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Abstract

Gordon Moore, the co-founder of Intel, predicted that the number of transistors would quadruple every two years. As
a result, device scaling had to happen. Scientists and researchers quickly learned that silicon MOSFETs had a scaling
issue with technology. Carbon nanotube field effect transistors (CNTFET) are now replacing silicon metal oxide
semiconductor field effect transistors (MOSFET) as an alternative. However, whereas we have access to precise
circuit-level equations for MOSFETs, all we have for carbon nanotubes are model equations. In this research, we seek
to model the behavior of the SWCNT-FET under varying conditions of diameter and gate insulator thickness. This
would allow for more accurate performance predictions from the device, paving the way for more complicated
CNTFET based circuit designs. Variations in mobile charges, drain currents, and gate insulator thickness are among
the variables investigated. Simulation results demonstrate that the size of CNT diameter has direct influence on drain
current which could be potential replacement of silicon technology for digital applications.
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1. Introduction

The concept of mounting many electronic devices on a single substrate emerged in the late 1950s. Over the last six
decades, we have gone from making basic circuits with only a few components to making microprocessors with 10
million devices and memory that can hold more than a billion transistors (Shakil and Ullah., 2022). Computer and
communication technology have revolutionized every facet of contemporary life because of Moore's law, which states
that the number of transistors in general-purpose microprocessors will roughly double every two years (Amin et al.,
2019; Ullah et al., 2017). This rule was first proposed in the 1960s. Moore's law predicts that as transistor sizes
continue to decrease exponentially, the cost, speed, and energy consumption of modern computers and other
information processing equipment will also continue to decrease (Shabir and Ullah., 2022). The advancements made
thus far are remarkable; today's smartphones' central processing units (CPUs) are more than 100,000 times more
powerful than the Apollo computer that landed a man on the moon 50 years ago while using less than ten times as
much electricity. By allowing computers to feasibly handle huge amounts of data with tolerable throughput and cost,
the most recent advances under Moore's law paved the basis for today's achievements in machine learning and
blockchains (Debnath et al., 2023).

For instance, higher-precision and cognitive learning and inference tasks, whether on the cloud or at the edge,
necessitate faster and more energy-efficient computers to train and execute increasingly complex deep-neural network
models (composed of hundreds of thousands of nodes and thousands of millions of parameters) (Shabir et al., 2022).
Since the difficulty of mining blockchains rises exponentially with the number of nodes in the network, commercial
blockchain applications need hardware with a much greater hash rate. To enhance mobility and the user experience,
virtual- and augmented-reality applications need greater computer power with much reduced battery consumption on
mobile devices (Shakil and Rashid., 2023). Some of these issues can be addressed by software and architectural
enhancements, but it would be preferable if transistor technologies could provide a reduced footprint and greater
performance on the device level (an approach termed more Moore) (Shakil and Ullah., 2023).

The semiconductor industry's development has slowed over the last decade, indicating that Moore's law, which is
based on the scaling of silicon metal-oxide-semiconductor field-effect transistors (MOSFETs), is reaching its physical
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limitations (Shakil and Ullah., 2023). To begin, while the number of transistors in modern microprocessors has
maintained its exponential development trajectory, both the clock frequency and the chip's single-thread performance
have plateaued since the early 2000s (Fig. 1(a)). Second, progress in reducing the size of individual transistors has
slowed down, with the shortest allowable space between the gates of neighboring transistors on chip (the contacted-
gate pitch) decreasing by only approximately 10% from the 10 to the 5 nm technology node (Fig. 1(b)). However,
emerging applications are placing a greater emphasis on the need for ongoing improvements in processing capacity.

In 1930, J.E. Lilenfield invented the first MOSFET (metal-oxide-silicon field effect transistor). Due to its excellent
electrical characteristics, the carbon nanotube field effect transistor is one of the most promising alternatives to replace
existing MOSFET technology (lijima et al., 1991). High on-currents have been shown in carbon nanotube field-effect
transistors (CNTFETs), a form of the molecular transistor. Because of the growing difficulty of scaling, advances in
materials are becoming more crucial to maintaining Moore's law. At the 45 nm technology node, we have seen the
replacement of SiO2 gate dielectrics and polysilicon gates with HfSiON-La203 high-k gate dielectrics and metal
gates, as well as the replacement of aluminum with copper interconnects at the 180 nm technology node (Sumio et al.,
1992). The silicon channel is next in line for the approach. Due to their combination of inherent nanoscale size and
remarkable electrical capabilities, single-walled carbon nanotubes (SWNTs) stand out as a promising contender
among many other possible materials, such as III-V semiconductors and different 2D nanomaterials (Amin et al.,
2022; Sanaullah et al., 2014). This review provides an overview of the rationale for using carbon nanotubes instead
of silicon in the next generation of extremely scaled logic transistors, a summary of the recent progress made by
researchers in academia and industry in transforming nanotube transistors into operational technology, and an
examination of the most critical obstacles that must be overcome before this technology can be widely adopted (Figure

).
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Figure 1. (a) A historical look at the evolution of several microprocessor characteristics over the last 48 years,
including the number of transistors (black), single-thread capability (blue), clock speeds (red), and overall power
consumption (green) (from Karl Rupp's 48 Years of Microprocessor Trend Data). (b) The technology node scaling
behavior of the contacted-gate swing of logic transistors from 180 to 5 nm (source: Wikichip).

2. Properties of Carbon Nanotubes

Carbon nanotubes, also known as "nanotubes," are cylinder-shaped structures made by rolling graphene sheets in an
axial orientation (Koyama et al., 1974). Depending on the number of times the graphene sheet is rolled, CNTs are
either single walled (SWNT) or multi-walled (MWNT). Nanotubes may have either a zigzag, armchair, or chiral
structure, depending on the direction of the rolling vector (chiral vector) (Shabir et al., 2023). The production method
for carbon nanotubes determines their final physical, chemical, and optical characteristics. Rolling graphene sheets in
an axial orientation creates carbon nanotubes, also known as "nanotubes," which are cylinder-shaped structures.
Depending on the number of times the graphene sheet is rolled, CNTs are either single walled (SWNT) or multi-
walled (MWNT) (Amin et al., 2020; Sanaullah et al., 2014). Nanotubes may have either a zigzag, armchair, or chiral
structure, depending on the direction of the rolling vector (chiral vector). The production method for carbon nanotubes
determines their final physical, chemical, and optical characteristics.

In 1993, high-resolution transmission electron microscopy (TEM) provided the first direct evidence that an SWNT's
structure resembled a rolled-up sheet of single-layer graphene with a diameter of around 1 nm (Iijima and Ichihashi.,
1993). Rapid theoretical and experimental confirmation of SWNTSs' extraordinary electrical characteristics followed.
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Initial excitement to deploy nanotube transistors as the next switch beyond silicon MOSFETs in the 2000s stemmed
from carbon nanotubes' carrier mobility being more than 30 times greater than that of silicon, allowing ballistic carrier
movement at ambient temperature across several microns (Debnath et al., 2023). Despite their outstanding nature,
these features do not address the critical issues that must be resolved in a scaled logic transistor.

2.1 Electrical Properties
The band structure of graphene simplifies the study of the electrical characteristics of carbon nanotubes. We found
that the only allowed k-points in the Brillouin zone are along parallel lines by analyzing the band structure using the

Graphene sheet Carbon nanotube Capped carbon nanotube

Figure 2. Technique for fabricating carbon nanotubes from single-layer graphene (Shabir and Ullah., 2022).

zone folding approximation. The band structures of graphene, p-type, and n-type nanotubes are shown in Figure 2,
together with their electronic energies along the permissible lines. The length and orientation of these lines are
designated by the (n, m) pair of integers (dang et al., 2006). Although this approximation has its limitations, it does
provide us with a wealth of useful information about the electrical properties of carbon nanotubes, such as the fact
that a slight adjustment to the parameters can transform CNTs from a metallic to a semi-conductive state (Shabir and
Ullah., 2022).

Carbon, the building block of graphite, has a pair of 1 electron, one 2p electron, and three SP2 electrons in each
atomic structure. As a result of the three bonds formed by the sp2 electrons in the band at the sheet plane of graphene,
the p-orbital is unsaturated. The delocalized p-network across the nanotube is responsible for its electrical
characteristics, and this p-orbital, which is perpendicular to the graphene and hence the nanotube surface, is
responsible for its generation. Band degeneracy between the highest p valence band and the lowest p conduction band
is required for armchair CNTs to exhibit metallic behavior. At the Fermi level, when these bands overlap, a new kind
of CNT called metallic nanotubes is formed (Amin et al., 2020; Santos et al., 2019). Regarding the effect of gate
voltage, ballistic conduction in metallic CNTs is the least sensitive. In Fig. 4, we can see how the small band gap of
semiconducting nanotubes might be useful in transistor and Fig. 3 shows CNTs applications.

2.2 Chemical Properties

The pyramidal perspective According to the band structure, nanotubes have zero HP since their bonds are sp2.
According to studies by (Devi et al., 2013) and (Chen et al., 2007), a carbon atom's angle of pyramidalization is
close to tetrahedral, coming in at 11.60 instead of zero. The nanotube's sidewalls are only pyramidal zed at an angle
of 60 degrees; therefore, its tubular form causes strain. A p-orbital mismatch is responsible for the strain in a
nanotube (Shabir and Ullah., 2022). The end cap is very reactive because of its high pyramidalization angle,
whereas the side walls are less reactive because of their low angle (Lee et al., 2015).

Stone wall-like structural flaws in nanotubes may be added during synthesis to confer SP2 character to the

hexagonal network of tubular nanostructures (Figure 3 and 4). Imperfect nanotubes are more reactive, resulting in
enhanced gas adsorption and a quicker rate of functionalization (Shabir and Ullah., 2022).
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Figure 3. Application of CNTs. Figure 4. Energy band level variation.

3. Device Structure

The structure of a typical cylindrical CNTFET device is shown in Figure 5. (a) Carbon nanotubes, with a diameter of
dent, form the innermost tube. The CNTFET has a metal gate that is the outermost tube. The device's behavior depends
on whether it is ballistic or diffusive due to dispersion inside the nanotube. We assume that the resistance of the metal
to the nanotube contact is zero. Because of the inclusion of ballistic circumstances, the channel length is irrelevant.
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Figure 5. (a) Cylindrical structure of CNTFET. (b) n-type compact model. (¢) p-type compact model of CNTFET

3.1 Benefits of CNTFETSs
o I(on)/I(off) ratio is quite high.
e Higher threshold voltage.
e It has a very high transconductance. Each FET's performance is based on this characteristic. Gain of the
output current increases as transconductance rises (Franklin., 2013).
e tis possible to use CNTs to construct connections with low resistance and great strength.
e Carbon nanotube field-effect transistors (CNTFET) are low-power and highly scalable (Shabir A., 2023).

3.2 Compact Models

Figures 5 (b) and (c) are miniature representations of n-type and p-type CNTFETs, respectively. They help with the
visual representation of circuits on paper. Using the CAD tool, we ran simulations to predict how a single-walled
carbon nanotube FET might function. We settled on the nanotube's diameter (dent) and the thickness of the gate
insulator as the independent variables of interest. Several variables, including drain current, mobile charges, quantum

capacitances, etc., were investigated. Let us start by experimenting with different nanotube diameters to see what
happens.

4. Analysis of Simulations and Discussions

In this section we are going to analyze the simulation results and discuss the variables parameters which effect the
characteristics of CNTFET.

4.1 Carbon Nanotube Diameter (Dcnt) as Setting Parameter
The primary formula for determining the diameter of CNTFET (Lee et al., 2015) is given below.
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3%
\/_ﬂa\/n2+m2+nm (1)
For a given diameter dent of a CNT, we need to know the distance between carbon atoms and the basis vectors al and
a2 of the graphene sheet, and the chairal index n and m. Where dcnt be the diameter of the CNT, a is the carbon-
carbon atom distance and n, m is chairal index using basis vector al and a2 of the graphene sheet.

dent =

The formula for determining the threshold voltage (Lee et al., 2015) is as follows:

Vih = fo — B, **Vn )
2xe 3 exdcnt

Where Eg is the energy band gap, e be the unit electron charge and Vi is the carbon [[-]] bond. There is a correlation

between nanotube diameter and threshold voltage. The nanotube's threshold voltage is proportional to its tube size.

The investigation of CNTFETs reveals, among other things, that the threshold voltage varies with device diameter.

The default values for the simulation's primary variables are listed in Table 1.

Table 1: Node Parameters for Simulation

Gate oxide insulator thickness 2 nm
Gate insulator dielectric constant 2.8
Threshold voltage 0.30V
Gate control parameter 0.80
Drain control parameter 0.030
Series resistance (ohm-um) 0
Ambient temperature 300K

4.1.1. Drain Current VS Gate Voltage

Figure 6 illustrates how changing the FET's diameter affects the drain current and gate voltage. According to the
threshold voltage equation (2), there is a negative correlation between the CNTFET's width, and the voltage required
to turn it on. The threshold voltage rises as the diameter becomes smaller. Consequently, as the diameter of the FET
decreases, the gate voltage required to make it conduct increases. Due to the FET's delayed conduction for smaller
diameters, drain current also decreases as carbon nanotube diameter is reduced.

4.1.2. Mobile Charges VS Gate Voltage

For drain current to flow through the channel, or carbon nanotube, there must be enough mobile charges. As
demonstrated in Figure 7, the mobile charges grow exponentially with increasing gate voltage. Now it is clear from
the curve that as the nanotube's diameter decreases, there will be less room for charges to flow, reducing their total
number. From these equations, we can derive an alternative explanation for why the threshold voltage rises
monotonically with decreasing nanotube diameter. Therefore, the nanotube would need a high gate voltage to begin
conducting.

4.1.3. Mobile Charges VS Drain Voltage

Figure 8 depicts the results of our simulations, which show the relationship between mobile charges and drain voltage
for four different diameters and a gate voltage of 1V. When the diameter is only 0.05 nm, the mobile charges remain
constant regardless of the drain voltage. By increasing the diameter to 1 nm, we can see that the mobile charge saturates
at roughly 0.6 volts on the drain side for a voltage applied to the gate of 1 volt. Therefore, it is reasonable to infer that
a circumference of at least 0.5 nm and a respectable gate voltage are necessary to obtain an appreciable number of
mobile charges.

© IEOM Society International 1202



Proceedings of the 8" North American International Conference on Industrial Engineering and Operations
Management, Houston, Texas, USA, June 13-16, 2023

100

T T 1e+07 e
dent=10nm dent=10nm
90 dent=1nm 1 9e+06 dent=1nm
—#—dcnt = 0.05nm —¥— dent=0.05nm
80} 4 8e+06
g 7of 5 7e+06
2 Ky
< 60| ‘;’Eed-ﬂﬁ
] o
£ s0f & 5e+06
6 ]
£ 401 1 » 4e+06
«© =
G 30t 1 E 3e+06
20+ E 2e+06
10 1e+06
0 0.2 0.4 0.6 08 1 1.2 0 .2 04 0.6 0.8 1 1.2
Gate Voltage (V) Gate Voltage (V)
Figure 6. Drain current vs Gate voltage Figure 7. Mobile charge vs Gate voltage
1e+07 609 R T T T
q dent=10nm =¥=dcnt = 0.05nm
9e+06 | dent=1nm —r—dcnt = 1nm
—¥— dcnt=0.05nm 50| —O—dcnt = 10nm
. 8e+06 =
2 7e+06 | £a0l

(-4
@
+
=3

301

i
T T

0 4e+06 201

Mobile Charge (/
g
-]
o
o

3e+06 [ =S
10} , e =S

,,,,,,,

Transconductance (g /1 (/V))

29+06¥'

1e+06 L s s s s 0
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1

Drain Voltage (V) Gate Voltage (V)
Figure 8. Mobile charge vs Drain voltage Figure 9. Transconductance vs Gate voltage

4.1.4 Transconductance VS Gate Voltage

Figure 9 shows a graph of the gm/Id ratio, which tells us that a small diameter is required to maintain a high

transconductance for a long enough duration to be useful. This is because a bigger gain at the output current Id would
be achieved with a larger transconductance.

4.2 Gate Insulator Thickness as Setting Parameter
In this section we are going to discuss the impact of gate insulator thickness of a CNTFET in the below. The default

values for the simulations are shown in Table 2.

Table 2: Node Parameters for Simulation

Diameter of nanotube (dcnt) Inm
Gate insulator dielectric constant 2.8
Threshold voltage 0.30V
Gate control parameter 0.80
Drain control parameter 0.030
Series resistance (ohm-um) 0
Ambient temperature 300K

4.2.1 Drain Current VS Gate Voltage

Figure 10 depicts the drain current's dependence on the gate voltage for CNTFETs with varying gate insulator
thickness. The current capability continues growing as we continue to reduce the gate oxide thickness. This
demonstrates that when we reduce the thickness of the gate insulator, the FET's conductivity improves.

© IEOM Society International 1203



Proceedings of the 8" North American International Conference on Industrial Engineering and Operations
Management, Houston, Texas, USA, June 13-16, 2023

80 T T T T 1e+07 T T T
+gate oxide insulator thickness = 0.05nm gate oxide insulator thickness = 0.05nm
70 =E— gate oxide insulator thickness = 1nm ¥ ] 9e+06 gate oxide insulator thickness = 1nm
—==— gate oxide insulator thickness = 2.5nm ¢ 8e+06 gate oxide insulator thickness = 2.5nm
e+
—60 T
< G 7e+06
S T
= 50¢ 3 6e+06
[ o
540 § 5e+06
o £
c30f  4ev06
i a
© 3e+06
O 20f =
2e+06
fop 16+06
o L L Srtdeesid
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Gate Voltage (V) Gate Voltage (V)
Figure 10. Drain current vs Gate voltage Figure 11. Mobile charge vs Gate voltage
607 T

2e+08

T T T
gate oxide insulator thickness = 0.05nm gate oxide insulator thickness = 0.05nm
o, gate oxide insulator thickness = 1nm gate oxide insulator thickness = 1nm
¥ . —¢— gate oxide insulator thickness = 2.5nm

gate oxide insulator thickness = 2.5nm ]

m d
IS
o

20

Mobile Charge (/gq/cm)
@
+
]
Transconductance (g _/1_ (/V))

-
=)
T

0 L " N L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Drain Voltage (V) Gate Voltage (V)
Figure 12. Mobile charge vs Drain voltage Figure 13. Transconductance vs Gate voltage

4.2.2 Mobile Charges VS Gate Voltage
Bringing the gate insulator down in thickness increases the mobile charges, as seen in Figure 11. Because of this, both
the drain current and the maximum allowable current have gone up.

4.2.3 Mobile Charges VS Drain Voltage

Our calculations for mobile charges against drain voltage at a gate voltage of 1V and four different insulator
thicknesses for the gate are shown in Figure 12. Changes in mobile charges are highly noticeable for gate insulator
thicknesses as little as 0.05nm. The mobile charges begin to level out regarding the drain voltages as the gate insulator
thickness grows. As a result, the relationship between the nanotube's diameter and the thickness of its gate insulator
is counterclockwise.

4.2.4 Transconductance VS Gate Voltage

Figure 13 depicts the gm/Id ratio as a graph. The gate insulator thickness of a CNTFET must be low for it to produce
a significant transconductance. If the transconductance is high, the gain at the Id output current will also be high. The
findings demonstrate an increasing gm/Id ratio due to an increasing gate oxide capacitance when the gate insulator
thickness is decreased.

5. Conclusion

The carbon nanotube FET's behavior has therefore been characterized by a range of input values. The graph of the
mobile charge vs the gate voltage reveals that the current carrying capacity of a nanotube decreases as its diameter
decreases, whereas the current carrying capacity of a nanotube with a thinner gate insulator increases. Both the
nanotube's diameter and the thickness of the gate insulator have an impact on the relationship between the drain voltage
and the drain current. In the future, it may be possible to determine the device's gain by analyzing other metrics, such
as quantum capacitances and transconductances.
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