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Abstract

Based on the non-equilibrium Green’s function formalism
the performance of carbon nanotube field-effect transistors
has been studied. The effects of elastic and inelastic scatter-
ing on the device performance have been investigated. The
results indicate that elastic scattering has a more detrimen-
tal effect on the device characteristics than inelastic scatter-
ing. Only for short devices the performance is not affected
because of the long mean free path for elastic scattering.

1. Introduction

A carbon nanotube (CNT) can be viewed as a rolled-up
sheet of graphite with a diameter of a few nano-meters. De-
pending on the chiral angle the CNT can be either metallic
or semiconducting [1]. Semiconducting CNTs can be used
as channels for field-effect transistors (FETs). CNTFETs
have been studied in recent years as potential alternatives to
CMOS devices because of their capability of ballistic trans-
port. While early devices have shown poor device character-
istics, high performance devices were achieved recently [2—
6].

Depending on the work function difference between the
metal contact and the CNT, carriers at the metal-CNT in-
terface encounter different barrier heights. Devices with
positive (Schottky type) [7,8] and zero (ohmic) [9] bar-
rier heights were fabricated. Devices with positive barrier
heights have lower I,,,, and also suffer from ambipolar be-
havior [10-12], while devices with zero barrier height the-
oretically [13] and experimentally [3] show better perfor-
mance. In this work we focus on devices with zero barrier
height for electrons. The barrier height for holes is given by
the band gap of the CNT.

Using the non-equilibrium Green’s function (NEGF) for-
malism quantum phenomena like tunneling, and scattering
processes can be rigorously modeled. The NEGF formalism
has been successfully used to investigate the characteristics

of nano-scale transistors [14, 15], CNTFETs [13, 16], and
molecular transistors [17]. Recently a semiclassical Monte
Carlo analysis of the effect of scattering on CNTFET char-
acteristics has been reported [18, 19]. However, even with
quantum corrections included, semiclassical methods can-
not accurately predict the behavior of these devices because
of the strong quantum effects. Therefore, in this work the
NEGF formalism has been chosen to investigate transport
phenomena in CNTFETs. The effect of elastic and inelastic
scattering has been studied separately.

2. Approach

Due to quantum confinement along the tube circumfer-
ence, wave function of carriers are bound around the CNT
and can propagate along the tube axis. Assuming that the
potential profile does not vary around the circumference of
the CNT, sub-bands can be decoupled [15]. In this work
we assume bias conditions in which the first sub-band con-
tributes mostly to the total current. In the mode-space ap-
proach [15] the transport equations for each sub-band can
be written as (1) and (2), see [20].
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where Ef_ph is the self-energy due to electron-phonon in-
teraction, ¥7% is the self-energy due to the coupling of the
device to the source and drain contacts, which is only non-
zero at the boundaries, and G4 = [GR]T. A recursive
Green’s function method is used for solving (1) and (2),
see [14]. In (1) an effective mass Hamiltonian is assumed,
which is discretized using finite differences.
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Figure 1. Local density of states for ballistic transport (a), with elastic scattering Ae; = 10 nm (b), and with inelastic

scattering Ainel = 10 nm (c).
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Here Uj is the potential energy at the point j, t = 5",

and a is the grid spacing. The self-energy due to electron-
phonon interaction consists of the contribution of elastic

and inelastic scattering mechanisms, X ’>ph = E;’> +
E;‘j Assuming a single sub-band the electron-phonon

self-energies are simplified as (4)-(8).
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where np is given by the Bose-Einstein distribution func-
tion:

1
exp(hw, /kpT) — 1
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Electron-phonon coupling constants, Doy inel =~
1/Aelinel, are chosen so as to satisfy experimentally mea-
sured values of the mean free path [16,21,22]. The mean
free path of semiconducting CNTs at high energies ap-
proach those of metallic CNTs [18]. Reported values are
Ael =~ 1.6 pm and Ajpe) &~ 10 nm for a metallic CNT with a

diameter of 1.8nm [23]. Elastic scattering is due to acoustic
phonons and inelastic scattering due to zone boundary and
optical phonon modes with energies of hw,, = 160 and
200 meV, respectively [23].

The transport equations are iterated to achieve conver-
gence of the electron-phonon self-energies, resulting in a
self-consistent Born approximation. The carrier concentra-
tion and the current density at some point j of the device
can be calculated as (10) and (11).

. dE
nj = —41/Gj<,j(E)§ (10)

dFE
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Carriers are treated as a sheet charge distributed over the
surface of the CNT [25]. After convergence of the scatter-
ing self energies, the coupled system of the transport and
Poisson equations is solved iteratively by using an appro-
priate numerical damping factor «, see Appendix. At the
(k + 1) iteration the transport equation is solved using
the electrostatic potential V¥ from the last iteration and the
new carrier concentration n**! is calculated. The Poisson
equation is then solved by using n**! and an intermedi-
ate new electrostatic potential is calculated V;**. Finally
VEL = aVEF 4 (1 — a)VF, where 0 < a < 1. Suc-
cessive iteration continues until a convergence criterion is
satisfied. In this work an adaptive damping factor was used.
The damping factor is initially set to o = 1. If the potential
update |V**1 — V*| increases from one iteration to the next
iteration or remains constant the damping factor decreases
by a constant factor.

The integration in (10) is calculated within an energy in-
terval [Enin, Fmax]. The interval can be simply divided into
equidistant steps and the transport equation will be solved at
these points. Using this method, narrow resonances at some
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Figure 2. Current spectrum through the device for ballistic transport (a), with elastic scattering Ae; = 10 nm (b), and

with inelastic scattering Ainel = 10 nm (c).
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Figure 3. The effect of elastic and inelastic scattering on the output characteristic (a). The spectrum of the current by

accounting for elastic (b), and inelastic scattering (c).

energies may be missed or may not be evaluated correctly.
As the potential profile changes in successive iterations, the
position of the resonances will also change, and it is pos-
sible that a resonance point locates very near to one of the
energy steps. In this case the carrier concentration suddenly
changes and as a result the simulation would oscillate and
not converge. To avoid this problem the accuracy of the
integration should be independent of the location of reso-
nances. Using an adaptive integration method, the integra-
tions in (10) can be evaluated with a desired accuracy and
as result the self-consistent loop will be stable. Details are
presented in [26].

3. Simulation Results and Discussions

First we investigate the effect of each scattering mech-
anism separately. Fig. 1 compares the normalized local
density of states, defined as p(r,FE) = i(G”(r,r,E) —
G<(r,r, F))/2m, for ballistic transport, with elastic and in-
elastic scattering. By including scattering the local density

of states broadens and becomes more similar to its semi-
classical counterpart. Fig. 1-c shows that inelastic scat-
tering affects those electronic states in which carriers have
enough kinetic energy to be scattered into lower energy
states. Fig. 2 shows the normalized spectrum of the cur-
rent for the aforementioned conditions. In all cases a large
amount of current is delivered by tunneling. In the case of
ballistic transport two peaks in the spectrum of the current
are observed, the first one locates at the Fermi level of the
source contact. The second one bellow the Fermi level is
due to the formation of a localized state in the potential well
close to the source contact. Scattering broadens the levels
and as a result the peaks vanish. Elastic scattering conserves
the energy of carriers as in the ballistic case, but the current
decreases considerably due to the elastic back-scattering of
carriers. On the other hand, with inelastic scattering the en-
ergy of carriers is not conserved. Carriers which acquire
enough kinetic energy can emit phonons and scatter into
lower energy states. This process does not decrease the cur-
rent as much as elastic scattering does, since scattered car-
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Figure 4. The comparison of the simulation results and experimental data for the transfer (a) and the output characteristic
(b). Comparison of the output characteristic based on the ballistic transport and with scattering (c).

riers lose their kinetic energy and the probability for back-
scattering is low [18]. For a better comparison Fig. 3-b,
and Fig. 3-c show the spectra of the source and drain cur-
rents for these scattering mechanisms. When the mean free
path for elastic scattering is decreased, the resonances in
the current spectrum vanish (due to broadening) and the
total current decreases considerably. When the mean free
path for inelastic scattering is decreased, more carriers scat-
ter from high energy states into lower energy states, and
the shape of the source and drain current spectrum becomes
asymmetric. Fig. 3-a shows that elastic scattering, unlike in-
elastic scattering, can severely degrade the on-current of the
device.

For comparison with experimental data, we used the
same material composition and geometrical parameters as
reported in [3]. All our calculations assume a CNT with
E;, = 0.5eV, m* = 0.06mq [7] for both electrons and
holes [1]. These parameters give excellent agreement be-
tween simulation and experimental data (Fig. 4). As shown
in Fig. 4-c even at high bias condition the drain current is
close to its ballistic limit.

4. Conclusions

We theoretically investigated the effect of scattering on
the performance of CNTFETs. Due to strong quantum ef-
fects like tunneling, the NEGF is a very well suited method
to study transport phenomena in such devices. Because of
back-scattering, elastic scattering has a detrimental effect
on the device performance. Due to a long mean free path
for this process, the performance of short devices (less than
several hundred nano-meter) is only weakly affected. On
the other hand, the mean free path for inelastic scattering
in CNTs is quite short, but this process does not degrade
device performance. Our analysis shows that even in the
presence of inelastic scattering, short CNTFETs can oper-
ate close to their ballistic limit.

5. Appendix

Block Diagram illustrating the iterative procedure to be
followed in solving the coupled system of transport and
Poisson equations.
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