Effect:

From the following figure3.2€, we can clearly observe the combined -ballistic effect on
CNTFET. When n was 11, the lowest amount of curvead observed. The value of this curr
was 5.17%10° A and when n was 21 the highest awnt of current was found with a value
8.906<10° A.
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Figure 3.26:Effect of Chiral Axis ‘n’ variation on-V characteristics of Carbon Nanotube Fi
Effect Transistor with Combined N-Ballistic Effec
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It can be seen in figure 3.27 t when m was 1, the lowest amount of current wasrgbde The
value of this current was 6.1x10° A and when m was 12 the highest amount of currexgt
found with a value of 2.63810° A.
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Figure 3.27:Effect of Chiral Axis ‘m’ variation on-V characteristics of Carbon Nanotube Fi
Effect Transistor with Combined N-Ballistic Effec
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From our results, we can deduce that chirality dagry good influence on the performance
carbon nanotube fieldfect transistor. Drain current increases with itheease of chiral indice
nand m.

The deviation from ideal behar due to nordallistic effects can be easily observed once
results have been compared with ballistic resoitmfl Khan et al. [96]. The ballistic simulatiol
was run with the same values of the parameterstamas found that when n was 11, the di
current was 7.23410° A and when n was 21, it was 1.:x10° A. This is clearly superior t

the obtained non-ballis results. Thdigure 3.28shows the ballistic characteristics in

Chirality Changing effect

%10

Current

o
Chiral Axis 'n' 0 127 0 Applied Drain Voltage

Figure 3.28:Effect of Chiral axis ‘n’ variation or-V characteristics of Carbon Nanotube Fi
Effect Transistor with Ballistic Effe [96]

Again, the ballistic simulatic [96] was run with the same values of the param but this time
chiral axis n was kept constant. For this ca: was found that whewalue olm was 1, the drain
current was 8.87410° A and when m reached the value 12, it was 1.34x10° A. This is
cleaty superior to the obtained n-ballitic results. The ballistitansport characteris in 3D is

shown in figure 3.29.
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Figure 3.29:Effect of Chiral axis ‘m’ variation or-V characteristics of Carbon Nanotube Fi
Effect Transistor with Ballistic Effe [96]

3.2.6 Variation of |-V characteristics with respect to Gate Voltage §:

Change of IV characteristics by varying gate voltagy was also observed. Gate voltage \
varied from 0 to 0.6. The other parameters weré &epstant. Temperature was taken to be
K, gate oxide thickness was 1.5 nm, dielectric tamtswas 3.9, chiral indices n and m were
and O respectively. Also, gacontrol and drain control parameters were fixed88tand .03!
respectively. Number of bias points taken wa:

When Elastic scattering was considered, the cumdr@n both gate and drain voltage was
was 8.25410° A. The result can be seenfigure 3.30.
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—Vgs = 0.55
Vgs = 0.6
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Figure 3.30: Change of IV characteristics with Gate Voltage when only BtaStatterinc

Effect is considered
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At the same point, with only bandgap strain, theent was measured at 6:010° A in figure
3.31.

x 10
7 T T —Vgs - 0
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-3 —Vgs=05
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2l Vgs = 0.6
1 -
0 . : ‘ :
0 0.1 0.2 0.3 0.4 0.5 0.6
Vv, [Volt]

Figure 3.31:Change of I-V characteristics with Gate Voltageeswlonly Bandgap Strain Effect

is considered

For the same point, by considering only tunneliffgat, 8.684<10° A current was obtained

from figure 3.32.
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Figure 3.32:Change of |-V characteristics with Gate Voltageewlonly Tunneling Effect is
considered

92



When all the effects have been considered togetihecurrent at that same point was % 28°

A. This can be observed in figure 3.33.
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Figure 3.33:Change of I-V characteristics with Gate Voltageswitotal Non-Ballistic Effect is
considered

For ballistic transport, calculated from the modekigned by Rahmaet al [35], the obtained

current at the same point was valued at 8@45 A. The result is shown in figure 3.34.
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Figure 3.34:Change of |-V characteristics with Gate VoltageewlIBallistic Effect is considered
[35]
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It can be seen when compared to the ballistic tedloht, bandgap strain affects the performance
of the CNTFET the most. Also, another interestiageat is that tunneling effect yields a higher
current than ballistic effect. This is due to thetfthat the tunneling current is added to thendrai
current and increases the total drain current. Wewehis should be noted that tunneling effect
lowers the self-consistent potential and thus wwwsséhe threshold characteristics of the
CNTFET [45].

The authenticity of this work can be proved eabyycomparing the obtained results with the
findings of another research group. The ballistid aon-ballistic effects were compared by Tom
J. Kazmierski, Dafeng Zhou, Bashir M. Al-HashimidarPeter Ashburn in their work
“Numerically Efficient Modelling of CNT Transistorg/ith Ballistic and Non-Ballistic Effects
For Circuit Simulation” [45]. Their work yields idécal results to those of ours. Their results

are displayed in the following figure 3.35.
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Figure 3.35:Non-Ballistic effects observed by Tom J. KazmigrBlafeng Zhou, Bashir M. Al-
Hashimi and Peter Ashburn [45]
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When compared in the same frame, our work prodaggemely similar results and very lit
deviation from the above mentioned w except for the small deviation in tunneling ef. This
was due to making some approximations in the caticris Moreove, our work produces tr
combined norballistic effect which has not been produced by ather groups so fe: Figures

3.36 and 3.37 show the results of the present v
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Figure 3.36: Non-Ballistic effects observed and compared with biadlisffectsin this work
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Figure 3.37:Ballistic vs. Non-Ballistic effects as observedhis work

3.2.7 Change in Tunnel Control Parameter with parameters:

Another novel aspect of our work is that here,ran@l control parameter F was calculated using
a different technigue and change in F was obsemvddthe change of different parameters, such
as, channel length, temperature and chiral indicesxd m. Tunnel control parameter is very

important in calculating tunneling effect.

2 —(n [m*E3/|/3HF)

T, = %e (51)
I, = %Tt yM_, []n (1 + e(qVDSeff—Egeff/Z—EF)/KBT) - ln(l +
quDSeff_EF/KBT)] (52)

From the equations (52) and (53) [45], the relabetween tunnel control parameter F with the

tunneling current can be very easily seen.

3.2.7.1Change with channel length:

Channel length was varied from 200 nm to 300 nrhe©parameters involved in the calculation
were drain voltage ¥, tunneling currentyl temperature and chiral indices n and m. The other
parameters were constant at default values. Draltage was fixed at 0.5V, tunneling current

was kept at 28107 A, the temperature was taken to be 300 K and tiiraldndices n and m
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were taken at 13 and O respectively. From figuB83it can be observed that F decreases with

the increase of channel length.

1128 —

1.126 - —

1124 - -

1122 —

tunnel contral parameter F
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2 2.1 23 23 2.4 25 28 27 28 29 3

channel length L (m) x 1o

Figure 3.38: Change in tunnel control parameter with Channeigtle

3.2.7.2Change with Temperature:
The temperature was varied from 273 K to 323 K.eDfbarameters remained constant at their
default values. Channel length was chosen to benB@0As shown in the figure 3.39, it was

observed that F increases almost linearly withiéneperature.
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Figure 3.39:Change in tunnel control parameter with Tempeeatur

97



3.2.7.3 Change with Chiral index n:

Chiral index n was varied from 11 to 23 while thkey constants remained fixed at default
values. It should be mentioned that the temperatasetaken at 300 K. From the obtained result,
it was seen that as the value of n increases,ale wf F decreases. It can be seen from figure

3.40 that tunnel control parameter is inverselyppraonal to chiral index n.

x 0%
13 . .

tunnel control parameter F

08 1 ! L L 1 |
10 12 14 15 15 20 22 24

Figure 3.40: Change in tunnel control parameter with Chirakeiaa

3.2.7.4Change with Chiral index m:
Chiral index m was varied from 0 to 12 while n vkapt constant at 13. The other parameters
involved also maintained their default values. Frtbimoutput shown in figure 3.41, it was found

that tunnel control parameter has an inverse oglatiith chiral index m.

tunnel cantrol parameter F

Figure 3.41:Change in tunnel control parameter with Chirakeadn.
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3.2.8 Summary

This research investigates the change in non-baltkaracteristics of CNTFET with respect to
gate oxide thickness, temperature, dielectric @msand chirality. Also, non-ballistic effects on
the performance of CNTFET were studied by compatimeg results with previously reported
ballistic results. At the same time, the authetytiaf the work is proved by comparing the
obtained non-ballistic results with already repdrteon-ballistic outcomes of another group.
Very little deviation was observed in the resuiltshe two groups. In the end, change effects of
tunnel control parameter with channel length, terafjpee and chirality were observed. This
enabled a new way to study tunneling effect.

So, to summarize the results:

» Electron concentration at the top of the barriecréases with temperature while
decreases with chirality.

* Increasing gate oxide thickness reduces drain curre

» Effect of temperature on the performance of CNTR&Very insignificant and can be
ignored.

» Drain current increases with the value of dieleatonstant.

» Chirality wields a great influence on drain curtedigher the chirality of the nanotube
is, the better its performance will be.

* Bandgap strain affects the drain current the maosbrg the non-ballistic effects.
Without strain effect, non-ballistic components idéx from the ideal behavior by a very
small amount.

» Tunnel control parameter maintains an inverseioglavith channel length and chirality

while it increases with temperature.
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Chapter 4

Conclusions and Future Research

4.1 Conclusion

Carbon nanotube field effect transistor is knowmas of the most promising nanotube devices.
The research and understanding of CNTFET has been gogressing rapidly since its
evolution about 5-6 years ago and henceforth tleists swift improvements in the performance
of this device. Ideal CNT transistor based logiccuits can provide significant energy and
performance benefits over the traditional CMOS Wwhateated the urge for CNT transistors
based devices and its applications in logic cirdegign. However nano devices suffer from high
defect rates and material variation due to the dnmehtal limitation of the fabrication process. It
is possible to make very small scale transistors thuthe nano scale size of CNT and its
exceptional property of high current density growtht can bump up the device’s performance
to a high standard. CNT can have either semicomtyior metallic characteristic, it depends on
its chirality. Metallic CNT can be used as wire @rcuit boards or electronic interconnections

whereas semiconducting CNT can be used as transigievices.

Computers models created in MATLAB play a massioke ito quantitatively recognize the

impact of defects and variation on the electrichhracteristics of CNT transistors. The
contributions presented in this thesis paper pewithst and accurate simulation models for
CNT transistors including ballistic and non-baltidransport effects based on numerical solution
of the theoretical CNT mobile charge density equrati A summary of our results and analysis is
given in the next section following our proposetiife work.

In our results part, effect of gate oxide thicknesss analyzed on the performance of non-
ballistic CNTFET. It was seen that gate oxide thess’s influence was quite much on the I-V
characteristics of the transistor. It was found tharent decreases with gate oxide thickness. So,
during the design of CNTFET, gate oxide thickndssutd be kept low.

100



The second analysis was done by varying tempetdtuneas observed that |-V characteristics
do not vary that much with the change of tempeeathffect of temperature on the performance

of non-ballistic CNTFET can be ignored.

Thirdly, effect of dielectric constant was scrutied and was found that current increases slowly
with increasing dielectric constant. So, by chaggihe dielectric material in the gate, it is

possible to improve the performance of carbon navetransistors.

Then, chirality changing effect on the |-V charaistics was studied. It was detected that current
increases rapidly with the increasing chirality.efdfore, it was deduced that drain current

maintains a positive relationship with chirality.

The main focus of this research was to study tifiecebf non-ballistic effects on the current-
voltage relationship separately and then togeth@ras observed that bandgap strain affects the
current-voltage curve the most and lowers the perdmce of CNTFET. Tunneling effect and
elastic scattering effect have comparatively smadiéect on the performance of the device.

Therefore, the combined non-ballistic effect ishtygnfluenced by the bandgap strain.

Another result of this work was the analysis ofrteincontrol parameter by changing parameters
like channel length, temperature and chiralitywés noticed that tunnel control parameter ‘F’
maintains an upward relationship with temperatutglenit decreases with increasing channel

length and chirality.

In the end, by examining the results, it can beslgadaid that carbon nanotube field effect
transistor has huge potential in the electronidsistry and this market can be exploited to bring

revolutionary changes to the world of electronics.

4.2 Prospected Future Research

Carbon nanotube transistor modeling has a wide epumbareas which can be further explored

and where there is more scope of development aptoirament. Till now our thesis paper has
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been focused on the ballistic and non-ballistieet on the |-V characteristics of CNTFET. The

following would be out future prospects:

1)

2)

3)

4)

5)

So far we have observed the changes in the I-V ecomith parameters such as
temperature, gate oxide thickness, chirality aredediric constant but we would like to
further analyze the effects on varying transcomahu® and conductance as well in
ballistic and non-ballistic CNTFET.

We have taken the non-ideal effects such as elssditering, band gap tuning with strain
and tunneling into account. In future we are deteech to work with the fourth type of
non-ideality called phonon scattering mechanismsistimg of acoustic and optical
phonon scattering and hence observe the |-V cueget for this effect by varying the
above mentioned parameters accordingly.

Then we wish to study and investigate bundled carbanotubes and multi walled
carbon nanotubes and generate the |-V charactsristirves for the entire criterion
mentioned above.

In chapter 2 we discussed about the non-ideal tsflaech as elastic scattering, band gap
tuning with strain, tunneling and phonon scattetiogvever, more non-ballistic transport
effects of CNT transistors including Schottky catsa and doping effects may
significantly affect the performance of CNTFETSs.efdéfore further analysis of the
impacts of such transport effects on the perforreaicCNTFETSs needs to be established
along with its numerical expressions representiege effects to be developed.

Our thesis work considers on modeling the channereat properties of CNT
considering only the inner transistor charactersstHowever to develop a model suitable
for SPICE simulators more peripheral effects of Ginsistors including parasitics, p-n
junctions and substrate leakage need to be impleaielith peripheral effects added,
the CNT transistor model may describe both theritransport characteristics and the

interaction between transistors in circuit levehsiation.
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Appendix A

1) MATLAB Operational Code:

disp( 'Choice 1 for non-ballistic variation:'
disp( 'Choice 2 for F variation:' );
choice=input(  'Select=" );

switch choice
case 1

disp( 'Choice 1 for assigning the values of thickness(t):
disp( 'Choice 2 for assigning the values of temparature(T
disp( 'Choice 3: for assigning the values of dielectric
constant(epsr):' );

disp( 'Choice 4: for assigning the values of chiral axis(
disp( 'Choice 5: for assigning the values of chiral axis(
choice=input(  'Enter the value=' );

% modified by Sabbir 31/08/2012
% last modified by Nirjhor Tahmidur Rouf 30/08/2013

switch choice
case 1
%insert minimum and maximum value.

tmin=input( 'Insert minimum Gate insulator thickness
value=" );

tmax=input( 'Insert maximum Gate insulator thickness
value=" );

% Gate Insulator Dielectric Constant, epsr
epsr = [[;
while isempty(epsr)

fprintf( ' Gate Insulator Dielectric Const.:
epsr = input( ‘epsr ="' );
if isempty(epsr)
epsr = 3.9; % Default value
fprintf( "b\b 3.9 (Using Default ...)\n'
end
end

% NT Diameter, d (m)
% d=1;
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%
%
)
%
%
%
%
%
%

while isempty(d)
fprintfC NanoTube Diameter (m):

d =input(d =");
if isempty(d)
d = 1.0e-9; % Default value
fprintf(\b\b 1.0e-9 (Using Defau
end
end

%Calculation for Chairality(n,m).

n>m

m = [];
while isempty(m)
fprintf( " Chiral axis m:
m = input( 'm=");
if isempty(m)
m = 0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n'
end
end
n =[I;
while isempty(n)
fprintf( ' Chiral axis n:
n = input( n=" )
if isempty(n)
n=13; % Default value
fprintf( b\b 13 (Using Default ...
always)\n' );
end
end

% Calculation of Diameter from Chiral axis(n,m)

% a = []; % graphene basis vector
% a=2.461le-10;
% d=(a*(m"2+m*n+n"2)"0.5)/3.1416
%
% fp = fopen('our_results.txt','a’);
%
% fprintf(fp,"\nfor n = %d, m = %d, value o
n,m,d);
%
% fclose(fp);
%

% Temperature, T (K)

T=1]
while isempty(T)
fprintf( ' Temperature (K):

It .. )\n);

fd = %e’,
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T = input( T=");
if isempty(T)

T = 300; % Default value
fprintf( "\b\b 300 (Using Default ...)\n’'
end
fprintf( \n' ),
end

% Terminal Voltage:

fprintf( ‘Terminal Voltage:\n' );
fpnntf( '=———=—=====—=—=—=——===\n' ),
% Number of Bias Points, NV
NV = ];
while isempty(NV)
fprintf( " Number of Bias Points: '
NV = input( ‘NV="),
if isempty(NV)
NV =13; % Default value
fprintf( "\b\b 13 (Using Default ...)\n'
end
end

% Voltage Range, VI,VF (V)

VI=;
VE=1J;
while isempty(VI) | isempty(VF)
fprintf( ' Voltage Range (V):\n' );
fprintf( ' );
VI = input( ‘(Initial) VI =" );
if isempty(VI)
VI =0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n'
end
fprintf( ' );
VF = input( ‘(Final) VF =" )i
if isempty(VF)
VF = 0.6; % Default value
fprintf( "\b\b 0.6 (Using Default ...)\n'
end
fprintf( \n'o);
end

% Analytical Model:

fprintf( '‘Analytical Model:\n' );
fpnntf( '====—====—====—=====\n' ),
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%
%
%

% Source Fermi Level, Ef (eV)
Ef=1I;
while isempty(Ef)
fprintf( ' Source Fermi Level (eV): ' );
Ef = input( ‘Ef=" ),
if isempty(Ef)
Ef =-0.32; % Default value
fprintf( "\b\b -0.32 (Using Default ...)\n’' );
end
end

% Get Control Parameter, alphag

alphag = [];
while isempty(alphag)
fprintf( ' Gate Control Parameter: ' );
alphag = input( ‘alphag =" );
if isempty(alphag)
alphag = 0.88; % Default value
fprintf( "\b\b 0.88 (Using Default ...)\n' );
end
end

% Drain Control Parameter, alphad

alphad = [];
while isempty(alphad)
fprintf( ' Drain Control Parameter: ' );
alphad = input( ‘alphad =" );
if isempty(alphad)
alphad = 0.035; % Default value
fprintf( "\b\b 0.035 (Using Default ...)\n’ );
end
fprintf( \n'o);
end

% Call Main Program
% e oo s s s

file=1;
for t=tmin:0.5:tmax
results = CNTFETToy( t,d,epsr,T, VI, VF,NV,

Ef,alphag,alphad );

%
%
%
%
%

xIswrite('result.xIsx',results,file) ;

file=file+1;
end
% MOdified code without excel

file=1;
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for t=tmin:0.25e-9:tmax
results = CNTFETToy( t,n,m,epsr,T, VI,
Ef,alphag,alphad );

AVQ(:,file)=results(:,1);
AVd(:,file)=results(:,2);
Al(: file)=results(:,3);
ADC(: file)=results(:,4);

% xlswrite(‘result.xIsx',results,file);

file=file+1;
end

for i=1l:size(Al,2)
xtest=Al(:,i);
mat=vec2mat(xtest,13);
pv(:,i)=max(mat,[],2);
%Alavg(i)=mean(pv);
end

% Creating modified figure by Sabbir Ahmed Khan 31/
points = linspace(-2, 0, 20);

[X, Y] = meshgrid(points, -points);

% Faceted Shading

subplot(2, 2, 1);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,
shading faceted ;

titte(  'Effect of Gate Oxide Thickness: Viewl'

% Flat Shading

subplot(2, 2, 2);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,
shading flat ;

titte(  'Effect of Gate Oxide Thickness:View2'

% Interpolated Shading

subplot(2, 2, 3);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,
shading interp ;

titte(  'Effect of Gate Oxide Thickness:View3'

% Shading Commands
subplot(2, 2, 4, 'Visible' , 'off );
text(0, .5, sprintf( '%s\n%s\n%s\n%s'

VE,NV,

08/12

<

); view(30, 30);

);

oV’

<

); view(30, 30);

);

oV’

‘pv' ); view(30, 30);

);
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'3D Viewl(shading faceted)'
View3(shading interp)'

Gate Oxide Thickness™ ), ...
‘VerticalAlignment' , 'middle'
'FontName' , 'BellMT'
'FontWeight , ‘'bold"

'FontSize' , 13);

%% Final touch by Sabbir Ahmed Khan 02/09/2012

case 2

% Inserting minimum and amximum temperature value
Tmin=input( ‘Insert minimum temperature value='
Tmax=input( 'Insert maximum temparature value="'

% Gate Insulator Thickness, t (m)

t=1l;
while isempty(t)
fprintf( Gate Insulator Thickness (m):
t = input( =" )
if isempty(t)
t=1.5e-9; % Default value
fprintf( \b\b 1.5e-9 (Using Default ...)\n'
end
end

% Gate Insulator Dielectric Constant, epsr
epsr =[];
while isempty(epsr)

fprintf( Gate Insulator Dielectric Const.:
epsr = input( ‘epsr =" );
if isempty(epsr)
epsr = 3.9; % Default value
fprintf( \b\b 3.9 (Using Default ...)\n’
end
end

% Calculating Chairality(n,m)

m=1[];
while isempty(m)
fprintf( om: ' );
m = input( '‘Chiral axism =" );
if isempty(m)
m =0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n'

end

, '3D View2(shading flat)'
, "Current is inversely proportional to

, '3D
);
);

);

);
);
);

);
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end

n=[l;

while isempty(n)

fprintf( n: ' );
n = input( '‘Chiral axisn =" );
if isempty(n)
n=13; % Default value
fprintf( "\b\b 13 (Using Default ...n>m

always)\n' );
end
end

% Terminal Voltage:

fprintf( ‘Terminal Voltage:\n' );
fpnntf( '====—====—====—=====\n' ),
% Number of Bias Points, NV
NV =;
while isempty(NV)
fprintf( " Number of Bias Points: '
NV = input( NV =",
if isempty(NV)
NV =13; % Default value
fprintf( "\b\b 13 (Using Default ...)\n'
end
end

% Voltage Range, VI,VF (V)

VI=1];
VE=1];
while isempty(VI) | isempty(VF)
fprintf( " Voltage Range (V):\n' )i
fprintf( et );
VI = input( ‘(Initial) VI =" );
if isempty(VI)
VI =0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n'
end
fprintf( et );
VF = input( ‘(Final) VF =" );
if isempty(VF)
VF = 0.6; % Default value
fprintf( "\b\b 0.6 (Using Default ...)\n’
end
fprintf( \n'o);
end
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% Analytical Model:

fprintf( '‘Analytical Model:\n' );
fpnntf( '=———=—=====—=——=——===\n' ),
% Source Fermi Level, Ef (eV)
Ef=1I;
while isempty(Ef)
fprintf( ' Source Fermi Level (eV): ' );
Ef = input( ‘Ef=" ),
if isempty(Ef)
Ef =-0.32; % Default value
fprintf( \b\b -0.32 (Using Default ...)\n' );
end
end

% Get Control Parameter, alphag

alphag = [J;
while isempty(alphag)
fprintf( ' Gate Control Parameter: ' );
alphag = input( ‘alphag =" );
if isempty(alphag)
alphag = 0.88; % Default value
fprintf( "\b\b 0.88 (Using Default ...)\n’ );
end
end

% Drain Control Parameter, alphad

alphad = [];
while isempty(alphad)
fprintf( ' Drain Control Parameter: ' );
alphad = input( ‘alphad =" );
if isempty(alphad)
alphad = 0.035; % Default value
fprintf( "\b\b 0.035 (Using Default ...)\n’ );
end
fprintf( \n'o);
end

% Call Main Program
% e oo s s s

file=1;
for T=Tmin:1:Tmax
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results = CNTFETToy( t,n,m,epsr,T, VI, VF,NV,
Ef,alphag,alphad );

AVQ(:,file)=results(:,1);
AVd(:,file)=results(:,2);
Al(: file)=results(:,3);
ADC(: file)=results(:,4);

% xIswrite('result.xIsx’,results,file);

file=file+1;
end

for i=1l:size(Al,2)
xtest=Al(:,i);
mat=vec2mat(xtest,13);
pv(:,i)=max(mat,[],2);
%Alavg(i)=mean(pv);
end
% Create a grid of x and y points
% Creating modified figure by Sabbir Ahmed Khan 31/ 08/12
points = linspace(-2, 0, 20);
[X, Y] = meshgrid(points, -points);
% Faceted Shading
subplot(2, 2, 1);
surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,'pVv'
shading faceted ;
title(  'Effect of Temperature: Viewl' );

<

); view(30, 30);

% Flat Shading

subplot(2, 2, 2);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,'pv' ); view(30, 30);
shading flat ;

title(  'Effect of Temperature: View?2' );

% Interpolated Shading

subplot(2, 2, 3);

surf(pv, 'DisplayName' |, 'pv' ,'YDataSource' ,'pv' ); view(30, 30);
shading interp ;

titte(  'Effect of Temperature: View3' );

% Shading Commands
subplot(2, 2, 4, 'Visible' , 'off );
text(0, .5, sprintf( '%s\n%s\n%s\n%s' , ...
‘3D Viewl(shading faceted)’ , 3D View2(shading flat)' , '3d
View3(shading interp)’ , ""Ballistic consideration reduce
Temperature changing effect™ )
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%
%
%
)
%
%
%
%
%
%

'VerticalAlignment' , 'middle’

);
);

'FontName' , 'Bell MT' ,
'FontWeight , ‘'bold"
'FontSize' , 13);
%%Final touch by Sabbir Ahmed Khan 02/09/2012...
case 3
%%%% Inserting minimum and maximum value%%%%%%%%%
epsrmin=input( 'Insert minimum dielectric constant='
epsrmax=input( ‘Insert maximum dielectric constant="
t=1I;
while isempty(t)
fprintf( Gate Insulator Thickness (m):
t = input( =" )
if isempty(t)
t=1.5e-9; % Default value
fprintf( "\b\b 1.5e-9 (Using Default ...)\n'
end
end
% NT Diameter, d (m)
d=1;

while isempty(d)
fprintfC NanoTube Diameter (m):

d =input(d =");
if isempty(d)

d=

1.0e-9; % Default value

fprintf(\b\b 1.0e-9 (Using Defau

end
end

%Calculation for Chairality(n,m).

m = ];
while isempty(m)
fprintf( " Chiral axis m:
m = input( 'm=");
if isempty(m)
m = 0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n'
end
end
n =[I;
while isempty(n)
fprintf( ' Chiral axis n:

It..)\n";
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n = input( n=" )
if isempty(n)

n=13; % Default value
fprintf( \b\b 13 (Using Default ...n>m
always)\n' );
end
end
% Calculation of Diameter from Chiral axis(n,m)
% a = []; % graphene basis vector

% a = 2.461e-10;
% d=(a*(m"2+m*n+n"2)"0.5)/3.1416
%

% fp = fopen('our_results.txt','a");

%

% fprintf(fp,"\nfor n = %d, m = %d, value o fd=%e',
n,m,d);

%
% fclose(fp);
%
% Temperature, T (K)

T=1
while isempty(T)
fprintf( ' Temperature (K): ' );
T = input( T="");
if isempty(T)
T = 300; % Default value
fprintf( "\b\b 300 (Using Default ...)\n' );
end
fprintf( \n'o);
end

% Terminal Voltage:

fprintf( ‘Terminal Voltage:\n' );
fpnntf( '=———=—==—==——=——=——===\n' ),
% Number of Bias Points, NV
NV = ];
while isempty(NV)
fprintf( " Number of Bias Points: ' );
NV = input( ‘NV="),
if isempty(NV)
NV = 13; % Default value
fprintf( b\b 13 (Using Default ...)\n’' );
end
end

% Voltage Range, VI,VF (V)
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VI=1l,

VE=1J;
while isempty(VI) | isempty(VF)
fprintf( ' Voltage Range (V):\n' );
fprintf( ' );
VI = input( ‘(Initial) VI =" );
if isempty(VI)
VI =0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n' )i
end
fprintf( ' );
VF = input( '(Final) VF =" )i
if isempty(VF)
VF = 0.6; % Default value
fprintf( "\b\b 0.6 (Using Default ...)\n’ );
end
fprintf( \n"o);
end

% Analytical Model:

fprintf( '‘Analytical Model:\n' );
fpnntf( '=————=====—=—=————===\n' ),
% Source Fermi Level, Ef (eV)
Ef=1I;
while isempty(Ef)
fprintf( ' Source Fermi Level (eV): ' );
Ef = input( ‘Ef=" ),
if isempty(Ef)
Ef =-0.32; % Default value
fprintf( \b\b -0.32 (Using Default ...)\n' );
end
end

% Get Control Parameter, alphag

alphag = [];
while isempty(alphag)
fprintf( ' Gate Control Parameter: ' );
alphag = input( ‘alphag =" );
if isempty(alphag)
alphag = 0.88; % Default value
fprintf( "\b\b 0.88 (Using Default ...)\n’ );
end
end

% Drain Control Parameter, alphad
alphad = [];
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while isempty(alphad)

fprintf( ' Drain Control Parameter:
alphad = input( ‘alphad =" );
if isempty(alphad)
alphad = 0.035; % Default value
fprintf( "\b\b 0.035 (Using Default ...)\n’
end
fprintf( \n'o);
end
% Call Main Program
% e oo s s s
% file=1,;
% for t=tmin:0.5:tmax
% results = CNTFETToy( t,d,epsr,T, VI,
Ef,alphag,alphad );
%
% xlswrite(‘result.xIsx’,results, file)
%
% file=file+1;
% end

VF,NV,

%%%%%%% %% % %% %% %% %% % %% %% %% % MOdified code wetlout ex

file=1;
for epsr=epsrmin:.5:epsrmax
results = CNTFETToy( t,m,n,epsr,T, VI,
Ef,alphag,alphad );

AVQ(:,file)=results(:,1);
AVd(:,file)=results(:,2);
Al(: file)=results(:,3);
ADC(: file)=results(:,4);

% xIswrite('result.xIsx’,results,file);

file=file+1;
end

for i=1l:size(Al,2)
xtest=Al(:,i);
mat=vec2mat(xtest,13);
pv(:,i)=max(mat,[],2);
%Alavg(i)=mean(pv);
end

% Creating modified figure by Sabbir Ahmed Khan 31/
points = linspace(-2, 0, 20);
[X, Y] = meshgrid(points, -points);

VE,NV,

08/12
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% Faceted Shading

subplot(2, 2, 1);

surf(pv, 'DisplayName' |, 'pv' ,'YDataSource' ,'pv' ); view(30, 30);
shading faceted ;

titte(  'Dielectric constant changing effect: 3D View1' );

% Flat Shading

subplot(2, 2, 2);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,'pv' ); view(30, 30);
shading flat ;

titte(  'Dielectric constant changing effect: 3D View2' );

% Interpolated Shading

subplot(2, 2, 3);

surf(pv, 'DisplayName' |, 'pv' ,'YDataSource' ,'pv' ); view(30, 30);
shading interp ;

title(  'Dielectric constant changing effect: 3D View3' );

% Shading Commands

subplot(2, 2, 4, 'Visible' , 'off );
text(0, .5, sprintf( '%s\n%s\n%s\n%s'

'Viewl(shading faceted)' , 'View2(shading flat)' ,
'View3(shading interp)' , ""Current increasing with increasing
Dielectric Constant™ ), ...

'VerticalAlignment' , 'middle’

'FontName' , 'Bell MT' ,

'FontWeight , ‘'bold" ,

'FontSize' , 13);

%% Last touch by Sabbir Ahmed Khan 02/09/12

%%%%%0%% %% %0%% %% %% %% %% %% %0 % %% % %% % %0 % %0 % %6%484846N11 % % %% %% % %0 %%
%%%%%%% %% %%% %% %% % %% %% %% %% %% %% %% %

case 4
%insert minimum and maximum value.
nmin=input( ‘Insert minimum Chiral axis value=' );
nmax=input( 'Insert maximum Chieal axis value=" );
% Gate Insulator Thickness, t (m)
t=1;
while isempty(t)
fprintf( ' Gate Insulator Thickness (m): ' );
t = input( =" )

if isempty(t)
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%
%
%
)
%
%
%
%
%
%

t=1.5e-9; % Default value

fprintf( "\b\b 1.5e-9 (Using Default ...)\n’
end
end
% Gate Insulator Dielectric Constant, epsr
epsr =];
while isempty(epsr)
fprintf( ' Gate Insulator Dielectric Const.:
epsr = input( ‘epsr =" );
if isempty(epsr)
epsr = 3.9; % Default value
fprintf( \b\b 3.9 (Using Default ...)\n’
end
end

% NT Diameter, d (m)
d=[
while isempty(d)
fprintfC NanoTube Diameter (m):

d =input(d =");
if isempty(d)
d = 1.0e-9; % Default value
fprintf(\b\b 1.0e-9 (Using Defau
end
end

%Calculation for Chairality(n,m).
m = ];
while isempty(m)
fprintf( " Chiral axis m:
m = input( 'm=");
if isempty(m)
m = 0; % Default value
fprintf( "\b\b 0 (Using Default ...n>m

always)\n'  );

%
%
%
%
%
%

end
end

% Calculation of Diameter from Chiral axis(n,m)
a = []; % graphene basis vector
a=2.461e-10;
d=(a*(m"2+m*n+n"2)"0.5)/3.1416

fp = fopen('our_results.txt','a’);

It..)\n";
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% fprintf(fp,"\nfor n = %d, m = %d, value o
n,m,d);

%

% fclose(fp);

% Temperature, T (K)

T=1;
while isempty(T)
fprintf( ' Temperature (K):
T = input( T="");
if isempty(T)
T = 300; % Default value
fprintf( "\b\b 300 (Using Default ...)\n’'
end
fprintf( \n' ),
end

% Terminal Voltage:

fprintf( ‘Terminal Voltage:\n' );
fpnntf( '=————=====—=—=————===\n' ),
% Number of Bias Points, NV
NV = ];
while isempty(NV)
fprintf( " Number of Bias Points: '
NV = input( ‘NV="),
if isempty(NV)
NV = 13; % Default value
fprintf( b\b 13 (Using Default ...)\n’'
end
end

% Voltage Range, VI,VF (V)

VI=1];
VF =];
while isempty(VI) | isempty(VF)
fprintf( " Voltage Range (V):\n' );
fprintf( ' );
VI = input( ‘(Initial) VI =" );
if isempty(VI)
VI =0; % Default value
fprintf( \b\b 0 (Using Default ...)\n'
end
fprintf( ' );
VF = input( ‘(Final) VF =" )i
if isempty(VF)
VF = 0.6; % Default value

fd = %e",
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fprintf( "\b\b 0.6 (Using Default ...)\n' );
end
fprintf( \n'o);
end

% Analytical Model:

fprintf( '‘Analytical Model:\n' );
fpnntf( '====—====—====—=====\n' ),
% Source Fermi Level, Ef (eV)
Ef =1;
while isempty(Ef)
fprintf( ' Source Fermi Level (eV): ' );
Ef = input( ‘Ef=" ),
if isempty(Ef)
Ef =-0.32; % Default value
fprintf( "\b\b -0.32 (Using Default ...)\n’ );
end
end

% Get Control Parameter, alphag

alphag = [];
while isempty(alphag)
fprintf( ' Gate Control Parameter: ' );
alphag = input( ‘alphag =" );
if isempty(alphag)
alphag = 0.88; % Default value
fprintf( "\b\b 0.88 (Using Default ...)\n’ );
end
end

% Drain Control Parameter, alphad

alphad = [];
while isempty(alphad)
fprintf( ' Drain Control Parameter: ' );
alphad = input( ‘alphad =" );
if isempty(alphad)
alphad = 0.035; % Default value
fprintf( "\b\b 0.035 (Using Default ...)\n' );
end
fprintf( \n'o);
end

% Call Main Program

% e oo s s s
% file=1,;
% for t=tmin:0.5:tmax
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% results = CNTFETToy( t,d,epsr,T, VI,
Ef,alphag,alphad );

%

% xlswrite(‘result.xIsx’,results,file)
%

% file=file+1;

% end

% MOdified code without excel
p .fi.lé.z-l; ......................
for n=nmin:1:nmax
results = CNTFETToy( t,n,m,epsr,T, VI,
Ef,alphag,alphad );

AVg(:,file)=results(:,1);
AVd(:,file)=results(:,2);
Al(: file)=results(:,3);
ADC(: file)=results(:,4);

% xIswrite('result.xIsx’,results,file);

file=file+1;
end

for i=1l:size(Al,2)
xtest=Al(:,i);
mat=vec2mat(xtest,13);
pv(:,i)=max(mat,[],2);
%Alavg(i)=mean(pv);
end

% Creating modified figure by Sabbir Ahmed Khan 31/

points = linspace(-2, 0, 20);

[X, Y] = meshgrid(points, -points);
% Faceted Shading

subplot(2, 2, 1);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource'

shading faceted ;
title(  'Chirality Changing effect:3D Viewl'

% Flat Shading
subplot(2, 2, 2);

surf(pv, 'DisplayName' |, 'pv' ,'YDataSource'

shading flat ;
title(  'Chirality Changing effect:3D View2'

, pv'

);

1 'pv'

);

VF,NV,

VF,NV,

08/12

); view(30, 30);

); view(30, 30);
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% Interpolated Shading
subplot(2, 2, 3);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,'pv' ); view(30, 30);

shading interp ;

titte(  'Chirality Changing effect:3D View3' );
% Shading Commands

subplot(2, 2, 4, 'Visible' , 'off );

text(0, .5, sprintf( '%s\n%s\n%s\n%s'

‘3D Viewl(shading faceted)' , 3D View2(shading flat)'
View3(shading interp)' , "'Increasing Chiral axis increase the
diameter resulting increase Current™ ),

‘VerticalAlignment' , 'middle'

'FontName' , 'BellMT'

'FontWeight , ‘'bold"

'FontSize' , 13);
%%Final touc by Sabbir ahmed Khan 02/09/12

%surf(pv, DisplayName','pv',"YDataSource','pv');fig
%grid on
%legend('300K",'350K",'400K",'450K",'500K",'550K")

case 5
%insert minimum and maximum value.
mmin=input( ‘Insert minimum Chiral axis value="'
mmax=input( 'Insert maximum Chiral axis value="'
% Gate Insulator Thickness, t (m)
t=1I;
while isempty(t)
fprintf( ' Gate Insulator Thickness (m):
t = input( =" )
if isempty(t)
t=1.5e-9; % Default value
fprintf( \b\b 1.5e-9 (Using Default ...)\n'
end
end
% Gate Insulator Dielectric Constant, epsr
epsr = [[;
while isempty(epsr)
fprintf( ' Gate Insulator Dielectric Const.:
epsr = input( ‘epsr ="' );
if isempty(epsr)
epsr = 3.9; % Default value
fprintf( "b\b 3.9 (Using Default ...)\n'

, '3D
ure(gcf)
2997727772777

);
);
);
);
);
);
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end
end

% NT Diameter, d (m)

% d=1;

% while isempty(d)

% fprintfC NanoTube Diameter (m):
);

% d =input('d =");

% if isempty(d)

% d = 1.0e-9; % Default value

% fprintf(\b\b 1.0e-9 (Using Defau
% end

% end

%Calculation for Chairality(n,m).

n=;
while isempty(n)
fprintf( ' Chiral axis n:
n = input( n=" )
if isempty(n)

n=13; % Default value

fprintf( \b\b 13 (Using Default ...n>m
always)\n' );

end

end

% Calculation of Diameter from Chiral axis(n,m)
% a = []; % graphene basis vector
% a=2.461e-10;
% d=(a*(m"2+m*n+n"2)"0.5)/3.1416
%
% fp = fopen('our_results.txt','a’);
%
% fprintf(fp,"\nfor n = %d, m = %d, value o
n,m,d);
%
% fclose(fp);

% Temperature, T (K)
T=1;
while isempty(T)
fprintf( ' Temperature (K):
T = input( T="");
if isempty(T)
T = 300; % Default value
fprintf( "\b\b 300 (Using Default ...)\n'

It..)\n";

fd = %e’,
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end
fprintf( \n'o);
end

% Terminal Voltage:

fprintf( ‘Terminal Voltage:\n' );
fpnntf( '====—====—====—=====\n' ),
% Number of Bias Points, NV
NV = ];
while isempty(NV)
fprintf( " Number of Bias Points: '
NV = input( NV =",
if isempty(NV)
NV =13; % Default value
fprintf( b\b 13 (Using Default ...)\n’'
end
end

% Voltage Range, VI,VF (V)

VI=1];
VE=1];
while isempty(VI) isempty(VF)
fprintf( ' Voltage Range (V):\n' );
fprintf( AN );
VI = input( ‘(Initial) VI =" );
if isempty(VI)
VI =0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n'
end
fprintf( Mt );
VF = input( ‘(Final) VF =" );
if isempty(VF)
VF = 0.6; % Default value
fprintf( "\b\b 0.6 (Using Default ...)\n’
end
fprintf( \n'o);
end

% Analytical Model:

fprintf( '‘Analytical Model:\n' );
fpnntf( '=————===—==—=—=——=——===\n' ),
% Source Fermi Level, Ef (eV)
Ef=1I;
while isempty(Ef)
fprintf( " Source Fermi Level (eV):
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%
%
%

Ef = input( Ef=" )
if isempty(Ef)

Ef =-0.32; % Default value

fprintf( \b\b -0.32 (Using Default ...)\n'
end

end

% Get Control Parameter, alphag

alphag = [;
while isempty(alphag)
fprintf( ' Gate Control Parameter:
alphag = input( ‘alphag =" );
if isempty(alphag)
alphag = 0.88; % Default value
fprintf( "\b\b 0.88 (Using Default ...)\n’
end
end

% Drain Control Parameter, alphad

alphad =[];
while isempty(alphad)
fprintf( ' Drain Control Parameter:
alphad = input( ‘alphad =" );
if isempty(alphad)
alphad = 0.035; % Default value
fprintf( "\b\b 0.035 (Using Default ...)\n'
end
fprintf( \n'o);
end

% Call Main Program

% e oo s s s
file=1,;
for t=tmin:0.5:tmax

results = CNTFETToy( t,d,epsr,T, VI,

Ef,alphag,alphad );

%
%
%
%
%

xlswrite(‘result.xIsx’,results,file)

file=file+1;
end
% MOdified code without excel

file=1;
for m=mmin:1l:mmax
results = CNTFETToy( t,n,m,epsr,T, VI,

Ef,alphag,alphad );

VF,NV,

VF,NV,
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AVg(:,file)=results(:,1);
AVd(:,file)=results(:,2);
Al(: file)=results(:,3);
ADC(: file)=results(:,4);

% xlswrite(‘result.xIsx',results,file);

file=file+1;
end

for i=1l:size(Al,2)
xtest=Al(:,i);
mat=vec2mat(xtest,13);
pv(:,i)=max(mat,[],2);
%Alavg(i)=mean(pv);
end

% Creating modified figure by Sabbir Ahmed Khan 31/
points = linspace(-2, 0, 20);

[X, Y] = meshgrid(points, -points);

% Faceted Shading

subplot(2, 2, 1);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,
shading faceted ;

titte(  'Chirality Changing effect:3D View1'

% Flat Shading

subplot(2, 2, 2);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,
shading flat ;

titte(  'Chirality Changing effect:3D View?2'

% Interpolated Shading

subplot(2, 2, 3);

surf(pv, 'DisplayName' ,'pv' ,'YDataSource' ,
shading interp ;

title(  'Chirality Changing effect:3D View3'

% Shading Commands
subplot(2, 2, 4, 'Visible' , 'off );
text(0, .5, sprintf( '%s\n%s\n%s\n%s'

oV’

);

oV’

);

oV

08/12

); view(30, 30);

); view(30, 30);

); view(30, 30);
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'3D Viewl(shading faceted)' , '3D View2(shading flat)'

View3(shading interp)’ , ""Increasing Chiral axis increase the
diameter resulting increase Current™ ),
‘VerticalAlignment' , 'middle'
'FontName' , 'BellMT'
'FontWeight , ‘'bold"

'FontSize' , 13);
%%final touch by Sabbir Ahmed Khan 02/09/12

, 3D

%surf(pv, DisplayName','pv',"YDataSource','pv');fig ure(gcf)

%grid on
%legend('300K','350K",'400K",'450K",'500K",'550K")

otherwise

disp( "You can change the inside value interms of running
the code' )
end
case 2

%% modified by Nirjhor Tahmidur Rouf 13/07/2013

disp( 'Choice 1: for assigning the values of channel
length(L):' );

disp( 'Choice 2: for assigning the values of temperature(
disp( 'Choice 3: for assigning the values of chiral axis(
disp( 'Choice 4: for assigning the values of chiral axis(
choice=input(  'Enter the value=' );

switch choice

case 1

%insert minimum and maximum value.
L_min=input( 'Insert minimum channel length value='
L_max=input( 'Insert maximum channel length value="

% drain-source voltage, VDS
VDS =],
while isempty(VDS)
fprintf( ' drain-source voltage: );
VDS = input( VDS ="' ),
if isempty(VDS)
VDS = .5; % Default value

)
n:" ),
m):" ),
);
);
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fprintf( "\b\b .5 (Using Default ...)\n' );
end
end

% tunneling current, It
It=;
while isempty(It)
fprintf( ' tunneling current: ' );
It = input( t=" )i
if isempty(It)
It = 2.8000e-007, % Default value
fprintf( \b\b 2.8000e-007 (Using Default

);

end

end

% Temperature, T

T=1
while isempty(T)
fprintf( ' temperature: );
T = input( T="");
if isempty(T)
T = 300; % Default value
fprintf( "\b\b 300 (Using Default ...)\n'
end
end
% chirality
n={;
while isempty(n)
fprintf( " chiralaxisn: ' );
n = input( n=" )
if isempty(n)
n=13; % Default value
fprintf( \b\b 13 (Using Default ...)\n' );
end
end
m =[];
while isempty(m)
fprintf( ' chiral axis m: ' );
m = input( 'm=");
if isempty(m)
m = 0; % Default value
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fprintf( "\b\b 0 (Using Default ...)\n' )i

end
end
i=1;
for L=L_min:1e-9:L_max
F(1,i)=tunnel_control_parameter(lt,VDS, L,T,n,m);
i=i+1;

end

L=L_min:1e-9:L_max;

figure(1)
plot(L,F, X
xlabel( ‘channel length L (m)' )
ylabel( 'tunnel control parameter F' )
case 2
%insert minimum and maximum value.
T_min=input( ‘Insert minimum temperature value="' );
T_max=input( 'Insert maximum temperature value="' );

% drain-source voltage, VDS

VDS =];
while isempty(VDS)
fprintf( ' drain-source voltage: ' );
VDS = input( VDS ="' ),
if isempty(VDS)
VDS = .5; % Default value
fprintf( "\b\b .5 (Using Default ...)\n' );
end
end

% tunneling current, It

It=[J;
while isempty(It)

fprintf( ' tunneling current: ' );
It = input( =" )i
if isempty(It)
It = 2.8000e-007, % Default value
fprintf( \b\b 2.8000e-007 (Using Default
Lo\’ );
end
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end

% channel length, L

L=1
while isempty(L)
fprintf( " channel length: ' );
L = input( T=");
if isempty(L)
L = 300e-9; % Default value
fprintf( \b\b 300e-9 (Using Default ...)\n'
end
end
% chirality
n={;
while isempty(n)
fprintf( ' chiralaxisn: ' );
n = input( n=" )
if isempty(n)
n=13; % Default value
fprintf( \b\b 13 (Using Default ...)\n'
end
end
m =];
while isempty(m)
fprintf( ' chiral axis m: ' );
m = input( 'm=");
if isempty(m)
m = 0; % Default value
fprintf( "b\b 0 (Using Default ...)\n'
end
end
i=1;

for T=T_min:.25:T_max
F(1,i)=tunnel_control_parameter(lt,VDS,
i=i+1;

end

T=T_min:.25:T_max;

figure(1)
plot(T,F, )
xlabel( 'temperature T (K)' )

L,T,n,m);
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ylabel( 'tunnel control parameter F' )

case 3

%insert minimum and maximum value.
n_min=input( 'Insert minimum chiral axis n value="'
n_max=input( 'Insert maximum chiral axis n value='

% drain-source voltage, VDS

VDS =];
while isempty(VDS)
fprintf( ' drain-source voltage: );
VDS = input( VDS ="' ),
if isempty(VDS)
VDS = .5; % Default value
fprintf( \b\b .5 (Using Default ...)\n’
end
end

% tunneling current, It
It=[;
while isempty(It)
fprintf( ' tunneling current: ' );
It = input( =" );
if isempty(It)
It = 2.8000e-007,; % Default value
fprintf( "\b\b 2.8000e-007 (Using Default
Lo\ );
end
end

% channel length, L

L=1];
while isempty(L)
fprintf( ' channel length: ' );
L = input( ="
if isempty(L)
L = 300e-9; % Default value
fprintf( \b\b 300e-9 (Using Default ...)\n'
end
end

% temperature
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T=1
while isempty(T)

fprintf( ' temperature: );
T = input( T="");
if isempty(T)
T = 300; % Default value
fprintf( "\b\b 300 (Using Default ...)\n' );
end
end
% chirality
m = ];
while isempty(m)
fprintf( ' chiral axis m: ' );
m = input( 'm=");
if isempty(m)
m = 0; % Default value
fprintf( "\b\b 0 (Using Default ...)\n' )i
end
end
i=1;
for n=n_min:1:n_max
F(1,i)=tunnel_control_parameter(lt,VDS, L,T,n,m);
i=i+1;
end

n=n_min:1:n_max;

figure(1)

plot(n,F, X

xlabel( ‘chiral axis n' )

ylabel( 'tunnel control parameter F' )

case 4

%insert minimum and maximum value.

m_min=input( 'Insert minimum chiral axis m value=' );
m_max=input( 'Insert maximum chiral axis m value="' );

% drain-source voltage, VDS

VDS =J;
while isempty(VDS)
fprintf( ' drain-source voltage: ' );
VDS = input( VDS ="' ),

if isempty(VDS)
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VDS = .5; % Default value

fprintf( "\b\b .5 (Using Default ...)\n' );
end

end

% tunneling current, It
It=;
while isempty(It)
fprintf( " tunneling current: ' );
It = input( t=" )i
if isempty(It)
It = 2.8000e-007, % Default value
fprintf( \b\b 2.8000e-007 (Using Default
Lo\ );
end
end

% channel length, L

L=1];
while isempty(L)
fprintf( " channel length: );
L = input( ="
if isempty(L)
L = 300e-9; % Default value
fprintf( \b\b 300e-9 (Using Default ...)\n' );
end
end
T=1
while isempty(T)
fprintf( ' temperature: ' );
T = input( T="");
if isempty(T)
T = 300; % Default value
fprintf( \b\b 300 (Using Default ...)\n' );
end
end
% chirality
n={;
while isempty(n)
fprintf( " chiralaxisn: ' );
n = input( n=" )
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end

end

if isempty(n)

n=13; % Default value

fprintf( \b\b 13 (Using Default ...
end

end

i=1;
for m=m_min:1:m_max
F(1,))=tunnel_control_parameter(lt,VDS,
i=i+1,;
end

m=m_min:1:m_max;

figure(1)

plot(m,F, e

xlabel( ‘chiral axis m' )
ylabel( 'tunnel control parameter F'

2) MATLAB Physics Code:

function  [results_our] = CNTFETToy( t,n,m,epsr,T,
VI,VF,NV,Ef,alphag,alphad )

% function [I,V,Uscf,N] = CNTFETToy( t,d,epsr,T, VI
Ef,alphag,alphad )

%
%
%
%
%
%
%
%
%
%
%
%
%

Inputs:
t - insulator thickness (m)
d - NT diameter (m)
epsr - insulator dielectric constant
T - Temp (K)

VI - Initial Voltage
VF - Final Voltage
NV - # of bias points

Ef - Fermi Level
alphag - gate control parameter

' )i
L, T,n,m);
)
VF,NV,
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% alphad - drain control parameter

%

% Outputs:

% __________________
% | = Current

% V = Voltage
% Uscf = Self Consistent Potential
% N = Free charge

%

% Based on FETToy Originally developed by : Anisur Rahman

% Reference:

% [1] A. Rahman, J. Guo, S. Datta, and M. Lundstr om,

% "Theory of Ballistic Nanotransistors", to appea rin IEEE

TED, 2003.

%

% Adapted for CNTFETToy by : Jing Wang

% Latest Version Updated by : Sayed Hasan (05/24/20 04)

0/0- === S ——

%%%%%%% %% %% % %% %% %% % %% %% %% %% %% % %% % %0
%%%%%%% %% %% % %% %% %% %% %
%% Original Note by Anisur Rahman

%%

%%

%%0-----------=-=-------- - e
------------------- %%

%% Name: FETToy

%%

%% Written by Anisur Rahman, Purdue University, Dec 24, 2002
%%

%% email: rahmana@purdue.edu

%%

%% Routines used: input.m, plot_output.m, fermi.m, Uscf_zero.m,
write_results.m %%

%%

%%

%% Reference:

%%

%% [1] A. Rahman, J. Guo, S. Datta, and M. Lundstro m,

%%

%% "Theory of Ballistic Nanotransistors", to appear in IEEE TED,
2003. %%

%%

%%

%% Analytically calculates the ballistic I-V of a D ouble Gate

ultra thin body %%
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%% MOSFET assuming that only the lowest unprimed su bband is

occupied (All %%
%% constants are in MKS unit except energy, which i sineV)
%%

%%%%%%% %% %%% %% %% %% % %% %% %% %% %% %% %% %%
%%%%%%% %% %% %% %% %% %% %%

%%

% FETToy for CNTFETS ...

% Physical constants(modified by Sabbir)
% Last modified by Nirjhor Tahmidur Rouf 20/8/2013

mO0=0.91e-30; hbar=1.05e-34; q=1.6e-19; e ps0=8.85e-12;
kB=1.38e-23; a = 2.461e-10;

f=9.798e36;

hbar=1.05e-34; %reduced Planck’s constant (m”2-kg-/s)
%non-ballistic effect parameters

L=300e-9; %channel length

lambda_eff=200e-9; %elastic scatterin MFP (m)

d0=1.5e-9; %reference diameter (m)

sigma=2.7; %overlap integral of tight bonding c-c
model (eV)

ro=.2; %poisson's ratio

chi=.1; %distortion factor under strain
h=6.626e-34; %Planck’s constant (m”2-kg-/s)
EF=-.32; %fermi energy (eV)

d=(a*(m"2+m*n+n"2)"0.5)/3.1416;

kT=kB*T/q; % Thermal voltage.
V=linspace(VI,VF,NV); % Voltage (gate or drain)
steps.

Cins=2*pi*epsr*eps0/log((t+d/2)/(d/2));

CG=Cins;

C_SIG=CG/alphag; % C_SIG=sum of capacitors
(see eq. (7b) in [1]).

U0=g/C_SIG; % Charging energy (eq. (8b)
in [1]).

% for CNTFETSs (calculate DO and EG)

dd=d; % tube diameter

a_cc=1.42e-10; % C-C bond length

t0=3.0; % Overlap Integral TB parameter
D0=8/(3*pi*a_cc*t0); % DOS [1/(m*eV)]
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EG=2*a_cc*t0/dd; % Band Gap [eV]

NO=N_CNT(DO,EG KT,Ef); % Electron concentration at the top of
the barrier in neutral device.

10=(2*q*kB*T/pi/hbar); % Valley degeneracy is 2

p=mod(n-m,3);

phi=atan((sqrt(3)*m)/(m+(2*n))); %chiral angle
m_eff=.19*m0; %effective mass of
electron

% Start Usual calculation

N=zeros(NV,NV); % Mobile charge density.
I=zeros(NV,NV); % Current.
Ef_mat=zeros(NV,NV); % Source Fermi level.
Esub_max=zeros(NV,NV); % Energy at the top of the barrier.

%calculate EG_eff

diff_EG_strain=3*sigma*(1+r0)*sign(2*p+1)*cos(3*phi
%rate of change of EG with distortion factor

EG_eff=EG+(diff_EG_strain*chi);
%effective bandgap due to strain

% CQ=zeros(NV,1); % Qauntum Capacitance
% v_ave=zeros(NV,1); % average velocity

fp = fopen( ‘our_results_iv.txt' , W),
fprintf(fp, '%s' , 'New Run\n' );
count_print = [J;

count_print = 0; %for printing purpose

results_our = zeros(NV*NV, 4);
results_our(1,4) = d,
for kVg=1:NV % Bias loop begins.
Vg=V(kVg);
for kV=1:NV
Vd=V(kV);
VDS_eff=(L/(L+((d/d0)*lambda_eff)))*Vd,
VDS _eff(non-ballistic effect)
mul=Ef;, mu2=mul-VDS eff;
% Source and drain fermi levels.
UL=-(alphag*Vg)-(alphad*VDS_eff);
% Laplace potential.

Uscf=fzero(@Uscf_zero,0,optimset( 'tolx'

12),D0,EG_eff,mu1,mu2,kT,UL,U0,NO);

% calculating
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fermi_flag=1,; if (mul-Uscf)/kT<-20, fermi_flag=0;
dN=N_CNT(D0/2,EG_eff,kT,mul-

Uscf)+N_CNT(D0/2,EG_eff,kT,mu2-Uscf)-NO; % Mobile charge

induced by gate and drain

N(kV,kVg)=dN;
etal=(mul-Uscf)/KT; eta2=(mu2-Uscf)/KT;

Tt=(pi"2/9)*exp(-
(pi*sqrt(m_eff*(EG_eff*3))/(sqrt(8)*q*hbar*f)));

Itemp=10*Tt*((log(1+exp((VDS_eff-(EG_eff/2)
(log(1+exp((VDS_eff-EF)/KT))));

It=abs(ltemp);

% Vd changes along fixed column and Vg changes alon
fixed row.
IDS(kV,kVg)=10*(fermi(etal,fermi_flag,0)-
fermi(eta2,fermi_flag,0));
I=IDSHIt;

fprintf(fp, Vg = %f, VDS _eff = %f, I= %e\t’
VDS _eff, I(kV, kVQ));

results_our(kvg*kV,1) = Vg;
results_our(kvVg*kV,2) = VDS _eff;
results_our(kvg*kV,3) = I(kV, kVQ);
count_print = count_print + 1;

if (mod(count_print, 3) == 0)

fprintf(fp, \n' ),

end
Esub_max(kV,kVg)=Uscf;
Ef_mat(kV,kvVg)=mul;

% Added by Sayed Hasan 5/26/2004
Us(kV,kVQg) = Uscf;

% Quantum Capacitance and velocity calculation adde
Sayed Hasan 05/28/2004

it ((kv==2)|(kV==NV)),

deltaU = 0.002*KT;
it (kv==2),

N_U2 = N_CNT(DO0/2,EG_eff,kT,mul-
Uscf+deltaU/2)+N_CNT(D0/2,EG_eff,kT,mu2-Uscf+deltaU

N_U1l = N_CNT(DO0/2,EG_eff,kT,mul-Us
deltaU/2)+N_CNT(D0/2,EG_eff,kT,mu2-Uscf-deltaU/2)-N

CQ(1, kvg) = g*(N_U2-N_U1l)/deltaU;

end

-EF)/KT)))-

g

, Vg,

d by
12)-NO;
cf-
0;
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%q*(N_CNT(D0/2,EG,kT,mul-Uscf+0.001*kT)-
N_CNT(DO0/2,EG,KT,mul1-Uscf-0.001*kT))/(0.002*kT);
elseif  (kV==NV),
N_U2 = N_CNT(DO0/2,EG_eff,kT,mul-

Uscf+deltaU/2)+N_CNT(D0/2,EG_eff,kT,mu2-Uscf+deltaU 12)-NO;
N_Ul= N_CNT(DO/2,EG_eff kT,mul-Us cf-
deltaU/2)+N_CNT(DO0/2,EG_eff,kT,mu2-Uscf-deltaU/2)-N 0;

CQ(2, kvg) = g*(N_U2-N_U1l)/deltaU;
%CQ(2, kVg)=g*(N_CNT(D0/2,EG,KT,mul-

Uscf+0.001*kT)-N_CNT(D0/2,EG,kT,mul-Uscf-0.001*KkT)) /(0.002*KT);

v_ave(kvg)=I(kV,kVg)/q/(dN+NO);

end
end
end

end % Bias loop ends.
fclose(fp);
% Transconductance, gm and output conductance, gd a nd vinjare

calculated at highest gate and drain biases
gm=(I(NV,NV)-I(NV,NV-1))/(V(NV)-V(NV-1));
gd=(I(NV,NV)-I(NV-1,NV))/(V(NV)-V(NV-1));
Av=gm/qgd;

vinj=I(NV,NV)/(g*N(NV,NV));

% Calculate S and DIBL %%%%%%%%%%%%%%%%%% added kjng Wang
09/09/2003

lel=log10(I(NV,:));

le2=10og10(1(2,3));

vvl=interpl(lel,V,log10(I(NV,1)), 'spline’ );
vv2=interpl(lel,V,log10(2*I1(NV,1)), 'spline' );
vv3=interpl(le2,V,log10(I(NV,1)), 'spline’ );

S=(vv2-vv1)/log10(2)*1000;
DIBL=(vv3-w1)/(V(NV)-V(2))*1000;

% Calculate channel conductance (cc) and transcondu ctance (tc)
as a function of Vgs %%%%%%%%%%%%%%%%%% added by Jing Wang
11/05/2003

cc=1(2,:)"./(V(2)-V(2));

tc=zeros(NV,1);

for i=2:NV
tc(i)=(interp1(V,I(NV,:),V(i)+0.0005, 'spline’ )-
interp1(V,I(NV,:),V(i)-0.0005, 'spline'  ))/0.001,

%tc(i)=(exp(interp1(V,log(I(NV,:)),V(i)+0.0005))-
exp(interp1(V,log(I(NV,:)),V(i)-0.0005)))/0.001;
end
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tc(1)=(exp(interpl(V,log(I(NV,:)),V(1)+0.0005, 'spline’  ))-
exp(interp1(V,log(I(NV,:)),V(1)-0.0005, 'spline”  )))/0.001;

%%%%%%%%%%%%%%% OUTPUT (Sayed Hasan: 5/25/2004)
%%%%% %% %% % %% % %% %% %% %% %% %% %% %% %% %% % %%

plot_outputl; % Plot results

save_charge; % Save g*N

save_current; % Save |

save_uscf; % Save Us

write_results; % Write results in results.m file
save rawdata ; % save matlab variables

3) Tunnel Control Parameter:

function  [F]=tunnel_control_parameter(It,vVDS,L,T,n,m)

% Inputs

[0 P ———

% L-channel length (m)

% It-tunneling current (A)

% VDS-drain-source voltage (V)
% T- temperature (K)

% n-chiral axis n

% m-chiral axis m

%% Name: Tunnel Control Parameter Calculator
%% modified by Nirjhor Tahmidur Rouf 20/06/2013

lambda_eff=200e-9; %elastic scatterin MFP (m)
d0=1.5e-9; %reference diameter (m)
a_cc=1.42e-10; %c-c bond legth (m)

t0=3; %bonding energy c-c (eV)

sigma=2.7; %overlap integral of tight bonding c-c
model (eV)

ro=.2; %poisson's ratio

chi=.1, %distortion factor under strain
g=1.6e-19; %charge of electron (C)

h=6.626e-34; %Planck’s constant (m”2-kg-/s)
KB=1.38e-23; %Boltzmann constant (m”2-kg/S"2/K)
m0=9.11e-31; %electron mass (kg)

hbar=1.05e-34; %reduced Planck’s constant (m”2-kg-/s)
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a=.246e-9; %needed to calculate diameter

EF=-.32; %fermi energy (eV)
%usual calculation

d=(a/pi)*sqrt(n"2+(n*m)+m"2);
EG=(2*a_cc*t0)/d,;
p=mod(n-m,3);
phi=atan((sqrt(3)*m)/(m+(2*n)));
m_eff=.19*m0;

electron

%calculate VDS _eff
VDS_eff=(L/(L+((d/d0)*lambda_eff)))*VDS;
%calculate EG_eff

diff_EG_strain=3*sigma*(1+r0)*sign(2*p+1)*cos(3*phi
%rate of change of EG with distortion factor

EG_eff=EG+(diff_EG_strain*chi);
%calculate Tt (tunneling effect)

10=(4*q*KB*T/h);
I1=log(1+(exp(((VDS_eff)-(EG_eff/2)-EF)*q)/(KB*T))
12=log(1+(exp((VDS_eff)-EF))(KB*T)*q)));

temp_1=10*(11-12);
Tt=It/temp_1,;

%calculate F

if Tt>0
numerator=pi*sqrt(m_eff*(EG_eff*3));
Tt1l=log(Tt*9/(pi*2));
denumerator=sqrt(8)*q*hbar*Tt1,
F=-(numerator/denumerator);

else
numerator=2*pi*sqrt(m_eff*((EG_eff)"3));
Ttl=log(Tt"2*81/(pi*4));
denumerator=sqrt(8)*q*hbar*Tt1,
F=-(numerator/denumerator);

end

end

%cnt diameter
%bandgap

%chiral angle
%effective mass of
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4) Tunneling Reproducing Code:

close all ;
clear all ;
clc

x=[0.07698 .136 .1368 .561 .5 .6 .371 .451 .4914 .
1361 .2009 .1361 .2009 .15 .16052 .1671 .17237 .17
.189473];

%VDS data from graph

y=[0 .443 .638 .6384 .8 .755 .833 .7316 .7449 .7511
.6381 .7002 .6381 .7002 .6666 .6777 .6861 .6866 .69
%current with tunneling effect data from graph
x_b=[0.07286 .1376 .1572 .1779 .2619 .5965 .6];
ballistic from graph

y_1=[0.4101 .6252 .6611 .674 .6935 .7376 .738];
without tunneling effect data

y b=le-5.*y 1;

with 1e-5 to get proper order of IDS
VDS=0:.0000001:.6;

x1=unique(x);

yl=unique(y);

y2=1e-5%y1;

with 1e-5 to get proper order of IDS

IDS=interp1(x_b,y_b,VDS);

%interpolating to get more data points for ballisti
IDS_t=interp1(x1,y2,VDS);

%interpolating to get more data points for current
tunneling effect

[t=IDS_t-IDS;

current

%plot IDS_t vs VDS, IDS vs VDS, It vs VDS
figure(1)
plot(VDS,IDS t);

xlabel( 'VDS [V]" );

ylabel( 'IDS [A]" ),

hold all ;

plot(VDS,IDS)

plot(VDS,It)

legend( 'IDS with tunneling effect’
effect’ , 'tunneling current' )

, 'IDS without tunneling

5014 .5991
895 .18552

.7562 .8318
44 .6972 .7];
%VDS data for

%current

%multiplying

%multiplying

c current
with

%tunneling



APPENDIX B

MATHEMATICAL DERIVATION FOR BALLISTIC
CNTFET SIMULATION

This section presents the mathematical derivati@uwent-voltage (I-V) characteristic for
ballistic CNTFET. FigureB-1 illustrates how thetstaat the top of the barrier are filled using E-
k relationship. The energy reference is the topasfier at zero terminal voltage. The source

Fermi level, iz drain Fermi level, i, and potential at top of barrier are expresset vespect
to the energy reference.

Figure 1: lllustration of how k-states at top oé tharrier are filled by the two fermi levels.

The positive k-states are occupied according tocgokermi level as
Ni=VA Ziosors  FEB)=[pay, 26 x K(20)*x f (E-En)

= f(EE)dEx %[, ———dS 1)

(E) 2m2|VE (k)|
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Where S(E) is a constant energy in k-space, d8 eeanent area on this surface Vg = is

the distance between the surfaces S(E+dE) and Béiihing the density-of-states (DOS) as

a ds
D (E-Usc) _fs(E—Uscf)m )

We finally have, N =1/, [* D(E-User) f(E-Eq) dE  (3)
The integral for N can be analytically defined as
N1 = ks T 2m /(2n(h/21)?) * log (1+eCF oo 4)
A similar expression for }\ states occupied according to drain Fermi level
Nz = kg T 2m /(2n(h/2n)?) * log (1+e(ve-tsrnen ) (5)
Current for positive k-states is evaluated as

l1=a/AYk2s50kz  Vx T (E-En)

= [fasoks o*k/(2m)? *f (E-Ef)

=" f(E-En) dE * q/2* ¥4, %IVX IINVE (k)|

B(E) 2m

7 f(E-En) * q/2 * V'x (E-Use) * D (E-Us)dE (6)

Where vy (E) is the average value of,\0ver the constant energy surface, S(E), expressed

das
(E-Uscf) 2m2|

Vi (BE-Use) = IV [INE ()| / LANEK)) @)

(E-Uscf) 2m?
Defining the current density-of-states as
J (E-Uce)= a/2 Vi (E-Usey) * D (E-Usep) (8)
Thus we have,
b=/ J(E-Uc)f (E-Eq) dE ©)

In general, for the 2D electron density, the(€) can be analytically evaluated to obtain

J (E-Ue) =1/, 0 @k 2(E = Uscf))/m=* D (10)
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Where, the factor Z/appears because of averagingower all possible k values at energy E-
Uscr. 11 can be analytically integrated to obtain

1:=1/2 q b T 2m / ((h?) )/ J2ZKT /mm = log (1 +eF F1=Usef /kBTY — (171)

Similar expression exists for current at negathstdtes

1,=1/2 q b T 2m / (u(h?) ) 2KT /mm = log ( 1 +eF f2=Usef /kBTY (1)
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