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parameters to evaluate EEMI effects at a device-level prior to any non-persistent effects.
The use of “non-persistent” means explicitly a set of conditions that do not affect the
physical characteristics of the device or exhibit any memory effects, i.e., the device will

operate normally once the injected large-signal stimulus is removed.

1.2 Motivation

The motivation for this work comes as a part of The Air Force Center of Excellence at
the University of New Mexico, which focuses on understanding the fundamental
interaction of extreme electromagnetic interference with complicated electronic systems
that spans over several interaction layers, dimensions, time-scales and physical processes

[18], illustrated by Figure 1.1.
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Figure 1.1. Overview of the AFRL-COE at UNM.

However, the main emphasis of this dissertation is to predict the impact of the non-
persistent effects of EEMI on a single MOSFET and scaling technologies. In this
research, by the use of transistor models or equations, which are then modified to account

for the characteristic impact of EEMI on the normal operation of a transistor. Then by



fabricating test-chips which can validate these developed models that characterize the
impacted behavior of the transistor under EEMI bias. Furthermore, these developed
models are expanded and verified using test-chips to show the impact of non-persistent

effects on the scaling of transistor technologies.

1.3 Development of the Problem Statement

This section lays down a few basic conceptual understandings needed for this
dissertation, such as what a MOSFET is, the behavior and operation of a normal
MOSFET, and the types of work, which has been previously done to show the impact of
EEMI effects on either a transistor at a component level or a device-level. Then in the
following section 1.4, which highlights the contribution to the field of study achieved

through this dissertation.

1.3.1 Transistor

1.3.1.1 History

A transistor is essentially a semiconductor that can be thought of as an electronic switch.
It is typically composed of a semiconductor material that has at least three (to four)
terminals which can be connected to an external circuit. When voltage is applied to a pair
of the transistor's terminals, it can control the current through another pair of terminals
for a given transistor. This device can be packaged individually, found as discrete
components; however, millions or even billions of transistors can be found embedded as

a part of Integrated Circuits (ICs). This makes the transistors a building block of the



modern-day infrastructure as they are, an ever-present component in modern electronics

such as cellphones, laptops, ATMs, utility meters, cars, airplanes, etc.

In 1926, an Austro-Hungarian physicist named Julius Edgar Lilienfeld proposed the
first concept of a field-effect transistor, however, been limited by either technology or
fabrication process, he was unable to produce a working concept then [20]. Later in 1947,
a team of physicists working at Bell Labs, John Bardeen, Walter Brattain, and William
Shockley invented the first working transistor for which they shared the Nobel Prize in
Physics in 1956 [21-22]. However, the most common or widely used transistor, named
MOSFET or MOS transistor, was invented in 1959 at Bell Labs by Mohamed Atalla and

Dawon Kahng [23].

Over the years, the production process, and the size of the MOSFET have shrunk to
meet the demand for faster processing speed and the use in logic operation, making the
transistor, one of the most produced items of the modern world. This led to the
development of Moore’s law [24], by billionaire Gordon Moore, which states a prediction
that computational processing power would double every year. Variation to Moore’s law,

specifically for MOSFET scaling, was also developed to match this observation [25-28].

1.3.1.2 PN Junction [29-30]

Before understanding how a MOSFET operates, it is essential to understand how a
semiconductor works then how PN-junction works - as the concepts behind the operation

of a MOSFET are heavily based on these concepts.



Drift and diffusion are two different processes, being considered in this dissertation

for the movement of charge carriers and the current flow in a semiconductor.

When an electrical field is created in a semiconductor crystal, holes are accelerated in
the direction of this field, and free electrons are accelerated in the opposite direction. This
gives rise to two velocities, one for holes and another for electrons. The mobility of the
electrons in intrinsic silicon is about 1350 cm?/V*s, and the mobility of the holes in
intrinsic silicon is about 480 cm?/V*s. (A key point here is that these mobility numbers
play an important role when determining the design on hole-carrier based or electron-

carrier based transistor.)
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Figure 1.2. Taken from [29] to show drift velocity of the holes and electrons.

The second part is when the density of charge carriers in a piece of semiconductor is
not uniform. As an example, if the concentration of holes is higher in one part of the
silicon than in another, then most likely, the holes will diffuse from the region of high
concentration to the region of low concentration. This diffusion of charge carriers gives

rise to the diffusion current.
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Figure 1.3. Taken from [29] to show the diffusion of the holes and electrons.

By putting these concepts of drift and diffusion together in semiconductor structure —
an interesting device can be seen, the PN-junction. A simplified physical structure of the
PN junction consists of p-type semiconductor (silicon) brought in close contact with n-
type semiconductor material (also silicon). In reality, however, both of these p and n
regions are part of the same crystal; and, to form p or n regions is done by “impurity”
doping where an atom with either an extra electron or one that is missing an electron in
its valence band is introduced to the silicon crystal for the creation of these doped

regions.
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Figure 1.4. Taken from [29] to show a simplified physical structure of the PN junction.

Due to the concentration of holes being high in the p-region and low in the n-region,
holes will diffuse across the junction from the p-side to the n-side; likewise, electrons
will diffuse across the junction from the n-side to the p-side. When these holes diffuse
across the junction into the n region, they quickly recombine with some of the majority
electrons present there and thus disappear from the scene. This recombination process
also results in the disappearance of some free electrons from the n-type material.
Because the recombination takes place so close to the junction, there will be a region that
is close to the junction that is depleted of free electrons and contains uncovered bound
positive charge. Likewise, the electrons that diffuse across the junction into the p region
quickly recombine with some of the majority holes and disappear from the scene. This
also results in the disappearance of some majority holes, causing some of the negative
bound charges to be uncovered. This carrier-depletion region (or depletion region) exists
on both sides of the junction, with the n side of this region positively charged and the p

side negatively charged.
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Figure 1.5. Taken from [29] to show the depletion region in the PN junction.

The depletion region gives rise to a built-in voltage, which is the minimum voltage
needed to overcome, to establish the flow of current in a PN junction. For example, if a
voltage is applied to the PN junction in the same direction as the built-in voltage, which
increases the width of this depletion region, then the device is in reverse bias case, where
the flow of current is almost zero across the depletion region. Likewise, if a voltage is
applied to the PN junction in the opposite direction as the built-in voltage, which now
decreases the width of this depletion region, then the device is in a forwarding bias case,
where the flow of current is the difference in the diffusion and drift currents. The drift
current, typically, depends on the cross-sectional area of the depletion region, and it

quickly saturates for large values for the forward bias voltage.

Based on these PN junction concepts of operations, the diode can be established,
which in turn leads to the same principles being applied to a MOSFET, which is the main

emphasis of this dissertation.



1.3.1.3 MOS Transistor or MOSFET [29-30]

The enhancement-type MOSFET is the most common and widely used field-effect
transistor (FET). This type of transistor is fabricated on a p-type substrate, which is a
single-crystal silicon wafer, which in-turn provides physical support for the entire device
(‘or that of an entire circuit for an IC). There are two heavily doped n-type regions
(denoted as n+ source and the n+ drain regions), which are created into the substrate. A
thin layer of silicon dioxide (Si0O2) is formed, which is an excellent electrical insulator
and is grown on top or the surface of the substrate. This layer of SiO; covers the area
between the source and drain. Metal is then deposited on top of this oxide layer to create
the gate electrode for the device. These metal contacts are also made for the source
region, the drain region, and the substrate (or body). Therefore, creating the four
terminals of a transistor, which are - the gate terminal (G), the source terminal (S), the

drain terminal (D), and the substrate or body terminal (B).

It can be observed that the substrate forms PN junctions with the source and drain
regions. Under normal operations, these PN junctions are always set at reverse bias. The
drain will always be at a positive voltage relative to the source; the two PN junctions can
be effectively cut off by directly connecting the substrate terminal to the source terminal.
It can be assumed that the substrate will be considered as having no effect on device
operation (in fact, it can have an effect on the device, which is called the body-bias effect
[31], however for simplification of the analysis it is considered not to have any effect).

The MOSFET will be treated as a three-terminal device, with the terminals being the gate



(G), the source (S), and the drain (D). When a voltage is applied to the gate, it controls
the current flow between the source and drain. This current flows in a longitudinal
direction from drain to source (labeled “channel region”). It should be noted that this
region has a length L and a width 7, which are considered two critical parameters of the
MOSFET. Lastly, the MOSFET is regarded as a symmetrical device, which means that

the source and drain are interchangeable if there are no specific device characteristics.
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Figure 1.6. Taken from [29] to show a cross-section of a MOSFET, it shows the four
terminals and the channel region.

Since the flow of electrons from the source to the drain is controlled by the voltage,
which is applied at the gate, for a positive voltage applied to the gate, it will attract
electrons to the interface between the gate dielectric and the semiconductor. These
electrons will then form a conducting channel between the source and the drain, called

the inversion layer. However, no gate current is required to maintain this inversion layer
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at the interface since the gate oxide will block the flow of any carrier. This results in the

current between the drain and the source to be controlled by the voltage that is applied at

the gate.
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Figure 1.7. Taken from [29], shows a typical Current-Voltage (I-V) characteristics of a
MOSFET.

The normal operation of a MOSFET is generally given by three regions — the cut-off

region, the linear (or triode ) region, and the saturation region.

The cut off region occurs when the gate and source voltage is less than the threshold
voltage, and drain-source current (/ps) is approximated to be zero. The cut-off region is
also known as the sub-threshold region since the current flowing through a MOSFET is
negligible as the channel is not formed. The dependence of Ips on gate voltage is

exponential for this region.
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The linear region is also known as the triode or ohmic region. In a MOSFET, as the
gate voltage increases beyond threshold voltage, a channel is formed between source and
drain terminals. If there is a voltage difference between the source and the drain, then a
current will flow. The dependence of Ips on gate voltage is increasing linearly with
increasing drain voltage until the drain and source voltage is less than the gate and source

voltage minus the threshold voltage.

Lastly, the saturation region occurs when the gate and source voltage minus the
threshold voltage is greater than or equal to the drain and source voltage. Where
increasing the drain and source voltage does not influence Ips. Essentially, the MOSFETs
current is saturated or reached its max flow rate for charge carriers. The dependence of

Ips on gate voltage is quadratic in this region.

A pivotal point to be noted is that in this dissertation, the cut-off region and the
saturation region of operation have been capitalized to help develop the predictive models

for non-persistent effects for large-signal EEMI injection.

1.3.2 Impact of EEMI on MOSFET at Component or Device-level

Researchers in [33-49] have looked at the effects of EEMI, or large-signal interference
has on Complementary Metal-Oxide—Semiconductor (CMOS) devices and elementary
logic circuits. Many of these groups have shown the mechanisms by which the coupling
of large-signal interference to either the input terminals or the power supply of the device
leads to degradation of its transconductance [33-37], erroneous logic transitions [38-39],
timing errors[40-41], and even packaged components [42-43]. Through such studies, the

issue of the large-signal RF stimulus, which can couple to the input, or the power
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distribution network (PDN) through the power plane on a PCB and excites PDN
resonances a resonance that can cause a capacitive coupling effect throughout the board,
leading to effects similar to a patch antenna. At a system level, these power integrity

issues can cascade into signal integrity, which is presented by the references above.

Alternatively, if the large-signal RF interference is coupled to the Input/output (I/O)
pins, it can adversely affect the functionality of the MOSFET [44-46]. In a few extreme
cases, the RF interference of sufficient dwell time can generate thermal effects,
characterized by the Wunsch-Bell Model [47] leading to device breakdown or large
negative drain currents due to the accumulation of charges, affecting the normal

operation of a MOSFET [48-49].

Many techniques, such as signal filtering and ground-plane shielding for printed
circuit boards (PCBs) [50-51], have been proposed and implemented in the hopes of
mitigating the effects of coupled EEMI. However, electronic devices are still vulnerable

at their input or power supply nodes to EEMI coupling.

With the complexity of modern-day electronic systems, subsystems, and components.
It has become incredibly necessary to predict the behavior of how EM effects can
propagate through an entire system. This leads to EMI/EMC engineers to rely on a "rule-
of-thumb" recommendations to assess their system under large-signal injection effect.
Such that they can shield a system exposed to EEMI and build hardening margins for a
designed system. However, this presents a bargain between the over-engineering of the

protection and its consequences on a systems size, weight, power, and cost. Thus, the
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need to refine the reliability of these rule-of-thumb guidelines could help engineers with

better optimal implementations against EEMI effects.

1.4 Dissertation Overview

The main challenge when working on this dissertation was the creation of a method(s) for
analysis that is different from statistical or empirical techniques that have been studied
and published for a range of assessments involving components and device modeling for
EEMI impact. Rather than creating a new model, which would be another statistical or
empirical method for modeling of the EEMI effect. It can be said that the developed
models in this dissertation can complement the existing models or provide an alternative
solution. However, these developed models would use significantly less time and
computational power to solve and predict non-persistent effects of the EEMI stimuli in a

MOSFET and for scaling of technologies.

1.4.1 Dissertation’s Significance

Given the complexity of modern-day electronic systems, subsystems, components, and
devices, it has become incredibly challenging to predict how EM effects can propagate
through an entire complex system. EMI/EMC engineers and designers thus rely on "rule-
of-thumb" guidelines to assess the degree of shielding of protection to be imparted to a
system exposed to EEMI and build hardening margins into their designed system. This
approach also presents a balanced compromise between the over-engineering of the
protection and its implications on size, weight, power, and cost for the end system.
Additionally, the papers cited in section 1.3.3 and 1.3.2 explain the physical mechanisms

by which large-signal RF stimulus can compromise the integrity of the entire system.
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Therefore, there is a need to refine the fidelity of these “rule-of-thumb” guidelines such
that it can help better achieve an optimized implementation for system hardening against

EEML

1.4.2 Dissertation’s Contribution

In this dissertation, the focus is to develop refinements to "rule-of-thumb" predictive
models for determining the maximum limits for large-signal gate-side or drain-side
injection in terms of the device's Ion/loFr ratio prior to persistent effects, such as
degradation or damage, as a function of the MOSFETs' technology device parameters. A
novel method of modeling EEMI in MOSFETs is proposed, which depends only on the
intrinsic transistor parameters. The devices' current-voltage (I-V) characteristics are used
as a baseline to define the effect of EEMI. These developed models for large-signal gate-
side or drain-side injection are validated with prototype test-chips, which have been
designed and tested in-house, while sent externally to be fabricated. Next, the frequency-
dependent models for both gate-side and drain-side injection are also proposed in this
dissertation. A model to demonstrate how technology nodes can be impacted by the
large-signal gate or drain injection regardless of the manufacturer and transistor size is
suggested in this dissertation. Finally, a transistor’s sensitivity to drain-side injection

versus gate-side injection has also been shown in this dissertation.

Contributions to the field, as a direct result from work done in this dissertation, are

given in [52-57].

15



1.4.3 Outline of the Dissertation

This dissertation is organized in the following way:

Chapter 2 shows the process for the development of a low-frequency non-persistent
effect predictive models for Gate and Drain injection. Here, the models which predict the
impact of EEMI on the quality of the MOSFET have been developed for the Ion/Iorr ratio
under large-signal EM/RF injection for both gate and drain injection and for scaling of

technologies for the gate and drain injections.

Chapter 3 shows the design process for the creation of the test-chips, across five
different technology nodes while maintaining uniformity in the design. This section also
displays the experimental set-up and results — for both gate and drain injection for a
single transistor and scaling of technologies. Furthermore, this section directly compares
the analytical model, developed in Chapter 2 with the experimental data - to show a
match between the two. Also, tables have been generated to compare the analytical model

with the measured data for the limits of malfunction for the scaling of technologies.

Chapter 4 shows the process for the development of high-frequency non-persistent
effects predictive models for Gate and Drain injection. However, these models are not
verified, but recommendations are made in Chapter 5 to verify these results. In this
chapter, models to demonstrate how technology nodes can be impacted by the large-
signal gate or drain injection, regardless of the manufacturer and transistor size, are
developed. Finally, a transistor’s sensitivity to drain injection versus gate injection, based

on the predictive models from Chapter 2, is also shown.
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Chapter 5 is the final chapter, which is the summary and conclusion for this
dissertation. Future works and recommendations for the expansion of the analytical

predictive models are also discussed in this section.
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Chapter 2: Development of Analytical
Predictive Models

2.1 Introduction

The most significant contribution of this dissertation is detailed in this chapter, which
primarily discusses the methodology behind the development of the analytical models
that show the impact large-signal RF injection has on the performance of a single
transistor and scaling of technologies, specifically for a MOSFET. These models were
developed with a simplistic approach while considering only primitive transistor
parameters, and being in-line with the “rule-of-thumb” approach to EEMI modeling in
transistors, such that these models could predict the limits of malfunction in the transistor

before any permanent damage to the device.

This chapter is divided as the following - section 2.2 shows the development of a
single transistor model for gate injection; section 2.3 shows the development of a single
transistor model for drain injection; section 2.4 shows the development of scaling of
technologies model for gate injection, and section 2.5 shows the development of scaling

of technologies model for drain injection.

Furthermore, the analytical models developed in this chapter were validated with
experimental measurement in Chapter 3; and extended to predict the limit of injection for

high-frequency analysis and other derived models, in Chapter 4.
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2.2 Ion and Iorr Currents

Using the devices' current-voltage (I-V) characteristics as a baseline to define the effect
of large-signal RF injection, is illustrated in Figure 2.1 for gate-side injection and Figure

2.2 for drains-side injection.

The standard I-V characteristic is a curve describing the device current (/ps) as a
function of drain voltage (Vps) for a single transistor. The EEMI source can be modeled
as a large-signal RF injection coupled on to the gate, as shown in Figure 2.1 or drain, as
shown in Figure. 2.2, which converts the ideal I-V "curve" into a "band" due to the
additional large-signal variation on the gate or drain of the transistor. The width of the
band depends on the peak large-signal injection - ¥, when applied at the gate or 2V, ,

when applied at the drain.

In the case that the large signal injection voltage does not lead to persistent effects,
the I-V band can then be averaged and converted back into an I-V curve, as shown in
Figure 2.1 for gate-side injection and Figure 2.2 for drain-side injection both of which
includes RF injection. This is the basis for the predictive models, which was developed,
which represents the range of uncertainty in the operating point of the n-type MOSFET

(NMOS) due to the large-signal RF injection at the gate or drain terminal.
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Figure 2.1. MOSFET I-V characteristics with and without RF injection to the gate
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For the gate-side injection case, this [-V band diagram has been converted into an
"averaged" I-V curve due to large-signal RF injection in Figure 2.1. Without any loss of
generality, using the mid-point average of the I-V band to model the impacted I-V curve
under the influence of large-signal RF injection. The main reasoning behind this
generality is to address an underlying issue that the I-V "band" is, in fact, a range of
uncertain values in the operating point of the transistor. For example, if the device is at
the onset of the saturation region of operation and the edge of the linear region of
operation, then due to the large-signal injection, Ipscan fall in the linear region at the
positive swing of the RF signal. Likewise, Ips can also be in the saturation region at the
negative swing of the RF signal for the same Vps value. Furthermore, this assumption is
valid only in the non-persistent regime, where the large-signal stimulus is not "large"
enough to induce a physical change in the semiconductor device that persists even after
the large-signal stimulus has been removed. As an example, Figure. 2.3 illustrates the
experimentally measured drain current of an NMOS with and without large-signal
injection. From this Figure, the average change in the measured drain current with the
large-signal injection can be observed (given by the red line). This is taken from a
measurement, where the NMOS has W=170 nm and L=65 nm, which is designed and
fabricated in a 65 nm standard Taiwan Semiconductor Manufacturing Company (TSMC)

CMOS process.

As shown in Figure. 2.3 the impact of large-signal injection in the experimentally
measured drain current varies based on the applied gate-source voltage (Vgs). A larger
Vs puts the transistor in a higher conductive mode where its average Ips current due to

large-signal injection alters slightly from its original state. However, under smaller values
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of Vis, the MOSFET can get out of the cut-off region of operation due to large-signal
injection, which can significantly alter its mid-point average of Ips, as illustrated in
Figure. 2.3. It is an important observation when Iox and lorr are defined under the
influence of large-signal RF injection. The Ion current is defined when Vpsand Vs are
equal to the supply power. The Iorr current is defined when Vps is at supply power, and
Vs is equal to 0 or ground. The average lorr, however, drastically changes due to large-

signal injection.
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Figure 2.3. The drain current of an NMOS with W=170 nm and L=65 nm measured
experimentally with and without RF injection in a 65 nm TSMC CMOS process.

For the drain-side injection case, the large-signal impacted [-V band diagram in
Figure. 2.2 is also calculated using the mid-point average. However, for this case, with a
similar reason as the gate-side injection, a range of uncertain values in the operating point
of the transistor occurs due to the large-signal injection being superimposed onto the

power supply or drain of the MOSFET. For example, if the device is in the saturation
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can be useful the predict the peak noise tolerance from 1000 nm devices to the future 3

nm device.

Figure 4.7. Impact of the peak noise tolerance, in volts, onto the drain terminal of the
transistor for technology nodes over the past 40 years.

4.4 Gate Versus Drain Injection

The previous (4.9) and (4.10), which are based regardless of the manufacturer and
transistor size predictive models for large-signal RF injection. A general sensitivity
metric for a transistor can be derived under large-signal RF injection. This sensitivity
metric is to show how much less the drain injection is sensitive to the gate injection or
how much more the gate injection is sensitive to the drain injection. This sensitivity
metric looks at the difference in the peak noise tolerance for drain injection versus the

gate injection and is given by,
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. (Vop—Vr)
BV ~ (Vpp + Ver) = (Vr +22222) (411

This metric can be illustrated in Figure. 4.8, which combines Figure. 4.6 and Figure.
4.7. Here, the AV, is the sensitivity metric for drain injection versus the gate injection,
which shows the difference in the peak noise tolerance from 1000 nm devices to the 3 nm

device.
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Figure 4.8. The difference in the peak noise tolerance, in volts, for drain injection versus
gate injection for the transistor for technology nodes over the past 40 years.

From Figure. 4.8 it can be concluded that a transistor is more likely to be susceptible
to large-signal RF injection coupled to the gate of the transistor than to the drain.
Furthermore, this is also represented in the models shown in Chapter 2. Where for the

gate injection case, the RF signal must overcome V7 to push the device into super-
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threshold; while in the drain injection case, the RF signal has to be greater than Vpp to

have an adverse effect on the operation of a transistor.

4.5 Summary

This chapter shows the development of the high-frequency models for both gate and
drain injection, which is based on analytical predictive models derived in Chapter 2.
Next, this chapter shows the development of the manufacturer and transistor size-
independent models for scaling technologies. It shows how the peak noise tolerance
decreases, in general, for decreasing technology size. Moreover, this chapter compared
the sensitivity of a transistor to drain injection versus gate injection and showed how the
device is more likely susceptible to large-signal RF injection coupled to the gate of the
transistor than to the drain. The main point of this chapter was to show the robustness and
flexibility of the developed models from Chapter 2, as it was used as a starting point for

all the different types of assessments performed in this chapter.
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Chapter 5: Conclusion and Future work

5.1 A Simple Approach for a Complex Problem

Modeling EEMI behavior for a system, component, or device is a multi-layer problem
that requires time, cost, computational power, etc., just for modeling or even prototyping
before it is deployed in-field. The goal of this dissertation is to help equip EMI/EMC
design engineers with a tool that can be used as a quick recommendation to assess the RF
susceptibility of their systems, components, and devices. This approach offers an
alternative solution that can help engineers with a quick assessment of their system with a
“rule-of-thumb” approach rather than having to cope with a compromise to the integrity
of the entire system. This system integrity can come from the systems’ power, signal, or
even the cost. The analytical model developed and exhibited in this dissertation can be
considered an additional tool in the EMI/EMC design engineers’ kit, such that if needed
they can quickly deploy this model; whether it is in the lab or in field, to estimate the
limits of malfunction without any permanent damage to their systems, components, and
devices. Lastly, this simplified approach can potentially help design engineers with better

optimal implementations for system hardening against EEMI.
5.2 Conclusion

In Chapter 2, low-frequency predictive models have been developed to characterize the
impact of large-signal injection on both n-type and p-type MOSFET transistors for the

gate and drain injections before the onset of permanent damage. These predictive models
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can be used to guide the impact that large-signal injection has on the Ion/Iorr ratio of a
MOSFET for a given technology node using only the device parameters. The Drain
Junction Forward Bias Current is also successfully developed, which shows the effect

drain-side large-signal injection has on the leakage current of the transistor

In Chapter 3, the developed analytical model for gate injection is successfully
compared against measurement data from devices fabricated using 350 nm, 180 nm, 130
nm, and 65 nm standard TSMC CMOS processes. Furthermore, the analytical model for
drain injection is successfully compared against measurement data from devices
fabricated using 350 nm, 180 nm, 130 nm, 90 nm, and 65 nm standard TSMC CMOS
processes. A comparison between the analytical model and the measurement data showed
good agreement. For gate injection, the tolerance to large-signal injected power in a
MOSFET reduces with technology scaling, starting from ~9.7 dBm (9.5 dBm measured
experimentally) at 350 nm down to ~-1.7 dBm (-1.6 dBm measured experimentally) at 65
nm technology node for NMOS, and ~11.0 dBm (11.2 dBm measured experimentally) at
350 nm down to 1.2 dBm using the 65 nm technology node for PMOS. In addition, for
drain injection, it was observed that the maximum limit of injection to an NMOS
transistor in 350 nm technology node is ~22.1 dBm (22.0* dBm measured
experimentally) and, the same transistor in 65 nm technology node can only tolerate
~12.1 dBm (12.3 dBm measured experimentally) of an RF signal injected to the drain
terminal. The PMOS transistor in 350 nm technology node can tolerate ~22.1 dBm (22.0
dBm measured experimentally), and the same transistor in 65 nm technology node can
only tolerate ~12.4 dBm (11.7 dBm measured experimentally) of an RF signal injected to

the drain terminal.
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In Chapter 4, the development of the high-frequency models for both gate and drain
injection where shown, which are based on analytical predictive models derived in
Chapter 2. This dissertation also demonstrated how both past and future technology
nodes could be impacted by the large-signal gate or drain injection regardless of the
manufacturer and transistor size, using the developed predictive model. Lastly, it
displayed the sensitivity of a transistor to drain injection versus gate injection and showed
how the device is more likely susceptible to large-signal RF injection coupled to the gate

of the transistor than to the drain.

Finally, these developed models can be used as refinements for "rule-of-thumb"
predictive models for determining the maximum limits for large-signal gate-side and
drain-side injections. Both injections are valuable to EMI/EMC engineers and CMOS
circuit designers such that they can quickly generate results as look-up tables to solve
problems without over-engineering for a solution. These refinements for the "rule-of-
thumb" approach are — (a) for the gate injection case, the peak noise voltage tolerance is
typically around the device’s threshold voltage, and (b) for the drain injection case, the

peak noise voltage tolerance is typically around the device’s supply voltage.

5.3 Future Work and Recommendations

5.3.1 High-Frequency Experimental Verification

A straightforward future work that can result directly from this dissertation will be the
experimental measurements of n-type and p-type MOSFETs under high-frequency
analysis. Using [1] for conceptual understanding and then using [2-4] experimental set-

up, as the developed models in Chapter 4 are explicitly catered for those experimental
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