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ABSTRACT

Due to emergence of serious obstacles to scaling of transistors' dimensions, it has been obviously
proved that silicon technology should be replaced by a new one having a high ability to overcome the
barriers of scaling to nanometer regime. Among various candidates, carbon nanotube (CNT) field
effect transistors are introduced as the most promising devices for substituting the silicon-based
technologies. Since the channel of these transistors is made of CNT then its properties, such as chiral
vector, have prominent effects on determining the performance of devices. In this paper the CNT
diameter impact on tunneling and thermionic emission (TE) currents of a coaxially-gated carbon
nanotube field effect transistor (CNTFET) with doped source/drain extensions is investigated. The
source/channel/drain of this transistor are a zigzag CNT with (n,0) chirality. The “n” value could be in
the form of n = 3a + 1 or n = 3a + 2. By increasing the “a”, the diameter increases while the energy
band gap Eg of the CNT decreases; as a result by increasing the “a” value, the on/off current ratio
decreases. However, for n = 3a + 2 the Eg of a CNT shows a higher value; then at a given “a”, for n =
3a + 1 the on/off current ratio may decrease due to a lower Eg and hence higher tunneling and TE
current. Generally, subthreshold swing improves and threshold voltage increases for a lower diameter
device; consequently, the leakage current could diminish. ON-state current and output conductance
have higher values for a higher diameter. Also, the difference between Eg and hence the I-V
characteristics of the device with n = 3a +1 and n = 3a + 2 is negligible for a higher diameter value. All
the results are justified based on the energy-position resolved electron density and current spectrums
on energy band diagram of the device.

doi: 10.5829/idosi.ije.2017.30.04a.09

NOMENCLATURE
Qe Carbon-carbon bond length (m) b Drain self-energy matrix
¢ Chiral vector of CNT >s Source self-energy matrix
Dg Source density of state (eV.m)™* Y Scattering self-energy matrix
Dy, Drain density of state (eV.m)™ Greek Symbols
d CNT diameter (m) T'p Drain braodening matrix
e Electric charge = 1.602 x10™(C) Ts Source braodening matrix
E Energy (eV) nt Infinitesimal positive value
Ey Charge neutral level (eV) T Conjugate transpose of a matrix
Ers Source Fermi level (eV) Subscripts
Eep Drain Fermi Level (eV) cc Carbon-carbon bond
F Fermi-Dirac distribution function c Scattering mechanism
G Retarded Green's function D Drain
Gt Advanced Green's function F Fermi level
I Current (A) N Neutrality
T Transmission probability S Source
Z Position along the tube axix (m)
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1. INTRODUCTION

Exceptional electrical properties of carbon nanotubes
(CNTSs) [1-3], have made them extensively attractive for
future electronics. CNTSs are applied to develop different
fields of technology [4-8]. Their one-dimensional
geometry results in interesting electrical properties.
Having longer mean free path and capability of
depositing high-k dielectrics constant in field effect
devices [2, 3] are some aspects of these properties; as a
result, in a nanotube, low bias electron transport can be
nearly ballistic across distances of several hundred
nanometers.

First demonstration of the CNTFET was in 1998 [9,
10] and up to now extensive improvements have
occurred in their structures and performances. These
devices, generally, are divided into two types. First
fabricated CNTFETS operated like Schottky barrier FET
and were called CNT-SBFETs [11, 12]. They can be
used as n or p-type devices and consequently are
suitable devices for using in complementary MOS
(CMOS) systems [13-15]. But, due to the large leakage,
the OFF-state current increases. Their operation
depends on adjusting the threshold voltage properly. In
the second type of CNTFETS, source and drain regions
are created by doping extension of the CNT [16, 17]
along the channel. These devices are called CNT-
MOSFETs and operate like conventional MOSFETs. A
CNT-MOSFET improves the ballistic ON-state current
of the device at high gate voltages and suppresses the
leakage current. For this reason, in this work, we focus
on performance of the CNT-MOSFETs and their
dependence on the CNT diameter. This device is a
coaxially-gated CNTFET with doped source/drain
extensions which are created along the channel as is
shown in Figure 1(a). The device structure is based on a
single-walled CNT. the energy band diagram of the
device is shown in Figure 1(b).
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Figure 1. (a) Coaxially-gated CNT-MOSFET structure [18,
19], (b) energy band diagram, (c) transfer I, — V¢ and, (d)
output I, — Vp characteristics of the device

Due to the constant doping level (m™) considered here,
the concentration level does not change with diameter.
As a result, by changing the channel’s diameter,
source/drain Fermi level does not change. A typical
Ip — Vi and I, — V,; characteristics of this device are
shown in Figures 1(c) and (d), respectively.

In this paper, the impact of variations in carbon
nanotube’s diameter on current mechanisms for the
device is studied. The changes in performance will be
graphically justified using electron distribution function
on energy band diagram of the device which is easy to
understand. This method also gives an interesting
intuition to the readers about electronic operation of any
1D nanowire devices.

2. MODELING

Simulation of electronic devices in nanoscale regime,
commonly involved a self-consistent procedure between
electrostatic potential and the charge distribution inside
the channel [19-22].

When a device is coupled to contacts (electrodes),
some charge is transferred into or out of the device, or
some electric field lines penetrate into or emerge out of
the device. Both effects will yield a self-consistent
potential. This potential is called self-consistent because
any changes in this potential alter the charge density
inside the device. Consequently, the potential is
modified by these changes until both charge density and
the potential converge to consistent values. To correctly
model this process we need to solve two major
equations in the simulations. The first one is Poisson
equation which determines the self-consistent potential
for a given charge density. The other is the transport
equation which is solved to obtain the electron density
inside the device for any given potential. Since in
nanoscale regime the wave-like behavior of electrons
become significant than substance behavior, the semi-
classical Boltzmann transport equation (BTE) does not
verify carrier transportation anymore [19-22]. As a
result, a full guantum mechanical transport model, such
as the non-equilibrium Green’s function (NEGF)
approach is necessary. In this method the Schrddinger
and Poisson equations should be solved self consistently
[20-22]. This paper is devoted to probe the results in
detail and justify them by using the electron distribution
function of the device on energy band diagram, as well.
However, we review the main idea of the simulation
approach.

In NEGF method, according to Figure 2, the device
is introduced by its Hamiltonian matrix, H, which is
connected to the two infinity reservoirs called source
and drain. The reservoirs, as is shown in Figure 1(b), are
introduced by their Fermi levels Epg and Epp that are
determined by the bias voltages applied to reservoirs.
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The connection between the active region and
source/drain contacts is determined by the self-energy
matrices, Y.¢ and Y.,. The scattering process of carrier
transportation inside the device is known by Y., the
scattering self energy matrix. However, in the ballistic
transport consideration, the scattering processes inside
the channel are neglected.

The charge density is determined by the integral of
local density of states over the energy space.

Q2) =

(—e) [ dE.sgn[E — Ey(2){Ds(E, Z)f (sgnlE —
Ex(DI(E — Egs)) + Dp(E, Z2)f (sgn[E — En(2)](E —
EFD)}

where, e is electron charge, sgn(E) is sign function,
Eps(py is the Fermi level of source (drain), Ey(Z) is the
charge neutrality level, and the Dgpy(E,Z) is the local
density of states in source (drain) contact which is
obtained as follows:

)

DS(D) = GFGT (2)

In this equation G and G* are the retarded and advanced
Green’s functions, respectively. G is given by:

GE)=[E+in)—H—-Xs—Xp—2c]™" ®)

where, H is the device’s Hamiltonian and Yg(py is
source (drain) self energy matrix. According to (4):

Tsy = iZs@) — Lhepy) @)

[s(p) Is the broadening function of source (drain).

After self-consistent procedure between charge
density extracted from Schrodinger equation by using
the NEGF approach, and the potential obtained from
Poisson equation, the self-consistent potential can be
inserted into (3) for determining the Green’s function
until the transmission T(E) inside the device is
determined from (5). It should be mentioned that the
self-consistent potential is a main part of H matrix
which defines the active region of the device.

T(E) = trace(TsGT,G™) (5)
At the end, the source to drain current can be obtained:
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Figure 2. The quantities of the NEGF calculation [19, 23]

3. CARBON NANOTUBE STRUCTURE

The structure of a single-wall carbon nanotube is
determined by original hexagonal lattice vector, called
the chiral vector. In Figure 3, a graphical representation
of chiral vector is shown. It is perpendicular to the axis
of tube, T, which is called translational vector.

The chiral vector is a linear combination of the base
vectors d,and d, [2,3]:

5}[: nal + maz (7)

where n and m are integer numbers. If the chiral vector
is (n,0) the CNT is called zigzag CNT and when it is
(n,n) the CNT is called armchair.

Other forms of CNTSs are called chiral. It should be

mentioned that n value of semiconducting zigzag CNT
and its diameter obey the following equation:
d =Mk (®)
where, a.. = 1.44 & is carbon-carbon bond length in
graphene. The channel of a transistor is a
semiconductor. For this reason, (n — m) should not be a
multiple of 3. So we cannot use (n,n) CNT as a channel
because of its metallic behavior. Generally, the energy
band gap E; of a zigzag CNT and its diameter are
related to each other inversely [2,3]. However, as is
shown in Figure 4, at a constant a value, E; for
n = 3a + 2 stands higher while its diameter is higher
thann = 3a + 1.

4.RESULTS AND DISCUSSION

In order to better understand the current mechanisms,
approved tools and resources are used [23-26]. The
drain/source current versus the gate voltage (transfer
characteristic) of this transistor is shown in Figure 1(c).
When a CNT-MOSFET is in a high gate bias the
important mechanism in carrier transport is thermionic
emission (TE) current. When the gate voltage is high the
potential barrier will be low.

(irary armchair

Figure 3. A sheet of graphene and corresponding chiral
vector representation
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Figure 4. Energy band gap E for 3 different groups of zigzag
CNTs; n=3a+ 1 and n = 3a + 2 refer to semiconducting
and n = 3a refers to metal CNTs

The source Fermi level Eps has been set as
reference. Since the CNT channel is intrinsic and its Eg
is E; /2, by applying no gate voltage, at source/channel
junction its Fermi level aligns with Ep¢ and height of
barrier between them is determined by energy bandgap
of channel, E;. In other words, the barrier height will be
equal to Exg from E, plus E; /2. By increasing the gate
voltage, the conduction band E and valance band E;, of
the channel will drop to a lower energy level and
consequently, the Eps could stay above the E. of
channel. Consequently, with respect to energy-position
resolved electron (electron density per unit energy (eV)
per unit length (nm)) and current (Log of current per
unit energy (eV) per unit length (nm) spectrums in this
condition, as is shown in Figures 5(a) and (c), the TE
current plays the most important role in carrier transport
from source to drain. When the gate voltage of device
gradually decreases to lower values, the potential barrier
height will become higher and higher. Ep¢ stays at zero;
but E. of channel stays above Eps and due to a growth
in potential barrier height, TE current starts decreasing.
Since the E; of channel is constant, E. and E, of the
channel will rise up simultaneously. This increasing
continues until the channel E;, aligns with the source E.
Thus a quantum well will be created at this junction and
the confined states (discrete quantum states) produce a
new current mechanism in carrier transport, called band-
to-band-tunneling (BTBT) current, as shown in Figures
5(b) and (d). Dominance of tunneling current strongly
depends on V,; and E; of CNT channel. If E; of channel
is high, the tunneling would start at a lower gate bias.

Also, leakage current which includes any current
mechanism at zero gate voltage, becomes significant
when both the TE and band-to-band tunneling
mechanisms have a small value. The leakage current is
very important in determining the device performance at
the subthreshold region. The thermal component of
leakage current is triggered by the electrons movement
from source region across the top of the potential
barrier. This is due to the lattice temperature which
exists in all of the transmission stages.
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Figure 5. Electron density spectrum at (a) V¢ =0.8V , (b)
V¢ = —0.1V; corresponding current density spectrum at (c)
Ve=0.8V,and (d) Vg=-0.1V; V), =0.4V

In such a situation the difference between Fermi
functions of source and drain expands to the higher and
lower energies of channel conduction and valence band,
respectively [27].

Since the leakage value is very small, i.e. in the
order of 10° nA, it doesn’t affect the high current values
of the saturation and inverse saturation current (due to
BTBT).

For high n values, E; of channel is small and the
channel E, reaches the source E. at a higher gate
voltage; Hence the minimum current in I, —V;
characteristics stays at a higher value. I, —V;
characteristics and subthreshold swing for different
diameters are shown in Figures 6(a) and 6(b),
respectively.

At first, channels with n=3a + 1 are discussed
(n=10,13,16 and 19). As mentioned above, by
increasing the n value the minimum amount of current
increases as well. We can compare the electron
distribution function of (13,0) and (19,0) channel at
Ve =0V to find this fact. It can be seen that drain
current at V; = 0V increases with n. For n = 13, the
electron density is significantly lower than n = 19 as is
shown in Figures 7(a) and (b), respectively.
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Figure 6. (a) Ip — V¢ characteristics, and (b) subthreshold
swing; Vp = 0.4V
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Figure 7. Electron density spectrum for (a) (13,0), (b) (19,0);
corresponding current density spectrum for (c) (13,0), and (d)

As a result, the OFF-state current is also lower for
n = 13 than n = 19 as is shown in Figures 7(c) and (d),
respectively. Increasing the n value causes the E; of
channel to decrease and therefore the tunneling current
is strengthened. The BTBT and TE current components
are higher for (19,0) than (13,0) atV; =0 V.

The I, — V, characteristic for different n values of
channel are shown in Figure 8(a) in linear scale to find
transconductance g,,, and threshold voltage V; of the
device. As can be seen by increasing the n value, g,,
remains almost constant while V; decreases. The lower
Vr is related to lower E;. One can define the g,, as the
slope of the linear regime of I, — V; (linear scale) curve
and V; by crossing the slope of the linear regime of
I, — Vg (linear scale) with the voltage axis.

The output conductance g, of the device (slope of
the linear regime of I, —V, curve) increases by
increasing the n value, as shown in Figure 8(b). If we
suppose that n = 3a + b is the case then increasing a
decreases E;, while increasing b (from 1 to 2) increases
it, as shown in Figure 4. Lower E; (higher diameter)
improves the ON-state current value at a certain
Vi > V;, because channel E reaches the Er¢ at a lower
gate field. As a result, the TE occurs at a lower voltage
value and current may now reach a higher amount. Then
da is higher for a higher diameter device.

The same justifications can be used to study the
performance of (11,0), (14,0), (17,0) and (20,0) zigzag
semiconducting devices (n = 3a + 2). Instead, here we
compare the two groups, n = 3a + 1 and n = 3a + 2.

It is obvious that the transistor with n = 3a + 2
zigzag semiconducting CNT has lower confinement
states at a given V; < V; and consequently its OFF-state
current I,z declines, as is shown in Figure 6. Also, as n
value rises up from 3a + 1 to 3a + 2, the g,,, and V;. do
not change significantly; and the value of g, improves a
little as is shown in Figures 8(a) and (b), respectively.
Ion/Iorr ratio of such devices, when ON-state current
Ion 1S supposed at two groups and two gate voltages in
Figure 9.
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Ve=0.4V, (b)Vg=1V,atVg=1Vand Vg = 0.4V for
(c)n=3a+1,and(d)n=3a+2;Vp,=0.4V.

Generally, as is shown in Figures 9(a) and (b), by
increasing the n value the current ratio diminishes.
Also, as discussed before in a higher value of V; the
ON-state current is more due to a lower potential barrier
state. Then current ratio is better for a higher V%, as is
shown in Figures 9(c) and (d). As shown in Figure 7,
due to a lower E; of n = 3a + 1 than n = 3a + 2 at the
same a value, BTBT and TE currents could be
dominant in carrier transport at V; = 0 especially for a
higher n value. For these reasons, Iy /Iprr ratio of a
device with n = 3a + 2 is better thann = 3a + 1.

5. CONCLUSION

The role of the CNT diameter on the performance of
(n,0) CNT-MOSFET has been studied based on NEGF
formalism. The simulation results show that for a large
n value (high diameter or low E;), the tunneling states
are prominent at a lower gate voltage. But in a lower n
value, the tunneling occurs at a lower gate voltage and
OFF-state current is reduced accordingly. By increasing
the diameter, the threshold voltage and the output
conductance will improve but the I,y/lorr decreases
drastically; however, transconductance of this device is
independent of n value. In general, by decreasing the n
value the performance of device could improve.
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