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ARTICLE INFO ABSTRACT

Available online 17 August 2014 Carbon nanotubes (CNTs) have been seen as a potentially future material to provide an
ultrasmall device (CNTFET (Carbon Nanotube Field Effect Transistor)). Therefore, the
studies of sub-bands effects are needed in order to find the enhancement of carrier
Band structure transport in CNTFET.
Carbon nanotube diameter Also in this paper the band structure of the rolled-up nanotube can be obtained by
CNTFET zone-folding from the band structure of the graphene sheet. This method is used in this
Zone folding work and we simulated and analyzed the band structure of carbon nanotube. We present
analytical modeling of carrier concentration in a zigzag semiconducting of carbon
nanotube field effect transistor (CNFET) using the dispersion relation E(k) (the first three
sub-bands) and given the density of states (DOS), the carrier concentration is obtained
based on a numerical method as an alternative to the usual Fermi-Dirac integrals. In order
to find the influence of the first three sub-bands energy and diameter d; of CNT in non-
degenerate and degenerate region of the carrier concentration in CNTFET. The results
obtained showed that the diameter and the energy of sub-band have a significant impact
on the carrier concentration of CNTFET.
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1. Introduction hexagonal network with diameters ranging from 1-10 nm,

and with lengths up to several micrometers. It can be

Carbon nanotubes (CNTs) are one of the most nanoma-
terials, present exceptional physical, electrical and mech-
anical properties such as high current density, large
mechanical stiffness, and field emission characteristics,
which make them the ultimate materials in a wide range
of hi-tech applications [1,2].

Since the discovery of CNTs by Ilijima in 1991 [3],
significant progress has been achieved in both under-
standing the fundamental properties and exploring possi-
ble engineering applications. Carbon nanotubes (CNTs) are
hollow cylinders composed of carbon atoms arranged in a

* Corresponding author.
E-mail address: abdelmalek.mouatsi@yahoo.fr (A. Mouatsi).

http://dx.doi.org/10.1016/j.mssp.2014.07.033
1369-8001/© 2014 Elsevier Ltd. All rights reserved.

classified into SWCNT (Single Walled Carbon Nanotube)
and MWCNT (Multi Walled Carbon Nanotube) [4,5].

The possible applications in nanometer scale electro-
nics devices have been extensively explored since the
demonstration of the first CNT field effect transistors
(CNTFETs) [5]. Carbon nanotube field effect transistors
(CNTFETs) utilize a semiconducting CNT as channel
between two electrodes which work as the source and
drain of the transistor, controlled by an isolated electro-
static gate. The structure of a CNT-FET is similar to the
structure of a typical MOSFET [6]. When an electric field is
applied to a CNT transistor, a mobile charge is induced in
the tube from the source and drain.

Several researchers have conducted numerous studies to
attempt to model the CNTFET at the end to simulate their
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electrical performance based on physical characteristics of
CNT [6,7]. In fact, to foretell the functionality of a CNTFET in
electronic devices, the Ioy current of CNTFET is limited by the
amount of charges introduced into the channel by the gate.
We need to know more about the electrical properties, with
which calculated carrier concentration (electron or holes)
can propagate through the length of the device [6].

In this work, we have studied and analyzed the physical
and electrical properties of carbon nanotubes using the
zone folding approximation for determining the dispersion
energy E(k), and simulated the band structure of CNT with
the first three sub-bands energy. We have used the Fermi-
Dirac integrals, density of states (DOS) and energy band
structure of carbon nanotubes to derive analytical solu-
tions for calculating the carrier concentration. The carrier
concentration is obtained based on numerical methods
used in order to find the influence of the first three sub-
bands energy and diameter in non-degenerate and degen-
erate region of the carrier concentration in CNTFET.

2. Carbon Nanotube Band Structure

The structure of CNT can be seen as the result of the
rolling up of a graphene sheet into a cylinder as shown in
Fig. 1. Depending on the orientation of rolling up that is
geometrically characterized by the indices n and m which
specify the chilarity vector C and the diameter d; of the
CNT and determine its fundamental properties [7,8],
where

C =nay+md, 1)
d; = (V3avVm2+mn+n2)/x 2)

@1 =a(v3/2,1/2), da=a(~3/2,-1/2)

here @; and @, are lattice unit vectors, and a=+/3ac_c
(@c-c=0.142 nm is the distance between two carbon
atoms).

The properties of the CNT depend on the roll-up
direction: when (n—m) is a multiple of 3 the CNT exhibits
metallic properties, otherwise it behaves like a semicon-
ductor [9]. The band structure of a SWCNT can be under-
stood in terms of the band structure of graphene; the E(k)
values for graphene given in Eq. (3) can be obtained from

&~

y

the tight-binding model given by [10]
Eap = Fyo[144 cos(v/3kya/2) cos (kya/2)+4 cos %(kya/2)]"/?
3

where 79~ 2.7 (eV) is the nearest neighbor C-C tight
binding overlaps energy and ky, is wave vector compo-
nent. Once a graphene is rolled up into a CNT, the
boundary conditions imposed by the real physical struc-
ture of a CNT along the circumference of the nanotube can
be expressed as [10,11]

—
k x ¢p=2nq 4

where q=0, 1, 2,...N—1 is the number of carbon pairs in
the unit cell

N=2n?+m?+nm)/dg, with dz=gcd2m+n, 2n+m).

Therefore, the allowed values of k lie on N equidistant
lines parallel to the tube axis (Fig. 2) [11].

The one-dimensional (1D) band structure of a (n, m)
nanotube is given by the zone-folding relation by using the
relation [12]

K
Enr(k.q) = Ezp (k—2+q1<1) ®)
IK3|

K1 =(—tybq +t2b2)/N and K, = (mb, 7mb2)/N

t;=(2m+n)/N and t, = —(2n+m)/N,
where
by =b(1/2,3/2), b,=b(1/2,-3/2), b=4x/3a._.

3. The Carrier Concentration Modeling

Carrier concentration is an essential parameter for
semiconductor. There are two types of carrier concentra-
tion to be measured in order to assess the sub-band
effects. The carrier concentration is said to be non-
degenerate when carrier concentration is lower because
there is no interaction between donors or between accep-
tors. Degenerate is when the carrier is higher because
interaction may occur between donors and between
acceptors [13]. We assumed thermal equilibrium condi-
tion, the total carrier concentration in a band can be

Fig. 1. Structure of a CNT [8].
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Fig. 2. Brillouin zone and reciprocal space, (a) basis vector in the hexagonal lattice of graphene, (b) Brillouin zone corresponding reciprocal basis vectors b |
and b5, and (c) the allowed values of k lie on N equidistant lines parallel to the tube axis [11].

estimated from the DOS and Fermi function as [13,14]
n= / DOS(E)f(E) dE 6)
Ec

where DOS(E) is the density of states, f (E) is the Fermi
function, and Ec is the conduction band edge. The DOS(E)
equation can be obtained by substituting the equation of
dk=(2z/Ly)dN [14] for the derivation of the band structure
equation E(k) given by the zone folding in Eq. (13). The
result of derivation for the DOS per unit length along the
axis of CNT semiconductor written as

s
2n\/Eg
By substituting the density of state DOS(E) and Fermi-

Dirac distribution function f (E) expressions into the above
formula, the carrier concentration can be evaluated for

— ~ —-1/2 —Ep)/kg
n_/E [(/f/zﬂ, JEQNE—(Eg/2))~V2(1/1 4 E—Er)/ T>)}d5
®)

DOS(E) = dN/LydE = (E—Eg/2)~ 12 @

We can rewrite Eq. (8) as
n= (pVkT 20\ [E; ) /Eoo (X172 /1 %) dx. )
where

X =(E—(Eg/2))/ksT, n=(Er—(Eg/2))/ksT and dX/dE=1/ksT

kg is the Boltzmann constant, T is the temperature, and
$ is a parameter consists of the number of sub-band (used
in Eq. (14)). It means, every sub-band will have their own
value of g. These equations can be done analytically by
using Fermi Dirac integral, the Fermi Dirac integral of
order “i” is defined as [15,16]

Si=(1/I(i+1)) /OOO[X"/(l +eX X (10
By using the Fermi Dirac integral of order i= —1/2
S_1a=(/r(=1/2+1) [ X/ X a1

I is called gamma function, and 7°(1/2) = \/z.

Eq. (8) can be written as

n= (ﬁ\/kBT/2 Eg )5,1/2 (12)

4. Results and discussion

The electronic band structure and carrier concentration
of the CNT are important as they provide a better under-
standing of the electrical properties of CNTFET. The band
structure consists of the valence band, band gap and
conduction band. Both valence band and conduction band
will split into first, second and third sub-bands. The band
structure can be simulated when energy-wave vector E(k)
dispersion equation is found. Due to the approximation of
the graphene band structure and using the zone folding
approximation in Eq. (5), the dispersion relation E(k)
is [19]

Ek.q)= + @\/ [2/de(@ + (1/3)71+2 (13)
E
Ek.q) = +5\/[1+(K* /%) (14)

where

Ey=3ay0p. f=2/d)q+(1/3). di=(3av/m?rmnin?)/x,

where Eg is the band gap energy, d; is the tube diameter,
7o is the energy between carbon atom, and a is the lattice
constant of the honeycomb network, a=+/3dc_ (Aec=
142 A is the distance between two carbon atoms). The
integer variable g counts the available bands, where k is
the part of the wave vector that continuously describes the
states within a given sub-band (and associated with the
direction parallel to the tube axis) [20].

Show in Fig. 3, the graphs of E(k) dispersion based on
Eq. (13), and these curves are plotted for CNT semicon-
ductor type zigzag with diameter d;=0.55 nm and several
sub-bands. Based on Fig. 3, the first sub-band has a small
band gap, followed by second sub-band and the third sub-
band which has the greatest band gap. This indicates that
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Fig. 3. The dispersion energy E (k) with CNT sub-band [19,20].

the carriers in the first sub-band are easier to move from
valence to conduction band due to the smaller band gap
compared to the other sub-bands. However, when the
diameter increased, the band gap for the first, second and
third sub-bands becomes too close and the passage of
carrier becomes important [19].

Before the effect of sub-band on the carrier concentration,
which indicates the number of occupied levels in the band
energy per unit length, given in Eq. (12), the non-degenerate
and degenerate concentration must be analyzed first.

In non-degenerate region (where E—Eg>3kgT), the
Maxwell-Boltzmann approximation is valid, where in
this condition [16], f(E) = efr ~E/kT and J; =e". Therefore,
Eq. (12) will be

n=(pv/keT/2/7Eq e (15)

For the degenerate region, the Boltzmann approxima-
tion is no longer wvalid, at this condition [16],
f(B)=1 and 3, =(2//mn'/?; therefore, Eq. (12) will
be

n= (pv/kT /m\[Eg )" (16)

In general case, S; integration over all conduction band
states is required to obtain the total concentration. The
upper limit of integration is the top of the conduction band
and can be extended to infinity. The Fermi-Dirac integral
of Eq. (10) exists for negative orders of i=(-1/2) and the
Fermi-Dirac integrals have the property that the derivative

of the Fermi-Dirac integral of integer order “i” can be

expressed as a Fermi-Dirac integral of order (i-1) where
oS

(%) = 5000 a7
"

The Fermi-Dirac integral of order i=(—1/2) can only be
obtained by numerical integration employing Taylor series
expansion or by approximate solutions discussed in
[16-18].

The curve shown in Fig. 4 represents the non-
degenerate and degenerate concentration together with
general carrier concentration for the first sub-band. Carrier

concentration is proportional to n (eta), which is the
variable of the Fermi Dirac integral equation as can be
seen in Egs. (15) and (16). We can see in Fig. 4, in general,
the concentrations exponentially increase with increasing
n, where Fermi equation has changed and the concentra-
tion is linearly proportional to » due to mathematical
computation (Eq. (15)).

The formulas for the carrier in non-degenerate region
for Eq. (15) have essentially dependence on band gap,
temperature, and Fermi energy. We can see that the
temperature effects are notable and the thermal effect
becomes important in CNTFET characteristicc. When the
temperature increases, some electrons are thermally
excited from the valence band to the conduction band,
increasing the electrical conductivity of CNTFET, because
the electrical conductivity is proportional to the carrier
concentration.

But in degenerate region the Fermi equation is equal to
1 and the formulas for the degenerate carrier for CNTs
(Eq. (16)) show that the carrier concentration was inde-
pendent of temperature and was a strong function of
Fermi energy and the band gap energy. The concentrations
are exponentially increasing with increasing 7.

Based on this simulation, it is shown that when carrier
concentration is less than n~ 10’ m~!, the general con-
centration tends to be in non-degenerate region, while for
the concentration exceeds than n~ 10’ m~!, the general
concentration starts to be in degenerate region.

The induced carrier from all effective sub-bands in FET
devices is an important aspect to determine the output
characteristics. In terms of relations between carrier con-
centration and sub-bands, based in Fig. 5, the carrier
concentration for the second and third sub-bands also
increase proportionally to # like in the first sub-band.

The carrier concentration in general, degenerate and
non-degenerate region is proportional to g (beta), while g
is proportional to the number “q” of the sub-band (s of the
first sub-band (q=0) is small than g of the third sub-
bands). Guo et al. [21] have shown that up to two
sub-bands are important in determining charge transport
in practical CNT transistors.

1010

—— General -
———Non-Degenerate ’
10° L | — — -Degenerate e 4

Concentration,n (m'l)

Fig. 4. Carrier concentration versus 5 for the first sub-band.
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Fig. 5. Carrier concentration versus » for the three first sub-bands.

Moreover, when an electric potential is applied to the
gate electrode, the nanotube energy levels are pushed
down and the mobile charges are induced in the device
[19-21]. Therefore more sub-bands will be participated in
the drain current calculation and consequently the satura-
tion drain current will be increased when more carriers
are found on the higher bands. But the probability that the
higher sub-bands can participated in the drain current
calculation is very weak since the energy separation with
the other sub-bands is large (of the order of the
electron volt).

Based on this simulation, it is shown that when carrier
concentration for the first sub-band is n~ 10’ m~!, the
general concentration tends to be in non-degenerate
region, but in the third sub-bands, the general concentra-
tion tends to be in non-degenerate region when carrier
concentration n> 10’ m~"'. This mean, as sub-band goes
higher energy gap (E,) increases and the carrier concen-
tration increases from lower to higher sub-bands.

The diameter d, of the CNT determines fundamental
properties of CNTFET, because CNT used like a channel in
CNTEET. From E, relation we can see that the band gap of
semiconducting tubes is inversely proportional to the
diameter d; of CNT. CNT diameter has a first order impact
on the drain current value of CNTFET. The increase of the
drain current with respect to the diameter is directly
associated with the decrease of the CNT band gap energy
E; with its diameter. If the diameters of CNT increase, the
band gap E; becomes small and the separation energy
between the seconds and third sub-bands decreases [19].

Fig. 6 presents the general carrier concentration for
three different CNT diameters. Based on Fig. 6, it is shown
that the general carrier concentration reduced when the
diameters of CNT increased, because the carrier concen-
tration is proportional to g (beta), and g is inversely
proportional to the diameter. The carrier concentration is
important if the diameter is large, because the band gap E,
becomes small and the CNT tends to behave as metallic
(more carriers are found on the higher bands). But at the
smaller diameter the probabilities that the higher sub-
bands will be occupied are typically neglected because the

—— dft=0.55nm
—— dt=1.8nm

-1

Concentration,n (m)

Fig. 6. General carrier concentration versus n for three different CNT
diameters.

band gap becomes large and the energy separation
between sub-bands is large.

5. Conclusion

The electronic transport properties of CNTFET have
been widely explored during the last decade. Previous
works in carbon nanotubes describing a relationship
between the dispersion of energy E(k) and the carbon
nanotube sub-bands, this calculation obtained from a
zone-folding method. We have derived an analytical
method for calculating the carrier concentration for semi-
conducting CNTs zigzag based on the dispersion of energy
E(k) and the Fermi-Dirac distribution function.

The simulation result is explained; first, modeling of
the band structure shows that the first sub-band has a
lower band gap and the third sub-band exhibits a biggest
band gap.

Next, the modeling discussed that the carrier concen-
tration in general is proportional to the sub-band and the
carrier concentration increases from lower to the higher
sub-band. The lowest energy bands play the greatest role
in determining CNTFET characteristic behavior as they are
the most to be occupied and the most to be used for carrier
movement. The diameter has a significant impact on the
carrier concentration of CNTFET.
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