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Abstract. This paper presents a comparative study on carbon nanotube filed-effect transistors (CNTFETs)
in terms of transfer and output characteristics, transconductance and average velocity with scattering effect
using a two-dimensional model. We consider two typical scattering mechanisms in this work: 1) acoustic
phonon scattering; and 2) optical phonon scattering; and study their effects on characteristics of a CNTFET.
The simulation results show that transfer and output characteristics, transconductance and average velocity at
the top of the barriers decrease with scattering.
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1. Introduction
Since graphitic tubules with radiuses of a few nanometers carbon nanotubes (CNTs) were discovered by
Iijima [1], quite intense activity has been undertaken in both experimental and theoretical fields on CNTs.
Theoretical studies showed that these nanotubes exhibited some unexpected and very interesting physical
properties [2].
Most state-of-the physical and circuit models are concerning ballistic or non-ballistic transport [3]. In
this paper, particular research attention is given to non-ballistic transport. We outline two major non-ballistic
effects: acoustic phonon scattering and optical phonon scattering. Although several studies have been done
on the characteristics of CNTFETs with scattering effect, but to our best knowledge this investigation is the
first attempt which uses a two-dimensional (2-D) simulation to provide transfer and output characteristics,
transconductance and average velocity of CNTFETs under scattering. Obtained results have been explored
and compared with a CNTFET without scattering.

2. Two-dimensional Model
A mobile charge is induced in the nanotube when an electric field is applied between the drain and the
source of a CNT transistor, as illustrated in Fig. 1, [3]. By the shaded region in Fig. 1, mobile charge can be
excited at the top of the barrier [4] which is:

QTOP = − q ( N S + N D )

(1)

Where NS and ND are the density of positive velocity states filled by the source and the density of
negative velocity states filled by the drain, respectively. When the terminal biases are zero, the equilibrium
electron density at the top of the barrier is N0. These densities are determined by the Fermi-Dirac probability
distribution as follows [4]:
+∞

N 0 = ∫ D( E ) f ( E − E F )dE
−∞

NS =
ND =

+

1 +∞
D( E − U scf ) f ( E − EF 1 )dE
2 ∫−∞

1 +∞
D(E −U scf ) f (E − EF 2 )dE
2 ∫−∞
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(2)
(3a)
(3b)

Where D(E) is the density of states at the top of the barrier, Uscf is the self-consistent voltage at the top
of the barrier, EF is the Fermi level, ƒ is the equilibrium Fermi function and E represents the energy levels,
EF1=EF and EF2=EF -qVDS are source and drain Fermi levels.

Fig. 1: Two-dimensional circuit model for transistors. It consists of three capacitors, which represent the effect of three
terminals on the potential at the top of the barrier. The potential at the top of the barrier, Uscf, is controlled by the gate,
drain and source potentials. The mobile charge at the top of the barrier is determined by Uscf and by the location of the
two Fermi levels EF1 and EF2 [4].

When density of states D(E) and the location of the source and drain Fermi levels is define, we can
evaluate the electron density at the top of the barrier, N=NS+ND, if the self-consistent potential is known [4].
The self-consistent voltage Uscf can be calculated in two parts as bellow [4, 5]:
i) Ignoring the presence of the mobile charge in the channel and calculating the Laplace potential at the
top of the barrier due to terminal biases leads to:

U L = − q (α GVG + α DV D + α S V S )

(4a)

In the above equation αG, αD and αS describe how the gate, drain and source control the Laplace solution
and can be written as:
C
C
C
(4b)
αG = G α D = D α S = S
CΣ
CΣ
CΣ
Where CΣ is the parallel combination of the three capacitors in Fig. 1.
ii) The second part of the solution consists of grounding the three terminals and computing the potential
due to the change of mobile charge at the top of the barrier, ΔN= (NS+ND)-N0, from
UP =

q2
ΔN
CΣ

(5)

The complete solution is obtained by adding the two contributions

U scf = U L + U P = −q(α GVG + α DVD + α SVS ) + U P

(6)

Equations (3a), (3b) and (6) represent two coupled nonlinear equations for the two unknowns N and Uscf.
The iteration between these equations continues until the carrier density and self-consistent potential at the
top of the barrier. After the self-consistency is achieved the current is given according to the following
formula:
+∞

I D = ∫ J ( E − U scf )[ f ( E − E F 1 ) − f ( E − E F 2 )]dE
−∞

(7a)

Where J(E_ Uscf) is the ‘‘current-density-of-states’’, which is expressed as
J ( E − U scf ) =

1 ⎛⎜ 2
q
2 ⎜⎝ π

2( E − U scf ) ⎞
⎟ D( E − U scf )
⎟
m*
⎠

(7b)

3. Results and Discussion
In this section, first we have simulated a CNTFET with a 1.5 nm thick gate oxide and the relative
dielectric constant εr=3.9 while the channel is a (17, 0) nanotube (see Fig. 2). Then, we entered the scattering
effect in this CNTFET. Our simulations are in agreement with the results reported in [3, 5].

117

Fig. 2: Cross-sectional view of a coaxial CNTFET [6].

3.1. Phonon scattering
For semiconducting carbon nanotubes, the phonon scattering depend on the carrier energy and influences
on the current of a CNTFET. The effective phonon scattering mean free path (MFP) in a semiconducting
nanotube can be computed by [6]

1
1
1
=
+
l sc (V x ) lap (V x ) lop (V x )

(8)

Where lap and lop are the effective acoustic phonon scattering MFP and the effective optical phonon
scattering MFP respectively and are obtained from

l ap (V x ) =

lop (V x ) =

λ ap Do
D ( E )[1 −

D ( E )[1 −

(9a)

1

]
( E F −U scf + qV x )

e
λop Do

(9b)

1
e

( E F − = Ω − U scf + qV x )

]

In this equation, λap ≈ 500nm is a typical acoustic phonon scattering MFP, λop ≈ 15nm is a typical optical
phonon scattering MFP and ћΩ ≈ 0.16eV is a optical phonon energy. Do is a constant 8/(3πVπacc), where acc
and Vcc are the carbon π – π nearest-neighbor bond length and energy of the tight bonding model respectively.
Thus, for a CNTFET, the scattering effect current can be obtained using

I DSP

2qkT
=
[T ln(1 + e
π= LR

EF −U scf
kT

EF −U scf − qVDS

) − TRL ln(1 + e

kT

)]

(10)

Where TLR and TRL are the transmission probabilities and are given by

TLR =

lsc (VDS )
lsc (VDS ) + Lg

TLR =

lsc (VDS )
lsc (VDS ) + Lg

(11a)
(11b)

We compared this CNTFET in terms of transfer and output characteristics, transconductance and average
velocity with a CNTFET without scattering.
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(a)
(b)
Fig. 3: (a) Transfer characteristics under both low and high drain bias without and with scattering effect, (b) Output
characteristics without and with scattering effect.

Fig. 3 shows an accuracy comparison in transfer and output characteristics between CNTFET without
and with scattering effect.
The transconductance (gm) is extracted from the slope of ID-VGS at VDS = 0.6. As can be seen in Fig. 4a,
the scattering effect causes the transconductance decreases.
The average electron velocity at the top of the barrier increases with VDS and then saturates. Saturation of
velocity occurs in a ballistic transistor, but it occurs at the top of the barrier where the field is zero, rather
than at the drain end where the field is high [4]. The carrier velocity is expressed as

ν =

I D (VGS , VDS )
Q(VGS , VDS )

(12a)

Thus the average velocity of carrier at top of the barrier can be defined as:

ν =

I D (VGS , VDS )
− q[ N S (VGS , VDS ) + N D (VGS , VDS )]

Fig. 4b presents, the average velocity of carrier decreases under scattering effect condition.
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(12b)

(a)
(b)
Fig. 4: (a) Transconductance versus the gate voltage without and with scattering effect, (b) Average velocity versus the
gate voltage without and with scattering effect.

4. Conclusion
In this paper, we presented a comparative study on carbon nanotube filed-effect transistors (CNTFETs)
in terms of transfer and output characteristics, transconductance and average velocity with acoustic and
optical scattering effects using a two-dimensional model. The simulation results show that transfer and
output characteristics, transconductance and average velocity at the top of the barriers decrease with
scattering.
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