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Abstract. In the evolution of integrated circuit technology, chip size and performance
enhancement stand as paramount and challenging domains of progress. Yet, a dearth of
foundational simulations and comparisons for introductory purposes exists. Consequently, this
study delves into an introduction of distinct advanced integrated circuit (IC) technologies:
CMOS, FinFET, and CNTFET, dissecting their merits and limitations. Subsequently, a
preliminary simulation is executed to authenticate specific characteristics inherent to these IC
technologies. Discoveries indicate that as IC transistors scale down, there are marked
improvements in transistor performance, encompassing aspects such as switching speed, noise
immunity, power efficiency, and heat dissipation. Further, a simulation grounded on a NAND
gate substantiates certain traits in CMOS and FinFET, specifically switching speed, propagation
delay, and noise margin. The results illustrate a superior performance of FInFET over CMOS.
Additionally, as CMOS technology scales, its efficacy enhances. Nonetheless, the present
research and simulations hold potential uncertainties and constraints, paving avenues for more
refined investigations in the future.
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1. Introduction
Since the late 1900s, integrated circuit technology has emerged and evolved significantly. Moore's law,
proposed by Gordon Moore in 1969, suggests that the number of transistors on a chip would double
approximately every two years [1]. This observation underscores the trajectories and principles guiding
IC technology advancements. The burgeoning growth of computers and mobile phones heightens the
demand for more compact, powerful, and efficient chips. As a result, numerous innovations in IC
technology have been introduced over the decades. Notably, material enhancements in CMOS have been
realized, with high-k dielectric materials replacing the traditional SiO2 layer to diminish leakage current
[2]. Additionally, the FinFET has enhanced scaling performance by transitioning from a planar structure
to a 3-D design, significantly improving gate control. Concurrently, technologies like CNTFET, which
integrate structural and material enhancements, are being introduced. CNTFET represents an avant-
garde design utilizing carbon nanotubes through its gate, drain, and source. Yet, these technological
advancements introduce challenges, especially in the fabrication process and control design.

This manuscript aims to elucidate advanced IC technology, with a particular focus on CMOS,
FinFET, and CNTFET. Their distinct characteristics will be explored, comparing their strengths and

© 2023 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).

44



Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics
DOI: 10.54254/2753-8818/26/20241011

weaknesses, to discern their potential application in contemporary IC circuit design. Following this, a
simulation of CMOS and FinFET NAND gates will be presented, illustrating specific features and
suggesting avenues for future research.

2. Field Effect Transistors and Their Characteristics

2.1. CMOS

Firstly, the CMOS technology will be introduced in this section. CMOS consists of PMOS and NMOS
as figure 1 shown below and it is widely used in integrated circuit technology. It is also one of the
dominant technologies in integrated circuit design.

NMOS PMOS
.

Figurel. Cross-section structure of CMOS [3].

Compared with the former IC technology TTL (Transistor-Transistor logic), the CMOS has many
advantages that makes it outstanding in application. Firstly, the power consumption of CMOS is much
lower than the former technology. Different form TTL which is current driven gate, CMOS is voltage
controlled gate. Its low power dissipation can avoid self-heating problems which is of great importance
in complex logic ICs. Secondly, the noise margin of the CMOS is higher than TTL. According to Chen
and Touba (2009), under 5V condition, the CMOS noise margin high (NMy) is 0.96V and noise margin
low (NM;) is 1V. However, the TTL NMy is 0.4V and NM; is 0.4V [4]. It is obvious that the noise
margin of CMOS is much higher than TTL which means it has higher immunity to voltage fluctuations
and unexpected noises.

In regards of the switching speed of CMOS, CMOS has slower switching speed historically than
TTL. However, with the development of the CMOS technology, the High-speed CMOS technique has
been applied in IC design and it can achieve giga-bit/s in actual application [5]. It is the same case in
propagation delay of CMOS which is decided by the switching characteristics.

According to the Moore’s law, the CMOS technology has been scaling down over the years according
to the graph shown below. At the same time, the performance of the CMOS also optimized over the
years, including power loss, noise margin, switching speed, parasitic capacitance and power density etc.
However, the traditional CMOS technology has been limited to 20nm because of the Quantum effect
[6]. Thus, more advanced technology like FinFET, GAAFET, CNTFET have been researched and
designed recent years. And they improve both the structure and material of the device.

2.2. FinFET

Due to the size restriction of the traditional CMOS technology, FINFET has been developed these years
to both scale down the size and improve the performance. Compared with traditional MOS, FinFET uses
a 3D structure that warps around the three sides of the channel (fin) of the FinFET as the picture shown
Figure 2:

45



Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics
DOI: 10.54254/2753-8818/26/20241011

Gate Gate
Drain
% \ Source : \

Source Drain

FinFET

Planar

Figure 2. Comparison between Planar MOS and FinFET [7].

Unlike the Planar MOS which the gate only sits on the top of the drain-source channel, the FinFET
has more contact area between gate and channel. As a result, is leads to the great improvement of the
electrostatics of the FInFET [8], which means the channel can be better controlled. Moreover, the
leakage current also has been largely reduced due to this characteristic.

Due to the improvement of the electrostatics, FinFET has many advantages over traditional MOSFET.
Firstly, it makes the further scaling of the transistor possible. FInFET can further reduce the gate length
(Lgate) as the figure 3 shown:
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Figure 3. Comparison of Ly, Scaling trend between Planar MOSFET and FinFET [9].

It is obvious that the FinFET can be fabricated to a smaller size and it can pack more transistors in
one chip. Secondly, the on and off current ratio of the FInFET has been greatly improved, and it indicates
a lower static power consumption when FinFET is at off state. Moreover, the subthreshold swing of has
been largely reduced too, which means both improvement in performance and active power consumption.
Another important improvement of FinFET is the switching speed of the device. According to the study,
the switching speed has been reduced to a few picoseconds [10]. And it reveals FInFET’s ability to work
under high-speed digital logic application.

However, there are also limitations in FInFET. The first problem is the fabrication of the devices. Its
3D structure makes it more complex and harder to manufacture, including the control of height and
width of thin fins, gate structures and removal of corner residue. Thus, it increases the cost of the device.
Moreover, the increasing transistor density also brings the challenge in power distribution and
controlling. More complex and dedicated control system should be designed to obtain better power
distribution and thermal control.

2.3. CNTFET

After the widely use of FInFET, CNTFET is one of the most updated technologies in integrated circuit
design and its full name is Carbon Nano-Tube Field Effect Transistor. Unlike MOSFET and FinFET, it
hasn’t been widely put into commercial use currently, because of its cost and fabrication challenge. The
main difference between CNTFET and FinFET is the material of the channel. The conventional silicon
channel material has been replaced by numbers of carbon nanotubes as shown in Figure 4:
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Figure 4. General structure for CNTFET [11].

It is clear that the CNT channel in CNTFET is warped with a graphite sheet called SWCNT [12].
And it has extremely strong physical structure. Due to its material innovation, CNTFET is expected to
open a new era because of its excellent electrical and structural performance.

Firstly, CNTFET overcomes the heat dissipation problem compared with FinFET, which may easily
get heat accumulated on the fins [13]. The deliciated carbon nanotube structure in CNT channel has the
advantage of low self-heating effect and thermal noise, which leads to the great heat dissipation in
CNTFET [14]. Moreover, the carbon channel in CNTFET is undoped while the source and drain are
heavily doped, which means that the off-power loss (leakage current) will be largely reduced [15]. And
it makes CNTFET a great option in low power high performance design.

More importantly, according to the experiment and research, the switching speed of CNTFET is
hundreds of times faster than the planer MOSFET and 3 times faster than FinFET when they are supplied
with the same power. Thus, CNTFET can work under extremely high frequency and will be a promising
choice in next generation VLSI design.

2.4. Summary and Discussion

To be concluded, with the development of the IC technology, the performance and density of the
transistor rapidly improved within the decades. The main characteristics of the transistor are the scaling,
switching speed, propagation delay, noise immunity power and heat dissipation. These are the essential
elements when evaluating transistors performance, and the latest technology always outperforms the
older ones. Moreover, nowadays, the main exploring areas if transistors are the innovation in the
structure FinFET and material, while the fabrication challenge and cost become larger.

3. Simulation of CMOS and FinFET Technologies Based on Logic Gates

3.1. Logic Gate Building and Simulation Settings
In this section, the simulation of the traditional planar CMOS and FinFET will be conducted. The aim
of the simulation is to use CMOS and FINFET to build a logic NAND gate. Then, different
characteristics of the technology will be simulated and analyzed under this NAND gate configuration.
The models used in the simulation are form predictive technology model which provides the tools for
device modeling of advanced IC technology. In the CMOS simulation, models with different scales are
applied: (0.8um CMOS, 0.35um CMOS, 180nm CMOS), and all the CMOS circuit are bulit and
simulated in LTspice. While the FinFET is 7nm technology, and simulated in Hspice with netlist file.
After the building of the NAND gate, three different characteristics of the device: switching speed,
propagation delay and noise margin of the NAND gates will be analyzed and compared to verify the
characteristic discussed above. The simulation circuits built for CMOS in LTspice and FINFET in
Hspice as shown in Figure 5:
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Figure 5. Building of NAND gate in different technologies (Photo/Picture credit: Original).

3.2. Simulation Results and Discussion

3.2.1. Switching speed. Firstly, the switching speed simulation will be presented in this section. When
conducting the simulation, V;; and V), is set to 5V and the input of V,, is set as a 0.5MHz pulse with
5V peak and 10ns rising and falling edge. Thus, it represents the condition when input AB changes from
01 to 11 and vice versa. In CMOS simulation, the width of length ratio (W/L) is set to 4 in PMOS and
2 in NMOS. However, due to the scaling and modelling difference in FinFET, the input voltage limit is
set to 1V in both power supply and signal.

During the simulation, the switching speed of the gate is defined as the time when the voltage

between 10% and 90%. Part of the simulation outcome graphs and complete simulation results as shown
in Figure 6:

(a) 0.35um cmos on tran.

b) 0.35um cmos off tran.

Figure 6. ON and OFF character of the 0.35um cmos gate (Photo/Picture credit: Original).
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Table 1. Switching speeds for different technologies.

0.8um CMOS 0.35um CMOS 180nm CMOS 7NM FINFET
Onspeed  26ns 12ns 8ns 2.5ns
Off speed  29ns 16ns 15ns 2.4ns

From the table 1 it is clear that the FINFET switching speed is much faster than all the scale of CMOS
technology, which matches the expectations. Moreover, within the CMOS technology, with the scaling
of the CMOS, the switching speed tends to be faster. At the same time, specific design of the CMOS
and FinFET gate also influence its on and off characteristics, such as width and length ratio of the CMOS
device, and fin numbers of the FInFET device.

Moreover, there are also other factors that may influence the switching speed of the system:

a). power supply and gate voltage.

b). the slew rate of the input pulse (10ns in the simulation).

¢). different combination of input (AB= 00, 01, 11, 10).

These different characteristics can be analysed in the future research.

3.2.2. Propagation delay. In this section, the propagation delay of the NAND gate will be simulated
and analysed. The simulation setting for the propagation delay is the same as the switching speed. Under
these settings, the propagation delay can be considered as the time difference between the input and
output switching point, which equals to 0.5V;,. the delay is divided into two parts: low to high delay
(tpur)and high to low delay (t,;y), and the average propagation delay can be measured with the
equation below:

tpuL t tpLu
tp = % (1)
Thus, the results of the propagation delay is shown in table 2:

Table 2. Propagation delay for different technologies.

0.8um CMOS 0.35um CMOS 180nm CMOS 7NM FINFET
tout 29ns 15ns 8ns 0.2ns
toLH 11ns 11ns ns 0.2ns
tp 20ns 13ns 7.8ns 0.2ns

From the table, it is noticeable that the FinFET almost has no propagation delay, and all the CMOS
delay is within 20ns. It is similar to the simulation results in switching speed. Moreover, smaller CMOS
technology tends to have shorter propagation delay, which indicates the improvement in performance.

Furthermore, other factors that will influence the behavior of the propagation delay are similar to the
areas mentioned in switching speed. And they can be further investigated in the future.

3.2.3. Noise margin. In the third section, the DC analysis of the NAND gate will be conducted and the
result will be utilized to calculate the noise margin of different design. Noise margin reflects the
tolerance of noise like voltage fluctuations, Electromagnetic Interference for the device or the system.
Larger noise margin means that the device is more robust to the noise. The noise margin can be
illustrated as the graph shown below:
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Figure 7. Noise margin explanations [16].

In the figure 7, the noise margin is divided into 2 parts: Noise margin high (NMy) and Noise margin
low (NM}). Moreover, these two elements can be calculated with two equations shown below:

NMy =Vou —Vin
NMy, =V, — Vo

In order to get the noise margin parameters, the DC analysis simulation should be conducted to get
the transfer function of the NAND gate. In the simulation, the CMOS DC voltage sweeps from 0 to 5V
at input A and the input B is fixed at 5 V, which simulates the condition when AB changes from 01 to
11. The voltage used in FInFET simulation is 1V. Thus, the CMOS simulation under 1 V condition also
conducted to get a comprehensive analysis. After getting the transfer function of the device,
Vo, Vim, Vi, Voo can be obtained through the points where the function’s gradient equals to -1, as the
figures 8 shown below:

(2) 0.8um CMOS transfer function

(b) 0.35um CMOS transfer function
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(d) 7nm FinFET transfer function
Figure 8. DC transfer of different technology (Photo/Picture credit: Original).
It is clear that the convex like bond line with negative peak illustrated in the graph is the gradient of

the transfer function which helps to find the -1 point. After that, the results can be calculated through
the equation shown above, and table 3 contains all the simulation results:

Table 3. Simulation results for noise margin.

0.8um CMOS 0.35um CMOS 180nm CMOS 180nm CMOS  7NM FINFET
(5V) (5V) (5V) (1V) (1V)
Vi, 2.08V 2.26V 2.28V 444mV 413mV
Vig 3.2V 2.94V 2.95V 519mV 643mV
Vou 4.14V 3.93V 4.125V 975mV 889mV
VoL 0.8V 0.625V 0.678V 220mV 104mV
NM; 1.28V 1.635V 1.602V 224mV 309mV
NMy 0.94V 0.99V 1.175V 456mV 246mV

From the table, it is noticeable that with the scaling of CMOS technology, the CMOS noise margin
becomes larger. This indicates that the CMOS becomes more immune to the noise. When comparing
the noise margin or 7nm FinFET and 180nm CMOS under 1V condition, NM; of FinFET is larger than
180nm CMOS, while NMy is smaller. This result seems to be controversial, which can be further
explored in the future. However, it can be generally concluded that the FinFET outperforms CMOS in
noise margin under this specific simulation setting, and smaller scale CMOS performs better than the
larger ones.

Moreover, the DC transfer characteristics also depends on the input, output and device parameter
settings and different combinations. For example, the different input combination like AB changes
between these four states: 00, 01, 10 and 11 will have different transfer functions which can be simulated
in the future.
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3.3. Future Research Directions

In summary, the simulation contains three parts: switching speed, propagation delay and noise margin.
The simulation results generally match the expectations. However, there are still great limitations and
aspects needs to be explored in the further research. In the future, the research can be improved in these
areas:

1) Exploring advanced parameter settings in simulation:

In the present simulation, there are still some uncertainties and parameter settings in FINFET
simulation. These should be explored in the future.

2) Changing settings in simulation:

Present simulation only restricted to a fixed setting. in order to explore more characteristics, the gate
voltage and power supply of the NAND gate can be adjusted and the different input combinations (AB)
can be tested. Moreover, the slew rate of the input rising and falling time also have great influence on
the switching speed and propagation delay. The parameter setting of the CMOS and FINFET is also an
important factor in simulation. (W/L, Fin numbers etc.)

3) Further simulation areas:

Present research only analyses the 3 basic characteristics of the transistors. Thus, more different
features like leakage current, static and dynamic power loss, heat dissipation can be analysed in the
future. Moreover, more complex system can be designed and tested to further investigate their
performance in complex system.

4. Conclusion

In summary, this research delves into the attributes of various IC technologies: CMOS, FinFET, and
CNTFET, juxtaposing their differences, strengths, and limitations. Findings indicate that as modern IC
technology advances, transistors shrink in size, with pioneering transistors showcasing enhancements in
both structure and material. Typically, cutting-edge technologies exhibit superior performance metrics
such as switching speed, noise immunity, and power and heat dissipation. Yet, as these transistors scale
down, their complexity, fabrication challenges, and associated costs rise. Additionally, the intricacies of
their control systems intensify, presenting formidable challenges for future innovations.

Subsequent simulations of CMOS and FinFET NAND gates align with the aforementioned
characteristics. The results demonstrate that CMOS scaling elevates switching speed, reduces
propagation delay, and enhances noise margins. The FinFET's exceptional 3-D configuration, which
engulfs the gate with its source and drain, results in a switching speed and propagation delay that
surpasses any CMOS counterpart. However, observed uncertainties in the FinFET's noise margin during
simulation may be attributed to specific model parameters and simulation system constraints, areas ripe
for future exploration. This analysis illuminates cutting-edge IC technologies, aiding readers in
discerning the primary features, benefits, and challenges posed by the latest transistor innovations.
Additionally, the research showcases the real-world performance of these technologies in elementary
simulations, laying a foundation for more intricate system design and simulation endeavors. Future
investigations might benefit from three areas of improvement. First, integrating a broader array of
technologies, like CNTFET, could offer comparative insights into how structural and material alterations
impact performance. Next, examining other crucial transistor characteristics, including power and heat
dissipation, is essential, especially for applications and systems. Finally, designing more intricate
systems might provide deeper insights into their performance at the systems level.
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