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ABSTRACT

An analytical model that captures the essence of
physical processes in a CNTFET’s is presented. The model
covers seamlessly the whole range of transport from drift-
diffusion to ballistic. It has been clarified that the intrinsic
speed of CNT’s is governed by the transit time of electrons.
Although the transit time is more dependent on the
saturation velocity than on the weak-field mobility, the
feature of high-electron mobility is beneficial in the sense
that the drift velocity is maintained always closer to the
saturation velocity, at least on the drain end of the transistor
where electric field is necessarily high and controls the
saturation current. The results obtained are applied to the
modeling of the current-voltage characteristic of a carbon
nanotube field effect transistor. The channel-length
modulation is shown to arise from drain velocity becoming
closer to the ultimate saturation velocity as the drain
voltage is increased.

1 INTRODUCTION

There is an intensive search and research for high-speed
devices is an ongoing process. Two important factors that
determine the speed of a signal propagating through a
conducting channel. One is the transit-time or gate delay
that depends on the length of the channel and the other is
the wire delay that is due to finite RC time constants. The
two factors are intertwined as in each one the ultimate
saturation of velocity plays a predominant role. The higher
mobility brings an electron closer to saturation as high
electric field is encountered, saturation velocity remaining
the same [Mohammad]. The reduction in conducting
channel length of the device results in reduced transit-time-
delay and hence enhanced operational frequency. There is
no clear consensus on the interdependence of saturation
velocity on low-field mobility that is scattering-limited. In
any solid state device, it is very clear that the band structure
parameters, doping profiles (degenerate or nondegenerate),
and ambient temperatures play a variety of roles in
determining performance behavior. The outcome that the
higher mobility leads to higher saturation is not supported
by experimental observations [1, 2]. This paper focuses on
the process controlling the ultimate saturation. It has been
confirmed in a number of works that the low-field mobility
is a function of quantum confinement [3, 4]. In the
following, the fundamental processes that limit drift
velocity are delineated.

As devices are being scaled down in all dimensions, the

curiosity towards ballistic nature of the carriers is elevated.
Initially, it was in the work of Arora[l] that the possibility
of ballistic nature of the transport in a very high electric
field for a nondegenerate semiconductor was indicated. In
this article, the work of Arora is extended to embrace
degenerate domain in the carbon nanotube where electrons
have analog type classical spectrum only in one direction
while the other two directions are quantum confined or
digital in nature. When only the lowest digitized quantum
state is occupied (quantum limit), a carbon nanotube shows
distinct one-dimensional character.

2 DISTRIBUTION FUNCTION

In one dimensional nanotube with diameter around
nanometer (see Figure. 1), only one of the three Cartesian
directions is much larger than the De - Broglie wavelength
(Taken is x direction). Since the current is independent of
band structure a MOSFET-like CNTFET in the quantum
limit can be described by the same theory for
semiconductor nanowires MOSFETs. For the Carbon
nanotube near the k = 0 band structure is parabolic and the
energy spectrum is analog-type only in x-direction.
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Here E is the band gap for ith sub bands and a__, is

the Carbon —Carbon band in the quantum limit of a
nanotube and d is the diameter of the Carbon nanotube, and
t=2.7 (eV) is the nearest neighbor C-C tight binding overlap
energy [5, 6].In the y, z-direction where the length

L, . <<A,, the De - Broglie wavelength A, with a
typical value of 10 nm. k, is the momentum wave vector in
the x-direction. m~ = 0.05m, [7].
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Figure 1. A prototype CNT’s (9, 2) with R «< Ay and
L >>A,-

The quantum wave in the x-direction is a traveling wave
and that in the y (z) - direction is the standing wave.

W (x,),2)=, l%ej (k) sin(%y j sin(”Z/L j 3)

In carbon nanotube near the minimum band energy
similar to one dimensional nanowire we obtain following
equation for density of state (DOS).
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The distribution function of the energy E is given by the
Fermi-Dirac distribution function

1
f(Ek) =~ TE-E. (5)

e T 41

where Ep is the one-dimensional Fermi energy at which the
probability of occupation is half and T is the ambient
temperature. In non- degenerately doped semiconductors
the ‘1’ in the denominator of Eq. (5) is neglected as
compared to the large exponential factor. In this
approximation, the distribution is Maxwellian, which is
used in determining the transport parameters extensively.
This simplification is good for a nondegenerately-doped
semiconductor. However, most nanoelectronic devices
these days are degenerately doped. Hence any design based
on the Maxwellian distribution is not strictly correct and
often leads to errors in our interpretation of the
experimental data. In the other extreme, for strongly
degenerate carriers, the probability of occupation is 1 when
Ex < Er and is zero if E; > Ep.Arora modified the
equilibrium distribution function of Eq. (4) by replacing Er
(the chemical potential) with the electrochemical potential

E, +gé7where & is the applied electric field, q the

electronic charge and / the mean free path. Arora’s
distribution function is given by

1
JE) = (6)
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This distribution has a simple interpretation [8, 9] as
given in the tilted band diagram In an extremely large
electric field, virtually all the electrons are traveling in the
positive x-direction (opposite to the electric field). This is
what is meant by conversion of otherwise completely
random motion into a streamlined one with ultimate

velocity per electron equal to the intrinsic velocity v, .

Hence the ultimate velocity is ballistic independent of
scattering interactions. The ballistic motion in a mean-free
path is interrupted by the onset of a quantum emission of

energy i@, . This quantum may be an optical phonon or a
gy na, q y p p

photon or any digital energy difference between the
quantized energy levels with or without external stimulation
present. The mean-free path with the emission of a

quantum of energy is related to ﬂo (zero-field mean free

path) by an expression.
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Here (N, +1) gives the probability of a quantum

emission. N, is the Bose-Einstein distribution function
determining the probability of quantum emission. The

degraded mean free path ¢ is now smaller than the low-
field mean free path/ . ¢ =~ {, in the Ohmic low-field
regime as expected. In the high electric field
l=l,=E, / q& . The inelastic scattering length during
which a quantum is emitted is given by .Obviously
£, =00 in zero electric field and will not modify the

traditional scattering described by mean free path /, as

£y,>>1L,. The low-field mobility and associated drift

motion is therefore scattering-limited. The effect of all
possible scattering interactions is now buried in the mean

free path £ ,. This by itself may be enough to explain the
degradation of mobility 4 in a high electric field; [10]

575 NSTI-Nanotech 2009, www.nsti.org, ISBN 978-1-4398-1784-1 Vol. 3, 2009



m mv, my,

Here 7, is the mean free time (collision time) during

which the electron motion is ballistic. V ; 1is the mean

i
intrinsic velocity for 1D carbon nanotube that is discussed
in the next section.

3 INTRINSICVELOCITY

The intrinsic velocity is given by

1 S0(77F)
Vi =Vt T = 7\ (11)
' \/;J_l(nF)
2
With
E
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v, = |2l n -2 (12)
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Here, 3 i (77) is the Fermi-Dirac (FD) integral of order j
and ['(j +1) is a Gamma function. Its value for an integer
jisI'(j+1)=jI(j)=j!. For half integer values, it is

3 1 (1 1
IN—(==I1=-1|= —\/; . In the strongly degenerate

2) 2 \2) 2

regime, the FD integral transforms to

J+ Jj+1

I 7" _ 7
rG+nj+1 1I(j+2)

3, = (14)

The carrier concentration per unit length n; is given by

n =NS3 () (15)

2

For quasi-one-dimensional carbon nanotubes (CNT) or
nanowires, the ultimate average velocity per electron is a
function of temperature and doping concentration

N, o
vV, = —X_n_‘SO(UF) (16)
With
!
2m'k,T
Nc: 7 (17)

where N, is the effective density of states for the

conduction band with 7" now being the density-of-states

effective mass. n; is the carrier concentration per unit
length. Figure 2 indicates the ultimate velocity as a function
of temperature for (9,2) CNT with effective mass
m'=0.099m, . Also shown is the graph for nondegenerate
approximation. The velocity for low carrier concentration

follows T'"'* behavior independent of carrier concentration.
However for high concentration (degenerate carriers) the
velocity depends strongly on concentration and becomes
independent of the temperature. The ultimate saturation
velocity is thus the thermal velocity appropriate for 1D
carrier motion:

1 2k,T
Vino = Vipa = Vi = x (18)
N m,
4
o p=g10"® !
FETrgw, ]
3t 5% ucian
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Figure.2. Velocity versus temperature for carbon nanotube

for various concentrations.

Figure 3 shows the graph of ultimate intrinsic velocity
as a function of carrier concentration for three temperatures
(T= 42 K, 77 K, and 300 K). As expected, at a low
temperature, carriers follow the degenerate statistics and
hence their velocity is limited by an appropriate average of
the Fermi velocity that is a function of carrier
concentration. When degenerate expression for the Fermi
energy as a function of carrier concentration is utilized, the
ultimate saturation velocity is given by
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The ultimate velocity in a quasi-one-dimensional carbon
nanotube (CNT) or nanowire may become lower when
quantum emission is considered. The inclusion of the
quantum or optical phonon or any other similar emission
will change the temperature dependence of the saturation
velocity.

v, = (n ) (Degenerate) (19)
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Figure 3 Velocity versus doping concentration for T=4.2 K
(liquid helium), T = 77K (liquid nitrogen) and T=300 K
(room temperature). In (9,2) semiconducting CNT.

High mobility does not influence the saturation velocity
of the carriers, although it may accelerate the approach
towards saturation as high fields are encountered in nano-
length channels.

4 CARBONNANOTUBE FIELD EFFECT
TRANSISTOR

Figure 4 The schematic of a carbon nanotube transistor
with gate dielectric.

The velocity saturation effect can conveniently be
implemented in the modeling of a carbon nanotube
transistor if the empirical relation given below is used.

_ ok

17 z (20)
1+—
E
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With Eq. (20) the drain current /, as a function of the

gate voltage V¢ and drain voltage V/, is obtained as

I, =p [2VGTVDV— VD_] @1)
1+-2
with
lulf'CG
=< (22
B % )
VGT = VGS - VT (23)
o=t g (24)
1%

where Cg is the gate capacitance per unit length, and L the
effective channel length. V. is the threshold voltage . The

value of u,, = 60000 cm®/V.sis taken. Vv, =V, is the

intrinsic velocity of Eq. (19). In the absence of quantum

emission for (9, 2) semiconductor carbon nanotube the

. .. . . . 13 -3
Iintrinsic carrier concentration 1s nl = 7921X 10 m

[11,12]. Because of the unknown nature of the quantum
emission, it is ignored in this calculation. With the simple
geometry of the carbon nanotube transistor of Figure 4, the
gate capacitance is given by Cg [13].For single wall carbon
nanotube (SWCNT) channel in CNTFETs, the gate-channel
capacitance can be expressed as Cg=(C. Cq)/( Ce Cq ),
where C, is the electrostatic gate coupling capacitance of
the gate oxide and Cq is the quantum capacitance of the
gated SWCNT. The quantum capacitance Cg arises from
the fact that the electron wave function vanishes at the
carbon nanotube (CNT)-insulator interface [14]. For a
carbon nanotube of length, L and radius, r capacitance
comes out to be [15].
2re
C =~ L [25]

to, +7 A+ 28, 7

In
r

where €, 7, and r are the dielectric constant and thickness
of oxide, and the radius of SWCNTs, respectively [16,
17,18]. Using & = 20g, , f;,, = 80 nm, L = 250 nm and

r =1 .7 nm. which for typical experimental setups is in the
order of tens of aF/um. To add to this, the quantum
capacitance in carbon nanotubes is of considerable
significance. The quantum capacitance can be write as [19]

Co= 2e/v; where, v 10° m/s is the Fermi velocity
of electrons in the CNT [20]. Numerically CQ comes out to
be 76.5 aF/um shows thereby that both electrostatic as well
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as the quantum capacitances play important role in the
CNTs. [21,22]. At the onset of current saturation, all
carriers leave the channel at the saturation velocity where
electric field is extremely high. Therefore, the saturation
current is given by

IDsat = CG (VGT _VDsat )vsat (26)
When Egs. (21) and (26) at the onset of current

saturation are consolidated, the drain voltage at which the
current saturates is given by.

v V 1+2Vi

Dsat — " ¢

-1 27)

c

With this value of V,

Dsat
saturation current is given by

substituted in Eq. (26), the

IDsat = ﬂV[iat (28)

Figure 5 shows the current-voltage characteristics of a
transistor with L =250 nm. In this regime, V, >V, . The
steps in I-V characteristics tend to be equally spaced as
Vir becomes much larger than’,. An analysis of the

velocity distribution in the channel indicates that the
velocity throughout the length of the channel is lower than
that on the drain end where carriers are moving with the
maximum permissible velocity. The equally-spaced step
behavior of I-V characteristics is in direct contrast to the
behavior expected from long channel transistors (

Vior <<V.), when steps separation varies quadratic ally
with the adjusted gate voltage V. In fact, if Eqs. (21) is

expanded to second order in ¥, one can easily notice the

complete absence of pinch off effect[23].

25

HpA)

Figure .5. Current -Voltage characteristics of nanowire.

5 CONCLUSIONS

Intrinsic speed of carriers in CNT’s is governed by the
transit time of electrons. Although the transit time is more
dependent on the saturation velocity than on the weak-field
mobility, the feature of high-electron mobility is beneficial
in the sense that the drift velocity is maintained always
closer to the saturation velocity, at least on the drain end of
the transistor where electric field is necessarily high and
controls the saturation current.

In many ways, the distribution function reported is
similar to what is presented by Buttiker [24]. A series of
ballistic channels of length ¢ comprise a macro-channel of
length L. The behavior is well understandable as we

consider ballistic low-field mobility where £ is replaced by
L. However, it does not affect the velocity saturation in
high electric field that is always ballistic. The ends of each
mean free path thus can be considered Buttiker’s
thermalizing virtual probes, which can be used to describe
transport in any regime. In high electric field, the electrons
are in a coordinated relay race, each electron passing its
velocity to the next electron at each virtual probe. The
saturation velocity is thus always ballistic whether or not
device length is smaller or larger than the mean free path.
The ballistic saturation velocity is always independent of
scattering-limited low-field mobility that may be degraded
by the gate electric field. The relation between mobility
and the mean free path has deep consequences on the
understanding of the transport in a nanoscale device.

The importance of developing FET structures with high
electron concentrations and high current-drive capabilities
is emphasized. The current drive can be enhanced by an
array of CNT’s transistors particularly for high speed
digital applications.  The switching speed is usually
determined by the charging process of capacitive loads,
including interconnects. The presence of a tradeoff relation
between high mobility and high doping concentration is
required to optimize performance of the CNT’s transistor
following the recommendations of Sakaki [25]. The
channels can be designed for the benefit of utilizing
selectively doped double-heterojunctions and other FET
nanostructures. The role of the quantum engineering by the
gate-field induced mobility degradation in determining low-
field electron mobility is indicated. Also, the role of
quantum waves in determining the correct capacitance to
make quantitative interpretations of the gate capacitance is
required. Although the technical difficulty encountered in
the preparation of a CNT transistor is far greater than that
for 2D nanostructures, there appear to be several bright
prospects if one develops novel schemes of
microfabrications, including the use of edge of quantum-
well nanostructures as the theory guides the experimenters
toward the design of CNT transistors and allows them to
assess performance accordingly.
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