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ABSTRACT

When a transistor is shrunk, all of its parts must be shrunk. When gate oxide is very slim, the
current tunnelling to gate increases exponentially. The other problem in the current CMOS
(Complementary Metal Oxide Semiconductor) transistor is the length of channel respect the
Fermi wavelength. To make better and faster CPUs and logical device we need to use more
transistors in an small area which have been faced with many challenges issues and problems
due to tunnelling current and boron diffusion though the ultra thin silicon oxide film. Due to the
importance of high current operations of electronic devices, Sngle Walled (SW) CNT has been
considered as a one dimension (1D) structure and the strong covalent carbon-carbon bonding
configuration. We have thus studied the electrical transport propertiesin a CNT as a channel of
Carbon Nano Tube Field Effect Transistor (CNTFET) and simulated electron transport in a
CNTFET by solving Boltezman equation to obtain distribution function in the SMCNT channel,
including the development of high-x gate dielectric integration, chemical functionalization for
conformal dielectric deposition and pushing the performance limit of nanotube FETs by channel
length scaling. The obtained simulations results show that in terms of ON state current density
SWCNT can be choice as a wire for electron transportation compatibility with high-x gate
dielectrics. Our results show that system takes a stationary state after passing a time around 10

13 s,

Keywords: Nano transistor, CNTFET, CNT and Electron PhoBoattering

INTRODUCTION

According to Moore's law, the dimensions of indivadl devices in an integrated circuit have
been decreased by a factor of approximately twoyei® months. Shrinking the size of devices
down to 22 nm range has faced serious limits relate fabrication technology and device
performances. The limits involve electron tunnelthgough short channels and ultra thin gate
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dielectrics, the associated leakage currents, ymgsiwer dissipation, short channel effects and
variations in device structure and doping [1-7]e3@ limits can be overcome to some extent and
facilitate further scaling down of device dimensdsy modifying the channel SWCNT [8-11].

Some researchers [9 -14] believed that SWNTsdvanced quasi-1D materials for future high
performance electronics due to dependency of CNIddi@p on its chirality and diameter. If
those properties can be controlled, CNTs would lpeoaising candidate for future nano-scale
transistor devices. Moreover, because of the laclhhaundaries in the perfect and hollow
cylinder structure of CNTSs, there is no boundarsgttering. Because SWCNT is a quasi-1D
material only forward scattering and back scatteare allowed, in that elastic scattering mean
free paths in CNTs are long, typically on the ordemicrometers, i.e., quasi-ballistic transport
can be happened in SWCNTs at relatively long lesighd low fields [12].

There are typical bondings between a carbon atom graphene and its neighboring atoms
which each carbon atom has three neighboring atomsich it is connected. The rule explored
in the present work is based on transport of aartleough the SWCNT.

Moreover, CNTFETs can have nearly maximum on/offent ratios. Its intrinsic switching time
is about 100 fs. Monte Carlo simulations have hesmformed on CNTFET to get a better on/off
switch time which can cause the improvements ibilggand sensitivity of process variations
and performance. The present work reports a shorntaff switch time (13° s) in comparison
to 0.1-1ns of the current devices.

Theory

In numerous papers [10 — 17], CNT is consideredreeiicomb lattice of a graphene sheet rolled
into a cylinder. Graphene is also the name commasdpciated with a single layer of graphite in
two dimensions. The graphene sheet lattice stredsunot a Bravais lattice by itself, but can be
regarded as an underlying square Bravais lattite aviwo — atom basis.

As mentioned previously, graphene is a two dimeraisheet consisting of connected carbon
atoms in hexagons like the benzene molecule. Tisés it a graphene sheet as shown in
figurel, consists of two atoms named ‘a’ and ‘b’h&d considering only nearest neighbor
interaction between e.g. the ‘a’ atom and the rstareighbors, which are three ‘b’ atoms, the
angle between each ‘b’ atom is equally spaced 2. When folding the graphene sheet into a
SWCNT itis possible to use the concepts and ttioms from graphene sheets[13].

® First neighbor

® Second neighbor

® Third neighbor
@ Fourth neighbor

Figurel. Neighbor atoms of a graphitic plane up tetth nearest neighbors for an ‘a’ atom. Circles conecting
the same neighbor atoms are for guides to the eye.
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Indeed, the calculations are performed on grapBbaets, which is a good approximation if the
radius of the CNT can be much greater than thamtst between two neighboring nuclei of the
carbon atoms in the CNT. As we know from the litera like [14, 15], the diameter of most
CNTs is between 0.7 nm and 2 nm, whereas the destagtween the nuclei of the atoms is 1.42

A

Here we concentrate on the ‘velocity Verlet' algon, which may be written [16-17]

g(r+%&j:p(0+%atﬂ0) (1a)
r(t+5t)—r(t)+$+;5tj (1b)
| | m
th%ﬂ=p(H%8q+%&ﬁ(H&) (1c)

After step (1b), a force evaluation is carried ootgive f, (t+8t) for step (1c). This scheme
advances the coordinates and moments over a tepetst
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Figure 2. Vibration of arbitrary atom. We consider the effect of just first nearest neighbor's atoms mthe atom.
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Figure 3. Displacement of arbitrary atom. We considr the effect of just first nearest neighbor's atora on the atom.
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Figures 2 and 3 show the displacement of arbita#émyn which plotted based on velocity Verlet
algorithm. It represents harmonic vibrations whk same amplitude, direction and phase, where
only arbitrary atom is allowed to moves or vibratdew we assume an electric field is applied
to a CNT transistor, and then a mobile chargedsidéed in the tube from the source and drain.
These charges are from the density of positivecitgistates filled by the sourcesind that of
negative velocity states filled by the drain (6], and these densities are determined by the
Fermi-Dirac probability distributions and the edrilum electron density is where the density of
states at the channel D(E). In fact, SWCNT isciéfé by external terminal voltages which are
implicitly related to the device terminal voltagebarges at terminal.

According to the CNT ballistic transport theory, wan conclude that the drain current caused by
the transport of the nonequilibrium charge acrdss thannel of CNTFET. Up to now,
calculations for finding the phonon dispersion tielas of CNTs have been performed with
using tight-binding methods [18], density functibtfzeory [19] and symmetry-adapted models
[20]. It can also be understood by using zone fgdof the phonon dispersion branches of
graphen. However in the present work, we calcutatephonon dispersion of a graphen sheet by
using modified force constant model [21] and odeisng the effect of 4 nearest neighbour’s
carbon atoms. Since there are two carbon atontseininit cell of graphen, one must consider 6
coordinates. The secular equation to be solveldus & dynamical matrix of rank 6, such that 6
phonon branches are achieved. Figures 4 shows phemergy relation of graphen along high
symmetry lines. It shows phonon dispersion relatibgraphen along high symmetry lines.
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Figure 4: Phonon dispersion of graphen along highysnmetry points.

We assume CNT is a perfect structure net withoytcaystal defects. Therefore the transport
should be considered a ballistic transport in tihgelds to important diffusion transport [22].
Although ballistic transport has been taken plactheé metallic type of CNT, it can also be
occurred in the semi conducting CNT. We theref@leldate the scattering rate of electron-
phonon scattering process by using Fermi golden[&8] and scattering rate, given by

2 i
we, = D OSK) [Np +1s 1} @)

K p [, 272
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2 ]
wee = e D Doslk !(Np +1+lj 3)

K P 2o, 272

Where Np is Bose-Einstein occupation number,is mass density of graphen shebt,is
deformation potentiald is CNT diameter and] is phonon wave vector [23]. To determine
electron-phonon scattering rates, electron bandttstre and phonon dispersion are divided into
2000 grid points covering first BZ. The requirengenf energy and momentum conservations
lead to following selection rules for final eleatrsetate.

E, =E £E, (4)

Where k refers to electron andj refers to phonon wave vector. Distribution funatiof

electron or hole can be varied under applied etear magnetic fields and scattering
phenomena. Moreover, the carrier transport in siwgdlled semi conducting carbon nanotubes
is then found by solving the Boltezmann equatid?y 23];

dgrkt), 1,0, (7 K.t)+ F T,0, (7 K t)=

ot

S WK tf- ol K )W o, K th- 0, K )]
2

It is now possible to simplify Eq.5 by using reléiga time approximation [24].

90Ky 5 g (1 Rt)o £ 0, R ) = - SRt =gl K )

ot T

Where ¢°, is initial distribution function of # branch of energy dispersion of CNT. It is
independent on scattering phenomena and applidd. fie now assume a Fermi-Dirac
distribution function for unaffected electron. Flmnger CNT channel (respect to Debye
wavelength), the distribution function will be imEndent onr (displacement vector) which
leads to
1
Ona (kit) = fia (k) =T
€ KgT +1

gr?,ho (k’t) =1- fn(,)el (k) (7)

Where En(IZ) is electron energy. The wave function of electioassumed as a Block function
and the velocity of electrons can be thus obtain@th semi classical motion relation as below
[25]

(k@)=

Y ﬁkEn(lZ,t)

St

®)
In this simulation we take a common drift time &t electronsty = 10™ s and assumed that
Fermi level is a constant value both at the electi¢ld and scattering mechanism. This
assumption makes a limitation on charge densitgré@sence of electric filed. As stated above,
although the distributions function is deviatednirds primary Fermi-Dirac shape we focused a
point on the Fermi level in where there are alloweadsitions between energy levels, atttked
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— 10™ s This fact indicates unstable condition so that mez=d to obtain the scattering
phenomena randomly based on electrons-holes pusitiG-urthermore, the average velocity is

given as below;
V = z\/lgn(kl'tl)
Wheret; = ity and the average of current is calculated via
T n
n(t)=2x2x %; I_T: g, (k,t)dk
and

Lt v
n —;j n(t')dt
s =|NeD| 9)

In this situation, the system trends to a statipiséaite with below electric current
T| n
I :2><2><—| T kM, (k)dk
27TJ-_-7|-Tg|/( )\/l/( )

10)
Where2x2 are due to spin and the double degeneracy ofr8tecbnduction band in zigzag
type of CNTSs.

DISCUSSIONS

The calculated results are revealed in figures@uigh 8. Figure 5 shows time dependent of
distribution function on wave vector. It indicatiat the distribution function is initially obeyed
Fermi-Dirac function, but after passing£@, leads to the self limiting and/ or Boltezman
function behaviour, meaning the system is an utestdse which can be confirmed by looking
at figure 6.
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Figure 5: Distribution function takes a uniform shape.
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Figure 8: Comparison of the current for different diameters of CNTSs.

Figure 6 shows time dependent velocity of electroa CNT(10,0), as an example, so that the
electron velocity trends a Sigmiod behaviour afetl0** s. We compared carrier velocity
versus drain — source voltage in figure 7 to skldferent behaviour of carrier transport through
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the SWCNT channel. The curves indicate the sigaifi of carrier transport in on/off switching
time for an ensemble consisting of 1000 electr@h& other important result of present work is
shown in figure 8. It obviously indicates that mcrieasing CNT diameter, the carrier current
through increases as labelled by circle in figurd demonstrates a rather violent slope at 0 - 10
3 srange, in when the best voltage in this case ésvoit for a gate-voltage.

Furthermore, there are so strong covalent carbdmnzbonding in the $gonfigurations which
cause CNTs be chemically inert and able to tratidpoge amounts of electric current. The
results show that semiconducting SWCNT are prefeokeer metallic single-walled and metallic
multi-walled tubes since they are able to be fallyitched off, at least for low source/drain
biases. The strong covalent C-C bonding and lackudhce dangling bonds are the fundamental
reasons underlying the advanced properties of aanamotubes and high potential for future
electronics.

CONCLUSIONS

We present our recent progress in developing geleatric integration and channel length
scaling for SWNT FETs. Some issues such as tungelind leakage current and boron
diffusion through the ultra thin gate dielectrice ahreatening the use of silicon dioxide to be
used for the future of CMOS devices, because it dagrade the performance of the
conventional devices. In fact, they can no longperate properly.Revolutionary concepts;
therefore, need to be developed for further mimization of digital components down to the

molecular scales. The most desirable future wovilired in CNTFETs will be the transistor

with higher reliability after studying the effecexternal to the inner CNT transistor like the
Schottky barrier between the CNT and metal contactstiple CNTs at a single gate.

In conclusion future race of CNTFETs has a mageedpand shorter size. The present work, as
shown in above figures, the on-off switch can bedgswitching time for a CNT, at nearly 10
s, meaning the CNTFET can be switched faster thandiwrent MOSFET.
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