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Preface

The transistor is the basic circuit element from which electronic systems
are built. The discovery of the transistor effect in 1947 set the stage for
a revolution in electronics. The invention of the integrated circuit in 1959
launched the revolution by providing a way to mass produce monolithic
circuits of interconnected transistors. As semiconductor technology devel-
oped, the number of transistors on an integrated circuit chip doubled each
year. This doubling of the number of transistors per chip, driven by con-
tinuously downscaling the size of transistors, has continued at about the
same pace for more than 50 years. The resulting continuous increase in the
capabilities of electronic systems and the continuous decrease in the cost
per function have shaped the world we live in.

The theory of the MOSFET (the most common type of transistor) was
formulated in the 1960’s when transistor channels were about 10 microme-
ters (10,000 nanometers) long. As semiconductor technology matured, tran-
sistor dimensions shrunk, new physics became important, and the models
evolved. By the end of the 20th century, transistor dimensions had reached
the nanoscale, and the transistor became the first active, nanoscale device
in high-volume manufacturing. The flow of electrons and holes in modern
transistors is much different from what it was 50 years ago when transis-
tor models were first developed, but most students continue to be taught
traditional MOSEFT theory. My goal for these lectures is to demonstrate
that the essential operating principles of nanotransistors are much different
from those that described the transistors of decades past but that these
operating principles are remarkably simple and easy to understand. The
approach is based on a new understanding of electron transport that has
emerged from research on molecular and nanoscale electronics [1], but it
retains much of the original theory of the MOSFET. In addition to describ-
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ing a specific device, these notes should serve as an example of how other
nanodevices might be understood and modeled.

These lectures are not a comprehensive treatment of transistor science
and technology; they are a starting point that aims to convey some im-
portant fundamentals. I assume an understanding of basic semiconductor
physics. Readers with a strong background in MOSFET theory may wish
to skip (or skim) Parts 1 and 2 and go directly to Parts 3 and 4 where the
new approach is presented. Online versions of these lectures are also avail-
able, along with an extensive set of additional resources for self-learners
at nanoHUB-U [2]. In the spirit of the Lessons from Nanoscience Lec-
ture Note Series, these notes are presented in a still-evolving form, but I
hope that readers find them a useful introduction to a topic that is both
scientifically interesting and technologically important.

Mark Lundstrom
Purdue University
December, 2015

[1] Supriyo Datta, Lessons from Nanoelectronics: A new approach to trans-
port theory, Vol.1 in Lessons from Nanoscience: A Lecture Notes Series,
World Scientific Publishing Company, Singapore, 2011.

[2] “nanoHUB-U: Online courses broadly accessible to students in any
branch of science or engineering,” http://nanohub.org/u, 2015.
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Lecture 1

Overview

1.1 Introduction

1.2 Electronic devices: A very brief history
1.3 Physics of the transistor

1.4 About these lectures

1.5 Summary

1.6 References

1.1 Introduction

The transistor has been called “the most important invention of the 20th
century” [1]. Transistors are everywhere; they are the basic building blocks
of electronic systems. As transistor technology advanced, their dimensions
were reduced from the micrometer (um) to the nanometer (nm) scale, so
that more and more of them could be included in electronic systems. Today,
billions of transistors are in our smartphones, tablet and personal comput-
ers, supercomputers, and the other electronic systems that have shaped the
world we live in. In addition to their economic importance, transistors are
scientifically interesting nano-devices. These lectures aim to present a clear
treatment of the essential physics of the nanotransistor. This first lecture
introduces the topics we’ll discuss and gives a roadmap for the remaining
lectures.

Figure 1.1 shows the most common transistor in use today, the Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET). On the left is
the schematic symbol we use when drawing transistors in a circuit, and on
the right is a scanning electron micrograph (SEM) of a silicon MOSFET
circa 2000. The transistor consists of a source by which electrons enter

21
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the device, a gate, which controls the flow of electrons from the source
and across the channel, and a drain through which electrons leave the
device. The gate insulator, which separates the gate electrode from the
channel, is less than 2 nm thick (less than the diameter of a DNA double
helix). The length of the channel was about 100 nm at the turn of the
century, and is about 20 nm today. The operation of a nanoscale transistor
is interesting scientifically, and the technological importance of transistors
is almost impossible to overstate.

& G D
circuit symbol \'
Gate - .

J _I__ — I dmm.:_l

Fig. 1.1 The silicon MOSFET. Left: The circuit schematic of an enhancement mode
MOSFET showing the source, drain, gate, and body contacts. The dashed line represents
the conductive channel, which is present when a large enough gate voltage is applied.
Right: An SEM cross-section of a silicon MOSFET circa 2000. The source, drain, gate,
silicon body, and gate insulator are all visible. The channel is the gap between the source
and the drain. (Source: Texas Instruments, circa 2000.)

Figure 1.2 shows the current-voltage (I'V') characteristics of a MOSFET.
Electrons flow from the source to the drain when the gate voltage is large
enough. Devices with IV characteristics like this are useful in electronic
circuits. They can operate as digital switches, either on or off, or as analog
amplifiers of input signals. The shape of the IV characteristic and the
magnitude of the current are controlled by the physics of the device. My
goal in these lectures is to relate the I'V characteristic of a nanotransistor
to its internal physics.
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linear region saturation region

DS | |
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G5

v

“subthreshold region” Vs

Fig. 1.2 The common source output IV characteristics of an N-channel MOSFET. The
vertical axis is the current that flows between the drain and source terminals, and the
horizontal axis is the voltage between the drain and source. Each line corresponds to
a different gate voltage. The two regions of operation, to be discussed later, are also
labeled. The maximum voltage applied to the gate and drain terminals is the power
supply voltage, Vpp. (The small leakage current in the subthreshold region is not
visible on a linear scale for Ipg.)

1.2 Electronic Devices: A very brief history

Electronic systems are circuits of interconnected electronic devices. Re-
sistors, capacitors and inductors are very simple devices, but most elec-
tronic systems rely on non-linear devices, the simplest being the diode,
which allows conduction for one polarity of applied voltage but not for
the other. The first use of diodes was for detecting radio signals. In the
early 1900’s, semiconductor diodes were demonstrated as were vacuum tube
diodes. Semiconductor diodes were metal-semiconductor junctions consist-
ing of a metal wire (the “cat’s whisker”) placed in a location on the crystal
that gave the best performance. Because they were finicky, these crystal
detectors were soon replaced with vacuum tube detectors, which consisted
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of a heated filament that boiled off electrons and a metal plate inside an
evacuated bulb. When the voltage on the plate was positive, electrons from
the filament were attracted, and current flowed.

The vacuum tube triode quickly followed the vacuum tube diode (and,
later, the pentode). By placing a metal grid between the filament and
plate, a large current could be controlled with a small voltage on the grid,
and signals could be amplified. The widespread application of vacuum
tubes transformed communications and entertainment and enabled the first
digital computers, but vacuum tubes had problems —they were large, fragile,
and consumed a lot of power.

In the 1920’s, Julius Lilienfeld and Oskar Heil independently patented
a concept for a “solid-state” replacement for the vacuum tube triode. By
eliminating the need for a heated filament and a vacuum enclosure, a solid-
state device would be smaller, more reliable, and consume less power. Semi-
conductor technology was too immature at the time to develop this concept
into a device that could compete with vacuum tubes, but by the end of
World War II, enough ground work had been laid to spur Bell Telephone
Laboratories to mount a serious effort to develop a solid-state replacement
for the vacuum tube [2]. The result, in December 1947, was the tran-
sistor — not the field-effect transistor (FET) of Lillenfeld and Heil but a
point contact bipolar transistor (something like the original cat’s whisker
crystal rectifier). Over the years, however, the technological problems asso-
ciated with FETs were solved, and today, the Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET) is the mainstay of electronic systems
[3]. These lectures are about the MOSFET, but the basic principles apply
to several different types of transistors.

By 1960, technologists learned how to manufacture several transistors
in one, monolithic piece of semiconductor and to wire them up in circuits
as part of the manufacturing process, instead of first making transistors
and then wiring them up individually by hand. Gordon Moore noticed in
1965 that the number of transistors on these integrated circuit “chips” was
doubling every technology generation (about one year then, about 1.5 years
now) [4]. He predicted that this doubling of the number of transistors per
chip would continue for some time, but even he must have been surprised
to see it continue for more than 50 years [5].

The doubling of the number of transistors per chip each technology gen-
eration (now known as Moore’s Law) was accomplished by down-scaling the
size of transistors. Because transistor dimensions were first measured in
micrometers, electronics technology became known as “microelectronics.”
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Device physicists developed simple, mathematical models for transistors
[6-9], which succinctly described the operation of the device in a way that
designers could use for circuit and system design. Over the years, these
models were refined and extended to describe evolving transistor technol-
ogy [10, 11]. Each technology generation, the lateral dimensions of transis-
tors shrunk by a factor of v/2, which reduced the area by a factor of two
and doubled the number of transistors on a chip. About the year 2000, the
length of the transistor channel reached 100 nanometers, microelectronics
became nanoelectronics, and the nanotransistor became a high-impact suc-
cess of the nanotechnology revolution. It now seems clear that transistor
channel lengths will shrink to the 10 nm scale, and the question today is:
“how far below 10 nanometers can transistor technology be pushed?”

As the size of transistors crossed the nanometer threshold, the char-
acteristics of the device as measured at its terminals did not change dra-
matically (indeed, if they had, we would no longer have what we call a
“transistor”). But something did change; the internal physics that controls
the transport of charge carriers from the source to the drain in a transistor
changed in a very significant way. Understanding electronic transport in
nanoscale transistors in a simple, but physically sound way is the goal of
these lectures.

1.3 Physics of the transistor

The vast majority of transistors operate by controlling the height of an
energy barrier with an applied voltage. An energy barrier in the channel
prevents electrons from flowing form the source to the drain. As voltages
are applied to the gate and drain electrodes, the height of this energy barrier
can be manipulated, and the flow of electrons from the source to the drain
can be controlled. In Lecture 3, I will discuss this energy band view of the
MOSFETSs in more detail; it contains most of the physics that we will later
use to develop mathematical models to describe transistors.

The mathematical analysis of a MOSFET often begins with the equa-
tion,

Ips = WI|Qy (Vas, Vbps)| (v) , (1.1)

where W is the width of the transistor in the direction normal to the cur-
rent flow, @, is the mobile sheet charge in the device (C/m?), and (v)
is the average velocity at which it flows. When “doing the math” it is
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important to keep the physical picture in mind. The charge comes from
electrons surmounting the energy barrier, and the velocity represents the
velocity at which they then move. Understanding MOSFETS boils down to
understanding electrostatics (@) and transport ((v)). While the electro-
static design principles of MOSFETSs have not changed much for the past
few decades, the nature of electron transport in transistors has changed
considerably as transistors have been made smaller and smaller. A proper
treatment of transport in nanoscale transistors is essential to understanding
and designing these devices.

The drift-diffusion equation is the cornerstone of traditional semicon-
ductor device physics. It states that the current in a uniform semiconductor
is proportional to the electric field, £, and that in the absence of an elec-
tric field, the current is carried by electrons diffusing down a concentration
gradient. In general, both processes occur at the same time, and we add
the two to find the current carried by electrons in the conduction band as

In = nqung€ + gDypdn/dzx (1.2)

where n is the density of electrons in the conduction band, ¢ is the magni-
tude of the charge on an electron, u, is the electron mobility, and D,, is the
diffusion coefficient. Although most semiconductor textbooks still begin
with eqn. (1.2), it is not at all clear that the approximations necessary to
derive eqn. (1.2) are valid for the small devices that are now being man-
ufactured. Indeed, sophisticated computer simulations show that electron
transport in nanoscale transistors is quite complex [12, 13]. For our pur-
poses in these lectures, we need a simple description of transport designed
to work at the nanoscale.

The Landauer approach describes carrier transport at the nanoscale.
Instead of eqn. (1.2), we compute the current from [14, 15]:

1=3 [ METE) (1(E) - o)) dE. (1.3

where ¢ is the magnitude of the charge on an electron, A is Planck’s con-
stant, M (F) is the number of channels at energy, E, that are available for
conduction, 7 (E) is the transmission, fi(FE) the equilibrium Fermi func-
tion of contact one and fo(FE), the Fermi function for contact two. The
number of channels is analogous to the number of lanes on a highway, and
the transmission is a number between zero and one; it is the probability
that an electron injected from contact one exits from contact two. For large
devices, eqn. (1.3) reduces to eqn. (1.2), but eqn. (1.3) can also be applied
to nanodevices for which it is not so clear how to make use of eqn. (1.2).



December 11, 2015 15:5 World Scientific Book - 9in x 6in " ws-nanoscale transistors”

Overview 27

The transport effects discussed so far are semiclassical — they consider
electrons to be particles with the quantum mechanics being embedded in
the band structure or effective mass, but as devices continue to shrink,
it is becoming important to consider explicitly the quantum mechanical
nature of electrons. We should expect that quantum mechanical effects will
become important when the potential energy changes rapidly on the scale
of the electron’s de Broglie wavelength. A simple estimate of the de Broglie
wavelength of thermal equilibrium electrons in Si gives about 10 nm, which
is not much less than present day channel lengths. During the past decade
or two, powerful techniques to treat the quantum mechanical transport of
electrons in transistors have been developed [13]. As channel lengths shrink
below 10 nm, it is becoming increasingly necessary to describe electron
transport quantum mechanically, but for channel lengths above about 10
nm, the semiclassical picture works well.

A significant research effort over the past few decades has been devoted
to understanding transport at the nanoscale and at developing techniques
to simulate it on computers. The essential physics of transport at the
nanoscale is readily understood, and this simple understanding is useful
for interpreting experiments and detailed simulations as well as for for de-
signing and optimizing transistors. This simple, intuitive, “essential only”
approach to transport in nanotransistors is the subject of these lecture
notes.

1.4 About these lectures

The lectures presented in this volume are divided into four parts.

Part 1: MOSFET Fundamentals

Part 2: MOS Electrostatics

Part 3: The Ballistic Nanotransistor

Part 4: Transmission Theory of the Nanotransistor

Part 1: MOSFET Fundamentals

Part 1 introduces the transistor. The lecture that follows this overview
treats transistors as “black boxes” and describes their electrical character-
istics and key performance metrics. A lecture on the MOSFET as a barrier
controlled device shows how simple it is to understand the MOSFET in
terms of energy band diagrams. One lecture then presents the traditional
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derivation of the MOSFET IV characteristics. The final lecture in Part
1 introduces the “Virtual Source” (VS) model, a semi-empirical model for
MOSFETSs [16] that will serve as an overall framework for the subsequent
lectures.

Part 2: MOS Electrostatics

Part 2 discusses the most important physics of a MOSFET - MOS electro-
statics — how the potential barrier between the source and drain is controlled
by the gate and drain voltages. Five lectures discuss one-dimensional MOS
electrostatics (the dimension normal to the channel) much as it is presented
in traditional textbooks. The effects of two-dimensional electrostatics (i.e.
the role of the drain voltage) are then described. In the final lecture of Part
2, we return to the VS model and show how to improve it with a better
treatment of MOS electrostatics.

Part 3: The Ballistic MOSFET

Part 3 is about the ballistic MOSFET, a device for which electrons in
the channel do not scatter. The section begins with an introduction to
the Landauer approach to transport and then continues by applying this
approach in the ballistic limit to MOSFETs. Modern MOSFETSs operate
quite close to the ballistic limit. The ballistic MOSFET model looks much
different than the traditional MOSFET model, but when we relate it to the
VS model, we’ll find that it can be expressed in the traditional language of
MOSFET analysis.

Part 4: Transmission Theory of the MOSFET

Part 4 adds carrier scattering to the model. A transmisson theory of MOS-
FETs that includes electron transport from the no-scattering (ballistic) to
strong-scattering (diffusive) regimes is developed. Part 4 begins with a lec-
ture on the fundamentals of carrier scattering and the relation of transmis-
sion to the mean-free-path. The transmission theory of the nano-MOSFET
is then presented and related to traditional MOSFET theory via the VS
model. The use of the Transmission/VS model to experimentally char-
acterize nanotransistors is discussed, and Part 4 concludes with a lecture
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that examines the limits of transistors and some of the limitations of the
transmission approach to nano-MOSFETSs.

1.5 Summary

My objectives in writing these lectures are to present a simple, physical
way to understand the operation of nanoscale MOSFETSs and to relate this
new understanding to the traditional theory of the MOSFET. Transistor
science and technology is a complex, but readily understood subject. I am
only able in these lectures to touch upon a few, important concepts. The
goal is to develop a firm understanding of a few key principles will provide
a starting point that can be filled in and extended as needed. Since the
nano-MOSFET is the first high-volume, high-impact, active nano-device,
understanding the MOSFET as a nano-device also provides a case study in
developing models for other nano devices.

To follow these lectures, only a basic understanding of semiconductor
physics is necessary — e.g. concepts like bandstructure, effective mass, mo-
bility, doping, etc. The first two parts of the lectures are for those with
little or no background in transistors and MOSFETSs, and the last two parts
present a novel approach to understanding nanotransistors. Those with a
good background in transistors and MOSFETs may want to skip (or just
skim) Parts 1 and 2. For those with little or no background in transis-
tors and MOSFETSs, Parts 1 and 2 will provide the necessary background
for understanding Parts 3 and 4. The reader will notice that some words
are italicized. This is done to alert the reader when important terms that
should be remembered are first encountered. Finally, an extensive set of
online materials that supplement and extend these lectures can be found on
the author’s home page: https://nanohub.org/groups/mark_lundstrom/.
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The Transistor as a Black Box

2.1 Introduction

2.2 Physical structure of the MOSFET
2.3 IV characteristics

2.4 MOSFET device metrics

2.5 Summary

2.6 References

2.1 Introduction

The goal for these lectures is to relate the internal physics of a transistor
to its terminal characteristics; 7.e. to the currents that flow through the
external leads in response to the voltages applied to those leads. This
lecture will define the external characteristics that subsequent lectures will
explain in terms of the underlying physics. We'll treat a transistor as an
engineer’s “black box,” as shown in Fig. 2.1. A large current flows through
terminals 1 and 2, and this current is controlled by the voltage on (or,
for some transistors the current injected into) terminal 3. Often there is
a fourth terminal too. There are many kinds of transistors [1], but all
transistors have three or four external leads like the generic one sketched
in Fig. 2.1. The names given to the various terminals depends on the type
of transistor. The I'V characteristics describe the current into each lead in
terms of the voltages applied to all of the leads.

Before we describe the IV characteristics, we’ll begin with a quick
look at the most common transistor — the field-effect transistor (FET).
In these lectures, our focus is on a specific type of FET, the silicon Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET). A different type

33
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of FET, the High Electron Mobility Transistor (HEMT), finds use in radio
frequency (RF) applications. Bipolar junction transistors (BJTs) and het-
erojunction bipolar transistor (HBTs) are also used for RF applications.
Most of the transistors manufactured and used today are one of these four
types of transistors. Although our focus is on the Si MOSFET, the basic
principles apply to these other transistors as well.

terminal |

terminal 3

-9

control terminal 4

terminal 2

Fig. 2.1 TIllustration of a transistor as a black box. The currents that flow in the four
leads of the device are controlled by the voltages applied to the four terminals. The
relation of the currents to the voltages is determined by the internal device physics of
the transistor. These lectures will develop simple, analytical expressions for the current
vs. voltage characteristics and relate them to the underlying device physics.

2.2 Physical structure of the MOSFET

Figure 2.2 (same as Fig. 1.1) shows a scanning electron micrograph (SEM)
cross section of a Si MOSFET circa 2000. The drain and source terminals
(terminals 1 and 2 in Fig. 2.1 are clearly visible, as are the gate electrode
(terminal 3 in Fig. 2.1) and the Si body contact (terminal 4 in Fig. 2.1).
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Note that the gate electrode is separated from the Si substrate by a thin,
insulating layer that is less than 2 nm thick. In present-day MOSFETsS, the
gap between the source and drain (the channel) is only about 20 nm long.

Also shown in Fig. 2.2 is the schematic symbol used to represent MOS-
FETs in circuit diagrams. The dashed line represents the channel between
the source and drain. It is dashed to indicate that this is an enhance-
ment mode MOSFET, one that is only “on” with a channel present when
the magnitude of the gate voltage exceeds a critical value known as the
threshold voltage.

circuit symbol

Gate
— 1
N (o S
Source Drain
Body

Fig. 2.2 The n-channel silicon MOSFET. Left: The circuit schematic of an enhancement
mode MOSFET showing the source, drain, gate, and body contacts. The dashed line
represents the channel, which is present when a large enough gate voltage is applied.
Right: An SEM cross-section of a silicon MOSFET circa 2000. The source, drain, gate,
silicon body, and gate insulator are all visible. (This figure is the same as Fig. 1.1.)

Figure 2.3 compares the cross-sectional and top-views of an n-channel,
silicon MOSFET. On the left is a “cartoon” illustration of the cross-section,
similar to the SEM in Fig. 2.2. An n-channel MOSFET is built on a p-type
Si substrate. The source and drain regions are heavily doped n-type regions;
the transistor operates by controlling conduction across the channel that
separates the source and drain. On the right side of Fig. 2.3 is a top view of
the same transistor. The large rectangle is the transistor itself. The black
squares on the two ends of this rectangle are contacts to the source and
drain regions, and the black rectangle in the middle is the gate electrode.
Below the gate is the gate oxide, and under it, the p-type silicon channel.
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The channel length, L, is a critical parameter; it sets the overall “footprint”
(size) of the transistor, and determines the ultimate speed of the transistor
(the shorter L is, the faster the ultimate speed of the transistor). The
width, W, determines the magnitude of the current that flows. For a given
technology, transistors are designed to be well-behaved for channel lengths
greater than or equal to some minimum channel length. Circuit designers
specify the lengths and widths of transistors to achieve the desired circuit
performance. For the past several decades, the minimum channel length
(and, therefore, the minimum size of a transistor) has steadily shrunk,
which has allowed more and more transistors to be placed on an integrated
circuit “chip” [2, 3.

p-type silicon

source drain

side view top view

Fig. 2.3 Comparison of the cross-sectional, side view (left) and top view (right) of an
n-channel, silicon MOSFET.

In the n-channel MOSFET shown in Fig. 2.3, conduction is by electrons
in the conduction band. As shown in Fig. 2.4, it is also possible to make the
complementary device in which conduction is by electrons in the valence
band (which can be visualized in terms of “holes” in the valence band). A
p-channel MOSFET is built on an n-type substrate. The source and drain
regions are heavily doped p-type; the transistor operates by controlling
conduction across the n-type channel that separates the source and drain.

Note that Vpg < 0 for the p-channel device and that Vgg < 0 to turn
the device on. Also note that the drain current flows out of the drain,
rather than into the drain as for the n-channel device. Modern electronics
is largely built with CMOS (or complementary MOS) technology for which
every n-channel device is paired with a p-channel device.
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Fig. 2.4 Comparison of an n-channel MOSFET (left) and a p-channel MOSFET (right).
Note that Vpg, Vas > 0 for the n-channel device and Vpg, Vgs < 0 for the p-channel
device. The drain current flows in the drain of an n-channel MOSFET and out the drain
of a p-channel MOSFET.

For circuit applications, transistors are usually configured to accept an
input voltage and to operate at a certain output voltage. The input voltage
is measured across the two input terminals and the output voltage across
the two output terminals. The input current is the current that flows into
one of the two input terminals and out of the other, and the output current
is the current that flows into one of the two output terminals and out of the
other. (By convention, the “circuit convention,” the current is considered
to be positive if it flows into a terminal, so the drain current of an n-channel
MOSFET is positive, and the drain current of a p-channel MOSFET is neg-
ative.) Since we only have three terminals (the body contact is special - it
tunes the operating characteristics of the MOSFET), one of terminals must
be connected in common to both the input and the output. Possibilities
are common source, common drain, and common gate configurations.

Figure 2.5 shows an n-channel MOSFET connected in the common
source configuration. In this case, the DC output current is the drain
to source current, Ipg, and the DC output voltage is the drain to source
voltage, Vpg. The DC input voltage is the gate to source voltage, Vgg. For
MOSFETS, the DC gate current is typically very small and can usually be
neglected.

Our goal in this lecture is to understand the general features of transis-
tor IV characteristics and to introduce some of the terminology used. Two
types of IV characteristics are of interest; the first are the output charac-
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Fig. 2.5 An n-channel MOSFET configured in the common source mode. The input
voltage is Vg, and the output voltage, Vpg . The output current is Ipg, and the gate
current is typically negligibly small, so the DC input current is assumed to be zero.

teristics, a plot of the output current, Ipg, vs. the output voltage, Vpg, for
a constant input voltage, Vgg. The second IV characteristic of interest is
the transfer characteristic, a plot of the output current, Ipg, as a function
of the input voltage, Vg for a fixed output voltage, Vps. In the remainder
of this lecture, we treat the transistor as a black box, as in Fig. 2.1, and
simply describe the I'V characteristics and define some terminology. Subse-
quent lectures will relate these IV characteristics to the underlying physics
of the device.

2.3 IV characteristics

Figure 2.6 shows the I'V characteristics of a simple device, a resistor. For
an ideal resistor, the current is proportional to the voltage according to
I = V/R, where R is the resistance in Ohms. Figure 2.7 shows the IV
characteristics of a current source. For an ideal current source, the current
is independent of voltage, but real current sources show some dependence of
the current on the voltage across the terminals. Accordingly, a real current
source can be represented as an ideal current source in parallel with an ideal
resistor, as shown in Fig. 2.7. The output characteristics of a MOSFET
look like a resistor for small Vpg and like a current source for large Vpg.
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Fig. 2.7 The IV characteristics of a current source. The dashed line is an ideal current
source, for which the current is independent of the voltage across the terminals. Real
current sources show some dependence of the current on the voltage, which can be
represented by a ideal current source in parallel with a resistor, Rg, as shown on the left.

The output characteristics of an n-channel MOSFET are shown in Fig.
2.8 (same as Fig. 1.2). Each line in the family of characteristics corresponds
to a different input voltage, Vgs. For Vpg less than some critical value
(called Vpgar), the current is proportional to the voltage. In this small
Vbs (linear or ohmic) region, a MOSFET operates like a resistor with the
resistance being determined by the input voltage, Vs

For Vps > Vpsar, (the saturation or beyond pinch-off region), the
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MOSFET operates as a current source with the value of the current being
determined by Vig. The current increases a little with increasing Vpg,
which shows that the current source has a finite output resistance, r4. A
third region of operation is the subthreshold region, which occurs for Vgg
less than a critical voltage, Vp, the threshold voltage. For Vg < Vp, the
drain current is very small and not visible when plotted on a linear scale
as in Fig. 2.8.

A
e - ” & . - ”
linear region saturation region

DS | |

[ \ 1T

“subthreshold region” Vs

Fig. 2.8 The common source output IV characteristics of an n-channel MOSFET. The
vertical axis is the current that flows between the drain and source, Ipg, and the hor-
izontal axis is the voltage between the drain and source, Vpg. Each line corresponds
to a different gate voltage, Vgs. The two regions of operation, linear (or ohmic) and
saturation (or beyond pinch-off) are also labeled. (This figure is the same as Fig. 1.2.)

Figure 2.9 compares the output and transfer characteristics for an n-
channel MOSFET. The output characteristics are shown on the left. Con-
sider fixing Vpg to a small value and sweeping Vgg. This gives the line
labeled Vpg1 in the transfer characteristics on the right. If we fix Vpg to a
large value and sweep Vg, then we get the line labeled Vpgo in the transfer
characteristic. The transfer characteristics also show that for Vgs < Vi,
the current is very small. A plot of log,,(Ips) vs. Vs is used to resolve
the current in this subthreshold region (see Fig. 2.12).
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Fig. 2.9 A comparison of the common source output characteristics of an n-channel
MOSFET (left) with the common source transfer characteristics of the same device
(right). The line labeled Vpgy in the transfer characteristics is the low Vpg line indi-
cated on the output characteristic on the left, and the line labeled Vpgo in the transfer
characteristic corresponds to the high Vpg line indicated on the output characteristic.

2.4 MOSFET device metrics

The performance of a MOSFET can be summarized by a few device metrics
as listed below.

on-current, Ion, in pA/pum

linear region on resistance Ron, in 2 — ym
output resistance, rq, in {2 — ym
transconductance, gm, in puS/pm.

off-current, Ioprp, in pA/pum

subthreshold swing, S, in mV /decade
drain-induced barrier lowering, DIBL, in mV/V
threshold voltage, Vr(lin) and Vp(sat) in V
drain saturation voltage, Vpsar, in V

The units listed above are those that are commonly used, which are not
necessarily MKS units. For example, the transconductance is not typically
quoted in Siemens per meter (S/m), but in micro-Siemens per micrometer,
pS/pm or milli-Siemens per millimeter, mS/mm.

As shown in Fig. 2.10, several of the device metrics can be determined
from the common source output characteristics. The on-current is the
maximum drain current, which occurs at Ips(Vgs = Vps = Vpbp), where
Vbp is the power supply voltage. Note that the drain to source current,
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Ips, is typically measured in pA/pum, because the drain current scales
linearly with width, W. The linear region on-resistance is the minimum
channel resistance, which is one over dIpg/dVpg in the linear region for
Ves = Vpp. The units are 2 — um. The output resistance is one over
dIps/dVpg in the saturation region; typically quoted at Vs = Vpp. The
units are Q — um. The transconductance is dips/dVgs at a fixed drain
voltage. It is typically quoted at Vps = Vpp and is measured in pS/pm.
To get the actual drain current and transconductance, we multiply by the
width of the transistor in micrometers. To get the actual on-resistance and
output resistance, we divide by the width of the transistor in micrometers.

A
on-resistance output resistance  on-current

T R r, -1, (Vc;s =Vps = VDD)

Tos -=F T \
(mA/um)| - !

I

|

transconductance

ND
AV,

G5y,

Vas En =

Ds

VDD

Fig. 2.10 The common source output characteristics of an n-channel MOSFET with
four device metrics indicated.

As shown in Fig. 2.11, additional device metrics can be determined
from the common source transfer characteristics with the current plotted
on a linear scale. The two different IV characteristics are for low Vpg
(linear region of operation) and for high Vpg (saturation region). The on-
current noted in Fig. 2.10 is also shown in Fig. 2.11. If we find the point of
maximum slope on the I'V characteristics, plot a line tangent to the curve at
that point, and read off the x-axis intercept, we find the threshold voltage.
Note that there are two threshold voltages, one obtained from the linear
region plot, Vip(lin) and another from the saturation region plot, Vp(sat)
and that Vp(sat) < Vp(lin). Note that the off to on transition is gradual
and Vp is approximately the point at which this transition is complete.
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Finally, the off-current, Ips(Vas = 0,Vps = Vpp, is also indicated in Fig.
2.11, but it is too small to read from this plot.

V, (sat) V., (lin)

Fig. 2.11 The common source transfer characteristics of an n-channel MOSFET with
three device metrics indicated, Vp(lin) and Vip(sat), and the on-current. The drain
current, Ipg, is plotted on a linear scale in this plot.

To resolve the subthreshold characteristics, we should plot the drain
current on a logarithmic scale, as shown in Fig. 2.12. Both the off-current,
Iorr = Ips(Vas = 0,Vps = Vbp), and the on-current, Iony = Ips(Vas =
Vbs = Vpp), are identified in this figure. The subthreshold current in a
well-behaved MOSFET increases exponentially with Vigg. The subthreshold
swing, S, is given by

SS = |:d(10g10 IDS):| -

dVgs

and is typically quoted in millivolts per decade. In words, the subthreshold
swing is the change in gate voltage (typically quoted in millivolts) needed
to change the drain current by a factor of 10. The smaller the SS, the
lower is the gate voltage needed to switch the transistor from off to on.
As we’ll discuss in Sec. 2, the physics of subthreshold conduction dictate
that SS > 60 mV/decade. In a well-behaved MOSFET, the subthreshold

(2.1)
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swing is the same for the low and high Vpg transfer characteristics. An
increase of SS with increasing Vpg is often observed and is attributed to
the influence of two-dimensional electrostatics (which will also be discussed
in Sec. 2).

Finally, we note that the subthreshold IV characteristics are shifted
to the left for increasing drain voltages. This shift is attributed to an
effect known as drain-induced barrier lowering (DIBL) and is defined as
the horizontal shift in the low and high Vpg subthreshold characteristics
divided by the difference in drain voltages (typically Vpp — 0.05 V). DIBL
is closely related to the two threshold voltages shown in Fig. 2.11. An ideal
MOSFET has zero DIBL and a threshold voltage that does not change with
drain voltage, i.e., Vr(lin) = Vr(sat).

on-current

T [ % I

Vs = Vi o,
log, 1,5

(mA/pm)

V,, =005V

"""" === DIBL
(drain-induced barrier lowering)

off-current

N

IOF.F

S5 (subthreshold swing)

| 5
T } > Vi

Do

Fig. 2.12 The common source transfer characteristics of an n-channel MOSFET with
two additional device metrics indicated, SS and DIBL. The drain current, Ipg, is
plotted on a logarithmic scale in this plot.

As mentioned earlier, it is important to note that threshold voltage is
not a precisely defined quantity. It is approximately the gate voltage at
which significant drain current begins to flow, and there are different ways
to specify this voltage. For example, it may be determined from the z-
intercept of a plot of Ipg vs. Vg as indicated in Fig. 2.11. Alternatively,
one could specify a small drain current (e.g. perhaps 10~7A/um as in the
horizontal dashed line in Fig. 2.12) and simply define Vr as the gate voltage
needed to achieve this current. When a threshold voltage is quoted, one
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should, therefore, be sure to understand exactly how Vp was defined.

Finally, a word about notation. In Figs. 2.2 and 2.4, we define the
current flowing into the drain of an n-MOSFET as Ip. Ideally, the same
current flows out of the channel and Ip = —Is = Ipg. In practice, there
may be some leakage currents (i.e. some of the drain current may flow to
the substrate), so that Ip > Is. We'll not be concerned with these leakage
currents in these notes and will assume that Ip = I = Ipg, where Ipg is
the current that flows from the drain to the source.

2.5 Summary

In this lecture we described the shape of the IV characteristics of a MOS-
FET and defined several metrics that are commonly used to characterize
the performance of MOSFETs. We briefly discussed the physical structure
of a MOSFET, but did not discuss what goes on inside the black box to
produce the I'V characteristics we described. Subsequent lectures will fo-
cus on the physics that leads to these IV characteristics and on developing
simple expressions for several of the key device metrics.

2.6 References
There are many type of transistors, for an incomplete list, see:

[1] Kwok K. Ng “A survey of semiconductor devices,” IEEE Trans, Elec-
tron Devices, 43, pp. 1760-1766, 1996.

For an introduction to Moore’s Law and its implications for electronics,
see:

[2] “Moore’s law,”
19, 2013.

http://en.wikipedia.org/wiki/Moore’s_law, July

[3] M. Lundstrom, “Moore’s Law Forever?” an Applied Physics Perspective,
Science, 299, pp. 210-211, January 10, 2003.
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The MOSFET: A barrier-controlled
device
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3.7 Discussion

3.8 Summary
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3.1 Introduction

Most transistors operate by controlling the height of an energy barrier with
an applied voltage. This includes so-called field-effect transistors (FET’s),
such as MOSFETSs, JFETs (junction FET’s), HEMTs (high electron mo-
bility transistors, which are also FET’s) as well as BJT’s (bipolar junction
transistors) and HBT’s (heterojunction bipolar transistors) [1, 2]. The op-
erating principles of these transistors are most easily understood in terms
of energy band diagrams, which provide a qualitative way to understand
MOS electrostatics. The energy band view of a MOSFET is the subject of
this lecture.
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3.2 Equilibrium energy band diagram

As sketched in Fig. 3.1, the MOSFET is inherently a two-dimensional (or
even three-dimensional) device. For a complete understanding of the device,
we must understand multi-dimensional energy band diagrams, but most of
the essential principles can be conveyed with 1D energy band diagrams.

Accordingly, we aim to understand the energy vs. position plot along the
surface of the MOSFET as indicated in Fig 3.1.

v
=

Fig. 3.1 Sketch of a MOSFET cross-section showing the line along the Si surface for
which we will sketch the energy vs. position, E. (z,z = 0), from the source, across the
channel, to the drain. The y-axis is out of the page, in the direction of the width of the
transistor, W.

The source and drain regions of the n-channel MOSFET are heavily
doped n-type, and the channel is p-type. In a uniformly doped bulk semi-
conductor, the bands are independent of position with the Fermi level near
E. for n-type semiconductors and near E, for p-type. The upper part of
Fig. 3.2 shows separate n-type, p-type, and n-type regions. We concep-
tually put these three regions together to draw the energy band diagram.
In equilibrium, we begin with the principle that the Fermi level (electro-
chemical potential) is constant. Far to the left, deep in the source, F. must
be near Er, and far to the right, deep in the drain, the same thing must
occur. In the channel, F, must be near Er. In order to line up the Fermi
levels in the three regions, the source and drain energy bands must drop
in energy until Fr is constant (or, equivalently, the channel must rise in
energy). The alignment of the Fermi levels occurs because electrons flow
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from higher Fermi level to lower Fermi level (from the source and drain

regions to the channel), which sets up a charge imbalance and produces an

electrostatic potential difference between the two regions. The source and

drain regions acquire a positive potential (the so-called built-in potential),

which lowers the bands according to

E.(z)=FE. —
E,(x) = Ey, —

q(z)
q(x)’

(3.1)

where the subscript “o” indicates the value in the absence of an electrostatic

potential, 1.

source

channel

Fig. 3.2 Sketch of the equilibrium energy band diagram along the top surface of a
MOSFET. Top: separate n-type, p-type, and n-type regions representing the source,

channel, and drain regions.

when all three regions are connected and Vg = Vg = Vp = 0.

Bottom: The resulting equilibrium energy band diagram

Because the device of Fig. 3.2 is in equilibrium, no current flows. Note

that there is a potential energy barrier that separates electrons in the source

from electrons in the drain. This barrier will play an important role in our

understanding of how transistors work. The next step is to understand how

the energy bands change when voltages are applied to the gate and drain

terminals.
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3.3 Application of a gate voltage

Figure 3.3 shows what happens when a positive voltage is applied to the
gate. In this figure, we show only the conduction band, because we are
discussing an n-channel MOSFET for which the current is carried by elec-
trons in the conduction band. Also shown in Fig. 3.3 are the metal source
and drain contacts. (We assume ideal contacts, for which the Fermi levels
in the metal align with Fermi level in the semiconductor in equilibrium.)
Since Vs = Vp = 0, the Fermi levels in the source, device, and drain all
align; the device is in equilibrium, and no current flows.

Ve
E
f/ -I_ \\‘V; -0
Ec(x) ! 4 \
1 \
1 ' 1
/r_* Ve =Von 1|
E=E; / E:. E.=Ep
-

Fig. 3.3 Sketch of the equilibrium electron potential energy vs. position for an n-
channel MOSFET for low gate voltage (dashed line) and for high gate voltage (solid
line). The voltages on the source, drain, and gate electrodes are zero. The Fermi levels
in the source and source contact, in the channel, and in the drain and drain contact
are all equal, Frg = Er = Erp because the device is in equilibrium with no voltage
applied to the source and drain contacts. The application of a gate voltage does not
disturb equilibrium because the gate electrode is insulated from the silicon by the gate
oxide insulator.

Also shown in Fig. 3.3 is what happens when a positive gate voltage
is applied. The gate electrode is separated from the silicon channel by an
insulating layer of SiO4, but the positive potential applied to the gate influ-
ences the potential in the semiconductor. A positive gate voltage increases
the electrostatic potential in the channel, which lowers the conduction band
according to eqn. (3.1).
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It is important to note that the application of a gate voltage does not
affect the Fermi level in the underlying silicon. A positive gate voltage
lowers the Fermi level in the gate electrode, but the gate electrode is isolated
from the underlying silicon by the gate oxide. The Fermi level in the device
can only change if the source or drain voltages change, because the source
and drain Fermi levels are connected to the Fermi level in the device.

We conclude that the application of a gate voltage simply raises or lowers
the potential energy barrier between the source and drain. The device
remains in equilibrium, and no current flows. The fact that the device is in
equilibrium even with a gate voltage applied simplifies the analysis of MOS
electrostatics, which we will discuss in the next few lectures.

3.4 Application of a drain voltage

Figure 3.4 shows what happens when a large drain voltage is applied. The
source is grounded, so the quasi-Fermi level (electrochemical potential) in
the source does not change from equilibrium, but the positive drain voltage
lowers the quasi-Fermi level in the drain. Lowering the Fermi level lowers
E. too, because EFrp — E. determines the electron density. Electrostatics
will attempt to keep the drain neutral, so n =~ ng =~ Np, where Np is the
doping density in the drain. The resulting energy band diagrams under low
and high gate voltages are shown in Fig. 3.4. Note that we have only shown
the quasi-Fermi levels in the source and drain, but F,(z) varies smoothly
across the device. In general, numerical simulations are needed to resolve
F,(x), but it is clear that there will be a slope to F,, (), so current will flow.
The device is no longer in equilibrium when the electrochemical potential
varies with position.

Consider first the case of a large drain voltage and small gate voltage
as shown in the dashed line of Fig. 3.4. In a well-designed transistor, the
height of energy barrier between the source and the channel is controlled
only (or mostly) by the voltage applied to the gate. If the gate voltage is
low, the energy barrier is high, and very few electrons have enough energy
to surmount the barrier and flow to the drain. The transistor is in the
off-state corresponding to the Ipg = 0 part of the IV characteristic of
Fig. 2.10. Current flows, but only the small leakage off-current, Ippr (Fig.
2.12).

When a large gate voltage is applied in addition to the large drain
voltage (shown as the solid line in Fig. 3.4), the gate voltage increases the
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Fig. 3.4 Sketch of E.(z) vs. z along the channel of an n-channel MOSFET. Dashed
line: Large drain voltage and small gate voltage. Solid line: Large drain voltage and
large gate voltage.

electrostatic potential in the channel and lowers the height of the barrier.
If the barrier is low enough, a significant fraction of the electrons in the
source can hop over the energy barrier and flow to the drain. The transistor
is in the on-state with the maximum current being the on-current, Ipy, at
Vas = Vps = Vpp of Fig. 2.10.

3.5 Transistor operation

Figure 3.4 illustrates the basic operating principle of most transistors —
controlling current by modulating the height of an energy barrier with an
applied voltage. We have described the physics of the off-state and on-
state of the IV characteristic of Fig. 2.10, but the entire characteristic
can be understood with energy band diagrams. Figure 3.5 shows numerical
simulations of the conduction band vs. gate voltage in the linear region of
operation. Note that under high gate voltage, E.(z) varies linearly with
position in the channel, which corresponds to a constant electric field, as
expected in the linear region of operation where the device acts as a gate
voltage controlled resistor.

Figure 3.6 shows simulations of the conduction band vs. gate voltage in
the saturated region of operation. As the gate voltage pushes the potential
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Fig. 3.5 Simulations of E.(x) vs. x for a short channel transistor. A small drain voltage
is applied, so the device operates in the linear region. Each line corresponds to a different
gate voltage, with the gate voltage increasing from the top down. (Mark Lundstrom and
Zhibin Ren, “Essential Physics of Carrier Transport in Nanoscale MOSFETSs,” IEEE
Trans. Electron Dev., 49, pp. 133-14, 2002.)

energy barrier down, electrons in the source hop over the barrier and then
flow down hill to the drain. This figure also illustrates why the drain current
saturates with increasing drain voltage. It is the barrier between the source
and channel that limits the current. Electrons that make it over the barrier
flow down hill and out the drain. Increasing the drain voltage (assuming
that it does not lower the source to channel barrier) should not increase the
current. Note also that even under very high gate voltage, a small barrier
remains. Without this barrier and its modulation by the gate voltage, we
would not have a transistor.

3.6 IV characteristic

The mathematical form of the I'V characteristic of a transistor can also be
understood with the help of energy band diagrams and a simple, thermionic
emission model. Consider first the common source characteristic of Fig.
2.10. The net drain current is the current from the left to right (from the
source, over the barrier, and out the drain) minus the current form the
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Fig. 3.6 Simulations of E.(x) vs. z for a short channel transistor. A large drain voltage
is applied, so the device operates in the saturation region. Each line corresponds to a
different gate voltage, with the gate voltage increasing from the top down. (The pinch-
off region will be discussed in Sec. 4.6.) (Mark Lundstrom and Zhibin Ren, “Essential
Physics of Carrier Transport in Nanoscale MOSFETSs,” IEEE Trans. Electron Dev., 49,
pp. 133-14, 2002.)

right to left (from the drain, over the barrier, and out the source):
Ips =1ILr —IRL- (3.2)

The probability that an electron can surmount the energy barrier and flow
from the source to the drain is exp(—Fgsp/kpT), where Egp is the barrier
height from the source to the top of the barrier, so the current from the
left to the right is

Ig o e~ PsB/kaT (3.3)
The probability that an electron can surmount the barrier and flow from the
drain to the source is exp(—FEpp/kpT), where Epp is the barrier height

from the drain to the top of the barrier. The current from the right to left
is, therefore,

Ipp o e~ Eon/keT (3.4)
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Because the drain voltage pulls the conduction band in the drain down,
EDB > ESB- When there is no DIBL, EDB = ESB +qVDS, SO IRL/ILR =
exp(—qVps/kpT), and we can write the net drain current as

IDS:ILR_IRL:ILR (1—€7qVDS/kBT) . (35)

At the top of the barrier, there are two streams of electrons, one moving
to the right and one to the left. They have the same kinetic energy, so
their velocities, vp, are the same. Current is charge times velocity. For
a MOSFET, the charge flows in a two-dimensional channel, so it is the
charge per area in C/cm? that is important. The left to right current is
Inr = WQ;(z = 0)ur, where Q;F(z = 0) is the charge in C/cm? at the
top of the barrier due to electrons with positive velocities, and W is the
width of the MOSFET. Similarly, Ir;, = WQ,, (z = 0)vy. We find the
total charge by adding the charge in the two streams,

_ Irr+ IrL
WUT
Ir

= Wor (1+IRL/ILR) . (36)

Irr ( —qV,
_ 1 q Ds/kBT)
W’UT te

Qn(w = O)

Finally, if we solve eqn. (3.6) for Irr and insert the result in eqn. (3.5),
we find the I'V characteristic of a ballistic MOSFET as

(1 _ e—qus/k,BT)

Ips = WQn(@ = O)lor (14 e-aVps/ksT) "

(3.7)

In Lecture 13, we will derive eqn. (3.7) more formally, learn some of its
limitations, and define the velocity, vr. The general form of the ballistic
IV characteristic is, however, easy to understand in terms of thermionic
emission in a barrier controlled device.

Now let’s examine the general result, eqn. (3.7) under low and high
drain bias. For small drain bias, a Taylor series expansion of the exponen-
tials gives

ur
Ips =W|Qn(z =0)|=——+—Vps = GeuVps = Vps/Rcm , 3.8
DS |Qn(z )|2kBT/q DS cuVps =Vps/Rceu (3.8)
where Gop (Rop) is the channel conductance (resistance). Equation (3.8)
is a ballistic treatment of the the linear region of the IV characteristic in

Fig. 2.10.
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Consider next the high Vpg, saturated region of the common source
characteristic of Fig. 2.10. In this case, Ir;, < Irr and the drain current
saturates at Ips = Irr. In the limit, Vps > kpT/q, eqn. (3.7) becomes

Ips = W|Qu(z = 0)|vr . (3.9)

The high Vpg current is seen to be independent of Vpg, but we will see
later that DIBL causes @,(z = 0) to increase with drain voltage, so Ipg
does not completely saturate.

Having explained the common source IV characteristic, we now turn to
the transfer characteristic of Fig. 2.12. The transfer characteristic is a plot
of Ipg vs. Vgg for a fixed Vpg. Let’s assume that we fix the drain voltage
at a high value, so the current is given by eqn. (3.9) and the question is:
“How does Q,(x = 0) vary with gate voltage?”

For high drain voltage, Igr, = 0, so eqn. (3.6) gives

Qule=0) = 22 (3.10)

The current, I g is due to thermionic emission over the source to chan-

nel barrier. Application of a gate voltage lowers this barrier, so we can
write:

I o e~ Fsn/ksT _ e—(EgB—qVGs/m)/kBT , (3.11)

where E2 5 is the barrier height from the source to the top of the barrier
at Vgg = 0, and 1/m is the fraction of the gate voltage that gets to the
semiconductor surface (some of the gate voltage is dropped across the gate
oxide). From eqns. (3.11) and (3.10), we find

Qn(Vas) = Qn(Vas = 0) e?Ves/mksT (3.12)

From eqns. (3.12) and (3.9), we see that the current increases exponentially
with gate voltage,

Ips = W|Qn(Vas = 0)|vg e?Ves/mksT (3.13)

In fact, it is easy to show that to increase the current by a factor of ten
(a decade), the gate voltage must increase by 2.3mkgT/q > 0.060 V at
room temperature. This 60 mV per decade is characteristic of thermionic
emission over a barrier.

According to eqn. (3.13), the drain current is independent of drain
voltage; in practice, there is a small increase in drain current with increasing
drain voltage because the drain voltage “helps” the gate pull down the
source to channel barrier. This is the physical explanation for DIBL — it
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is due to the two-dimensional electrostatics that we will discuss in Lecture
10.

Equation (3.13) describes the exponential increase of Ipg with Vi ob-
served in Fig. 2.12 below threshold, but above threshold, the drain current
of a MOSFET does not increase exponentially with gate voltage; it increases
approximately linearly with gate voltage. Above threshold, eqn. (3.3) still
applies, it is just that the decrease in the height of the potential barrier
is no longer proportional to Vg above threshold; there is a lot of charge
in the semiconductor, which screens the charge on the gate, and makes it
difficult for the gate voltage to push the barrier down. The parameter, m,
becomes very large. The same considerations apply to the charge as well.
Below threshold, eqn. (3.12) shows that the charge varies exponentially
with gate voltage, but above threshold, we will find that it varies linearly
with gate voltage.

When we discuss MOS electrostatics in Lectures 8 and 9, we will show
that above threshold, the charge increases linearly with gate voltage as in
eqn. (3.14) below.

Qn(Vas, Vps) = —Cox (Vas — Vi)

, (3.14)
Vr =Vro—6Vps

where @,, is the mobile electron charge, Cor = Kor€0/tor, Where toy is the
oxide thickness, is the gate capacitance per unit area. Also in eqn. (3.14),
Vr is the threshold voltage, and § is the drain-induced barrier lowering
(DIBL) parameter. (We'll see later that the appropriate capacitance to use
is a little less than C,,.)

This discussion shows that the I'V characteristics of a ballistic MOSFET
can be easily understood in terms of thermionic emission over a gate con-
trolled barrier. When we return to this problem in Lecture 13, we will learn
a more formal and more comprehensive way to treat ballistic MOSFETS,
but the underlying physical principles will be the same.

3.7 Discussion

Transistor physics boils down to electrostatics and transport. The energy
band diagram is a qualitative illustration of transistor electrostatics. In
practice, most of transistor design is about engineering the device so that
the energy barrier is appropriately manipulated by the applied voltages.
The design challenges have increased as transistors have gotten smaller
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and smaller, and we understand transistor electrostatics better now, but
the basic principles are the same as they were in the 1960’s.

Figure 3.7 illustrates the key principles of a well-designed short channel
MOSFET. The top of the barrier is a critical point; it marks the beginning
of the channel and is also called the wirtual source. In a well-designed
MOSFET, the height of the source to channel energy barrier is strongly
controlled by the gate voltage and only weakly dependent on the drain
voltage.

under strong control of gate with

0, (0] =-C,, (V” -V, ) weak influence of the drain

For large V5, most of the
— voltage drop occurs on the

/ drain end of the channel.

Fig. 3.7 Sketch of a well-designed short channel MOSFET under high gate and drain
bias. In a well-designed short channel MOSFET, the charge at the top of the barrier
is very close to the value it would have in a long channel device, for which the lateral
electric field could be neglected. In a well-designed MOSFET, there is a low lateral
electric field near the beginning of the channel and under high Vpg, the drain voltage
has only a small influence on the region near the top of the barrier.

Under low Vpg and high Vg, the potential drops approximately linearly
in the channel, so the electric field is approximately constant. Under high
drain and gate bias, the electric field is high and varies non-linearly with
position. Near the beginning of the channel (near the top of the barrier)
the electric field is low, but near the drain, the electric field is very large.
In the saturation region, increases in drain voltage increase the potential
drop in the high field part of the channel but leave the region near the top
of the barrier relatively unaffected (if DIBL is small). Since the region near
the top of the barrier controls the current, the drain current is relatively
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insensitive to the drain voltage in the saturation region.

Note from Fig. 3.7 that electrons that surmount the barrier and flow to
the drain gain lot of kinetic energy. Some energy will be lost by electron-
phonon scattering, but in a nanoscale transistor, there is not enough time
for electrons to shed their kinetic energy as they flow to the drain. Ac-
cordingly, the velocity is very high in the part of the channel where the
lateral potential drop (electric field) is high. Because current is the prod-
uct of charge times velocity, the electron charge density will be very low
in the region where the velocity is high. The part of the channel where
the lateral potential drop is large and the electron density low is known in
classical MOS theory as the pinch-off region. In a short channel device,
the pinch-off region can be a substantial part of the channel, but for an
electrostatically well-designed MOSFET, there must always be a small re-
gion near the source where the potential is largely under the control of the
gate, and the lateral potential drop is small.

Figure 3.8 is a sketch of a long channel transistor under high gate and
drain bias. Compared to the short channel transistor sketched in Fig. 3.7,
we see that the low-field region under the control of the gate is a very large
part of the channel, but there is still a short, pinch-off region near the drain.
The occurrence of the pinch-off region under high drain bias is what causes
the current to saturate. In the saturation or beyond pinch-off region, the
current is mostly determined by transport across the low-field part of the
channel, which is near the source, but most of the potential drop across the
channel occurs in the high-field portion of the channel, which is near the
drain. Once electrons enter the pinch-off region, they are quickly swept out
to the drain.

In a well-designed MOSFET, the region near the top of the barrier is
under the strong control of the gate voltage and only weakly affected by the
drain voltage. The goal in transistor design is to achieve this performance
as channel length scaling brings the drain closer and closer to the source.
Once electrons hop over the source to channel barrier, they can flow to the
drain. The electrostatic design of MOSFETSs has gotten more challenging
as device dimensions have been scaled down over the past five decades,
but the principles have not changed. The nature of electron transport in
transistors has, however, changed considerably as transistors have become
smaller and smaller. A proper treatment of transport in nanoscale transis-
tors is essential to understanding and designing these devices and will be
our focus beginning in Lecture 14.

We have discussed 1D energy bands for a MOSFET by sketching E. ()
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channel pinch-off

/

Fig. 3.8 Sketch of a long channel MOSFET under high gate and drain bias. In this
case, the low lateral electric occupies a substantial part of the channel and the pinch-off
region is short. Additional increases in Vpg, lengthen the pinch-off region a bit, but in
a long channel transistor, it occupies a small portion of the channel.

for z = 0, the surface of the silicon. Figure 3.9 shows these energy band
diagrams in two dimensions. Figure 3.9a is a sketch of the device. Figure
3.9b shows a device in equilibrium with Vg = Vp = 0 and the gate voltage
adjusted so that the bands are flat in the direction normal to the channel.
Figure 3.9¢ shows the device with a large gate voltage applied, but with
Vs and Vp still at zero volts. Note that E. along the surface of the device
is just like the solid line in Fig. 3.3. Figure 3.9d shows the energy band
diagram with large gate and drain voltages applied. In this case, F. along
the surface is just like the solid line in Fig. 3.4.

Finally, we note that the energy band diagrams that we have sketched
are similar to the energy band diagrams for a bipolar transistor [1, 2]. In
fact, the two devices both operate by controlling current by manipulating
the height of an energy barrier [3]. The source of the MOSFET is analogous
to the emitter of the BJT, the channel to the base of the BJT, and the
drain to the collector of a BJT. This close similarity will prove useful in
understanding the operation of short channel MOSFETs.
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Fig. 3.9 Two dimensional energy band diagram for an n-channel MOSFET. (a) the
device structure, (b) the equilibrium energy band diagram, (c) an equilibrium energy
band diagram with a large gate voltage applied, and (d) the energy band diagram with
large gate and drain voltages applied. (From Fig. 1 in H.C Pao and C.T. Sah, “Effects
of Diffusion Current on the Characteristis of Metal-Oxide (Insulator)-Semiconductor
Transistors,” Solid-State Electron. 9, pp. 927-937, 1966.)

3.8 Summary

The MOSFET operates by controlling current through the manipulation
of an energy barrier with a gate voltage. Understanding this gives a clear,
physical understanding of how long and short channel MOSFETSs operate.
The control of current by a energy barrier is what gives a transistor its
characteristic shape.

We can write the drain current as

IDS = WlQn (Vcs, VDS)I <’U> . (3.15)

This equation simply says that the drain current is proportional to the
amount of charge in the channel and how fast that charge is moving. (The
sign of @, is negative and because the current is defined to be positive
when it flows into the drain, the absolute value is taken.) The charge, @,
flows into the channel to balance the charge on the gate electrode. While
the shape of the IV characteristic is determined by MOS electrostatics, the
magnitude of the current depends on how fast that charge flows.
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Most of the important kinds of transistors are discussed in these texts:

[1] Robert F. Pierret Semiconductor Device Fundamentals, e Bd., |
Addison-Wesley Publishing Co, 1996.

[2] Y. Taur and T. Ning, Fundamentals of Modern VLSI Devices, 2"4 Ed.,
Oxford Univ. Press, New York, 2013.

Johnson describes the close relation of bipolar and field-effect trnsistors.

[3] E.O. Johnson, “The IGFET: A Bipolar Transistor in Disguise,” RCA
Review, 34, pp. 80-94, 1973.
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MOSFET 1IV: Traditional Approach

4.1 Introduction

4.2 Current, charge, and velocity

4.3 Linear region

4.4 Saturated region: Velocity saturation
4.5 Saturated region: Classical pinch-off
4.6 Discussion

4.7 Summary

4.8 References

4.1 Introduction

The traditional approach to MOSFET theory was developed in the 1960’s
[1 - 4] and although they have evolved considerably, the basic features of
the models used today are very similar to those first developed more than
50 years ago. My goal in this lecture is to briefly review the traditional
theory of the MOSFET as it is presented in most textbooks (e.g. [5, 6]).
Only the essential ideas of the traditional approach will be discussed. For
example, we shall be content to compute the linear region current, and the
saturated region current and not the entire IV characteristic. Only the
above threshold IV characteristics will be discussed, not the subthreshold
characteristics. Those interested in a full exposition of traditional MOSFET
theory should consult standard texts such as [7, 8]. Later in these lectures,
we will develop a much different approach to MOSFET theory — one better
suited to the physics of nanoscale transistors, but we will also show, that it
can be directly related to the traditional approach reviewed in this lecture.

63
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4.2 Current, charge, and velocity

Figure 4.1 is a “cartoon” sketch of a MOSFET for which the drain to source
current can be written as in eqn. (1.1),

Ips = W|Qn (x)[ (v (2)) , (4.1)
where W is the width of the transistor in the y-direction, @,, is the mobile
sheet charge in the  — y plane (C/m?), and (v) is the average velocity
at which the charge flows. We assume that the device is uniform in the
z-direction (out of the page) and that current flows in the z-direction from
the source to the drain. The quantity, @,, is called the inversion layer
charge because it is an electron charge in a p-type material. The electron
charge and velocity vary with position along the channel, but the current is
constant if there is no electron recombination or generation. Accordingly,
we can evaluate the current at the location along the channel where it is
the most convenient to do so.

Fig. 4.1 Sketch of a simple, n-channel, enhancement mode MOSFET. The z-direction
is normal to the channel, and the y-axis is out of the page. The beginning of the channel
is located at = 0. An inversion charge is present in the channel because Vgg > Vip; it
is uniform between z = 0 and z = L as shown here, if Vg = Vp = 0.

Consider the MOSFET of Fig. 4.1 with Vg = Vp = 0, but with Vg > 0.
The MOSFET is in equilibrium and no current flows. In this case, the
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inversion layer charge is independent of z. As we will discuss in Sec. 2,
there is very little charge when the gate voltage is less than a critical value,
the threshold voltage, Vp. For Vgg > Vp, the charge is negative and
proportional to Vgs — Vrp,

Qn(VGS) = —Coq (VGS - VT) ) (42)

where C,, is the gate oxide capacitance per unit area,

Cop = 2020 2, (4.3)

tO(E

with the numerator being the dielectric constant of the oxide and the de-
nominator the thickness of the oxide. (As we’ll discuss in Lecture 8, the
gate capacitance is actually somewhat less than C,, when the oxide is thin.)
For Vs < Vi, the charge is assumed to be negligibly small.

When Vp > Vg, the inversion layer charge density varies with position
along the channel, and so does the average velocity of electrons. As we
shall see when we discuss MOS electrostatics, in a well-designed transistor,
Q@ at the beginning of the channel is given by eqn. (4.2). Accordingly, we
will evaluate Ipg at x = 0, where we know the charge, and we only need
to deduce the average velocity, (v (z = 0)).

4.3 Linear region

In the small Vpg, or linear region of the output characteristics (Fig. 2.8), a
MOSFET acts as a voltage controlled resistor. Above threshold, the electric
field in the channel is constant, and we can write the average velocity as

(V) = —pn€ = —unVps /L. (4.4)

Using Eqns. (4.2) and (4.4) in (4.1), we find

w
Ips = f,uncow (Vas —Vr) Vps, (4.5)

which is the classic expression for the small Vpg drain current of a MOS-
FET. Note that we have labeled the mobility as u,, but in traditional
MOS theory, this mobility is called the effective mobility, peg. The effec-
tive mobility is the depth-averaged mobility in the inversion layer. It is
smaller than the electron mobility in the bulk, because surface roughness
scattering at the oxide-silicon interface lowers the mobility.
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4.4 Saturated region: Velocity saturation

In the large Vpg, or saturated region of the output characteristics (Fig.
2.8), a MOSFET acts as a voltage controlled current source. For a relatively
small drain to source voltage of about 1 V, the electric field in the channel
of a modern short channel (=~ 20 nm) MOSFET is very high — well above
the ~ 10 kV/cm needed to saturate the velocity in bulk Si (recall Fig. 4.5).
If the electric field is large across the entire channel for Vpg > Vpgar, then
the velocity is constant across the channel with a value of vy, and we can
write the average velocity as

(U (x)) = Vgqr =107 cm/s. (4.6)
Using equs. (4.2) and (4.6) in (4.1), we find

’IDS = WCopVsat (VGS - VT) , (47)

which is the classic expression for the velocity saturated drain current of a
MOSFET. Note that in practice, the current does not completely saturate,
but increases slowly with drain voltage. In a well-designed Si MOSFET, the
output conductance is primarily due to DIBL as described by eqn. (3.11).
Finally, we should note that it is now understood that in a short channel
MOSFET, the maximum velocity in the channel does not saturate — even
when the electric field is very high. Nevertheless, the traditional approach
to MOSFET theory, still presented in most textbooks, assumes that the
electron velocity saturates when the electric field in the channel is large.

4.5 Saturated region: Classical pinch-off

Consider next a long channel MOSFET under high drain bias. In this case,
the electric field is moderate, and the velocity is not expected to saturate.
Nevertheless, we still find that the drain current saturates, so it must be
for a different reason. This was the situation in early MOSFET’s for which
the channel length was about 10 micrometers (10,000 nanometers), and the
explanation for drain current saturation was pinch-off near the drain.

Under high drain bias, the potential in the channel varies significantly
from Vg at the source to Vp at the drain end (See Ex. 4.2). Since it is the
difference between the gate voltage and the Si channel that matters, eqn.
(4.2) must be extended as

Qn(Vas,z) = —Cos(Vas — Vo = V(2)), (4.8)
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where V(z) is the potential along the channel. According to eqn. (4.8),
when Vp = Vg — Vi, at the drain end, we find Q,(Vgs, L) = 0. We say
that the channel is pinched off at the drain. Of course, if @, = 0, then
eqn. (4.1) states that Ipg = 0, but a large drain current is observed to
flow. This occurs because in the pinched off region, carriers move very fast
in the high electric field, so @), is finite, although very small. The current
saturates for drain voltages above Vs — Vi because the additional voltage
is dropped across the small, pinched off part of the channel. The voltage
drop across the conductive part of the channel remains at about Vgg — V.
We are now ready to compute the saturated drain current due to pinch-off.

Figure 4.2 is an illustration of a long channel MOSFET under high gate
bias and for a drain bias greater than Vgs — V. Over most of the channel,
there is a strong inversion layer, and v(z) = —u,E(x). When carriers enter
the pinched-off region, the large electric field quickly sweeps the carriers
across and to the drain. (The energy band view of pinch-off was presented
in Fig. 3.8.)

In the part of the channel where the inversion charge density is large,
we can write the average velocity as

(v(2)) = —pn&(x) . (4.9)
The voltage at the beginning of the channel is V(0) = Vg = 0, and the
voltage at the end of the channel where it is pinched off off is Vgg — V.
The electric field at the beginning of the channel is (see Ex. 4.2)
_Ves—Vr

2

where the factor of two comes from a proper treatment of the nonlinear
electric field in the channel and L’ is the length of the part of the channel
that is not pinched off. Using eqn. (4.10) in (4.9), we find

£(0) (4.10)

Vas — Vi
(0(0) = —paE(0) =~ VT (4.11)

Finally, using eqns. (4.2) and (4.11) in (4.1), we find
Ips = E,uncoac (VGS - VT)2 ) (412)

the so-called square law IV characteristic of a long channel MOSFET. In
practice, the current does not completely saturate, but increases slowly with
drain voltage as the pinched-off region slowly moves towards the source,
which effectively decreases the length of the conductive part of the channel,
L.
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Fig. 4.2 Sketch of a long channel MOSFET showing the pinched-off region. Note that
the thickness of the channel in this figure is used to illustrate the magnitude of the
charge density (more charge near the source end of the channel than near the drain
end). The channel is physically thin in the y-direction near the source end, where the
gate to channel potential is large and physically thicker near the drain end, where the
gate to channel potential is smaller The length of the part of the channel where @, is
substantial is L’ < L.

Exercise 4.1: Linear to saturation square law IV character-
istic

Equations (4.5) and (4.12) describe the linear and saturation region cur-
rents as given by the traditional square law theory of the MOSFET. In
this exercise, we’ll compute the complete IV characteristic from the linear
region to the saturation region. We begin with eqn. (4.1) for the drain
current and use eqn. (4.4) for the velocity to write

av
Ips = WIQu ()] (0 @) = WIQu (). (413
Next, we use eqn. (4.8) for the charge to write,
av
IDS = W,LLnCOI (VGS — VT — V(w)) % s (4.14)

then separate variables and integrate across the channel to find,

L Vb
IDS/ dr = WunCox/ (VGS - VT - V) dV, (4.15)
0 Vs
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where we have assumed that Ipg is constant (no recombination-generation
in the channel) and that pu, is constant as well. Integration gives us the I'V
characteristic of the MOSFET,

w
Ips = Funcom [(VGS - VT) Vps — V[%S/Q] . (4.16)
Equation (4.16) gives the drain current for Vgs > Vp and for Vpg <
(Ves — Vr). The charge in eqn. (4.8) goes to zero at Vps = Vgs — Vr,
which defines the beginning of the pinch-off region. The current beyond
pinch-off is found by evaluating eqn. (4.16) for Vps = Vigs — Vi and is

w
= ﬁﬂ/ncow (VGS — VT)2 (417)

and only changes for increasing Vpg because of channel length shortening
due to pinch-off (i.e. L' < L).

Equations (4.16) and (4.17) give the square law IV characteristics of
the MOSFET — not just the linear and saturated regions, but the entire IV
characteristics.

Ips

Exercise 4.2: Electric field vs. position in the channel

In the development of the traditional model, we asserted that the electric
field in the channel was Vpg/L under low drain bias and (Vgs — V) /2L
under high drain bias in a long channel MOSFET. In this exercise, we will
compute the electric field in the channel and show that these assumptions
are correct.

Beginning with eqn. (4.14), we can use (4.16) for Ipg to find

1 av
o [(Vas — V) Vps — Vis/2] = (Vo — Vi — V(x))% ,
then we separate variables and integrate from the source at x = 0,Vg =0
to an arbitrary location, x, in the channel where V' = V(x). The result is

(4.18)

[(Vas — Vi) Vps — Vis/2] % = (Vgs —Vp)V(z) = V3(x)/2, (4.19)

which is a quadratic equation for V' (z) that can be solved to find

V(z)=(Vas — Vr) [1- \/1 _ 2(Vgs = Vr)Vps — Vis/2 (ﬁ)

(Vas — Vr)? L

(4.20)
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Equation (4.20) can be differentiated to find the electric field. Let’s
examine the electric field for two cases. First, assume small Vpg, the linear
region of operation, where eqn. (4.20) becomes

2V, T
- \/ '~ s o7 (7)) ] S

and the square root can be expanded for small argument (1/(1 —z) =
1 —x/2) to find

V(z) = (Vas — Vr)

V(z) = VDS% (4.22)

(Note that L' = L for small Vpg.) Finally, differentiating eqn. (4.22), we
find that the electric field for small Vpg is

dv (z) Vbs
_ =E=-—22 4.2
- =€ 7 (4.23)

which is the expected result.
Next, let’s evaluate the electric field under pinched-off conditions,
Vbs = Vas — V. Equation (4.20) becomes

V() = (Vos = V) L= VI=a/L' |, (4.24)
and the electric field is
v (Vs —Vr)

Cdr 2L

1
V1—a/L

At x =0, eqn. (4.25) gives the result, eqn. (4.10), which we simply asserted
earlier. At = L/, where the channel is pinched-off, we find £(L') — oc.
This result should be expected because in our model, Q,, = 0 at the pinch-
off point, so it takes an infinite electric field to carry a finite current.

E(x) = (4.25)

4.6 Discussion
i) velocity saturation and drain current saturation

Equations (4.5), (4.7), and (4.12) describe the linear and saturation region
IV characteristics of MOSFETSs according to traditional MOS theory. We
have presented two different treatments of the saturated region current; in
the first, drain current saturation was due to velocity saturation in a high
channel field, and in the second, it was due to the development of a pinched-
off region near the drain end of the channel. When the average electric field
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in the channel is much larger than the critical field for velocity saturation
(= 10 kV/cm) then we expect to use the velocity saturation model. We
should use the velocity saturation model when

Vas — Vr
L
Putting in typical numbers of Vgg = Vpp =1 V and Vp = 0.2 V, we find
that the velocity saturation model should be used when L < 1 pm. Indeed,
velocity saturation models first began to be widely-used in the 1980’s when
channel lengths reached one micrometer [9].

Figure 4.3 shows the common source output characteristics of an n-
channel Si MOSFET with a channel length of about 60 nm. It is clear
from the results that Ips o« (Vgs — Vr) under high drain bias, so that
the velocity saturation model of eqn. (4.7) seems to describe this device.
Indeed, the observation of a saturation current that varies linearly with
gate voltage is taken as the “signature” of velocity saturation.

> Er 2 10kV/cm. (4.26)

Fig. 4.3 Common source output characteristics of an n-channel. Si MOSFET with a
gate length of L ~ 60 nm. The top curve is for Vgg = 1.2 V and the step is 0.1 V. Note
that for large Vpg, the drain current increases linearly with gate voltage. This behavior
is considered to be the signature of velocity saturation in the channel. The device is
described in C. Jeong, D. A. Antoniadis and M.S. Lundstrom, “On Backscattering and
Mobility in Nanoscale Silicon MOSFETSs, IEEE Trans. Electron Dev., 56, pp. 2762-
2769, 2009.

For the MOSFET of Fig. 4.3, Vpy =~ 0.4 V. For the maximum gate
voltage, the pinch-off model would give a drain saturation voltage of
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Vbosar = Vas — Vr = 0.8 V, which is clearly too high for this device
and tells us that the drain current is not saturating due to classical pinch-
off. References [7] and [8] discuss the calculation of Vpgar in the presence
of velocity saturation.

Although velocity saturation models seem to accurately describe short
channel MOSFETS, there is a mystery. Detailed computer simulations of
carrier transport in nanoscale MOSFET's show that the velocity does not
saturate in the high electric field portion of a short channel MOSFET.
There is simply not enough time for carriers to scatter enough to saturate
the velocity; they traverse the channel and exit the drain too quickly. Nev-
ertheless, the IV characteristic of Fig. 4.3 tell us that the velocity in the
channel saturates. Understanding this is a mystery that we will unravel as
we explore the nanoscale MOSFET.

ii) device metrics

Equations (4.5) and (4.7) describe the IV characteristic of modern short
channel MOSFETs and can be used to relate some of the device metrics
listed in Sec. 2.4 to the underlying physics. Using these equations, we find:

Ion = WCopsat (VDD — V) Vr = Vg — 6Vps
-1
oI W -t
RON = 8VDS = <LMnCom (VGS' - VT))
DS Vgs=Vpp,Vps=0
oI
fy;lt = DS = WCszVsat
IWas Ves=Vps=Vbp

-1
0lps 1
Ta=1\ 3y = sty
DS |Vas=Vpp,Vps>Vpsar 9Im
1
‘Av| gfr?trd - S
(4.27)
The parameter, |A, | is the self-gain, an important figure of merit for analog
applications.

Finally, we should discuss energy band diagrams. While energy bands
did not appear explicitly in our discussion, they are present implicitly. The
beginning of the channel, x = 0, is the top of the energy barrier in Figs. 3.5
and 3.6 (or close to the top of the barrier [10]). As we’ll discuss later, in
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a well-designed MOSFET, the charge at the top of the barrier is given by
eqn. (4.2). This charge comes from electrons in the source that surmount
the energy barrier. The location at the beginning of the channel where eqn.
(4.2) applies is also known as the virtual source.

The energy band view is especially helpful in understanding pinch-off.
From Fig. 4.2, it can be confusing as to how carriers can leave the end of the
channel and flow across the pinched-off region. Energy bands make it clear.
As was shown in Fig. 3.6, the pinched-off region is the high electric field
region near the drain, where the slope of E.(x) is the steepest. Electrons
that enter this region from the channel simply flow downhill and out the
drain. There is nothing to stop them when they enter the pinched-off region.

4.7 Summary

In this lecture, we reviewed traditional MOSFET IV theory. In practice,
there are several complications to consider, such as the role of the depleted
charge in eqn. (4.8), current for an arbitrary drain voltage, etc. [5-8], but
the essential features of the traditional approach are easy to grasp, and will
give us a point of comparison for the much different picture of the nanoscale
MOSFET that will be developed in subsequent lectures.

According to eqn. (4.1), the drain current is proportional to the product
of charge and velocity. The charge is controlled by MOS electrostatics (i.e.
by manipulating the energy barrier between the source and the channel).
The traditional approach to MOS electrostatics is still largely applicable,
with some modifications due to quantum confinement. The lectures in Part
2 will review the critically important electrostatics of the MOSFET.
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MOSFET 1IV: The virtual source
model

5.1 Introduction

5.2 Channel velocity vs. drain voltage
5.3 Level 0 VS model

5.4 Series resistance

5.5 Discussion

5.6 Summary

5.7 References

5.1 Introduction

In Lecture 4, we developed expressions for the linear and saturation region
drain currents as:
W
Ippin = f,uncox (Ves = Vr) Vps
Ipsar = WCozvsat (Vas — V1)

(5.1)

These equations assume Vg > Vi, so they cannot describe the subthresh-
old characteristics. As shown in Fig. 5.1, these equations provide a rough
description of Ipg vs. Vpg, especially if we include DIBL as in eqn. (3.14),
so that the finite output conductance is included. If we define the drain

saturation voltage as the voltage where Iprrny = Ipsar, we find

v tL
Vpgar = —22 . (5.2)
n

For Vps < Vpsar, Ips = Iprin, and for Vps > Vpgar, Ips = Ipsar.
Traditional MOSFET theory develops expressions for Ipg vs. Vpg that
smoothly transition from the linear to saturation regions as Vpg increases

75
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from zero to Vpp [1, 2]. The goal in this lecture is to develop a simple,
semi-empirical expression that describes the complete Ipg(Vpg) character-
istic from the linear to saturated region. The approach is similar to the
so-called virtual source MOSFET model that has been developed and suc-
cessfully used to describe a wide variety of nanoscale MOSFETS [3]. We'll
take a different approach to developing a virtual source model and begin
with the traditional approach, and then use the VS model as a framework
for subsequent discussions. As we extend and interpret the VS model in
subsequent lectures, we’ll develop a simple, physical model that provides
an accurate quantitative descriptions of modern transistors.

w
Tpuw = fuﬂca.r (V(;.v -Vi )Vus

Fig. 5.1 Sketch of a common source output characteristic of an n-channel MOSFET at
a fixed gate voltage (solid line). The dashed lines are the linear and saturation region
currents as given by eqns. (5.1).

5.2 Channel velocity vs. drain voltage
The drain current is proportional to the product of charge at the beginning

of the channel times the average carrier velocity at the beginning of the
channel. From eqn. (4.1) at the beginning of the channel, we have

Ips/W = |Qn (z = 0)|v (z = 0) . (5-3)
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Equation (5.1) for the linear current can be re-written in this form as

Ippin/W =1Qn(Vas)|v(Vps)
Qn(VGS) = _Coa: (VGS - VT)

Vbs
U(VDS) = (MnL> .
Similarly, eqn. (5.1) for the saturation current can be re-written as

Ipsar /W = |Qn(Vas)|v(Vbs)
Qn(Vas) = —Coz (Vas — Vr) (5.5)

U(VDS) = Usat -

(5.4)

If we can find a way for the average velocity to go smoothly from its value
at low Vpg to vse at high Vpg, then we will have a model that covers the
complete range of drain voltages.

The VS model takes an empirical approach and writes the average ve-
locity at the beginning of the channel as [3]

v(Vbs) = Fsar(Vbs)Usat

Vps/Vi
Fsar(Vps) = ps/Vbsar ; (5.6)

1177
[1 + (Vbs/Vpsar)

where Vpgar is given by eqn. (5.2) and § is an empirical parameter chosen
to fit the measured IV characteristic.

The form of the drain current saturation function, Fs a7, is motivated
by the observation that the lower of the two velocities in eqns. (5.4) and

(5.5) should be the one that limits the current. We might, therefore, expect
1 1 1

= + — 5.7

o(Vos) ~ GnVos/L) | Vuar (57)

which can be re-written as

Vps/Vbsar

’U(VDS) = [1 T (VDS/VDSAT)]Usat . (58)
Equation (5.8) is similar to Eqn. (5.6), except that (5.6) introduces the
empirical parameter, 5, which is adjusted to better fit data. Typical values
of 8 for n- and p-channel Si MOSFETSs are between 1.4 and 1.8 [3].

Equations (5.3), (4.2), and (5.6) give us a description of the above-
threshold MOSFET for any drain voltage from the linear to the saturated
regions.
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5.3 Level 0 VS model

Our simple model for the above threshold MOSFET is summarized as fol-
lows:

Ips/W = [Qn(0)[ v(0)

Qn(Vas) =0 Vas <Vr
Qn(Vas) = —Cox Vas —Vr) Vas > Vr
Vi =Vro—46Vps

(v(Vps)) = Fsar(Vps)vsat
Vi Vi
FSAT(VDS) _ DS/ DSAT

1/B
1+ (VDS/VDSAT)ﬁ}

7-}satL
Vpsar = ——
n

With this simple model, we can compute reasonable MOSFET IV charac-
teristics, and the model can be extended step by step to make it more and
more realistic. There are only six device-specific input parameters to this
model: Cyy, Vi, tin, Usat, L, and 8. The level 0 model does not describe the
subthreshold characteristics, but after discussing MOS electrostatics in the
next few lectures, we will be able to include the subthreshold region. Series
resistance is important in any real device, and can be readily included as
discussed next.

5.4 Series resistance

As illustrated on the left of Fig. 5.2, we have developed expressions for the
IV characteristic of an intrinsic MOSFET — one with no series resistance
between the intrinsic source and drain and the metal contacts to which the
voltages are applied. In practice, these series resistors are always there and
must be accounted for.

The figure on the right in Fig. 5.2 shows how the voltages applied to the
terminals of the device are related to the voltages on the intrinsic contacts.
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Here, V},,V{, and V. refer to the voltages on the terminals and Vp, Vs,
and Vg refer to the voltages on the intrinsic terminals. (No resistance is
shown in the gate lead, because we are considering D.C. operation now.)
Since the D.C. gate current is zero, a resistance in the gate has no effect.
Gate resistance is, however, an important factor in the R.F. operation of
transistors. )

0 <~
lw]

@
—_——

B

Fig. 5.2 Series resistance in a MOSFET. Left: the intrinsic device. Right: The actual,
extrinsic device showing how the voltages applied to the external contacts are related to
the voltages on the internal contacts.

From Fig. 5.2, we relate the internal (unprimed) voltages to the external
(primed) voltages by

Ve = V.
Vp =Vp —Ips (Ve, Vs, Vp) Rp (5.10)

Vs =Vi+ Ips Vi, Vs, Vp) Rs

Since we know the [V characteristic of the intrinsic device,
Ips (Va, Vs, Vp), Equations (5.10) are two equations in two unknowns —
the internal voltages, Vp and Vs. Given applied voltages on the gate,
source, and drain, V£, V¢, V), we can solve these equations for the internal
voltages, Vg and Vp, and then determine the current, Ipg (V4, VE, VY).
Figure 5.3 illustrates the effect of series resistance on the IV character-
istic. In the linear region, we can write the current of an intrinsic device
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as
w
Ippin = fﬂncox (Ves —Vr)Vps = Vps/Ren - (5.11)
When source and drain series resistors are present, the linear region current
becomes
Iprin = Vps/Riot (5.12)
where
Riot = Rep, + Rs + Rp = R, + Rps - (5.13)

(It is common to label the sum of Rg and Rp as Rgp). So the effect of
series resistance in the linear region is to simply lower the slope of the IV
characteristic as shown in Fig. 5.3.

I,= VDS/(Rm + R+ RD)

Fig. 5.3 [Illustration of the effect of series resistance on the IV characteristics of a
MOSFET. The dashed curve is an intrinsic MOSFET for which Rg = Rp = 0. As
indicated by the solid line, series resistance increases the channel resistance and lowers
the on-current.

Figure 5.3 also shows that series resistance decreases the value of the
saturation region current. In an ideal MOSFET with no output conduc-
tance, the drain series resistance has no effect in the saturation region where
Vb > Vpsar, but the source resistance reduces the intrinsic Vgg, so eqn.
(5.1) becomes

Ipsar = WCoyvsat Vas — IpsarRs — Vr) . (5.14)

Series resistance lowers the internal gate to source voltage of a MOSFET,
and therefore lowers the saturation current. The maximum voltage applied
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between the gate and source is the power supply voltage, Vpp. Series resis-
tance will have a small effect if IpsarRs < Vpp. For high performance,
we require

v
Re < DD

. 5.15
Ipsat (5.15)

Modern Si MOSFETS deliver about 1 mA /um of on-current at Vpp = 1
V. Accordingly, Rg must be much less than 1000 {2 — um; series resistances
of about 100 2 — pum are needed. Although we will primarily be concerned
with understanding the physics of the intrinsic MOSFET, we should be
aware of the significance of series resistance when analyzing measured data.
As channel lengths continue to scale down, keeping the series resistance to
a manageable level is increasingly difficult.

Exercise 5.1: Analysis of experimental data

Use eqn. (5.14) and the I'V characteristic of Fig. 4.3, to deduce the “sat-

uration velocity” for the on-current. Note that we’ll regard the saturation

velocity as an empirical parameter used to fit the data of Fig. 4.3 and will

compare it to the high-field saturation velocity for electrons in bulk Si.
Assume the following parameters:

Ion = 1180 pA/pm
Cor = 1.55 x 107 F/cm?
Rps =220 Q
V=025 V
Vbp=12 V
W=1 pm
Solving eqn. (5.14) for vga:, we find

o = Ipsar
sat = VYinjg WCOI (VGS’ — VT) .

Vas =Vpp — IpsarRsp/2.
Putting in numbers, we find
Vear = 0.92 x 107 cm/s.

It is interesting to note that the velocity we deduce is close to the
high-field, bulk saturation velocity of Si (1 x 107 c¢m/s), but the physics
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of velocity saturation in a nanoscale MOSFET is actually quite different
from the physics of velocity saturation in bulk Si under high electric fields.
Accordingly, from now on, we will give vy, a different name, the injection
velocity, Vin;.

5.5 Discussion

One might have expected the traditional model that we have developed
to be applicable only to long channel MOSFETSs because it is based on
assumptions such as diffusive transport in the linear region and high-field
velocity saturation in the saturated region. Surprisingly, we find that it ac-
curately describes the IV characteristics of MOSFETSs with channel lengths
less than 100 nm as shown in Fig. 5.4. To achieve such fits, we view two of
the physical parameters in our VS model as empirical parameters that are
fit to measured data, and we find that with relatively small adjustments in
these parameters, excellent fits to most transistors can be achieved. The
two adjusted parameters are the injection velocity, v;p;, (which is the sat-
uration velocity in the traditional model) and the apparent mobility fi4pp,
(which is the real mobility in the traditional model). The fact that this
simple traditional model describes modern transistors so well, tells us that
it captures something essential about the physics of MOSFETsSs.

(d)

Vy=1.0V

Vau=-0.05V

14 (mA/micron)
14 (A/micron)
;l

0.5 1
Vyv)

Fig. 5.4 Measured and fitted VS model data for 32 nm n-MOSFET technology. Left:
Common source output characteristic. Right: Transfer characteristic. The VS model
used for these fits is an extension of the model described by Eqns. (7.9) that uses an
improved description of MOS electrostatics to treat the subthreshold as well as above
threshold conduction. (From [3].)



December 11, 2015 15:5 World Scientific Book - 9in x 6in " ws-nanoscale transistors”

MOSFET 1V: The virtual source model 83

5.6 Summary

In this lecture we recast traditional MOSFET theory in the form of a simple
virtual source model. Application of this simple model to modern transis-
tors shows that it describes them remarkably well. This is a consequence
of the fact that it describes the essential features of the barrier controlled
transistor (i.e. MOS electrostatics). The weakest part of the model is the
transport model, which is based on the use of a mobility and saturated
velocity. Because of the simplified transport model, we need to regard the
mobility and saturation velocity in the model as fitting parameters that
can be adjusted to fit experimental data.

In the next few lectures (Part 2 of this volume), we will review MOS elec-
trostatics and learn how to describe subthreshold as well as above-threshold
conduction. The result will be an improved VS model, but mobility and
saturation velocity will still be viewed as fitting parameters. Beginning in
Part 3, we’ll discuss transport and learn how to formulate the VS model so
that transport is described physically.

5.7 References
For a thorough treatment of classical MOSFET theory, see:

[1] Y. Tsividis and C. McAndrew, Operation and Modeling of the MOS
Transistor, 3'Y Ed., Oxford Univ. Press, New York, 2011.

[2] Y. Taur and T. Ning, Fundamentals of Modern VLSI Devices, 2"4 Ed.,
Oxford Univ. Press, New York, 2013.

The MIT Virtual Source Model, which provides a framework for these lec-
tures, is described in:

[3] A. Khakifirooz, O.M. Nayfeh, and D.A. Antoniadis, “A Simple Semiem-
pirical Short-Channel MOSFET CurrentVoltage Model Continuous
Across All Regions of Operation and Employing Only Physical Param-
eters,” IEEE Trans. Electron. Dev., 56, pp. 1674-1680, 2009.
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Lecture 6

Poisson Equation and the Depletion
Approximation

6.1 Introduction

6.2 Energy bands and band bending
6.3 Poisson-Boltzmann equation

6.4 Depletion approximation

6.5 Onset of inversion

6.6 The body effect

6.7 Discussion

6.8 Summary

6.9 References

6.1 Introduction

In Lectures 1-5 we discussed some basic MOSFET concepts. By assuming
that the inversion charge at the beginning of the channel is given by

Qn(Ves) =0 Vas <Vr
Qn(Vas) = —Cg (Vgs —Vr) Vas > Vr (6.1)

Vr =Vro —6Vps,

and by using simple, traditional models for the average velocity at the be-
ginning of the channel, we derived the I'V characteristics of a MOSFET.
In this lecture, we begin to address some important questions. First why
does @, increase linearly with gate voltage for Vigg > Vi, what is the gate
capacitance, Cg (we'll see that it is somewhat less than C,;), and how

87



December 11, 2015 15:5 World Scientific Book - 9in x 6in " ws-nanoscale transistors”

88 Essential Physics of Nanoscale Transistors

does the small charge present for Vgs < Vp vary with gate voltage? The
answers to these questions come from an understanding of one-dimensional
MOS electrostatics, the subject of this lecture and the next three. An-
other question has to do with the physics of DIBL; what determines the
value of the parameter, 7 To answer this question, we need to understand
two-dimensional MOS electrostatics, the subject of Lecture 10. A sound
understanding of 1D and 2D MOS electrostatics is absolutely essential for
understanding transistors because electrostatics is what determines how the
terminal voltages control the source to channel barrier in a MOSFET. This
chapter reviews MOS electrostatics as it is discussed in most introductory
semiconductor textbooks (e.g. [1], [2]).

6.2 Energy bands and band bending

We seek to understand how the terminal voltages and design of the MOS-
FET affect the electrostatic potential in the device, ¥(z,y,2). The z-
direction is from source to drain, the y-direction is into the depth of the
semiconductor, and the z-direction in along the width of the MOSFET. We
seek solutions of the Poisson equation,

V- [j(xvyaz) = p(zayvz)

(6.2)
VQ’(/J(Qi,y,Z) _ _p(m,y,z) ,
68
where D is the displacement vector, p is the space charge density, and €4
is the dielectric constant of the semiconductor, which is assumed to be
spatially uniform.

In general, a three-dimensional solution is required, but we will assume
a wide transistor so that the potential is uniform in the z-direction and
a 2D solution suffices. We’ll begin by discussing 1D electrostatics in the
direction normal to the channel. As indicated in Fig. 6.1, we imagine a
long channel device and consider ¥(y) vs. y at a location in the middle
of the channel where the influence of the source and drain potentials are
minimal, so that 2D effects can be neglected.

Energy band diagrams provide a convenient, qualitative solution to the
Poisson equation. In this section, we’ll examine the influence of a gate
voltage on the energy vs. position into the depth of the semiconductor
channel. Figure 6.2 shows the case where the energy bands are flat — the
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normal to the channel

|

Fig. 6.1 Sketch of a long channel MOSFET for which we seek to understand 1D MOS
electrostatics. Left: Illustration of how we aim to understand the potential profile vs.
position into the depth of the channel. Right: Orientation that we will use when we plot
energy band diagrams in this lecture.

potential is zero (or uniform in the y-direction), and the energy bands are
independent of position. Note also that the electron and hole densities are
exponentially related to the difference between the band edge and the Fermi
level when Boltzmann carrier statistics are assumed.

Figure 6.3 shows the expected electrostatic potential vs. position when a
positive voltage is applied to the gate. Some voltage will be dropped across
the oxide, and the potential at the surface of the semiconductor, g, will be
positive with 0 < ¥g < Viz. If the back of the semiconductor is grounded
(¥ (y — oo0) = 0), then we expect the potential in the semiconductor to
decay to zero as y increases.

A positive electrostatic potential lowers the potential energy of an elec-
tron, so the bands will bend when the electrostatic potential varies with
position,

Ec(y) = constant — qip(y) . (6.3)

If the electrostatic potential increases from the bulk of the Si to the surface,
then the energy bands will bend down, as shown on the right of Fig. 6.3.
Before we examine how the bands bend as a function of gate voltage,
we define a few terms in Fig. 6.4. First, we assume for now an ideal,
hypothetical gate electrode for which the Fermi level in the metal just
happens to line up with the Fermi level in the semiconductor. We call this
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Fig. 6.2 Equilibrium energy band diagram for a uniform electrostatic potential. Also
noted is the exponential relation between the electron and hole densities and the sepa-
ration of the band edge and the Fermi level.

the flatband condition — the bands in the semiconductor and oxide are flat.
Flat bands occur at V{4 = 0 V for this hypothetical metal gate. (The prime
indicates that we’re talking about a hypothetical material.) In practice,
there will always be a work function difference, ®,;5, between the gate
electrode and the semiconductor. The flatband condition will not occurs at
Vi =0 but at Vg = Veg = ®ar5/q, which is the voltage needed to “undo”
the work function difference.

Recall that when a voltage is applied to a contact, it lowers the Fermi
level. As shown on the right of Fig. 6.4, the Fermi level in the gate electrode
is lowered from E%,, at V5 =0 to E%,,; — ¢V/. The positive potential on
the gate electrode lowers the electrostatic potential in the oxide and semi-
conductor as determined by solutions to the Laplace and Poisson equations,
which will be discussed later. If we define the reference for the electrostatic
potential to be in the bulk of the semiconductor, ¢¥(y — oo) = 0, then
the electrostatic potential at any location in the semiconductor is simply
related to the band bending according to

W(y) = EC(OO)q_EC(y) ) (6.4)
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Fig. 6.3 Illustration of how the application of a positive gate voltage affects the elec-
trostatic potential and energy bands in a semiconductor. Bottom left: Expected electro-
static potential vs. position in the semiconductor when a positive potential is applied to
the gate electrode. Bottom right: Expected energy band diagram.

Note in Fig. 6.4 that the Fermi level is flat in the semiconductor — even when
a gate bias is applied. This occurs because the insulator prevents current
flow, so the metal and the semiconductor are separately in equilibrium with
different Fermi levels.

We are now ready to discuss band bending vs. gate voltage as sum-
marized by the energy band diagrams in Fig. 6.5. When a negative gate
voltage is applied, a negative electrostatic potential is induced in the oxide,
and the semiconductor, and the bands bend up. The surface potential is
negative, ¥(y = 0) = g < 0. The hole concentration increases near the
oxide-semiconductor interface because the valence band bends up toward
the Fermi level. The net charge near the surface is positive. This accumu-
lation charge resides very close to the surface of the semiconductor and is
sometimes approximated as a d-function.

When a positive gate voltage is applied, a positive electrostatic potential
is induced in the oxide and semiconductor, and the bands bend down. The
surface potential is positive, ¥(y = 0) = g > 0. Because the valence band
moves aways from the Fermi level, the hole concentration decreases (we
can think of the positive gate potential (charge) as pushing the positively
charged holes away from the surface). The result is a depletion layer, a layer
of thickness, Wp, in which the hole concentration is negligible, pg < IV, .
If the bandbending is not too large, then the electron concentration is also
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Fig. 6.4 Left: Illustration of flatband conditions in an ideal MOS structure. Right:
Illustration of band bending when a positive gate voltage is applied.
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Fig. 6.5 Illustration of bandbending for three different gate voltages. Left: Accumula-
tion of majority carriers, Center: Flatband, and Right: Depletion / Inversion.

small, and the only charge near the surface is due to the ionized acceptors in
the depletion region, If the bandbending is large enough, then the electron
concentration begins to build up near the surface. This inversion layer of
mobile carriers is responsible for the current in a MOSFET. Inversion will
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be discussed in Sec. 6.5.

Finally, note that the band diagrams in Fig. 6.5 are for a p-type semi-
conductor. To test your understanding, draw corresponding energy band
diagrams for an n-type semiconductor in accumulation, at flatband, and
in depletion. The term, accumulation, always describes the accumulation
of majority carriers, depletion always refers to the depletion of majority
carriers, and inversion always refers to the build up of minority carriers.

6.3 Poisson-Boltzmann equation

Our goal is to understand how the total charge in the semiconductor,

Qs = /OOO p(y)dy = q/ooo (po(y) — mo(y) + Njj — N3)dy C/m?*, (6.5)

depends on the electrostatic potential in the semiconductor. The subscripts,
“0’, are a reminder that the semiconductor is in equilibrium. We are also
interested in the charge due to mobile electrons,

Qn=—q /OOO no(y)dy C/m?, (6.6)

because the mobile electrons carry the current in a MOSFET.

Energy band diagrams provide a qualitative solution for the potential
and charge in the semiconductor. To actually solve for the potential vs.
position, we need to solve the Poisson equation. In this section, we’ll for-
mulate the Poisson equation for 1D semiconductors,

d2¢ —q + —
Tyg = Z [po(y)—no(y)"‘ND _NA} : (6.7)
To be specific, we’ll assume a p-type semiconductor for which Np = 0.
Complete ionization of dopants will be assumed (N, = N4). In the bulk,
we have space charge neutrality, pp —ng — Na =0, s0 Ny = pgp —np, and
Poisson’s equation becomes
2
s = ) = ma(y) + o — s (68)
where
pB = Na
ng =n?/Ny'
The subscripts, “B”, refer to the equilibrium concentrations in the bulk.
Using eqn. (6.9), we can express (6.8) as

% = %sq [po(y) = Na —no(y) +n/Na] . (6.10)

(6.9)
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Equation (6.10) is one equation with three unknowns, ¥(y), no(y), and
po(y). To solve this equation, we need to find two more equations.

Recall that the MOS structure is in equilibrium for any gate bias, be-
cause the oxide prevents current from flowing. In equilibrium, the car-
rier densities are related to the location of the Fermi level (a constant in
equilibrium) and the band edges (which follow the electrostatic potential).
Accordingly, we can write,

po(y) = ppe~®WW/ksT — N je—av®)/ksT

no(y) = nget®WW/ksT — ]Z,ie+q¢(y)/kBT’ (6.11)
A
which we can use to write eqn. (6.10) as
ﬂ — ;q NA(equ(y)/kBT o 1) . Li?(eqw(y)/kBT 7 1) ) (612)
dy2 Es NA

Equation (6.12) is known as the Poisson-Boltzmann equation; it de-
scribes a 1D, p-type semiconductor in equilibrium with the dopants fully
ionized. To complete the problem specification, we need to specify bound-
ary equations. Assuming a semi-infinite semiconductor, we have

Py =0) = s
P(y = 00) = 0.

In practice, 1g is set by the gate voltage.

The Poisson-Boltzmann equation is a nonlinear differential equation
that is a bit difficult to solve in general. Some progress can be made analyt-
ically, but a numerical integration is also needed. Those interested in seeing

(6.13)

how this is done should refer to [3 - 5]. It also turns out that we can solve
the Poisson-Boltzmann equation approximately when the semiconductor is
in strong accumulation, in depletion, or in strong inversion. We’ll make use
of these approximate solutions later. In the next section, we described the
approximate solution for the depletion condition.

6.4 Depletion approximation

A very good approximate solution for the electrostatic potential and elec-
tric field versus position is readily obtained when the device is biased in
depletion. In depletion, the bands bend down for a p-type semiconductor,
and the concentration of holes is negligibly small for y < Wp. In depletion,
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the conduction band is still far above the Fermi level (that changes in in-
version), so the electron concentration is also small. As a result, the space
charge density,

p(y) = q[po(y) —noly) + Njy — N, ], (6.14)

simplifies considerably. By ignoring the small number of mobile carriers, as-
suming only p-type dopants, and assuming complete ionization of dopants,
Eq. (6.14) becomes

p(y) =—qNa y<Wp
p(y) =0 y>Wp.

The depletion approximation is typically quite good, and it is simple enough
to permit analytical solutions.

Figure 6.6 shows the energy band diagram in depletion and the corre-
sponding electric field vs. position. We find the electric field by solving the

(6.15)

Poisson equation,
dD  d(es€) d€
= _ S
dx dx dx
A& —qNa
dz €

=p(y) = —qNa
(6.16)

If the doping density is uniform, then the electric field is a straight line
with a negative slope, as indicted on the right in Fig. 6.6. Accordingly, we
can write the electric field in the depletion approximation as

E(y) = aNa

€s

(Wp —vy) . (6.17)

The electric field at the surface of the semiconductor is an important quan-
tity that we find from eqn. (6.17) as

_ aNaWp

€s

E(y =0) = Es (6.18)

To find the electrostatic potential versus position, ¥(y), recall that

v =- [ Tty | (6.19)

Accordingly, the total potential drop across the depletion region, which is
g, is the area under the £(y) vs. y curve, or

1
vs = 5EsWp, (6.20)
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Fig. 6.6 Illustration of depletion in an MOS structure. Left: The energy band diagram.
Right: The electric field vs. position. The solid line is the depletion approximation, and
the dashed line is the actual electric field.

from which we find with the aid of eqn. (6.18)

2e51g
Wp=4/———|, 6.21
b= [ (6:21)
which is an important result.

The total charge in the semiconductor is

QS = / p(y)dy =~ QD = —qNAWD = ES(‘:S C/m2; (6.22)
0

from eqns. (6.21) and (6.22), we find another important result

Qb ~ —\/2qNacst)s |- (6.23)

Note that in depletion, the total charge in the semiconductor, Qg, is to
a very good approximation, the charge in the depletion layer, (Qp, which
consists of ionized acceptors.

When the semiconductor is biased in depletion, the depletion approx-
imation provides accurate solutions for the electric field and electrostatic
potential. It cannot be used, however, in the accumulation or inversion
regions. Finally, to test your understanding, repeat the derivations in this
section for an n-type semiconductor in depletion.
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6.5 Onset of inversion

Figure 6.7 shows the band diagram and space charge profile for inversion
conditions. In inversion, a large surface potential brings the conduction
band at the surface very close to the Fermi level, so the concentration of
electrons becomes large. The concentration of electrons at the surface can
be related to the concentration of electrons in the bulk by using eqn. (6.11).
Now we can ask the question: How large does the bandbending (¢s) need
to be to make the surface as n-type and the bulk is p-type? From eqn.

(6.11),
n; Ys/kpT
no(y =0) = meq S/FBT = Ny, (6.24)
we find the answer
s = 2p
kT . (Na\ | (6.25)
=—"1
YB . n < o >

Equation (6.25) defines the onset of inversion; for surface potentials greater
than about 2¢ g, there is an n-type layer at the surface of the p-type semi-
conductor. From Fig. 6.1, we see that for a gate voltage that produces a
surface potential greater than about 2y p, there will be an n-type channel
connecting the n-type source and drain regions, and the transistor will be
on. The gate voltage needed to produce the required surface potential is
the threshold voltage.

Under inversion conditions, the depletion region reaches a depth of W,

where
2€4(2
Wi = Wp (205) = 4| 22VB) (6.26)
qNa
which is an important result.
The total charge per unit area in the depletion region is
Qp =—qNaWr C/m*. (6.27)

There is also a significant charge due to the inversion layer electrons that
pile up near the oxide-Si interface,

Qn = q/ooo no(y)dy C/m?. (6.28)
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Fig. 6.7 Inversion condition in a semiconductor. Left: the energy band diagram. Right:
the corresponding charge density. Note than in the depletion approximation, the deple-
tion charge would got to zero abruptly at y = Wp.

The total charge in the semiconductor under inversion conditions is

Qs =Qp+Qn. (6.29)

Only the inversion layer charge carries the current in a MOSFET, so in
subsequent lectures, we will relate the inversion layer charge to the gate
voltage.

6.6 The body effect

In the previous section, we discussed MOS electrostatics in the middle of
a long channel device in which the lateral electric fields due to the PN
junctions were small, so a 1D analysis sufficed. But even in this case,
PN junctions can have a strong influence. To see why, consider Fig. 6.8,
which shows the case for zero voltage on the N and P regions (i.e. the case
that we have been considering). The solid line shows the energy bands at
the oxide-semiconductor interface from the source, across the channel, and
to the drain under flatband conditions. The height of the energy barrier
is just qV4;, where the built in potential of the PN is given by standard
semiconductor theory [1, 2] as

kpT . NuN
Vbi:%ln A0 (6.30)

n;
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This energy barrier is large, so very few electrons can enter the channel
from the source or drain by surmounting the energy barrier.

The dashed line in Fig. 6.8 shows the energy band diagram for a surface
potential of ¢g = 2¢ . In this case the energy barrier between source and
channel is

Eb:q(%i72’l/13):kBTln(ND/NA) . (631)

For typical numbers (Np = 10%° cm™3 and Ny = 10® cm=3), E, ~ 0.1 eV.
Electrons from the source can surmount this rather small energy barrier,
and the result is an inversion layer in the channel.

Fig. 6.8 Conduction band energy vs. position at the surface (y = 0) of the semiconduc-
tor along the channel from the source to the drain. Solid line: flatband condition (flat
into the semiconductor). Dotted line: For a surface potential of 1»g > 0 Dashed line:
For a surface potential of ¥g = 29 .

Now consider the situation in Fig. 6.9, which shows the energy band
diagrams when a positive voltage (a reverse bias, Vi) has been applied to
the source and drain. Under flatband conditions (solid line), the height
of the energy barrier has increased to ¢(Vi; + Vg). The dotted line shows
the energy band diagram for g = 215, the onset of inversion for the case
of Fig. 6.8. In this case, however, the energy barrier is still very large,
so electrons cannot enter from the source or drain. To achieve the same
energy barrier as for the case of Fig. 6.8, the surface potential must be

Vs = 2¢p + Vg.
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We can also plot the energy band diagram into the depth of the semi-
conductor (the y-direction) rather than along the channel (the z-direction).
The result is shown in Fig. 6.10 for a surface potential of g = 2¢p + Vg.
(Figure 6.10 shows the energy band diagram normal to the channel.) Note
that the hole quasi-Fermi level, F,, — the dashed line, is where the Fermi
level was for zero bias on the source and drain, but the positive voltage
on the source and drain lowers the electron quasi-Fermi level by ¢Vg. The
electron quasi-Fermi level controls the electron density in the semiconduc-
tor. To achieve the same electron density at the onset of inversion as in the
case for Vi = 0, the bands must be bent down by an additional amount of

qVg.

Fig. 6.9 Conduction band energy vs.