Vol-6 Issue-3 2020 IJARIIE-ISSN(0)-2395-4396

Carbon Nano Tubes Non Equilibrium Electronic
Properties And Its Ability In The Future Race Of
FET

Yaqubali Mutahhari*
Parwan University Afghanistan

ABSTRACT

In this paper we calculate electronic band structure and phonon dispersion of Zig-Zag CNTSs. After that we calculate
total scattering rate of electron phonon scattering in various CNTs and finally we begin to simulate carrier transport
in a Zig-Zag CNT which be used as a channel of FET. We introduce Umklapp Process for Zig-Zag and Armchair
CNTs to reduce calculation’s.
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1 Introduction

Indubitably CNTs (Carbon Nano Tubes) will be a good candidate for product new material with new property
because of their unique physical and chemical properties. The measured specific tensile strength of a single layer of a
multi-walled carbon nanotube can be as high as 100 times that of steel, and the graphene sheet(in-plane) is as stiff as
diamond at low strain. These mechanical properties motivate further study of possible applications for lightweight and
high strength materials[1]. As we show, one dimensional electronic band structure of CNT’s make them as an
attractive material for electronic device designs. Many of scientist believe that CNTs can take the Si role in the future
of electronic device[2, 3]. The rapid growth of shrinking of transistor make many problem on designing of future race
of transistors. As we know a MOSFET (Metal-Oxide-Semiconductor-Field-Effect-Transistor) is made of 5 basic
component. 1-Gate, 2-Source, 3-Drain, 4-Gate Oxide, 5-Channel[4]. When a transistor is shrunk all of it’s component
must be shrunk. When gate oxide be more slim the current tunneling to Gate increase exponentially. Some scientist
show Silicon Nitride was a good material instead of silicon oxide because of it’s high dielectric constant and it’s
amorphous structure [5, 6, 7]. Another problem is the length of channel. Making a channel of Si in nano scale is very
difficult, because it is very difficult to control the impurity density in nano scale designing. One of solution for this
problem is using of CNT’s as a channel of FET (Field Effect Transistor) Fig. 1 show a CNTFET structure. We can
product pure CNT’s in room condition, therefore this material attract many of scientist mind to design future race of
CNT’s. In this article we study electronic properties of CNT’s and simulate carrier transport in Zig-Zag CNT’s as a
channel of FET.
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Figure 1: This Figure illustrate a CNTFET structure.

2 SWCNTs Structure

As a theoretical viewpoint SWCNTs(Single Wall Carbon Nano Tubes) can be assumed as a graphene sheet
which was rolled into a cylinder[8, 9]. Graphene is also the name commonly associated with a single layer of graphite
in two dimensions. The graphene sheet lattice structure is not a Bravais lattice by itself, but can be regarded as an
underlying square Bravais lattice with a two - atom basis (called ’a’ and ’b”) . Graphene is a two dimensional sheet
consisting of connected carbon atoms in hexagons like the benzene molecule[10] . The basis of a graphene sheet
consists of two atoms named ’a’ and ’b’, see Fig. 2. When considering only nearest neighbor interaction between e.g.
the a’ atom is connected with three ’b’ atoms, the angle between each ’b’ atom is equally spaced with 120° and band
length between any carbon-carbon is equal 1.42A [11]. Because of definition of CNTs their electronic structure can
be obtained from those one of graphene sheet. This assumption named Zone-Folding approximation[1].
Graphene sheet consist of 2 atom basis named ’a’ and *b’ we can define a Bravais lattice with any ’a’ atoms with each
other. This lattice define with two basis vector d; and d,.

i =a(%3) ®
i, =a(%,-3) @
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Figure 2: Graphene structure. this figure show 2 kind of carbon shape in graphene sheet. As you see an ’a’ atom
has 3 ’b’ atom in its first neighbor and has 6 ’a’ atom in it’s second neighbor and has 3 ’b’ atom in it’s third neighbor
and finally has 6 ’b’ atom in its 4’th neighbors.

Where a is lattice constant of graphene and is equal to 2.46A[10]. Reciprocal vector of graphene sheet can be
obtained with those basis vector of direct lattice[12].

2 _ dpXd3
by =2m Gy -(d2xaz) )
S a3 Xdy
by =2n dq-(dzxd3) @

Where d5 is a unit vector perpendicular to the graphene sheet, therefore if we assume geraphene sheet in X-Y plane
then d; = 2

As mention before we can obtained CNT’s by rolling graphene sheet into a cylinder. For explain this rolling
mathematically you can imagine a cylinder and expand it into a plane. By this work we have a rectangle that it’s length
is equal to the cylinder circumference and it’s width is equal to the cylinder length. So for obtain a CNT from a
graphene sheet we must cut a rectangle which it’s length be equal to CNT circumference and it’s width be equal to
CNT height. As you see in Fig. 3 you can find that we can obtain 3 typed CNTs by choosing the form of selection of
this rectangle. We want to explain this selection mathematically. The length of this rectangle is called Eh and it’s
name is *Chiral Vector’ [13]. If the angle between C,, and X-axis be equal to zero then the CNT which obtain is called
Armchair and if this angle was equal to 30° the CNT is called Zig-Zag[1].
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Figure 3: This Figure illustrate a CNT unit cell. In this figure you can realize Zig-Zag vector (8,0) and also

armchair vector (8,8) and a chiral vector(8,4) is drown. The rectangle which is made by T and Eh is the unit cell of
CNT (8,4).

(10,0)

(10,10)

Figure 4: This figure shows 3 kind of CNT’s.

By selecting any of angles between [0..30] the CNT is named Chiral. Chiral vector can be expanded by graphene basis
vector ’d,’ and ’d,’.
Cy = nd, +md, (5)
By this definition we can name any CNT associated with its chiral vector by two integer number (n,m). Fig. 4 show 3
kind of CNTs. As mention before the magnitude of chiral vector is equal to circumference of CNT so we can write the
radius of CNT as below

_ o/n¥rmeam )

21
Unit cell of CNTSs define by a rectangle with a length equal to chiral vector and a width equal to translation vector.
Translation vector is an smallest vector toward CNT axis which transmit any points to a new points that have same
geometrical properties. This vector can be obtained from its definition simply. We can expand translation vector by
graphene basis vector *d;’ and ’d,’.
? = tlal + tzc_l)z (7)
Whereas CNT axis is perpendicular to chiral vector( Chiral vector is perpendicular to the CNT axis) then we can
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write
Ch-T=0 (8)
Therefore we can carry out t; and t, by noting the definition of the translation vector (must be the smallest vector)
and by using Eq. 5, 7, 8.

n+2m
th= GCD(n+2mm+2n) ©)
2n+m
t2=— GCD(n+2mm+2n) (10)

Where GCD(a,b) return the Great Common Divisor of integer numbers a and b. As we know from traditional solid
state physics[12], the unit cell of graphene, which is made by two basis vector d; and d,, is defined by a

parallelogram which is made by d; and d, and the unit sell of CNT is defined by a rectangle was made by th and T,
therefore the number of hexagonal in the unit cell of CNT is then obtained by
_ 1CpxT| _  2(n?+m2+nm)
T |@1xdz|  GCD(n+2mm+2n)

This number is equal to 2n for both Armchair(n,n) and Zig-Zag(n,0) CNTSs.

(11

3 Electronic Structure of CNT

Electronic band structure of CNTs is provided from those graphene one (Zone Folding). Electronic band structure of
Graphene can be calculated by tight binding theory[14]. Before explain this method for CNTs we first obtain electron
wave vector in CNTSs.

3.1 Electron Wave Vector of CNT

We now define two wave vector K, and K, where K, is a vector which is parallel to C,, and K|, is a vector that is
parallel to the CNT axis and satisfied below condition.

I_()J_'C_‘)h=27'[, T‘I_()J_ZO (12)
There are a simple relation between basis vector from direct lattice and those one of reciprocal lattice[12].
From (9), (10), (11), (22), (13) and (14) we can drive I_(ll and K L as below.
— 1 - - — 1 - -
KJ_ = E (_thl aF tlbz), K” = ; (mb1 - nbz) (15)

When Graphene sheet is rolled to make a CNT, I_(l is rolled too. So by using periodic boundary conditions in the
circumference direction denoted by the chiral vector 5‘h, the wave vector associated with the Eh direction becomes
quantized, while the wave vector associated with the direction of the translational vector T (or along the nanotube
axis) remains continuous for a nanotube of infinite length. Since Nf(l corresponds to a reciprocal lattice vector , two
wave vectors which differ by NI_(?l are equivalent. But t; and t, do not have a common divisor except for unity (as
mention before) so there are N discreet value for a wave vector associated with the C,, direction. Therefore we can

write CNT’s wave vector as a continuum component along tube axis and a discrete value of K, .
T

IPCNT _ ﬁ 74 — _ -_T
K" = (k 7 + VKJ_), v=0..N—-1, k T (16)
We find from this formula that wave vector of a CNT with a given value for v is a line in direct of K. k varies

between — I% to I%I because any one dimensional lattice with a translation vector T has a BZ (Brillouin Zone) from

that mentioned range[12, 14].
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3.2 Graphene band Structure

We obtain graphene band structure by tight binding theory. Any carbon atom is banded to it’s three nearest neighbors
via sp? trigonal very strong single o bands[15]. The fourth valence (2p) electrons form out-of-plane delocalises 7
bands, perpendicular to the planes containing the ¢ bands. While there are strong banded between ¢ band there not
have many role in conduction in graphene. So the main role of conduction is remain for 7 banding electron[14]. Tight
binding model with Bloch wave functions explain a beautiful view of graphene band structure [16]. As we know from
traditional solid state, to obtain band structure of a crystal with tight binding model we must solve below equation[16].

Y cilo;DNH @) = E X ci{lo; (D)o (P)) 7)

Where summation is taken over first neighbors and ¢ is Bloch wave functions and H is thigh binding hamiltonian.
By sandwiching hamiltonian between two orbital we can obtain banding energy between those orbital. By looking the
graphene sheet we find that any ’a’ atom is connected with 3 ’b’ atoms and doesn’t have any bonded with ’a’ atoms.
Therefore the main diagonal element of hamiltonian matrix be equal to zero. The bonding energy of two = orbital is
equal to B = —3.03eV[17, 18]. There are two view point for the overlap integral of two different = orbital. One set it
to zero (Slater-Koster scheme). But we don’t use this value. In fact the correct value for overlap integral of two
different m orbital of carbon in graphene is equal to s = 0.129[17, 18]. We can precis the tight binding formula in an
algebraic formula as below

H-C—-ES-C=0 (18)
This has answer when
det(H—-ES) =0 (19)
Bloch wave function is defined as below[16].
¢(7 +PR) = "X (7) (20)

By noting to geometry of graphene sheet, we find that we must consider three nearest-neighbor ’b’ atoms relative to
an ’a’ atom to extract off diagonal hamiltonian matrix elements. Position of any ’b’ atoms is well defined so we can
obtain hamiltonian matrix element as below.

/[0 Bf (K)
H={pr@ o (21)
AN sf(K)
S=lsK) 1 (22)

where f(K) is a function of wave vector K and is equal to

- V3K. K K.
f(K) = \/1 + 4cos ( Zxa) cos (%a) + 4cos? (%a) (23)
By solving Eq. 19 we can obtain graphene band structure.
_ @) (24)
11s|f(K)]

Where *+’ refer to m bonding and ’-’ refer to m* bonding and a is lattice constant of graphene. Fig. 5 show the
graphene band structure. As you see in this figure graphene has 2 band level. One with negative energy denote valance
band other with positive energy denote conduction band. As you see in this figure valence band is touch conduction
band in 6 points. Graphene is a quasi metal because it has 2d band structure (is dependent only with K, and K,) but
it’s valence band and conduction band touch each other only in some points.
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Figure 5: Graphene band structure. As you see the conduction band touch valence band in 6 points.

3.3 CNT band Structure
According to the definition of SWCNT, the energy bands of a SWCNT consist of a set of one-dimensional energy

dispersion relations which are cross sections of those of graphene. By using Eq. 16 and put it in Eq. 24 we can drive
SWCNT band structure. Fig. 6 show some band structure of CNT’s.

ONT(15.0) 15 bl b

3 Metnlic CNT
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kinm) Kinm "y

Figure 6: Electronic band structure of some CNTs based on Tight-binding model. The banding energy of
orbital is equal to -3.03 eV and its overlap matrix is equal to 0.129. This figure clearly show that CNT (15,0) is a
metallic CNT. We will drive an important relation between the geometry of CNT and it’s conduction. There are an

important note. There are g + 1 degenerate levels in Zig-Zag CNT(n,0) . Therefore CNT(10,0) 11 realizable energy
level. This is happened for armchair CNTs too
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Figure 7: This Figure illustrate first Brillouin Zone of graphene .

Now we extract an important relation between geometric parameter of CNT’s and it’s electronic conduction. As we
see in Fig. 5 band levels of graphene is touch each other in 6 points. This points is one of 3 high symmetry points in
graphene first BZ. First BZ of graphene is shown in Fig. 7 and 3 high symmetry points is labeled as T' and K and M.
band levels of graphene meet each other at 6 K points. The symmetry of band levels of graphene due to first BZ, make
this 6 points to have a similar treatment. So considering any property of one of this 6 points is equivalent to each 5

other. The position of one of K points in the first BZ of graphene is equal to (%2—2) [14]. So if any of the band level
of CNT transits from this point the CNT treat as a conductor. But if there are not any transits from this point CNT treat
as a semiconductor. As we see in Fig.8 the band gap of CNT’s in semiconducting shape is start from near 1 for
SWCNT’s with little radius (10,0) and decrease by increasing on the radius. Therefore CNT’s which it’s radius is

larger than CNT(10,0) is treat as semiconductor.
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Figure 8: This Figure show band gap of semiconducting Zig - Zag (n,0) CNTs. As you see the band gap decay by
increment on CNT radios.
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We can write
KENT . G, = 2y (25)
and chiral vector is define as below
2 ((n+m)V3 n-m
Go= ("57257) (26)

Since the wave vector of CNT with a given value for v is a line so if one band level of CNT want to cut Point K then
the coordinate of this point must satisfied Eq. 25. By putting (2” 2”) instead KSNT and put Eqg. 26 in Eq. 25 we

V3a’3a
obtain an important condition for conducting CNT’s

2n+m — oy (27)

3

This relation said to us, if (2n+m) or in the other word if (n-m) be a multiple of 3 then the CNT is a conductor.
Density of State of a one dimensional lattice with a lattice vector 7 and for one level is given by [16]

gi(e) =Tt — (28)
0k |p;=¢
DOS() = %4 9i(e) (29)

Fig. 9 Show DOS of some CNT’s. As we see in this figure semiconducting Zig-Zag CNT’s have not any density of
state at the Fermi level but armchair CNT’s have a little density of state at Fermi level. If we focused to the armchair
CNTs in around fermi level we find that the DOS has not treat as a constant value and treat as a parabola curvature
(Some workers show that Armchair CNTs have a constant DOS around Fermi level[19] , but it isn’t. This is important
in some case that the differential of DOS is appeared).
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Figure 9: This figure compares density of state of a Zig-Zag CNT via as an armchair CNT. As you see the Zig-Zag
CNT has not any DOS near the fermi level.

4 Phonon dispersion Of CNT

The phonon dispersion relations of SWCNTS can be calculated using zone folding [20], tight-binding methods[21, 22,
23, 24], density functional theory [25, 26], and symmetry-adapted models [27, 28]. The phonon dispersion relations of
SWCNTSs can be understood by zone folding of the phonon dispersion branches of graphene. In this work we have
calculated phonon dispersion of a graphen sheet by force constant model. In this model we have applied the effect of 4
nearest neighbors. Since there are two carbon atoms, in the unit cell of graphene, one must consider 6 coordinates. The
secular equation to be solved is thus a dynamical matrix of rank 6, such that 6 phonon branches are achieved. In order
to determine phonon dispersion relation we consider the sum of the forces on the it" atom, F; , for N atoms in the
unit cell as follow (there are 2 atoms in the unit cell of graphene).

Ft=3%; Ifij(ﬂj(Rj) -4 (R)) (30)
Where 1; is the displacement of the i*" atomand KY isa 3 x 3 force constant matrix between the i** and the jt*
atom. R; denotes the original position of the i*" atom. The sum over j in Eq. 30 is normally taken over only a few

neighbor distances relative to the ‘" site, which for a 2D graphene sheet has been carried out up to 4th
nearest-neighbor interactions [21]. The equation of motion is given by below equation
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Where M is the mass of the carbon and is equal to 2 x 1072%kg. In a periodic system we can perform a Fourier
transform of the displacement of the i** atom to obtain the normal mode displacements wu;. Before note that we label

Phonon wave vector with () to realize that form electron one in our calculations. When we assume the same
eigenfrequencies w for all %;, (only for low temperature this assumption is correct we do some calculation for

nonlinear term in Phonon dispersion in [29]), then from fourier translation we can write below expression for u; (ﬁ)

U (R) = £, e @ Rmengl (32)
By taking differential form this equation twice and put it in Eg. 31 we obtain below equation for motion
ii ~ 1 —i(O-Ri— - = i1 —i(O-Bi— - =
(T KV = 0*Mil) =35 e @Rmeg,(Q) = 3 KU 2 5g e @R,(Q) (33)

With multiply two side of this equation by '@ R and summation over all ﬁi and nothing that
. pi@-QDR; = §.
ZRi e’ L= SQQI
Eqg. 33 take simple form as below

() K9 = w0?MiD)i (@) - 5; KYe PRy (@) = 0 (34)
Where AR;; = R; — R;. Eq. 34 can be written as a secular matrix shape as below
D(Q)u(Q) =0 (35)

Where dynamical matrix D is a 3N x 3N (for graphene 6 x 6) matrix. It is convenient to divide the dynamical
matrix D(Q) into small 3 x 3 matrices DY as below .

paa Dab
D= (Dba Dbb) (36)
Where DY is defined respect to equation of motion and Fourier transform as below
D”(@) = Zj-]- (Ki” - Mw2)5ij aa er KU'el@ ARy (37)

Where summation over j' is taken over the 4th near neighbors and summation over T is taken over the neighbors of
4th atom respect to i’th atom which be equal to the j’ type atom. So we can obtain any element of this matrix as
below(see Fig. 2)

Daq = K14, +K12 4 K014 4K — [0a1iQ0Raay . _[rads oiQBRaas (38)

Dqp = —K1¢!@8Raby . _[abizol0ORapy, (39)
To obtain the eigenvalues for D and non-trivial eigenvectors u, # 0, we solve the secular equation detD (E) =0

for a given 5 vector. Force constant matrix K% was explained respect to 4" nearest neighbors in deferent
references [21, 30, 31]. You can obtain this element theoretically by using well known carbon-carbon potential like as
Tersof-Berner, Morse potential and harmonic potential[32, 33, 34] and applying a little displacement to any carbon
atom to drive forces. When forces is obtained you can drive Force Constant Matrix element. We use this method not
for obtaining matrix element but for obtain nonlinear effect of vibration[29]. The work which obtain this elements is a

beautiful work to compare experimental results with those theory one. We solve detD(@) = 0 and drive phonon
dispersion for graphene. Fig. 8 shows phonon dispersion of geraphen. Because the unit cell of graphene is equal to two
atoms and any atoms have 3 freedom of degrees so we expect, we obtain 6 branches of phonon for graphene. 3 of them
be acoustic phonon which its energy is increase by an increment to the magnitude of wave vector of phonon and 3
optical phonon which it’s energy is decrease by an increment to the magnitude of wave vector. By solving 6 X 6
secular determinant of dynamical matrix we obtain 6 branches of phonon dispersion as be illustrated in Fig. 10.
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Figure 10: Phonon dispersion of graphene along high symmetry points.

The phonon dispersion relations for a SWCNT can be determined by folding that of a graphene layer as we done
before for band structure of SWCNT . The corresponding one-dimensional phonon energy dispersion relation for the
CNT is given by

h"(q) = A" (g 55 + k) (40)

Since there are 6 branches of phonon dispersion and each branches take N value for u = 0...N — 1 so there are 6N
branches for phonon dispersion relation. For example in the CNT(10,0) we obtain N=20 and so there must be 120
phonon dispersion relation but as mention before (Fig. 6) Zig-Zag CNTs and Armchair CNTs band structure have

g+ 1 degenerate level so we have only 11 distinguishable level for CNT(10,0) and so there are 66 distinguishable
level for Phonon branches of this CNT (Fig. 11)
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Figure 11: Phonon dispersion of CNT(10,0) and CNT(10,10).

5 Electron-Phonon Scattering in CNT’s

While the effects of scatters such as lattice defects can be potentially reduced in synthesis, phonon scattering is
intrinsic to the nanotube and determines the performance limits of the device. Now we want show the application of
the last section in an application work. As mention before the idea where use a SWCNT instead of Si channel ina FET
is formed in the recent years. We now simulate carrier transport in a CNTFET by using Monte Carlo method for
selecting scattering mechanism and taking an average to the carrier velocity by obtaining their distribution function on
a presence of electric field and scattering mechanism. As we know from traditional solid state[16, 35, 36] the initial
distribution function was deformed in an existence of fields and scattering phenomena. Because carrier in CNTFET
can be boat electron (by applying a positive voltage to gate) or the hole one (by applying a negative voltage to gate)
[15] the initial distribution function that describe them is Fermi-Dirac distribution function. Imagine a Zig-Zag CNT
which is a semiconductor . If we use it as a channel of FET and apply a potential to the gate then some charges was
sprayed to the CNT. This charges treat as impurities role in natural semiconductors and change fermi level toward
conduction band (electron transportion) or toward valence band(hole transportion). The charge is sprayed because the

gate and the gate-oxide and CNT make a capacitor with a capacitance of{37, 38].
C = 2mKEgL (41)
n(*5)
Where r is tube’s radius and t is the thickness of the gate oxide and L is the CNT length. Using Fermi’s golden rule,
the phonon mediated scattering rate from initial carrier state k to final carrier state k' is given by [39, 40]
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__ D?DOS(ki) 1,1
Wk'k’ T pdwp (Np + 2 * 2) (42)

Where N,, is Bose - Einstein occupation number and p is mass density of graphene sheet and D is deformation
potential and be equal to

200=
D =D, <£Ep(q_0) + CI) (43)

d Efpm
28 \4 . .
where D, = 14eV and Egpgy ~ m and q is phonon wave vector and E, is phonon energy. For the

determination of electron-phonon scattering rates electron band structure and phonon dispersion is divided into 2000
grid points covering first BZ . The requirements of energy and momentum conservation lead to following selection
rules for final electron state.

Ef = Ei + Eph (44)

where k refer to electron and q refer to phonon wave vector. Based on final state of electron after scattering, two
different processes are possible. They are Normal process and Umklapp process. A Normal process results in a final
electron wave vector Ef that lies within the first BZ, while an Umklapp process results in a Ef that lies outside first
BZ,a reciprocal lattice vector needs to be added to it to transmit it to the firs BZ. We can define a procedure respect to
symmetry of Zig-Zag and Armchair CNTs, that give an equivalent point in the first BZ. In case of Zig-Zag or
Armchair CNTSs, any point out of First BZ can translate to first BZ by below translation formulism.

; _2m , _(n—vy 0<vesn n
kf_T+kf' vf—{vf—n VF>n if ky < T
, _ _om , _(n—vy 0<ve<n ) T (46)
kf— T+kf' Vf—{vf_n Vf>n lfkf>T

k’f=kf, V’f=2n— Vf lf Vf>n and |kf|S_

Total scattering rate is define as summation over all final state, k'.

Wrota () = S Wi (47)
and relaxation time, t(k), is defile as below[41, 42].
7 1
T(k) - WTotal(E) (48)

The distribution function of electron or hole can be varied by applied electric or magnetic fields and scattering
phenomena. We have investigated carrier transport in single-walled semiconducting carbon nanotubes by solving the
Boltzmann equation.

2nCED 4 5.9, g0 K1) + EV g K, 1) =

S Wiz 9a G O = gu @ K, ) = Wy, 200 F K, O)(1 — g K, )] (49)
It is now possible to simplify Eq. 49 by using relaxation time approximation[16].
PR - - - — - 2 V=0 (2%
2nCED 4 5.V, 90 K, 1) + F.V,ogn (7 K, 1) = — SnCEO-0TLD (50)

Where g2 is initial distribution function of n** branch of energy dispersion of CNT which is independent on
scattering phenomena and applied field. We have assume a Fermi - Dirac distribution function for unaffected electron.
So if CNT Length be assumed very large we can neglect derivation due to position vector.

ghere, ) = fley(k) = ——— (51)
e KBT 41
gg,hole k,t)y=1- fr?,el(k) (52)
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Where En(ﬁ) is electron energy and the wave function of electron is assumed as a Block function. The velocity of
electrons can be obtained from semiclassical motion relation as below[16].

— 1= -
k() = ViEn(k, 1) (53)
Fermi level can be obtained from below relation.

n= [ f(k)dk (54)
n is electron (hole) density. When we applied a voltage to gate some charges are sprayed to CNT and we can find
electron density simply by dividing the number of this charges to CNT length. f(k) is those Fermi - Dirac function. We
show Fermi level for a wide range of CNTs in Fig. 12. As you see in this picture the fermi level decay by increment on
CNT radios.
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Figure 12: This picture shows how fermi level decay by increment of n.

The average of velocity is obtained as b_elow.
V= Vignlkyt) X (Bi gnlky t)) 7" (55)

and ti = ltd
As we know the carrier density is an integral over distribution function[35, 16]. So we can write

n@=2ﬂ2m@ﬁﬁ (56)
and
A= f, n(t)dt (57)

In this simulation we let carrier scatter in a time around 10000 times of the maximum of relaxation time. When carrier
drift for a drift time we calculate the total time of the carrier that has not any scattering before it. Now we generate a
random number and compare it to the ratio of this time to drift time. If the random number is smaller than this ratio we
must select a random scattering mechanism. We know that the current is made by charge moment. Therefore if we
multiply the average charge density to the average velocity we cane drive the average current.

Ips = |nev| (58)
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Figure 13: Distribution function of CNT(10,0) for electron and hole. As you see wen we apply an electric field
along tube axis the electron distribution be shifted to the left side while the hole one shifted to the right side. This
causes electrons and holes take an acceleration from field in a common direction, because the velocity of conduction
band in the left side is negative and it is negative for valence band in the right side too (see Eq. 52 and Fig. 6 )

Fig.13 shows distribution function of electron in lowest conduction band versus the hole one in the maximum of
valence band. By noting at Fig.6 we find that the direction (sign) of velocity for a given wave vector in maximum of
valence band correspondent to it’s in minimum of conduction band, is opposite to each other. On the other hand
distribution function of holes and electrons was shifted opposite to each other around k=0. So by applying an electric
field along the tube axes the absolute current of carriers was happened towards against the field directions (this means
the current of electrons and holes in an electric filed was happened in a same direction). We completely know that
Fermi-Dirac distribution function change very sharp around fermi level. So it’s differential has a magnitude only
around fermi level. Therefore scattering to the level that is far from fermi level has not any contribution in averaging
for velocity. This means for CNTs with little radius which fermi level is only close or cut firs level band the other level
has not any contribution in the velocity. But as we sea in Fig.8 by increasing in radius of CNT band gap was decreased.
On the other hand the compactness of energy levels was increased. This means for CNT’s by larger radius fermi level
can cut more than one band level and averaging for velocity contain the contribution of this level so there are
complicated relation on the dependent of carrier velocity and the tube radius . Only the stimulation results can explain
this dependent for us.

5.1 Result Of Simulation

The simulation results show that when the system spend a time more than 1035 the distribution function take a
uniform shape, this means by spending this time the system is transferred to an stationary condition, Fig.14 show the
time dependent of electron velocity. As you see the velocity take a uniform value for a time bigger than 2 x 107 13s.
We have simulated a CNTFET with a gate oxide by 10nm thickness and a channel which made by a CNT(10,0) with a
length of 100nm. The average velocity is shown in Fig.14. As you see for a defined region of voltage the velocity of
electrons treat as a linear shape and take a uniform shape for a potential bigger than this voltage. One of the most
important factor of FETSs is the speed of switching between on-off states. So the the velocity - voltage curvature of a
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CNTFET must have an acceptable slope, therefore the best range of potential of a CNTFET is those range that the
velocity - voltage curvature has a linear shape.
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Figure 14: This figure show that how an electron take accelerate in the field by passing time. The velocity take a
maximum value and then tend to a constant value. As mention before this cause by the stable condition for distribution
function after a time around 107135

Fig.15 show the major importance between electron transport and the hole one. As you see the hole transport make an
small. In both (electron - hole) the velocity take a uniform shape per strong field. This means the CNTFET which is
made by a CNT(10,0) can not work on high electric field if we expect of this transistor in switching device like CPU
memory or computer memory. In this case the most factor which is important for us is the ability of anticlimax (on
-off) of transistor. So the slope of velocity - field is more important factor for us in designinga CNTFET . Fig. 16 show
that CNT (10,0) has an acceptable slope in its velocity - field curvature in the range of (0.5 - 3 MV/m). As you see in
Fig.6 the velocity of valence band, which obtain from the gradient of energy respect to wave vector, is litter than
concoction one. Therefore it is clearly that the average of hole velocity be smaller than electron. Fig.16 and Fig.17
show another differences between electron transport and the hole one. As you see in this figures the electrons are
scattered to total energy level but holes scattered only in the maximum level of valence band. Note that the initial state
of holes is in the maximum level of valence band and they stay in this level forever. Other deference between hole
scattering and electron scattering is the amount of scattering. Electrons scatters more than holes and take a wide range

of wave vectors but the hole ones stay only in an small range of wave vector. Fig.18 show the average of electron
density in the CNT(10,0). This figure show electron density decays with increment of the electric field along the tube
axis. Fig.19 show the current of electron transport in a CNTFET by using a CNT(10,0) as it’s channel.
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Figure 15: his figure compare electron transport versus as hole one. As you see electrons take more velocity from
filed, Consequently, the current which obtain from electron transport is more than hole one.
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Figure 16: This figure compare electron scattering versus as hole one. This figure show that electrons scattered in
many level of energy but the hole one stay only in the maximum of valence band forever. We carry out the scattering
phenomena by Monte Carlo method. two picture that be ladled by *al”’ and a2’ refer to electrons and those one which
be labeled by b1’ and *b2’ refer to hole one. This pictures selected from thousand case for instance to show how

electrons scattered to many level but th
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Figure 17: This figure shows how electron scattered more than hole one. Electrons take a wide range of wave
vector in scattering mechanism too but the hole one dose not.
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Figure 18: This figure show the electron density in the CNT(10,0) (see Eq. 56, 57) for varus Gate voltage. When
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we assume fermi level must be a fixed level it cause that some of free carrier be constrained in presence of electric
field. The amount of this charge increase by increment on applied electric field.
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Figure 19: This figure show the electron current from Source to Drain in a CNTFET which use a CNT(10,0) as
it’s channel. As you see the current has a maximum per the electric field which applied to its axis. When we increase
the gate voltage the current which is transferred from Source to drain increase too.
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