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Preface

PHILOSOPHY AND GOALS

Microelectronics: Circuit Analysis and Design is intended as a core text in electron-
ics for undergraduate electrical and computer engineering students. The purpose of
the fourth edition of the book is to continue to provide a foundation for analyzing and
designing both analog and digital electronic circuits. A goal is to make this book very
readable and student-friendly.

Most electronic circuit design today involves integrated circuits (ICs), in which
the entire circuit is fabricated on a single piece of semiconductor material. The IC
can contain millions of semiconductor devices and other elements and can perform
complex functions. The microprocessor is a classic example of such a circuit. The
ultimate goal of this text is to clearly present the operation, characteristics, and
limitations of the basic circuits that form these complex integrated circuits. Although
most engineers will use existing ICs in specialized design applications, they must be
aware of the fundamental circuit's characteristics in order to understand the operation
and limitations of the IC.

Initially, discrete transistor circuits are analyzed and designed. The complexity
of circuits being studied increases throughout the text so that, eventually, the reader
should be able to analyze and design the basic elements of integrated circuits, such
as linear amplifiers and digital logic gates.

This text is an introduction to the complex subject of electronic circuits.
Therefore, more advanced material is not included. Specific technologies, such as
gallium arsenide, which is used in special applications, are also not included,
although reference may be made to a few specialized applications. Finally, the
layout and fabrication of ICs are not covered, since these topics alone can warrant
entire texts.

DESIGN EMPHASIS

Design is the heart of engineering. Good design evolves out of considerable experi-
ence with analysis. In this text, we point out various characteristics and properties of
circuits as we go through the analysis. The objective is to develop an intuition that
can be applied to the design process.

Many design examples, design exercise problems, and end-of-chapter design
problems are included in this text. The end-of-chapter design problems are desig-
nated with a “D”. Many of these examples and problems have a set of specifica-
tions that lead to a unique solution. Although engineering design in its truest sense
does not lead to a unique solution, these initial design examples and problems are
a first step, the author believes, in learning the design process. A separate section,
Design Problems, found in the end-of-chapter problems, contains open-ended design
problems.

Xv
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COMPUTER-AIDED ANALYSIS AND DESIGN

Computer analysis and computer-aided-design (CAD) are significant factors in elec-
tronics. One of the most prevalent electronic circuit simulation programs is Simula-
tion Program with Integrated Circuit Emphasis (SPICE), developed at the University
of California. A version of SPICE tailored for personal computers is PSpice, which
is used in this text.

The text emphasizes hand analysis and design in order to concentrate on basic
circuit concepts. However, in several places in the text, PSpice results are in-
cluded and are correlated with the hand analysis results. Obviously, at the instruc-
tor's discretion, computer simulation may be incorporated at any point in the text.
A separate section, Computer Simulation Problems, is found in the end-of-chapter
problems.

In some chapters, particularly the chapters on frequency response and feedback,
computer analysis is used more heavily. Even in these situations, however, computer
analysis is considered only after the fundamental properties of the circuit have been
covered. The computer is a tool that can aid in the analysis and design of electronic
circuits, but is not a substitute for a thorough understanding of the basic concepts
of circuit analysis.

PREREQUISITES

This book is intended for junior undergraduates in electrical and computer engineer-
ing. The prerequisites for understanding the material include dc analysis and steady-
state sinusoidal analysis of electric circuits and the transient analysis of RC circuits.
Various network concepts, such as Thevenin’s and Norton’s theorems, are used
extensively. Some background in Laplace transform techniques may also be useful.
Prior knowledge of semiconductor device physics is not required.

ORGANIZATION

The book is divided into three parts. Part 1, consisting of the first eight chapters, cov-
ers semiconductor materials, the basic diode operation and diode circuits, and basic
transistor operations and transistor circuits. Part 2 addresses more advanced analog
electronics, such as operational amplifier circuits, biasing techniques used in inte-
grated circuits, and other analog circuits applications. Part 3 covers digital elec-
tronics including CMOS integrated circuits. Five appendices are included at the end
of the text.

Content
Part 1. Chapter 1 introduces the semiconductor material and pn junction, which
leads to diode circuits and applications given in Chapter 2. Chapter 3 covers the field-
effect transistor, with strong emphasis on the metal-oxide-semiconductor FET
(MOSFET), and Chapter 4 presents basic FET linear amplifiers. Chapter 5 discusses
the bipolar junction transistor, with basic bipolar linear amplifier applications given in
Chapter 6.

The frequency response of transistors and transistor circuits is covered in a sep-
arate Chapter 7. The emphasis in Chapters 3 through 6 was on the analysis and



design techniques, so mixing the two transistor types within a given chapter
would introduce unnecessary confusion. However, starting with Chapter 7, both
MOSFET circuits and bipolar circuits are discussed within the same chapter. Fi-
nally, Chapter 8, covering output stages and power amplifiers, completes Part 1 of
the text.

Part 2. Chapters 9 through 15 are included in Part 2, which addresses more ad-
vanced analog electronics. In this portion of the text, the emphasis is placed on the
operational amplifier and on circuits that form the basic building blocks of integrated
circuits (ICs). The ideal operational amplifier and ideal op-amp circuits are covered
in Chapter 9. Chapter 10 presents constant-current source biasing circuits and intro-
duces the active load, both of which are used extensively in ICs. The differential
amplifier, the heart of the op-amp, is discussed in Chapter 11, and feedback is con-
sidered in Chapter 12. Chapter 13 presents the analysis and design of various circuits
that form operational amplifiers. Nonideal effects in analog ICs are addressed in
Chapter 14, and applications, such as active filters and oscillators, are covered in
Chapter 15.

Part 3. Chapters 16 and 17 form Part 3 of the text, and cover the basics of digi-
tal electronics. The analysis and design of MOS digital electronics is discussed in
Chapter 16. The emphasis in this chapter is on CMOS circuits, which form the basis
of most present-day digital circuits. Basic digital logic gate circuits are initially cov-
ered, then shift registers, flip-flops, and then basic A/D and D/A converters are pre-
sented. Chapter 17 introduces bipolar digital electronics, including emitter-coupled
logic and classical transistor-transistor logic circuits.

Appendices. Five appendices are included at the end of the text. Appendix A
contains physical constants and conversion factors. Manufacturers' data sheets for
several devices and circuits are included in Appendix B. Standard resistor and ca-
pacitor values are given in Appendix C, and references and other reading sources are
listed in Appendix D. Finally, answers to selected end-of chapter problems are given
in Appendix E.

Order of Presentation
The book is written with a certain degree of flexibility so that instructors can design
their own order of presentation of topics.

1. Op-Amp Circuits: For those instructors who wish to present ideal op-amp cir-
cuits as a first topic in electronics, Chapter 9 is written such that sections 9.1
through 9.5.5 can be studied as a first chapter in electronics.

Chapter Presentation

Ideal Op-Amp Circuits:
1. Chapter 9, Sections 9.1-9.5.5.
2. Chapters 1, 2, etc.

2. MOSFETs versus Bipolars: The chapters covering MOSFETs (3 and 4) and the
chapters covering bipolars (5 and 6) are written independently of each other. In-
structors, therefore, have the option of discussing MOSFETsS before bipolars, as

Preface

Xvii



xviii Preface

given in the text, or discussing bipolars before MOSFETSs in the more traditional

manner.
Chapter Presentation
Text Traditional
Chapter Topic Chapter Topic
1 pn Junctions 1 pn Junctions
2 Diode Circuits 2 Diode Circuits
3 MOS Transistors 5 Bipolar Transistors
4 MOSFET Circuits 6 Bipolar Circuits
5 Bipolar Transistors 3 MOS Transistors
6 Bipolar Circuits 4 MOSFET Circuits
etc. etc.

3. Digital versus Analog: For those instructors who wish to present digital elec-
tronics before analog electronics, Part 3 is written to be independent of Part 2.
Therefore, instructors may cover Chapters 1, 2, 3, and then jump to Chapter 16.

Chapter Presentation:
Chapter Topic
1 pn Junctions
2 Diode Circuits
3 MOS Transistors
16 MOSFET Digital Circuits
5 Bipolar Transistors
17 Bipolar Digital Circuits
etc. Analog Circuits

NEW TO THE FOURTH EDITION

» Addition of over 250 new Exercise and Test Your Understanding Problems.

e Addition of over 580 new end-of-chapter problems.

» Addition of over 50 new open-ended Design Problems in the end-of-chapter
problems sections.

» Addition of over 65 new Computer Simulation Problems in the end-of-chapter
problems sections.

» Voltage levels in circuits were updated to more closely match modern day elec-
tronics.

e MOSFET device parameters were updated to more closely match modern day
electronics.

» Chapter 9 was rewritten such that ideal op-amp circuits can be studied as a first
topic in electronics.

* Maintained the mathematical rigor necessary to more clearly understand basic
circuit operation and characteristics.
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RETAINED FEATURES OF THE TEXT

e A short introduction at the beginning of each chapter links the new chapter to the
material presented in previous chapters. The objectives of the Chapter, i.e., what
the reader should gain from the chapter, are presented in the Preview section and
are listed in bullet form for easy reference.

e Each major section of a chapter begins with a restatement of the objective for
this portion of the chapter.

e An extensive number of worked examples are used throughout the text to rein-
force the theoretical concepts being developed. These examples contain all the de-
tails of the analysis or design, so the reader does not have to fill in missing steps.

* An Exercise Problem follows each example. The exercise problem is very similar
to the worked example so that readers can immediately test their understanding of
the material just covered. Answers are given for each exercise problem so readers
do not have to search for an answer at the end of the book. These exercise problems
will reinforce readers’ grasp of the material before they move on to the next section.

e Test Your Understanding exercise problems are included at the end of most
major sections of the chapter. These exercise problems are, in general, more
comprehensive that those presented at the end of an example. These problems
will also reinforce readers’ grasp of the material before they move on to the next
section. Answers to these exercise problems are also given.

e Problem Solving Techniques are given throughout each chapter to assist the
reader in analyzing circuits. Although there can be more than one method of
solving a problem, these Problem Solving Techniques are intended to help the
reader get started in the analysis of a circuit.

» A Design Application is included as the last section of each chapter. A specific
electronic design related to that chapter is presented. Over the course of the
book, students will learn to build circuits for an electronic thermometer. Though
not every Design Application deals with the thermometer, each application
illustrates how students will use design in the real world.

* A Summary section follows the text of each chapter. This section summarizes
the overall results derived in the chapter and reviews the basic concepts devel-
oped. The summary section is written in bullet form for easy reference.

e A Checkpoint section follows the Summary section. This section states the goals
that should have been met and states the abilities the reader should have gained.
The Checkpoints will help assess progress before moving to the next chapter.

e A list of review questions is included at the end of each chapter. These questions
serve as a self-test to help the reader determine how well the concepts developed
in the chapter have been mastered.

e A large number of problems are given at the end of each chapter, organized
according to the subject of each section. Many new problems have been in-
corporated into the fourth edition. Design oriented problems are included as well
as problems with varying degrees of difficulty. A “D” indicates design-type
problems, and an asterisk (*) indicates more difficult problems. Separate computer
simulation problems and open-ended design problems are also included.

e Answers to selected problems are given in Appendix E. Knowing the answer to
a problem can aid and reinforce the problem solving ability.

» Manufacturers’ data sheets for selected devices and circuits are given in Appen-
dix B. These data sheets should allow the reader to relate the basic concepts and
circuit characteristics studied to real circuit characteristics and limitations.
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The website for Microeletronics features tools for students and teachers. Professors
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enables instructors to generate a limitless supply of problem material for assignment,
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Manual (password protected), data sheets, laboratory manual, and links to other
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ELECTRONIC TEXTBOOK OPTIONS

This text is offered through CourseSmart for both instructors and students. Course-
Smart is an online resource where students can purchase the complete text online at
almost half the cost of a traditional text. Purchasing the eTextbook allows students to
take advantage of CourseSmart’s Web tools for learning, which include full text
search, notes and highlighting, and email tools for sharing notes between classmates.
To learn more about CourseSmart options, contact your sales representative or visit
www.CourseSmart.com.
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Prologue to
Electronics

When most of us hear the word electronics, we think of televisions, laptop computers,
cell phones, or iPods. Actually, these items are electronic systems composed of sub-
systems or electronic circuits, which include amplifiers, signal sources, power sup-
plies, and digital logic circuits.

Electronics is defined as the science of the motion of charges in a gas, vacuum,
or semiconductor. (Note that the charge motion in a metal is excluded from this
definition.) This definition was used early in the 20th century to separate the field of
electrical engineering, which dealt with motors, generators, and wire communica-
tions, from the new field of electronic engineering, which at that time dealt with
vacuum tubes. Today, electronics generally involves transistors and transistor
circuits. Microelectronics refers to integrated circuit (IC) technology, which can
produce a circuit with multimillions of components on a single piece of semicon-
ductor material.

A typical electrical engineer will perform many diverse functions, and is likely
to use, design, or build systems incorporating some form of electronics. Conse-
quently, the division between electrical and electronic engineering is no longer as
clear as originally defined.

BRIEF HISTORY

The development of the transistor and the integrated circuit has led to remarkable
electronic capabilities. The IC permeates almost every facet of our daily lives, from
instant communications by cellular phone to the automobile. One dramatic example
of IC technology is the small laptop computer, which today has more capability than
the equipment that just a few years ago would have filled an entire room. The cell
phone has shown dramatic changes. It not only provides for instant messaging, but
also includes a camera so that pictures can be instantly sent to virtually every point
on earth.

A fundamental breakthrough in electronics came in December 1947, when the
first transistor was demonstrated at Bell Telephone Laboratories by William
Shockley, John Bardeen, and Walter Brattain. From then until approximately 1959,
the transistor was available only as a discrete device, so the fabrication of circuits
required that the transistor terminals be soldered directly to the terminals of other
components.

In September 1958, Jack Kilby of Texas Instruments demonstrated the first
integrated circuit fabricated in germanium. At about the same time, Robert Noyce of
Fairchild Semiconductor introduced the integrated circuit in silicon. The develop-
ment of the IC continued at a rapid rate through the 1960s, using primarily bipolar
transistor technology. Since then, the metal-oxide-semiconductor field-effect transis-
tor (MOSFET) and MOS integrated circuit technology have emerged as a dominant
force, especially in digital integrated circuits.

Prologue
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Since the first IC, circuit design has become more sophisticated and the inte-
grated circuit more complex. Device size continues to shrink and the number of
devices fabricated on a single chip continues to increase at a rapid rate. Today, an IC
can contain arithmatic, logic, and memory functions on a single semiconductor chip.
The primary example of this type of integrated circuit is the microprocessor.

PASSIVE AND ACTIVE DEVICES

In a passive electrical device, the time average power delivered to the device over
an infinite time period is always greater than or equal to zero. Resistors, capacitors,
and inductors, are examples of passive devices. Inductors and capacitors can store
energy, but they cannot deliver an average power greater than zero over an infinite
time interval.

Active devices, such as dc power supplies, batteries, and ac signal generators,
are capable of supplying particular types of power. Transistors are also considered to
be active devices in that they are capable of supplying more signal power to a load
than they receive. This phenomenon is called amplification. The additional power in
the output signal is a result of a redistribution of ac and dc power within the device.

ELECTRONIC CIRCUITS

In most electronic circuits, there are two inputs (Figure PRI.1).One input is from a
power supply that provides dc voltages and currents to establish the proper biasing
for transistors. The second input is a signal. Time-varying signals from a particular
source very often need to be amplified before the signal is capable of being “useful.”
For example, Figure PR 1.1 shows a signal source that is the output of a compact disc
system. The output music signal from the compact disc system consists of a small
time-varying voltage and current, which means that the signal power is relatively
small. The power required to drive the speakers is larger than the output signal from
the compact disc, so the compact disc signal must be amplified before it is capable of
driving the speakers in order that sound can be heard.

Other examples of signals that must be amplified before they are capable of
driving loads include the output of a microphone, voice signals received on earth
from an orbiting manned shuttle, video signals from an orbiting weather satellite, and
the output of an electrocardiograph (EKG). Although the output signal can be larger
than the input signal, the output power can never exceed the dc input power. There-
fore, the magnitude of the dc power supply is one limitation to the output signal

response.
dc
voltage
source
dc power
Signal Amplifier Load <I
source
Low High
CD player gnal signal Speakers
power power

Figure PR1.1 Schematic of an electronic circuit with two input signals: the dc power
supply input, and the signal input
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The analysis of electronic circuits, then, is divided into two parts: one deals with
the dc input and its circuit response, and the other deals with the signal input and the
resulting circuit response. Dependent voltage and current sources are used to model
the active devices and to represent the amplification or signal gain. In general,
different equivalent circuit models must be used for the dc and ac analyses.

DISCRETE AND INTEGRATED CIRCUITS

In this text, we will deal principally with discrete electronic circuits, that is, circuits
that contain discrete components, such as resistors, capacitors, and transistors. We
will focus on the types of circuits that are the building blocks of the IC. For example,
we will look at the various circuits that make up the operational amplifier, an impor-
tant IC in analog electronics. We will also discuss various logic circuits used in
digital ICs.

ANALOG AND DIGITAL SIGNALS
Analog signals

The voltage signal shown graphically in Figure PR1.2(a) is called an analog signal.
The magnitude of an analog signal can take on any value within limits and may vary
continuously with time. Electronic circuits that process analog signals are called
analog circuits. One example of an analog circuit is a linear amplifier. A linear
amplifier magnifies an input signal and produces an output signal whose amplitude
is larger and directly proportional to the input signal.

The vast majority of signals in the “real world” are analog. Voice communica-
tions and music are just two examples. The amplification of such signals is a large
part of electronics, and doing so with little or no distortion is a major consideration.
Therefore, in signal amplifiers, the output should be a linear function of the input. An
example is the power amplifier circuit in a stereo system. This circuit provides suffi-
cient power to “drive” the speaker system. Yet, it must remain linear in order to
reproduce the sound without distortion.

Digital signals

An alternative signal is at one of two distinct levels and is called a digital signal
(Figure PR1.2(b)). Since the digital signal has discrete values, it is said to be quan-
tized. Electronic circuits that process digital signals are called digital circuits.

u(t) v Logic 1
Vi
/\V/\\/ Logic 0
\/ Time 7 4
0 Time
(@) (b)

Figure PR1.2 Graphs of analog and digital signals: (a) analog signal versus time and
(b) digital signal versus time
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1
Table PR1.1  Summary of
notation

Variable Meaning

i, VBE Total instantaneous
values

I, Ve dc values

i, Vpe Total instantaneous
ac values

Iy, Vie Phasor values

In many electronic systems, signals are processed, transmitted, and received in
digital form. Digital systems and signal processing are now a large part of electron-
ics because of the tremendous advances made in the design and fabrication of digital
circuits. Digital processing allows a wide variety of functions to be performed that
would be impractical using analog means. In many cases, digital signals must be
converted from and to analog signals. These signals need to be processed through
analog-to-digital (A/D) converters and digital-to-analog (D/A) converters. A signifi-
cant part of electronics deals with these conversions.

NOTATION

The following notation, summarized in Table PR1.1, is used throughout this text.
A lowercase letter with an uppercase subscript, such as ig and vpg, indicates a total
instantaneous value. An uppercase letter with an uppercase subscript, such as Iz and
Vg, indicates a dc quantity. A lowercase letter with a lowercase subscript, such as
ip and vy, indicates an instantaneous value of a time-varying signal. Finally, an
uppercase letter with a lowercase subscript, such as [, and Vj,, indicates a phasor
quantity.

As an example, Figure PR1.3 shows a sinusoidal voltage superimposed on a dc
voltage. Using our notation, we would write

vge = Ve + Vpe = Ve + Vi cos(ot + ¢n,)

The phasor concept is rooted in Euler’s identity and relates the exponential function
to the trigonometric function. We can write the sinusoidal voltage as

Ve = Vi coS(wt + @) = Vi Ref{e/ @ T} = Re{V) e/ P e/}

VBE

ac variation — vy,

Figure PR1.3 Sinusoidal voltage superimposed on dc voltage, showing notation used
throughout this text
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where Re stands for “the real part of.” The coefficient of ¢/’ is a complex number
that represents the amplitude and phase angle of the sinusoidal voltage. This complex
number, then, is the phasor of that voltage, or

Viye = VMej¢’"

In some cases throughout the text, the input and output signals will be quasista-
tic quantities. For these situations, we may use either the total instantaneous notation,
such as ig and vgg, or the dc notation, Iz and Vjg.

SUMMARY

Semiconductor devices are the basic components in electronic circuits. The electrical
characteristics of these devices provide the controlled switching required for signal
processing, for example. Most electrical engineers are users of electronics rather than
designers of electronic circuits and ICs. As with any discipline, however, the basics
must be mastered before the overall system characteristics and limitations can be
understood. In electronics, the discrete circuit must be thoroughly studied and
analyzed before the operation, properties, and limitations of an IC can be fully
appreciated.






Semiconductor Devices
and Basic Applications

In the first part of the text, we introduce the physical and electrical characteristics
of the major semiconductor devices. Various basic circuits in which these devices are
used are analyzed. This introduction will illustrate how the device characteristics are
utilized in switching, digital, and amplification applications.

Chapter 1 briefly discusses semiconductor material characteristics and then
introduces the semiconductor diode. Chapter 2 looks at various diode circuits
that demonstrate how the nonlinear characteristics of the diode itself are used in
switching and waveshaping applications. Chapter 3 introduces the metal-oxide-
semiconductor field-effect transistor (MOSFET), presents the dc analysis of MOS
transistor circuits, and discusses basic applications of this transistor. In Chapter 4, we
analyze and design fundamental MOS transistor circuits, including amplifiers.

Chapter 5 introduces the bipolar transistor, presents the dc analysis of bipolar
transistor circuits, and discusses basic applications of this transistor. Various bipolar
transistor circuits, including amplifiers, are analyzed and designed in Chapter 6.
Chapter 7 considers the frequency response of both MOS and bipolar transistor cir-
cuits. Finally, Chapter 8 discusses the designs and applications of these basic
electronic circuits, including power amplifiers and various output stages.







Semiconductor
Materials and Diodes

This text deals with the analysis and design of circuits containing electronic devices,
such as diodes and transistors. These electronic devices are fabricated using semi-
conductor materials, so we begin Chapter 1 with a brief discussion of the properties
and characteristics of semiconductors. The intent of this brief discussion is to be-
come familiar with some of the semiconductor material terminology, and to gain an
understanding of the mechanisms that generate currents in a semiconductor.

A basic electronic device is the pn junction diode. The diode is a two-terminal
device, but the i—v relationship is nonlinear. Since the diode is a nonlinear element,
the analysis of circuits containing diodes is not as straightforward as the analysis of
simple linear resistor circuits. A goal of the chapter is to become familiar with the
analysis of diode circuits.

PREVIEW

In this chapter, we will:

* Gain a basic understanding of a few semiconductor material properties
including the two types of charged carriers that exist in a semiconductor and
the two mechanisms that generate currents in a semiconductor.

Determine the properties of a pn junction including the ideal current—voltage
characteristics of the pn junction diode.

Examine dc analysis techniques for diode circuits using various models to
describe the nonlinear diode characteristics.

Develop an equivalent circuit for a diode that is used when a small, time-
varying signal is applied to a diode circuit.

Gain an understanding of the properties and characteristics of a few special-
ized diodes.

As an application, design a simple electronic thermometer using the temper-
ature characteristics of a diode.
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1.1 SEMICONDUCTOR MATERIALS
AND PROPERTIES

Objective: ® Gain a basic understanding of a few semiconductor
material properties including the two types of charged carriers that
exist in a semiconductor and the two mechanisms that generate
currents in a semiconductor.

Most electronic devices are fabricated by using semiconductor materials along with
conductors and insulators. To gain a better understanding of the behavior of the elec-
tronic devices in circuits, we must first understand a few of the characteristics of the
semiconductor material. Silicon is by far the most common semiconductor material
used for semiconductor devices and integrated circuits. Other semiconductor mate-
rials are used for specialized applications. For example, gallium arsenide and related
compounds are used for very high speed devices and optical devices. A list of some
semiconductor materials is given in Table 1.1.

1.1.1 Intrinsic Semiconductors

An atom is composed of a nucleus, which contains positively charged protons and
neutral neutrons, and negatively charged electrons that, in the classical sense, orbit
the nucleus. The electrons are distributed in various ‘“shells” at different distances
from the nucleus, and electron energy increases as shell radius increases. Electrons
in the outermost shell are called valence electrons, and the chemical activity of a
material is determined primarily by the number of such electrons.

Elements in the periodic table can be grouped according to the number of
valence electrons. Table 1.2 shows a portion of the periodic table in which the more
common semiconductors are found. Silicon (Si) and germanium (Ge) are in group IV
and are elemental semiconductors. In contrast, gallium arsenide is a group II-V
compound semiconductor. We will show that the elements in group Il and group V are
also important in semiconductors.

Figure 1.1(a) shows five noninteracting silicon atoms, with the four valence
electrons of each atom shown as dashed lines emanating from the atom. As silicon

Table 1.1 A list of some semiconductor materials

Elemental Compound

semiconductors semiconductors

Si Silicon GaAs Gallium arsenide

Ge Germanium GaP Gallium phosphide
AlP Aluminum phosphide
AlAs Aluminum arsenide
InP Indium phosphide




Table 1.2 A portion of the
periodic table
111 v A\
5 6
B C
Boron Carbon
13 14 15
Al Si P
Aluminum | Silicon Phosphorus
31 32 33
Ga Ge As
Gallium Germanium | Arsenic
49 51
In Sh
Indium Antimony
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atoms come into close proximity to each other, the valence electrons interact to form
a crystal. The final crystal structure is a tetrahedral configuration in which each
silicon atom has four nearest neighbors, as shown in Figure 1.1(b). The valence
electrons are shared between atoms, forming what are called covalent bonds.
Germanium, gallium arsenide, and many other semiconductor materials have the
same tetrahedral configuration.

Figure 1.1(c) is a two-dimensional representation of the lattice formed by the
five silicon atoms in Figure 1.1(a). An important property of such a lattice is that
valence electrons are always available on the outer edge of the silicon crystal so that
additional atoms can be added to form very large single-crystal structures.

|
| | | |
—Si— —S8i— —Si— \\ — Si —
| | | N, I
/ — Si=—Si =S8i —
X
| N o
—S|1— /,’ ~ — Si —
/ |
(a) (b) (c)

Figure 1.1 Silicon atoms in a crystal matrix: (a) five noninteracting silicon atoms, each with
four valence electrons, (b) the tetrahedral configuration, (c) a two-dimensional representation
showing the covalent bonding
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— Si — Si — Si — Si —
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Figure 1.2 Two-dimensional
representation of single
crystal siliconat T = 0 K;
all valence electrons are
bound to the silicon atoms
by covalent bonding

—Si—Si — Si =— Si —

| I_l-el

— Si==='Si =— Si =—= Si —

— Si = Si =— Si =—= Si —
I

Figure 1.3 The breaking of a
covalent bond for 7 > 0 K
creating an electron in the
conduction band and a
positively charged “empty
state”

Semiconductor Devices and Basic Applications

A two-dimensional representation of a silicon single crystal is shown in Figure 1.2,
for T = 0 K, where T = temperature. Each line between atoms represents a valence
electron. At 7 = 0 K, each electron is in its lowest possible energy state, so each cova-
lent bonding position is filled. If a small electric field is applied to this material, the
electrons will not move, because they will still be bound to their individual atoms.
Therefore, at 7 = 0 K, silicon is an insulator; that is, no charge flows through it.

When silicon atoms come together to form a crystal, the electrons occupy par-
ticular allowed energy bands. At 7 = 0 K, all valence electrons occupy the valence
energy band. If the temperature increases, the valence electrons may gain thermal en-
ergy. Any such electron may gain enough thermal energy to break the covalent bond
and move away from its original position as schematically shown in Figure 1.3. In
order to break the covalent bond, the valence electron must gain a minimum energy,
E,, called the bandgap energy. The electrons that gain this minimum energy now
exist in the conduction band and are said to be free electrons. These free electrons in
the conduction band can move throughout the crystal. The net flow of electrons in the
conduction band generates a current.

An energy band diagram is shown in Figure 1.4(a). The energy E, is the maxi-
mum energy of the valence energy band and the energy E, is the minimum energy of
the conduction energy band. The bandgap energy E, is the difference between E. and
E,, and the region between these two energies is called the forbidden bandgap.
Electrons cannot exist within the forbidden bandgap. Figure 1.4(b) qualitatively
shows an electron from the valence band gaining enough energy and moving into the
conduction band. This process is called generation.

Materials that have large bandgap energies, in the range of 3 to 6 electron—volts'
(eV), are insulators because, at room temperature, essentially no free electrons exist
in the conduction band. In contrast, materials that contain very large numbers of free
electrons at room temperature are conductors. In a semiconductor, the bandgap
energy is on the order of 1 eV.

The net charge in a semiconductor is zero; that is, the semiconductor is neutral.
If a negatively charged electron breaks its covalent bond and moves away from its
original position, a positively charged “empty” state is created at that position

{ Conduction Conduction
band =) band
V.4
EC EC
E Forbidden Electron
8 bandgap generation
E, E,
Y Valence v \(+) Valence
band band

(a) (b)

Figure 1.4 (a) Energy band diagram. Vertical scale is electron energy and horizontal scale is
distance through the semiconductor, although these scales are normally not explicitly shown.
(b) Energy band diagram showing the generation process of creating an electron in the
conduction band and the positively charged “empty state” in the valence band.

!An electron—volt is the energy of an electron that has been accelerated through a potential difference of
1 volt, and 1 eV = 1.6 x 10~ joules.
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Table 1.3 Semiconductor constants

Material Eg (eV) B (cm™3 K—3?)
Silicon (Si) 1.1 5.23 x 1013
Gallium arsenide (GaAs) 14 2.10 x 10"
Germanium (Ge) 0.66 1.66 x 101

(Figure 1.3). As the temperature increases, more covalent bonds are broken, and
more free electrons and positive empty states are created.

A valence electron that has a certain thermal energy and is adjacent to an empty
state may move into that position, as shown in Figure 1.5, making it appear as if
a positive charge is moving through the semiconductor. This positively charged
“particle” is called a hole. In semiconductors, then, two types of charged particles
contribute to the current: the negatively charged free electron, and the positively
charged hole. (This description of a hole is greatly oversimplified, and is meant only
to convey the concept of the moving positive charge.) We may note that the charge of
a hole has the same magnitude as the charge of an electron.

The concentrations (#/cm?) of electrons and holes are important parameters in
the characteristics of a semiconductor material, because they directly influence the
magnitude of the current. An intrinsic semiconductor is a single-crystal semicon-
ductor material with no other types of atoms within the crystal. In an intrinsic
semiconductor, the densities of electrons and holes are equal, since the thermally
generated electrons and holes are the only source of such particles. Therefore, we use
the notation #n; as the intrinsic carrier concentration for the concentration of the
free electrons, as well as that of the holes. The equation for #; is as follows:

n; = BT3/26(§‘_‘?) 1.1

where B is a coefficient related to the specific semiconductor material, E, is
the bandgap energy (eV), T is the temperature (K), k is Boltzmann’s constant
(86 x 107°eV/K), and e, in this context, represents the exponential function.
The values for B and E, for several semiconductor materials are given in Table 1.3.
The bandgap energy E, and coefficient B are not strong functions of temperature. The
intrinsic concentration #; is a parameter that appears often in the current—voltage
equations for semiconductor devices.

EXAMPLE 1.1 T ————

Objective: Calculate the intrinsic carrier concentration in silicon at 7 = 300 K.

Solution: For silicon at T = 300 K, we can write

(5.23 % 101%)(300)*2¢ (70
or

nj=15x 10"%cm™3

— Si = Si =— Si =—= Si —

| A

i |
—_— SlLif 1L~f SlLif Si —

— Si =— Si =— Si =— Si —
[ .

Figure 1.5 A two-dimensional
representation of the silicon
crystal showing the
movement of the positively
charged “empty state”
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Comment: An intrinsic electron concentration of 1.5 x 10'© cm™ may appear to be
large, but it is relatively small compared to the concentration of silicon atoms, which
is 5 x 102 cm~3.

F I EXERCISE PROBLEM

Ex 1.1: Calculate the intrinsic carrier concentration in gallium arsenide and
germanium at 7 = 300 K. (Ans. GaAs, n; = 1.80 x 10% cm™3; Ge, n; = 2.40 x
1013 cm™3)

142 Extrinsic Semiconductors

Since the electron and hole concentrations in an intrinsic semiconductor are rela-
tively small, only very small currents are possible. However, these concentrations
can be greatly increased by adding controlled amounts of certain impurities. A
desirable impurity is one that enters the crystal lattice and replaces (i.e., substitutes
for) one of the semiconductor atoms, even though the impurity atom does not have
the same valence electron structure. For silicon, the desirable substitutional impuri-
ties are from the group III and V elements (see Table 1.2).

The most common group V elements used for this purpose are phosphorus and
arsenic. For example, when a phosphorus atom substitutes for a silicon atom, as shown
in Figure 1.6(a), four of its valence electrons are used to satisfy the covalent bond
requirements. The fifth valence electron is more loosely bound to the phosphorus atom.
At room temperature, this electron has enough thermal energy to break the bond, thus
being free to move through the crystal and contribute to the electron current in the
semiconductor. When the fifth phosphorus valence electron moves into the conduction
band, a positively charged phosphorus ion is created as shown in Figure 1.6(b).

The phosphorus atom is called a donor impurity, since it donates an electron
that is free to move. Although the remaining phosphorus atom has a net positive
charge, the atom is immobile in the crystal and cannot contribute to the current.
Therefore, when a donor impurity is added to a semiconductor, free electrons are
created without generating holes. This process is called doping, and it allows us to
control the concentration of free electrons in a semiconductor.

A semiconductor that contains donor impurity atoms is called an n-type semi-
conductor (for the negatively charged electrons) and has a preponderance of elec-
trons compared to holes.

— Si =— Si =— Si =— Si —
e

— Si =—=P)=— Si =—= Si —
[ .

— Si=—Si =— Si =—= Si —

() (b)

Figure 1.6 (a) Two-dimensional representation of a silicon lattice doped with a phosphorus
atom showing the fifth phosphorus valence electron, (b) the resulting positively charged
phosphorus ion after the fifth valence electron has moved into the conduction band
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—Si=— Si =— Si =— Si — —Sl—Sl Sl—Sl—
] M

—Sr;*‘ = Si =—= Si — —Sl— —Sl—Sl—

— Si=— Si =— Si =—= Si — — Si =— Si =—= Si =—= Si —

(a) (b)

Figure 1.7 (a) Two-dimensional representation of a silicon lattice doped with a boron atom
showing the vacant covalent bond position, (b) the resulting negatively charged boron ion
after it has accepted an electron from the valence band. A positively charged hole is created.

The most common group III element used for silicon doping is boron. When a
boron atom replaces a silicon atom, its three valence electrons are used to satisfy
the covalent bond requirements for three of the four nearest silicon atoms (Fig-
ure 1.7(a)). This leaves one bond position open. At room temperature, adjacent silicon
valence electrons have sufficient thermal energy to move into this position, thereby cre-
ating a hole. This effect is shown in Figure 1.7(b). The boron atom then has a net neg-
ative charge, but cannot move, and a hole is created that can contribute to a hole current.

Because the boron atom has accepted a valence electron, the boron is therefore
called an acceptor impurity. Acceptor atoms lead to the creation of holes without
electrons being generated. This process, also called doping, can be used to control the
concentration of holes in a semiconductor.

A semiconductor that contains acceptor impurity atoms is called a p-type semi-
conductor (for the positively charged holes created) and has a preponderance of
holes compared to electrons.

The materials containing impurity atoms are called extrinsic semiconductors, or
doped semiconductors. The doping process, which allows us to control the concentra-
tions of free electrons and holes, determines the conductivity and currents in the material.

A fundamental relationship between the electron and hole concentrations in a
semiconductor in thermal equilibrium is given by

noPo = n[Z (1-2)

where n, is the thermal equilibrium concentration of free electrons, p, is the thermal
equilibrium concentration of holes, and #; is the intrinsic carrier concentration.

At room temperature (7 = 300 K), each donor atom donates a free electron to
the semiconductor. If the donor concentration N, is much larger than the intrinsic
concentration, we can approximate

n, = Ny (1.3)

Then, from Equation (1.2), the hole concentration is

71«2

, = — 14
D N, 1.4

Similarly, at room temperature, each acceptor atom accepts a valence electron, creat-
ing a hole. If the acceptor concentration N, is much larger than the intrinsic concen-
tration, we can approximate

Po = Ny (1.5)
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Then, from Equation (1.2), the electron concentration is

2

, =2 1.6
o= (1.6)

S

EXAMPLE 1.2 ,‘I, i ”_ I

Objective: Calculate the thermal equilibrium electron and hole concentrations.

(a) Consider silicon at T =300 K doped with phosphorus at a concentration of
Ny = 10'° cm™3. Recall from Example 1.1 thatn; = 1.5 x 109 ¢cm—3.

Solution: Since N; > n;, the electron concentration is
n, = Ny =10"%cm™3
and the hole concentration is

2 (15 x 10102
po= 1 - WX 5 o5 10t em™
Ny 1016

(b) Consider silicon at 7 = 300K doped with boron at a concentration of
N, =5 x 10'° cm=3.

Solution: Since N, > n;, the hole concentration is
Po =N, =5x10"%cm™?
and the electron concentration is

n? (1.5 x 10'9)? N
E=W=45X10 cm

n, =

Comment: We see that in a semiconductor doped with donors, the concentration of
electrons is far greater than that of the holes. Conversely, in a semiconductor doped
with acceptors, the concentration of holes is far greater than that of the electrons. It
is also important to note that the difference in the concentrations between electrons
and holes in a particular semiconductor is many orders of magnitude.

! ., v I,_ EXERCISE PROBLEM

Ex 1.2: (a) Calculate the majority and minority carrier concentrations in silicon at
T =300 K for (i) N; =2 x 10'® cm™3 and (ii) N, = 10'5 cm~3. (b) Repeat part
(a) for GaAs. (Ans. (a) (i) n, =2x 10%cm™3, p, =1.125 x 10* cm™3;
(i) p, = 105 em™3, n, =2.25 x 10° cm™>; (b) (i) n, =2 x 10'° cm =3, By =
1.62 x 10~* cm™?; (ii) Po = 105 em™3, n, = 3.24 x 1073 cm ™).

In an n-type semiconductor, electrons are called the majority carrier be-
cause they far outnumber the holes, which are termed the minority carrier. The
results obtained in Example 1.2 clarify this definition. In contrast, in a p-type
semiconductor, the holes are the majority carrier and the electrons are the minor-
ity carrier.
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il .3 Drift and Diffusion Currents

We’ve described the creation of negatively charged electrons and positively charged
holes in the semiconductor. If these charged particles move, a current is generated.
These charged electrons and holes are simply referred to as carriers.

The two basic processes which cause electrons and holes to move in a semicon-
ductor are: (a) drift, which is the movement caused by electric fields, and (b) diffusion,
which is the flow caused by variations in the concentration, that is, concentration gra-
dients. Such gradients can be caused by a nonhomogeneous doping distribution, or
by the injection of a quantity of electrons or holes into a region, using methods to be
discussed later in this chapter.

Drift Current Density

To understand drift, assume an electric field is applied to a semiconductor. The field
produces a force that acts on free electrons and holes, which then experience a net drift
velocity and net movement. Consider an n-type semiconductor with a large number of
free electrons (Figure 1.8(a)). An electric field E applied in one direction produces a
force on the electrons in the opposite direction, because of the electrons’ negative
charge. The electrons acquire a drift velocity vy, (in cm/s) which can be written as

Udn = _MnE (1.7)

where 11, is a constant called the electron mobility and has units of cm?/ V—s. For
low-doped silicon, the value of , is typically 1350 cm?/ V—s. The mobility can be
thought of as a parameter indicating how well an electron can move in a semicon-
ductor. The negative sign in Equation (1.7) indicates that the electron drift velocity is
opposite to that of the applied electric field as shown in Figure 1.8(a). The electron
drift produces a drift current density J, (A/cm?) given by

Jy = —€NnViy = _en(_ﬂnE) = ~|—€I’l/,LnE (1°8)

where n is the electron concentration (#/cm3) and e, in this context, is the magnitude
of the electronic charge. The conventional drift current is in the opposite direction
from the flow of negative charge, which means that the drift current in an n-type
semiconductor is in the same direction as the applied electric field.

Next consider a p-type semiconductor with a large number of holes (Figure 1.8(b)).
An electric field E applied in one direction produces a force on the holes in the same
direction, because of the positive charge on the holes. The holes acquire a drift
velocity vg, (in cm/s), which can be written as

Vap = +/~'L])E (1.9
n-type p-type

(a) (b)

Figure 1.8 Directions of applied electric field and resulting carrier drift velocity and drift
current density in (a) an n-type semiconductor and (b) a p-type semiconductor
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where 1, is a constant called the hole mobility, and again has units of cm?/V-s.
For low-doped silicon, the value of ju, is typically 480 cm?/V-s, which is less
than half the value of the electron mobility. The positive sign in Equation (1.9) in-
dicates that the hole drift velocity is in the same direction as the applied electric
field as shown in Figure 1.8(b). The hole drift produces a drift current density J,
(A/cm?) given by

Jy = +epvg, = +ep(+u,E) = +epuy,E (1.10)

where p is the hole concentration (#/cm?) and e is again the magnitude of the elec-
tronic charge. The conventional drift current is in the same direction as the flow of
positive charge, which means that the drift current in a p-type material is also in the
same direction as the applied electric field.

Since a semiconductor contains both electrons and holes, the total drift current
density is the sum of the electron and hole components. The total drift current den-
sity is then written as

1
J=enu,E+epuyE=0FE =—FE (1.11(a))
0
where
o =enp, +epu, (1.11(b))

and where o is the conductivity of the semiconductor in (Q2—cm)~' and where
p = 1 /o is the resistivity of the semiconductor in (2—cm). The conductivity is re-
lated to the concentration of electrons and holes. If the electric field is the result of
applying a voltage to the semiconductor, then Equation (1.11(a)) becomes a linear
relationship between current and voltage and is one form of Ohm’s law.

From Equation (1.11(b)), we see that the conductivity can be changed from
strongly n-type, n > p, by donor impurity doping to strongly p-type, p > n, by
acceptor impurity doping. Being able to control the conductivity of a semicon-
ductor by selective doping is what enables us to fabricate the variety of elec-
tronic devices that are available.

EXAMPLE 1.3 ,

Objective: Calculate the drift current density for a given semiconductor.

Consider silicon at 7 = 300 K doped with arsenic atoms at a concentration
of N; = 8 x 10" cm™3. Assume mobility values of p, = 1350 cm?*V—s and My =
480 cm?/V—s. Assume the applied electric field is 100 V/cm.

Solution: The electron and hole concentrations are
n=N;=8x10"cm™
and

2 1.5 x 10'9)2
p=2 o A5 107 5 61 % 10* em™
Nd 8 x 1015

Because of the difference in magnitudes between the two concentrations, the con-
ductivity is given by

0 =eun+eu,p = eppn
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or
o = (1.6 x 10719)(1350)(8 x 10"%) = 1.73(2—-cm) !
The drift current density is then

J =0E = (1.73)(100) = 173 A/em?

Comment: Since n > p, the conductivity is essentially a function of the electron
concentration and mobility only. We may note that a current density of a few hundred
amperes per square centimeter can be generated in a semiconductor.

—— EXERCISE PROBLEM

Ex 1.3: Consider n-type GaAs at 7 =300 K doped to a concentration of
Ny =2 x 10" cm™3. Assume mobility values of i, = 6800 cm*/V—-s and i, =
300 cm?/V—s. (a) Determine the resistivity of the material. (b) Determine the ap-
plied electric field that will induce a drift current density of 175 A/cm?. (Ans.
(a) 0.0460 Q2—cm, (b) 8.04 V/cm).

Note: Two factors need to be mentioned concerning drift velocity and mobility.
Equations (1.7) and (1.9) imply that the carrier drift velocities are linear functions of
the applied electric field. This is true for relatively small electric fields. As the elec-
tric field increases, the carrier drift velocities will reach a maximum value of ap-
proximately 10”7 cm/s. Any further increase in electric field will not produce an
increase in drift velocity. This phenomenon is called drift velocity saturation.

Electron and hole mobility values were given in Example 1.3. The mobility val-
ues are actually functions of donor and/or acceptor impurity concentrations. As the
impurity concentration increases, the mobility values will decrease. This effect then
means that the conductivity, Equation (1.11(b)), is not a linear function of impurity
doping.

These two factors are important in the design of semiconductor devices, but will
not be considered in detail in this text.

Diffusion Current Density
In the diffusion process, particles flow from a region of high concentration to a region
of lower concentration. This is a statistical phenomenon related to kinetic theory. To
explain, the electrons and holes in a semiconductor are in continuous motion, with an
average speed determined by the temperature, and with the directions randomized by
interactions with the lattice atoms. Statistically, we can assume that, at any particular
instant, approximately half of the particles in the high-concentration region are
moving away from that region toward the lower-concentration region. We can also
assume that, at the same time, approximately half of the particles in the lower-
concentration region are moving foward the high-concentration region. However, by
definition, there are fewer particles in the lower-concentration region than there are in
the high-concentration region. Therefore, the net result is a flow of particles away
from the high-concentration region and toward the lower-concentration region. This
is the basic diffusion process.

For example, consider an electron concentration that varies as a function of distance
x, as shown in Figure 1.9(a). The diffusion of electrons from a high-concentration region
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Hole
diffusion

Electron
diffusion

Electron diffusion
current density

Hole diffusion
current density

(a) (b)

Figure 1.9 (a) Assumed electron concentration versus distance in a semiconductor, and
the resulting electron diffusion and electron diffusion current density, (b) assumed hole
concentration versus distance in a semiconductor, and the resulting hole diffusion and hole
diffusion current density

to a low-concentration region produces a flow of electrons in the negative x direction.
Since electrons are negatively charged, the conventional current direction is in the
positive x direction.

The diffusion current density due to the diffusion of electrons can be written as
(for one dimension)

dn
J, =eD,— (1.12)
dx
where e, in this context, is the magnitude of the electronic charge, dn/dx is the gra-
dient of the electron concentration, and D,, is the electron diffusion coefficient.
In Figure 1.9(b), the hole concentration is a function of distance. The diffusion
of holes from a high-concentration region to a low-concentration region produces a
flow of holes in the negative x direction. (Conventional current is in the direction of
the flow of positive charge.)
The diffusion current density due to the diffusion of holes can be written as (for
one dimension)
d
J, = —eD,,£ (113)
where e is still the magnitude of the electronic charge, dp/dx is the gradient of the
hole concentration, and D, is the hole diffusion coefficient. Note the change in sign
between the two diffusion current equations. This change in sign is due to the differ-
ence in sign of the electronic charge between the negatively charged electron and the
positively charged hole.

EXAMPLE 1.4 — I‘,

Objective: Calculate the diffusion current density for a given semiconductor.

Consider silicon at 7 = 300 K. Assume the electron concentration varies lin-
early from n =102 cm™ to n = 10' cm™3 over the distance from x =0 to
x =3 pum. Assume D, = 35 cm?/s.

Solution: We have

d A 10'2 — 1016
J,=eD, 2t —eD, 2 = (1.6 x 10719 (35)( ———
dx Ax 0—-3x104
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or

J, = 187 Alem?

Comment: Diffusion current densities on the order of a few hundred amperes per
square centimeter can also be generated in a semiconductor.

[ — EXERCISE PROBLEM

Ex 1.4: Consider silicon at 7 = 300 K. Assume the hole concentration is given
by p = 10"%¢~*/L» (cm™3), where L, = 10~% cm. Calculate the hole diffusion
current density at (a) x = 0 and (b) x = 103cm. Assume D, =10 cm?/s. (Ans.
(a) 16 A/cm?, (b) 5.89 A/cm?)

The mobility values in the drift current equations and the diffusion coefficient
values in the diffusion current equations are not independent quantities. They are
related by the Einstein relation, which is

kT
P T ~0.026V (1.14)
e

at room temperature.

The total current density is the sum of the drift and diffusion components. For-
tunately, in most cases only one component dominates the current at any one time in
a given region of a semiconductor.

—
DESIGN POINTER ’

In the previous two examples, current densities on the order of 200 A/cm? have
been calculated. This implies that if a current of 1 mA, for example, is required in
a semiconductor device, the size of the device is small. The total current is given
by I = JA, where A is the cross-sectional area. For / = 1l mA =1 x 1073 A and
J =200 A/cm?, the cross-sectional areais A = 5 x 107® cm?. This simple calcu-
lation again shows why semiconductor devices are small in size.

1.1.4 Excess Carriers

Up to this point, we have assumed that the semiconductor is in thermal equilibrium.
In the discussion of drift and diffusion currents, we implicitly assumed that equilib-
rium was not significantly disturbed. Yet, when a voltage is applied to, or a current
exists in, a semiconductor device, the semiconductor is really not in equilibrium.
In this section, we will discuss the behavior of nonequilibrium electron and hole
concentrations.

Valence electrons may acquire sufficient energy to break the covalent bond and
become free electrons if they interact with high-energy photons incident on the semi-
conductor. When this occurs, both an electron and a hole are produced, thus generating
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an electron-hole pair. These additional electrons and holes are called excess
electrons and excess holes.

When these excess electrons and holes are created, the concentrations of free
electrons and holes increase above their thermal equilibrium values. This may be rep-
resented by

n=n,-+oén (1.15(a))
and

P =Ppo+3dp (1.15(b))

where n, and p, are the thermal equilibrium concentrations of electrons and holes,
and dn and 8p are the excess electron and hole concentrations.

If the semiconductor is in a steady-state condition, the creation of excess
electrons and holes will not cause the carrier concentration to increase indefi-
nitely, because a free electron may recombine with a hole, in a process called
electron-hole recombination. Both the free electron and the hole disappear
causing the excess concentration to reach a steady-state value. The mean time
over which an excess electron and hole exist before recombination is called the
excess carrier lifetime.

Excess carriers are involved in the current mechanisms of, for example, solar
cells and photodiodes. These devices are discussed in Section 1.5.

Test Your Understanding

TYU 1.1 Determine the intrinsic carrier concentration in silicon, germanium, and
GaAs at (a) T =400K and (b) T =250 K. (Ans. (a) Si: n; = 4.76 x 102 cm™3,
Ge: n; =9.06 x 10" cm™3, GaAs: n; =2.44 x 10°cm™3; (b) Si: n; = 1.61 x
108cm™3, Ge: n; = 1.42 x 10?2 ecm™3, GaAs: n; = 6.02 x 10> cm™)

TYU 1.2 (a) Consider silicon at T =300 K. Assume that u, = 1350 cm?/V—s
and p, = 480 cm?/V—-s. Determine the conductivity and resistivity if (a)
N, =2 x 105 cm™3 and (b) N; =2 x 10'7 cm™3. (Ans. (a) 0 = 0.154 (Q—cm) ™',
p =651 Q—cm; (b) o =43.2 (Q—m)~!, p = 0.0231 Q—cm).

TYU 1.3 Using the results of TYUL.2, determine the drift current density if an
electric field of 4 V/cm is applied to the semiconductor. (Ans. (a) 0.616 A/cm?,
(b) 172.8 Alcm?).

TYU 1.4 The electron and hole diffusion coefficients in silicon are D, = 35 cm?%/s
and D, = 12.5 cm?/s, respectively. Calculate the electron and hole diffusion current
densities (a) if an electron concentration varies linearly from n = 10" cm™ to
n = 10'° cm=3 over the distance from x = 0 to x = 2.5 um and (b) if a hole con-
centration varies linearly from p = 10" cm™ to p =5 x 10" cm™ over the dis-
tance from x = 0 to x = 4.0 um. (Ans. (a) J, = 202 A/em?, (b) J, = —24.5 A/cm?)

TYU 1.5 A sample of silicon at 7 = 300 K is doped to N; = 8 x 10'> cm~3. (a) Cal-
culate n, and p,. (b) If excess holes and electrons are generated such that their
respective concentrations are én = §p = 10" cm™3, determine the total concentra-
tions of holes and electrons. (Ans. (a) n, = 8 x 10" cm™3, p, = 2.81 x 10* cm™3;

(b)yn =8.1x 10" cm™3, p ~ 10" cm™3)
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12 THE pn JUNCTION

Objective: ¢ Determine the properties of a pn junction including the
ideal current-voltage characteristics of the pn junction diode.

In the preceding sections, we looked at characteristics of semiconductor materials.
The real power of semiconductor electronics occurs when p- and n-regions are di-
rectly adjacent to each other, forming a pn junction. One important concept to
remember is that in most integrated circuit applications, the entire semiconductor
material is a single crystal, with one region doped to be p-type and the adjacent
region doped to be n-type.

1.2.1 The Equilibrium pn Junction

Figure 1.10(a) is a simplified block diagram of a pn junction. Figure 1.10(b) shows
the respective p-type and n-type doping concentrations, assuming uniform doping in
each region, as well as the minority carrier concentrations in each region, assuming
thermal equilibrium. Figure 1.10(c) is a three-dimensional diagram of the pn junction
showing the cross-sectional area of the device.

The interface at x = 0 is called the metallurgical junction. A large density
gradient in both the hole and electron concentrations occurs across this junction. Ini-
tially, then, there is a diffusion of holes from the p-region into the n-region, and a
diffusion of electrons from the n-region into the p-region (Figure 1.11). The flow of
holes from the p-region uncovers negatively charged acceptor ions, and the flow of

Doping
concentration
N Cross-sectional
a
N, ( area
1 1
2 2 T o
n; n; Il P 1 n
P n Ny = 55— e e ——— p P NN O\ SRR P -
po Na ______ no Nd - >
x=0 x=0 x=0
(a) (b) (c)

Figure 1.10 (a) The pn junction: (a) simplified one-dimensional geometry, (b) doping profile
of an ideal uniformly doped pn junction, and (c) three-dimensional representation showing
the cross-sectional area

p-region n-region

[ —
Hole ™ | —>— g
diffusion
| Electron
diffusion

P

x=0

Figure 1.11 Initial diffusion of electrons and holes across the metallurgical junction at the
“instant in time” that the p- and n-regions are joined together
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Figure 1.12 The pn junction in thermal equilibrium. (a) The space charge region with
negatively charged acceptor ions in the p-region and positively charged donor ions in the
n-region; the resulting electric field from the n- to the p-region. (b) The potential through
the junction and the built-in potential barrier Vj,; across the junction.

electrons from the n-region uncovers positively charged donor ions. This action
creates a charge separation (Figure 1.12(a)), which sets up an electric field oriented
in the direction from the positive charge to the negative charge.

If no voltage is applied to the pn junction, the diffusion of holes and electrons
must eventually cease. The direction of the induced electric field will cause the
resulting force to repel the diffusion of holes from the p-region and the diffusion of
electrons from the n-region. Thermal equilibrium occurs when the force produced by
the electric field and the “force” produced by the density gradient exactly balance.

The positively charged region and the negatively charged region comprise the
space-charge region, or depletion region, of the pn junction, in which there are
essentially no mobile electrons or holes. Because of the electric field in the space-
charge region, there is a potential difference across that region (Figure 1.12(b)). This
potential difference is called the built-in potential barrier, or built-in voltage, and
is given by

kT N,Ny4 NyNy
Vh,‘ = —1In 5 = VT In 3 (1.16)
n

e n; i

where Vi = kT /e, k = Boltzmann’s constant, 7 = absolute temperature, ¢ = the
magnitude of the electronic charge, and N, and N, are the net acceptor and donor
concentrations in the p- and n-regions, respectively. The parameter V7 is called
the thermal voltage and is approximately Vy = 0.026 V at room temperature,
T =300 K.

EXAMPLE 1.5 I '!,

Objective: Calculate the built-in potential barrier of a pn junction.
Consider a silicon pn junction at 7 = 300 K, doped at N, = 10'¢ cm~ in the
p-region and N; = 10"7cm™ in the n-region.

Solution: From the results of Example 1.1, we have n; = 1.5 x 10'%m—3 for silicon

at room temperature. We then find

(10')(10')
(1.5 x 1010)2

d

NN,
Vi = Vi m( . ):(0.026) m[
n

i

j| =0.757V
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Comment: Because of the log function, the magnitude of Vj; is not a strong function
of the doping concentrations. Therefore, the value of V},; for silicon pn junctions is
usually within 0.1 to 0.2 V of this calculated value.

— EXERCISE PROBLEM

Ex 1.5: (a) Calculate V,; for a GaAs pn junction at 7 = 300K for
N, = 10" cm™ and N; = 107 cm™3 (b) Repeat part (a) for a Germanium pn
junction with the same doping concentrations. (Ans. (a) Vp = 1.23V,
(b) V; =0.374 V).

The potential difference, or built-in potential barrier, across the space-charge
region cannot be measured by a voltmeter because new potential barriers form be-
tween the probes of the voltmeter and the semiconductor, canceling the effects of V.
In essence, Vj; maintains equilibrium, so no current is produced by this voltage.
However, the magnitude of Vj; becomes important when we apply a forward-bias
voltage, as discussed later in this chapter.

1.2.2 Reverse-Biased pn Junction

Assume a positive voltage is applied to the n-region of a pn junction, as shown in
Figure 1.13. The applied voltage Vg induces an applied electric field, E4, in the
semiconductor. The direction of this applied field is the same as that of the E-field
in the space-charge region. The magnitude of the electric field in the space-charge
region increases above the thermal equilibrium value. This increased electric field
holds back the holes in the p-region and the electrons in the n-region, so there is
essentially no current across the pn junction. By definition, this applied voltage
polarity is called reverse bias.

When the electric field in the space-charge region increases, the number of
positive and negative charges must increase. If the doping concentrations are not
changed, the increase in the fixed charge can only occur if the width W of the space-
charge region increases. Therefore, with an increasing reverse-bias voltage Vg,
space-charge width W also increases. This effect is shown in Figure 1.14.

[~ W(VR) —
S AL A0~ - A4 2+a0
} il -1 - + 0+
p i i n p [ n
| T = Ffield -1~ A
| = — = [+++7,
W [~ W(Vg + AVR)~]
m i
Iy - +
Vi V= Vp + AVg
Figure 1.13 A pn junction with an applied reverse-bias voltage, Figure 1.14 Increase in space-charge
showing the direction of the electric field induced by Vg and the width with an increase in reverse bias
direction of the original space-charge electric field. Both electric voltage from Vg to Vi + AVg. Creation
fields are in the same direction, resulting in a larger net electric of additional charges +AQ and —AQ

field and a larger barrier between the p- and n-regions. leads to a junction capacitance.
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Because of the additional positive and negative charges induced in the space-
charge region with an increase in reverse-bias voltage, a capacitance is associated
with the pn junction when a reverse-bias voltage is applied. This junction capaci-
tance, or depletion layer capacitance, can be written in the form

Ve 12

C; = Cj()(l + —) 1.17)
Vi

where Cj, is the junction capacitance at zero applied voltage.

The junction capacitance will affect the switching characteristics of the pn junc-
tion, as we will see later in the chapter. The voltage across a capacitance cannot
change instantaneously, so changes in voltages in circuits containing pn junctions
will not occur instantaneously.

The capacitance—voltage characteristics can make the pn junction useful for
electrically tunable resonant circuits. Junctions fabricated specifically for this pur-
pose are called varactor diodes. Varactor diodes can be used in electrically tunable
oscillators, such as a Hartley oscillator, discussed in Chapter 15, or in tuned ampli-
fiers, considered in Chapter 8.

EXAMPLE 1.6 T ————

Objective: Calculate the junction capacitance of a pn junction.

Consider a silicon pn junction at 7 = 300 K, with doping concentrations of
N, =10 cm~3 and N; = 10" cm™3. Assume that n; = 1.5 x 102 cm™3 and let
Cj, = 0.5 pF. Calculate the junction capacitance at Vg = 1V and Vg =5V.

Solution: The built-in potential is determined by

N,N, (10'9)(10%9)
. = 1 = (0.026)In| ——= | =0.
Vi = Vr n( " ) (0.026) n[(l.s 0wy | = 0637V

The junction capacitance for Vx = 1 V is then found to be

Vi —1/2 1 —1/2

For Vg =5V

ny)
C=05(1+-2-) =0.168pF
i=( )< +0.637> P

Comment: The magnitude of the junction capacitance is usually at or below the
picofarad range, and it decreases as the reverse-bias voltage increases.

(R — EXERCISE PROBLEM

Ex 1.6: A silicon pn junction at 7 = 300 K is doped at N; = 10'®cm~3 and
N, = 107 cm™3. The junction capacitance is to be C; = 0.8 pF when a reverse-

bias voltage of Vx = 5V is applied. Find the zero-biased junction capacitance Cj,.
(Ans. Cj, = 2.21 pF)

As implied in the previous section, the magnitude of the electric field in the
space-charge region increases as the reverse-bias voltage increases, and the maximum
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electric field occurs at the metallurgical junction. However, neither the electric field in
the space-charge region nor the applied reverse-bias voltage can increase indefinitely
because at some point, breakdown will occur and a large reverse bias current will be
generated. This concept will be described in detail later in this chapter.

1.2.3 Forward-Biased pn Junction

We have seen that the n-region contains many more free electrons than the p-region;
similarly, the p-region contains many more holes than the n-region. With zero applied
voltage, the built-in potential barrier prevents these majority carriers from diffusing
across the space-charge region; thus, the barrier maintains equilibrium between the
carrier distributions on either side of the pn junction.

If a positive voltage vp is applied to the p-region, the potential barrier de-
creases (Figure 1.15). The electric fields in the space-charge region are very large
compared to those in the remainder of the p- and n-regions, so essentially all of the
applied voltage exists across the pn junction region. The applied electric field, E,,
induced by the applied voltage is in the opposite direction from that of the thermal
equilibrium space-charge E-field. However, the net electric field is always from the
n- to the p-region. The net result is that the electric field in the space-charge region
is lower than the equilibrium value. This upsets the delicate balance between dif-
fusion and the E-field force. Majority carrier electrons from the n-region diffuse
into the p-region, and majority carrier holes from the p-region diffuse into the n-region.
The process continues as long as the voltage vp is applied, thus creating a current
in the pn junction. This process would be analogous to lowering a dam wall
slightly. A slight drop in the wall height can send a large amount of water (current)
over the barrier.

This applied voltage polarity (i.e., bias) is known as forward bias. The forward-
bias voltage vp must always be less than the built-in potential barrier V.

As the majority carriers cross into the opposite regions, they become minority
carriers in those regions, causing the minority carrier concentrations to increase.
Figure 1.16 shows the resulting excess minority carrier concentrations at the space-
charge region edges. These excess minority carriers diffuse into the neutral n- and
p-regions, where they recombine with majority carriers, thus establishing a steady-
state condition, as shown in Figure 1.16.

T
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Figure 1.15 A pn junction with an applied forward-bias voltage showing the direction of
the electric field induced by V) and the direction of the original space-charge electric field.
The two electric fields are in opposite directions resulting in a smaller net electric field and a
smaller barrier between the p- and n-regions. The net electric field is always from the n- to
the p-region.
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Figure 1.16 Steady-state minority carrier concentrations in a pn junction under forward bias.
The gradients in the minority carrier concentrations generate diffusion currents in the device.

1.2.4 Ideal Current-Voltage Relationship

As shown in Figure 1.16, an applied voltage results in a gradient in the minority car-
rier concentrations, which in turn causes diffusion currents. The theoretical relation-
ship between the voltage and the current in the pn junction is given by

in=Is [e(i'»%) - 1} (1.18)

The parameter /g is the reverse-bias saturation current. For silicon pn junctions,
typical values of /g are in the range of 10~'8 to 10~'? A. The actual value depends on the
doping concentrations and is also proportional to the cross-sectional area of the junc-
tion. The parameter V7 is the thermal voltage, as defined in Equation (1.16), and is ap-
proximately V7 = 0.026 V at room temperature. The parameter 7 is usually called the
emission coefficient or ideality factor, and its value is in the range 1 < n < 2.

The emission coefficient n takes into account any recombination of electrons
and holes in the space-charge region. At very low current levels, recombination may
be a significant factor and the value of n may be close to 2. At higher current levels,
recombination is less a factor, and the value of n will be 1. Unless otherwise stated,
we will assume the emission coefficientis n = 1.

This pn junction, with nonlinear rectifying current characteristics, is called a pn
junction diode.

EXAMPLE 1.7 .-.-“‘

Objective: Determine the current in a pn junction diode.
Consider a pn junction at 7 = 300 K in which Iy = 10~'* A and n = 1. Find the
diode current for vp = +0.70 V and vp = —0.70 V.

Solution: For vp = +0.70 V, the pn junction is forward-biased and we find

ip=1Isle(#) _1] = (10—‘4)[e(%) — 1] = 4.93mA
For vp = —0.70V, the pn junction is reverse-biased and we find
ip=15|(F) —1] = 1079 [eF) 1] = —1071 A
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Comment: Although I is quite small, even a relatively small value of forward-bias
voltage can induce a moderate junction current. With a reverse-bias voltage applied,
the junction current is virtually zero.

(T — EXERCISE PROBLEM

Ex 1.7: (a) A silicon pn junction at 7 = 300 K has a reverse-saturation current of
Is =2 x 107" A. Determine the required forward-bias voltage to produce a
current of (i) Ip =50uA and (ii)) Ip = 1 mA. (b) Repeat part (a) for
Is =2 x 10712 A. (Ans. (a) (i) 0.563 V, (ii) 0.641 V; (b) (i) 0.443 V, (ii) 0.521 V).

i#2.5 pn Junction Diode

Figure 1.17 is a plot of the derived current—voltage characteristics of a pn junction.
For a forward-bias voltage, the current is an exponential function of voltage. Fig-
ure 1.18 depicts the forward-bias current plotted on a log scale. With only a small
change in the forward-bias voltage, the corresponding forward-bias current increases
by orders of magnitude. For a forward-bias voltage vp > +0.1 V, the (—1) term in
Equation (1.18) can be neglected. In the reverse-bias direction, the current is al-
most zero.

Figure 1.19 shows the diode circuit symbol and the conventional current direc-
tion and voltage polarity. The diode can be thought of and used as a voltage con-
trolled switch that is “off” for a reverse-bias voltage and “on” for a forward-bias
voltage. In the forward-bias or “on” state, a relatively large current is produced by a
fairly small applied voltage; in the reverse-bias, or “off” state, only a very small cur-
rent is created.

ip (MA)
5 -
4 -
3 -
2 Forward-bias
region
1 -
Reverse-bias
region
I I L J | |
~1.0 1 0 1.0 vp(V)

ip=—Ig

Figure 1.17 Ideal I-V characteristics of a pn junction diode for I = 107'* A. The diode
current is an exponential function of diode voltage in the forward-bias region and is very
nearly zero in the reverse-bias region. The pn junction diode is a nonlinear electronic device.
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(a)
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Figure 1.19 The basic pn
junction diode: (a) simplified
geometry and (b) circuit
symbol, and conventional
current direction and voltage
polarity

ip (A)
107 |-

104 -
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100 -

Iy T | | | | | | |
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Figure 1.18 Ideal forward-biased /-V characteristics of a pn junction diode, with the current
plotted an a log scale for I = 10~!* A and n = 1. The diode current increases
approximately one order of magnitude for every 60-mV increase in diode voltage.

When a diode is reverse-biased by at least 0.1V, the diode currentisip = —Ig. The
current is in the reverse direction and is a constant, hence the name reverse-bias satura-
tion current. Real diodes, however, exhibit reverse-bias currents that are considerably
larger than . This additional current is called a generation current and is due to electrons
and holes being generated within the space-charge region. Whereas a typical value of I
may be 107'* A, a typical value of reverse-bias current may be 10~ A or 1 nA. Even
though this current is much larger than I, it is still small and negligible in most cases.

Temperature Effects

Since both /g and Vrare functions of temperature, the diode characteristics also vary with
temperature. The temperature-related variations in forward-bias characteristics are illus-
trated in Figure 1.20. For a given current, the required forward-bias voltage decreases as
temperature increases. For silicon diodes, the change is approximately 2 mV/°C.

The parameter Is is a function of the intrinsic carrier concentration n;, which in
turn is strongly dependent on temperature. Consequently, the value of Iy approxi-
mately doubles for every 5 °C increase in temperature. The actual reverse-bias diode
current, as a general rule, doubles for every 10 °C rise in temperature. As an example
of the importance of this effect, the relative value of n; in germanium, is large,
resulting in a large reverse-saturation current in germanium-based diodes. Increases
in this reverse current with increases in the temperature make the germanium diode
highly impractical for most circuit applications.

Breakdown Voltage
When a reverse-bias voltage is applied to a pn junction, the electric field in the space-
charge region increases. The electric field may become large enough that covalent
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Figure 1.20 Forward-biased pn junction Figure 1.21 Reverse-biased diode characteristics
characteristics versus temperature. The required showing breakdown for a low-doped pn junction and
diode voltage to produce a given current decreases a high-doped pn junction. The reverse-bias current
with an increase in temperature. increases rapidly once breakdown has occurred.

bonds are broken and electron-hole pairs are created. Electrons are swept into the
n-region and holes are swept into the p-region by the electric field, generating a large
reverse bias current. This phenomenon is called breakdown. The reverse-bias cur-
rent created by the breakdown mechanism is limited only by the external circuit. If
the current is not sufficiently limited, a large power can be dissipated in the junction
that may damage the device and cause burnout. The current—voltage characteristic of
a diode in breakdown is shown in Figure 1.21.

The most common breakdown mechanism is called avalanche breakdown,
which occurs when carriers crossing the space charge region gain sufficient kinetic
energy from the high electric field to be able to break covalent bonds during a
collision process. The basic avalanche multiplication process is demonstrated in
Figure 1.22. The generated electron—hole pairs can themselves be involved in a col-
lision process generating additional electron—hole pairs, thus the avalanche
process. The breakdown voltage is a function of the doping concentrations in the

p Space charge region n
-
E — Field
(oA
\ ©)
1
()~ ®’/
\ O,
(+)\ ®
\ ) —
n, /,/' ~— ) P,
Diffusion of ) ® - Diffusion
electrons ~~0) of holes

Figure 1.22 The avalanche multiplication process in the space charge region. Shown are the
collisions of electrons creating additional electron—hole pairs. Holes can also be involved in
collisions creating additional electron—hole pairs.
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n- and p-regions of the junction. Larger doping concentrations result in smaller
breakdown voltages.

A second breakdown mechanism is called Zener breakdown and is a result of
tunneling of carriers across the junction. This effect is prominent at very high doping
concentrations and results in breakdown voltages less than 5 V.

The voltage at which breakdown occurs depends on fabrication parameters of the
pn junction, but is usually in the range of 50 to 200 V for discrete devices, although
breakdown voltages outside this range are possible—in excess of 1000 V, for example.
A pn junction is usually rated in terms of its peak inverse voltage or PIV. The PIV of a
diode must never be exceeded in circuit operation if reverse breakdown is to be avoided.

Diodes can be fabricated with a specifically designed breakdown voltage and are
designed to operate in the breakdown region. These diodes are called Zener diodes
and are discussed later in this chapter as well as in the next chapter.

Switching Transient

Since the pn junction diode can be used as an electrical switch, an important para-
meter is its transient response, that is, its speed and characteristics, as it is switched
from one state to the other. Assume, for example, that the diode is switched from the
forward-bias “on” state to the reverse-bias “off” state. Figure 1.23 shows a simple
circuit that will switch the applied voltage at time t = 0. For ¢ < 0, the forward-bias
current ip is

ip=1Ip=——"2 (1.19)

The minority carrier concentrations for an applied forward-bias voltage and an
applied reverse-bias voltage are shown in Figure 1.24. Here, we neglect the change
in the space charge region width. When a forward-bias voltage is applied, excess
minority carrier charge is stored in both the p- and n-regions. The excess charge is the
difference between the minority carrier concentrations for a forward-bias voltage and
those for a reverse-bias voltage as indicated in the figure. This charge must be
removed when the diode is switched from the forward to the reverse bias.

Minority carrier
concentrations
| |

I I
I I
I I
——+— Forward bias

IFT Excess minority Excess minority
carrier electrons carrier holes
Rp Rg
i
+ _
Vi — — W
_ "|' +
_L / x'=0 x=0
= Reverse bias
Figure 1.23 Simple circuit for switching a Figure 1.24 Stored excess minority carrier charge

diode from forward to reverse bias

under forward bias compared to reverse bias. This
charge must be removed as the diode is switched
from forward to reverse bias.
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Figure 1.25 Current characteristics versus time during diode switching

As the forward-bias voltage is removed, relatively large diffusion currents are
created in the reverse-bias direction. This happens because the excess minority car-
rier electrons flow back across the junction into the n-region, and the excess minor-
ity carrier holes flow back across the junction into the p-region.

The large reverse-bias current is initially limited by resistor Rg to approximately

ip=—If = (1.20)

The junction capacitances do not allow the junction voltage to change instanta-
neously. The reverse current Iz is approximately constant for 0" < ¢ < z,, where £, is
the storage time, which is the length of time required for the minority carrier con-
centrations at the space-charge region edges to reach the thermal equilibrium values.
After this time, the voltage across the junction begins to change. The fall time # is
typically defined as the time required for the current to fall to 10 percent of its initial
value. The total turn-off time is the sum of the storage time and the fall time.
Figure 1.25 shows the current characteristics as this entire process takes place.

In order to switch a diode quickly, the diode must have a small excess minority
carrier lifetime, and we must be able to produce a large reverse current pulse.
Therefore, in the design of diode circuits, we must provide a path for the transient
reverse-bias current pulse. These same transient effects impact the switching of tran-
sistors. For example, the switching speed of transistors in digital circuits will affect
the speed of computers.

The turn-on transient occurs when the diode is switched from the “off” state to
the forward-bias “on” state, which can be initiated by applying a forward-bias current
pulse. The transient turn-on time is the time required to establish the forward-bias
minority carrier distributions. During this time, the voltage across the junction grad-
ually increases toward its steady-state value. Although the turn-on time for the pn
junction diode is not zero, it is usually less than the transient turn-off time.

Test Your Understanding

TYU 1.6 (a) Determine V,; for a silicon pn junction at 7 =300 K for N, =
10" cm™3 and N; =5 x 10' cm™3. (b) Repeat part (a) for a GaAs pn junction.
(c) Repeat part (a) for a Ge pn junction. (Ans. (a) 0.679 'V, (b) 1.15V, (c) 0.296 V).

TYU 1.7 A silicon pn junction diode at 7 = 300 K has a reverse-saturation current
of Iy = 107! A. (a) Determine the forward-bias diode current for (i) Vp = 0.55V,
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(i) Vp = 0.65 V, and (iii) Vp = 0.75 V, (b) Find the reverse-bias diode current for
() Vp = —0.55V and (i) Vo = —2.5 V. (Ans. (a) (i) 0.154 wA, (i) 7.20 pA,
(iii) 0337 mA; (b) (i) —10~'6 A, (ii) —10~16 A).

TYU 1.8 Recall that the forward-bias diode voltage decreases approximately by
2 mV/°C for silicon diodes with a given current. If Vp = 0.650 V at Ip = 1 mA for
a temperature of 25 °C, determine the diode voltage at I, = 1 mA for T = 125 °C.
(Ans. Vp =0.450V)

213 DIODE CIRCUITS: DC ANALYSIS AND MODELS

Objective: ® Examine dc analysis techniques for diode circuits using
various models to describe the diode characteristics.

In this section, we begin to study the diode in various circuit configurations. As
we have seen, the diode is a two-terminal device with nonlinear i—v characteris-
tics, as opposed to a two-terminal resistor, which has a linear relationship between
current and voltage. The analysis of nonlinear electronic circuits is not as straight-
forward as the analysis of linear electric circuits. However, there are electronic
functions that can be implemented only by nonlinear circuits. Examples include
the generation of dc voltages from sinusoidal voltages and the implementation of
logic functions.

Mathematical relationships, or models, that describe the current—voltage
characteristics of electrical elements allow us to analyze and design circuits without
having to fabricate and test them in the laboratory. An example is Ohm’s law, which
describes the properties of a resistor. In this section, we will develop the dc analysis
and modeling techniques of diode circuits.

This section considers the current—voltage characteristics of the pn junction
diode in order to construct various circuit models. Large-signal models are initially
developed that describe the behavior of the device with relatively large changes in
voltages and currents. These models simplify the analysis of diode circuits and make
the analysis of relatively complex circuits much easier. In the next section, we will
consider a small-signal model of the diode that will describe the behavior of the pn
junction with small changes in voltages and currents. It is important to understand the
difference between large-signal and small-signal models and the conditions when
they are used.

To begin to understand diode circuits, consider a simple diode application. The
current—voltage characteristics of the pn junction diode were given in Figure 1.17.
An ideal diode (as opposed to a diode with ideal /-V characteristics) has the char-
acteristics shown in Figure 1.26(a). When a reverse-bias voltage is applied, the cur-
rent through the diode is zero (Figure 1.26(b)); when current through the diode is
greater than zero, the voltage across the diode is zero (Figure 1.26(c)). An external
circuit connected to the diode must be designed to control the forward current
through the diode.

One diode circuit is the rectifier circuit shown in Figure 1.27(a). Assume that
the input voltage v; is a sinusoidal signal, as shown in Figure 1.27(b), and the diode
is an ideal diode (see Figure 1.26(a)). During the positive half-cycle of the sinusoidal
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Conducting ip=0 ip
state o o o—o0
Reverse bias + vp — + vp -
/—%
0 vp (vp<0,ip=0) (ip>0,vp=0)
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Figure 1.26 The ideal diode: (a) the /-V characteristics of the ideal diode, (b) equivalent
circuit under reverse bias (an open circuit), and (c) equivalent circuit in the conducting state
(a short circuit)

;>0 v;<0

(© (d) (e)

Figure 1.27 The diode rectifier: (a) circuit, (b) sinusoidal input signal, (c) equivalent circuit
for v; > 0, (d) equivalent circuit for v; < 0, and (e) rectified output signal

input, a forward-bias current exists in the diode and the voltage across the diode is
zero. The equivalent circuit for this condition is shown in Figure 1.27(c). The output
voltage v is then equal to the input voltage. During the negative half-cycle of the
sinusoidal input, the diode is reverse biased. The equivalent circuit for this condition
is shown in Figure 1.27(d). In this part of the cycle, the diode acts as an open circuit,
the current is zero, and the output voltage is zero. The output voltage of the circuit is
shown in Figure 1.27(e).

Over the entire cycle, the input signal is sinusoidal and has a zero average value;
however, the output signal contains only positive values and therefore has a positive
average value. Consequently, this circuit is said to rectify the input signal, which is
the first step in generating a dc voltage from a sinusoidal (ac) voltage. A dc voltage is
required in virtually all electronic circuits.

As mentioned, the analysis of nonlinear circuits is not as straightforward as that
of linear circuits. In this section, we will look at four approaches to the dc analysis of
diode circuits: (a) iteration; (b) graphical techniques; (c) a piecewise linear modeling
method; and (d) a computer analysis. Methods (a) and (b) are closely related and are
therefore presented together.

wt
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Vps=5V =

11
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Figure 1.28 A simple diode
circuit

1.3.1 Iteration and Graphical Analysis Techniques

Iteration means using trial and error to find a solution to a problem. The graphical
analysis technique involves plotting two simultaneous equations and locating their
point of intersection, which is the solution to the two equations. We will use both
techniques to solve the circuit equations, which include the diode equation. These
equations are difficult to solve by hand because they contain both linear and expo-
nential terms.

Consider, for example, the circuit shown in Figure 1.28, with a dc voltage Vpg
applied across a resistor and a diode. Kirchhoff’s voltage law applies both to non-
linear and linear circuits, so we can write

Vps =IpR+ Vp (1.21(a))
which can be rewritten as
Ves Vb
Ip=——— 1.21(b
D R A (1.21(b))

[Note: In the remainder of this section in which dc analysis is emphasized, the dc
variables are denoted by uppercase letters and uppercase subscripts.]
The diode voltage Vp, and current /j, are related by the ideal diode equation as

Ip = ls[e(%) - 1] (1.22)

where I is assumed to be known for a particular diode.
Combining Equations (1.21(a)) and (1.22), we obtain

Vps = ISR[e(V'_?) _ 1] V), (1.23)

which contains only one unknown, V. However, Equation (1.23) is a transcendental
equation and cannot be solved directly. The use of iteration to find a solution to this
equation is demonstrated in the following example.

EXAMPLE 1.8 _— ,l

Objective: Determine the diode voltage and current for the circuit shown in
Figure 1.28.
Consider a diode with a given reverse-saturation current of Iy = 10713 A.

Solution: We can write Equation (1.23) as
5= (1072 x 103)[e(Wl36) — 1] +Vp (1.24)

If we first try Vp = 0.60 V, the right side of Equation (1.24) is 2.7 V, so the equa-
tion is not balanced and we must try again. If we next try Vp = 0.65 V, the right
side of Equation (1.24) is 15.1 V. Again, the equation is not balanced, but we can
see that the solution for Vp is between 0.6 and 0.65 V. If we continue refining our
guesses, we will be able to show that, when Vp = 0.619 V, the right side of Equa-
tion (1.29) is 4.99 V, which is essentially equal to the value of the left side of the
equation.
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The current in the circuit can then be determined by dividing the voltage differ-
ence across the resistor by the resistance, or

_ Ves—Vp _ 5-0.619

Ip = = =2.19mA
D R > m

Comment: Once the diode voltage is known, the current can also be determined
from the ideal diode equation. However, dividing the voltage difference across a re-
sistor by the resistance is usually easier, and this approach is used extensively in the
analysis of diode and transistor circuits.

f EXERCISE PROBLEM

Ex 1.8: Consider the circuit in Figure 1.28. Let Vpg =4V, R =4k, and
Is = 10~ '2A. Determine V), and Ip, using the ideal diode equation and the itera-
tion method. (Ans. Vp = 0.535V, Ip = 0.866 mA)

To use a graphical approach to analyze the circuit, we go back to Kirchhoff’s
voltage law, as expressed by Equation (1.21(a)), which was Vps = IpR + Vp. Solv-
ing for the current I, we have

1 Ves Vo

R R
which was also given by Equation (1.21(b)). This equation gives a linear relation be-
tween the diode current /p and the diode voltage V) for a given power supply volt-
age Vpg and resistance R. This equation is referred to as the circuit load line, and is
usually plotted on a graph with the current I as the vertical axis and the voltage Vp
as the horizontal axis.

From Equation (1.21(b)), we see that if Ip = 0, then Vp = Vpg which is the
horizontal axis intercept. Also from this equation, if Vp =0, then Ip = Vps/R
which is the vertical axis intercept. The load line can be drawn between these two
points. From Equation (1.21(b)), we see that the slope of the load line is —1/R.

Using the values given in Example (1.8), we can plot the straight line shown in
Figure 1.29. The second plot in the figure is that of Equation (1.22), which is the ideal
diode equation relating the diode current and voltage. The intersection of the load
line and the device characteristics curve provides the dc current Ip =~ 2.2 mA
through the diode and the dc voltage Vp =~ 0.62 V across the diode. This point is
referred to as the quiescent point, or the Q-point.

The graphical analysis method can yield accurate results, but it is somewhat
cumbersome. However, the concept of the load line and the graphical approach are
useful for “visualizing” the response of a circuit, and the load line is used extensively
in the evaluation of electronic circuits.

ili=.2 Piecewise Linear Model

Another, simpler way to analyze diode circuits is to approximate the diode’s
current—voltage characteristics, using linear relationships or straight lines. Figure 1.30,
for example, shows the ideal current—voltage characteristics and two linear
approximations.
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Figure 1.29 The diode and load line characteristics for the circuit shown in Figure 1.28
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Figure 1.30 The diode /-V characteristics and two linear approximations. The linear
approximations form the piecewise linear model of the diode.

For Vp > V,,, we assume a straight-line approximation whose slope is 1/7y,
where V,, is the turn-on, or cut-in, voltage of the diode, and r; is the forward diode
resistance. The equivalent circuit for this linear approximation is a constant-voltage
source in series with a resistor (Figure 1.31(a)).> For V), < V,,, we assume a straight-line

21t is important to keep in mind that the voltage source in Figure 1.31(a) only represents a voltage drop for
Vp > V,. When Vp < V,,, the V,, source does not produce a negative diode current. For Vp < V,, the
equivalent circuit in Figure 1.31(b) must be used.
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Figure 1.31 The diode piecewise equivalent circuit (a) in the “on” condition when Vp > V,,,
(b) in the “off” condition when Vp < V,,, and (c) piecewise linear approximation when

ry = 0. When ry = 0, the voltage across the diode is a constant at Vp = V,, when the diode
is conducting.

approximation parallel with the Vp axis at the zero current level. In this case, the
equivalent circuit is an open circuit (Figure 1.31(b)).

This method models the diode with segments of straight lines; thus the name
piecewise linear model. If we assume ry = 0, the piecewise linear diode character-
istics are shown in Figure 1.31(c).

EXAMPLE 1.9 —_— ,l

Objective: Determine the diode voltage and current in the circuit shown in Fig-
ure 1.28, using a piecewise linear model. Also determine the power dissipated in the
diode.

Assume piecewise linear diode parameters of V), = 0.6 V and r; = 10 Q2.

Solution: With the given input voltage polarity, the diode is forward biased or
“turned on,” so Ip > 0. The equivalent circuit is shown in Figure 1.31(a). The diode
current is determined by

_ Ves—V,  5-06

- - = 2.19mA
DT TRy, T 2x10° 110 "

and the diode voltage is

Vp =V, +Ipr; = 0.6+ (2.19 x 107)(10) = 0.622V
The power dissipated in the diode is given by

Pp=1pVp
We then find

Pp =(2.19)(0.622) = 1.36 mW

Comment: This solution, obtained using the piecewise linear model, is nearly equal
to the solution obtained in Example 1.8, in which the ideal diode equation was used.
However, the analysis using the piecewise-linear model in this example is by far eas-
ier than using the actual diode /-V characteristics as was done in Example 1.8. In
general, we are willing to accept some slight analysis inaccuracy for ease of analysis.
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(T — EXERCISE PROBLEM

Ex 1.9: (a) Consider the circuit shown in Figure 1.28. Let Vpg =8V and
V), = 0.7V, Assume ry = 0. Calculate the value of R such that /p = 1.20 mA.
(b) If Vpg is reduced to 4 V and R is changed to 3.5 k2, determine the power dis-
sipated in the diode. (Ans. (a) 6.08 k€2, (b) 0.66 mW).

Because the forward diode resistance 7y in Example 1.9 is much smaller than the
circuit resistance R, the diode current /p is essentially independent of the value of r;.
In addition, if the cut-in voltage is 0.7 V instead of 0.6 V, the calculated diode current
will be 2.15 mA, which is not significantly different from the previous results. There-
fore, the calculated diode current is not a strong function of the cut-in voltage.
Consequently, we will often assume a cut-in voltage of 0.7 V for silicon pn junction
diodes.

The concept of the load line and the piecewise linear model can be combined in
diode circuit analyses. From Kirchhoff’s voltage law, the load line for the circuit
shown in Figure 1.28 and for the piecewise linear model of the diode can be written
as

Ves =IpR+V,

where V,, is the diode cut-in voltage. We can assume V,, = 0.7 V. Various load lines
can be determined and plotted for the following circuit conditions:

A: VPS =5V, R =2kQ
B: VPSZSV, R =4kQ
C: VPS =25 V, R =2kQ
D: Vps =25V, R =4kQ

The load line for condition A is plotted in Figure 1.32(a). Also plotted in the figure
are the piecewise linear characteristics of the diode. The intersection of the two
curves corresponds to the Q-point. For this case, the quiescent diode current is
Ipp =2.15mA.

Figure 1.32(b) shows the same piecewise linear characteristics of the diode. In
addition, all four load lines, defined by the conditions listed above in A, B, C, and D
are plotted on the figure. We see that the Q-point of the diode is a function of the load
line. The Q-point changes for each load line.

The load line concept is also useful when the diode is reverse biased. Figure 1.33 (a)
shows the same diode circuit as before, but with the direction of the diode reversed.

Ip (mA) Ip (mA)

| Q-points
[ —
2.5 | _— Q-point 25 R=4kQ
2.15 ! R=2kQ
} 125 Vps=3V
Vpg=25V
| 0.625 ps
J
0.7V 5 Vp(volts) 0.7 2.5 5 Vp(volts)
(@) (b)

Figure 1.32 Piecewise linear diode approximation superimposed on (a) load line for
Vps =5V, R =2k and (b) several load lines. The Q-point of the diode changes when the
load line changes.
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Figure 1.33 Reverse-biased diode (a) circuit and (b) piecewise linear approximation and
load line

The diode current I, and voltage V), shown are the usual forward-biased parameters.
Applying Kirchhoftf’s voltage law, we can write

VPS = IPSR — VD = —IDR — VD (1.25(3))
or
Ves Vb
Ip=—"7"-—— 1.25(b
D R R (1.25(b))

where Ip = —Ips. Equation (1.25(b)) is the load line equation. The two end points
are found by setting Ip = 0, which yields Vp = —Vpg = —5V, and by setting
Vp = 0, which yields Ip = —Vpg/R = —5/2 = —2.5mA. The diode characteris-
tics and the load line are plotted in Figure 1.33(b). We see that the load line is now in
the third quadrant, where it intersects the diode characteristics curve at Vp = =5V
and Ip = 0, demonstrating that the diode is reverse biased.

Although the piecewise linear model may yield solutions that are less accurate
than those obtained with the ideal diode equation, the analysis is much easier.

1.3.3 Computer Simulation and Analysis

Today’s computers are capable of using detailed simulation models of various com-
ponents and performing complex circuit analyses quickly and relatively easily. Such
models can factor in many diverse conditions, such as the temperature dependence of
various parameters. One of the earliest, and now the most widely used, circuit analy-
sis programs is the simulation program with integrated circuit emphasis (SPICE).
This program, developed at the University of California at Berkeley, was first re-
leased about 1973, and has been continuously refined since that time. One outgrowth
of SPICE is PSpice, which is designed for use on personal computers.

EXAMPLE 1.10 T ——

Objective: Determine the diode current and voltage characteristics of the circuit
shown in Figure 1.28 using a PSpice analysis.

Solution: Figure 1.34(a) is the PSpice circuit schematic diagram. A standard
1N4002 diode from the PSpice library was used in the analysis. The input voltage V1
was varied (dc sweep) from 0 to 5 V. Figure 1.34(b) and (c) shows the diode voltage
and diode current characteristics versus the input voltage.
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Figure 1.34 (a) PSpice circuit schematic, (b) diode voltage, and (c) diode current for
Example 1.10

Discussion: Several observations may be made from the results. The diode voltage
increases at almost a linear rate up to approximately 400 mV without any discernible
(mA) current being measured. For an input voltage greater than approximately
500 mV, the diode voltage increases gradually to a value of about 610 mV at the max-
imum input voltage. The current also increases to a maximum value of approximately
2.2 mA at the maximum input voltage. The piecewise linear model predicts quite
accurate results at the maximum input voltage. However, these results show that there is
definitely a non-linear relation between the diode current and diode voltage. We must
keep in mind that the piecewise linear model is an approximation technique that
works very well in many applications.

[ — EXERCISE PROBLEM

Ex 1.10: The resistor parameter in the circuit shown in Figure 1.28 is changed to
R = 20k<2. Using a PSpice analysis, plot the diode current /;, and diode voltage
Vp versus the power supply voltage Vpg over the range 0 < Vpg < 10 V.

1.3.4 Summary of Diode Models

The two dc diode models used in the hand analysis of diode circuits are: the ideal
diode equation and the piecewise linear approximation. For the ideal diode equation,
the reverse-saturation current /g must be specified. For the piecewise linear model,
the cut-in voltage V, and forward diode resistance r; must be specified. In most
cases, however, r is assumed to be zero unless otherwise given.

The particular model that should be used in a specific application or situation is
a compromise between accuracy and ease of calculation. This decision comes with
experience. In general, a simple model can be used in an initial design for ease of
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calculation. In a final design, we may want to use a computer simulation for better
accuracy. However, it is very important to understand that the diode model or diode
parameters used in the computer simulation must correspond to the actual diode
parameters used in the circuit to ensure that the results are meaningful.

Test Your Understanding

TYU 1.9 Consider the diode and circuit in Exercise EX 1.8. Determine Vp and Ip,
using the graphical technique. (Ans. Vp = 0.54V, Ip = 0.87 mA)

TYU 1.10 Consider the circuit in Figure 1.28. Let R = 4 k2 and V,, = 0.7 V. Deter-
mine Ip for (a) Vps = 0.5V, (b) Vps =2V, (c) Vps =5V, (d) Vps = —1V, and
(e) Vps = —5 V. (Ans. (a) 0, (b) 0.325 mA, (c) 1.075 mA, (d) 0, (e) 0).

TYU 1.11 The power supply (input) voltage in the circuit of Figure 1.28 is Vpg =
10 V and the diode cut-in voltage is V,, = 0.7 V (assume r; = 0). The power dissi-
pated in the diode is to be no more than 1.05 mW. Determine the maximum diode
current and the minimum value of R to meet the power specification. (Ans. Ip = 1.5
mA, R = 6.2kRQ)

14  DIODE CIRCUITS: AC EQUIVALENT CIRCUIT

Objective: ® Develop an equivalent circuit for a diode that is used
when a small, time-varying signal is applied to a diode circuit.

Up to this point, we have only looked at the dc characteristics of the pn junction
diode. When semiconductor devices with pn junctions are used in linear amplifier
circuits, the time-varying, or ac, characteristics of the pn junction become important,
because sinusoidal signals may be superimposed on the dc currents and voltages. The
following sections examine these ac characteristics.

1.4.1 Sinusoidal Analysis

In the circuit shown in Figure 1.35(a), the voltage source v; is assumed to be a sinu-
soidal, or time-varying, signal. The total input voltage v; is composed of a dc
component Vpg and an ac component v; superimposed on the dc value. To investigate
this circuit, we will look at two types of analyses: a dc analysis involving only the dc
voltages and currents, and an ac analysis involving only the ac voltages and currents.

Current-Voltage Relationships

Since the input voltage contains a dc component with an ac signal superimposed,
the diode current will also contain a dc component with an ac signal superimposed, as
shown in Figure 1.35(b). Here, Ip is the dc quiescent diode current. In addition, the
diode voltage will contain a dc value with an ac signal superimposed, as shown in
Figure 1.35(c). For this analysis, assume that the ac signal is small compared to the dc
component, so that a linear ac model can be developed from the nonlinear diode.
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Figure 1.35 AC circuit analysis: (a) circuit with combined dc and sinusoidal input
voltages, (b) sinusoidal diode current superimposed on the quiescent current, (c) sinusoidal
diode voltage superimposed on the quiescent value, and (d) forward-biased diode /-V
characteristics with a sinusoidal current and voltage superimposed on the quiescent
values

The relationship between the diode current and voltage can be written as

ip = Ie(#) = 1o (F5) (1.26)

where Vp is the dc quiescent voltage and v, is the ac component. We are neglecting
the —1 term in the diode equation given by Equation (1.22). Equation (1.26) can be
rewritten as

ip=Is [e(v‘[ﬁg)} : [e(?‘i)} (1.27)

If the ac signal is “small,” then v, < V7, and we can expand the exponential func-
tion into a linear series, as follows:

(#) =4 b2
) =142 (1.28)

T

We may also write the quiescent diode current as

Vpo
I[)Q = 156(”'77') (1.29)
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(b)

Figure 1.36 Equivalent circuits: (a) dc and (b) ac

The diode current—voltage relationship from Equation (1.27) can then be written as
‘ Va Ipg .
lD:IDQ 1+ — IIDQ+—-Ud=IDQ+ld (1.30)
Vr Vr

where iy is the ac component of the diode current. The relationship between the ac
components of the diode voltage and current is then

I
iy = (—Q) g = g va (1.31())
Vr
or
1%
Vg = <_T) g =rg-ig (1.31(b))
Ipo

The parameters g; and r,, respectively, are the diode small-signal incremental con-
ductance and resistance, also called the diffusion conductance and diffusion
resistance. We see from these two equations that
1 Vr
rg = — =

- (1.32)
g Ipo

This equation tells us that the incremental resistance is a function of the dc bias cur-
rent Ipo and is inversely proportional to the slope of the I-V characteristics curve, as
shown in Figure 1.35(d).

Circuit Analysis
To analyze the circuit shown in Figure 1.35(a), we first perform a dc analysis and
then an ac analysis. These two types of analyses will use two equivalent circuits.
Figure 1.36(a) is the dc equivalent circuit that we have seen previously. If the diode
is forward biased, then the voltage across the diode is the piecewise linear turn-on
voltage.

Figure 1.36(b) is the ac equivalent circuit. The diode has been replaced by its
equivalent resistance ry. All parameters in this circuit are the small-signal time-
varying parameters.

EXAMPLE 1.11 . ----“

Objective: Analyze the circuit shown in Figure 1.35(a).
Assume circuit and diode parameters of Vpg =5V, R =5k, V, =0.6V, and
v; = 0.1sinwz (V).
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Solution: Divide the analysis into two parts: the dc analysis and the ac analysis.
For the dc analysis, we set v; = 0 and then determine the dc quiescent current
from Figure 1.36(a) as

Ves=Vy _ 5706 _ g8 ma
R 5

Ipg =

The dc value of the output voltage is
Vo =1IpoR =(0.88)(5) =44V

For the ac analysis, we consider only the ac signals and parameters in the circuit
in Figure 1.36(b). In other words, we effectively set Vps = 0. The ac Kirchhoff volt-
age law (KVL) equation becomes

Vi =ligrq +iaR =iq(ra + R)

where r, is again the small-signal diode diffusion resistance. From Equation (1.32),
we have

V. 0.026
Fg= —— = ——— = 0.0295 kQ
Ipo 0.88
The ac diode current is
. v; 0.1 sin wt .
ig= = = 19.9sinwt (1A)

ra+ R 0.0295+5
The ac component of the output voltage is

v, = igR = 0.0995 sinwt (V)

Comment: Throughout the text, we will divide the circuit analysis into a dc analysis
and an ac analysis. To do so, we will use separate equivalent circuit models for each
analysis.

[ — EXERCISE PROBLEM

Ex 1.11: (a) The circuit and diode parameters for the circuit shown in Figure
1.35(a) are Vpg =8V, R =20k, V), = 0.7V, and v; = 0.25sinwt (V). Deter-
mine the quiescent diode current and the time-varying diode current. (b) Repeat
part (a) if the resistor is changed to R = 10 k2. (Ans. (a) Ipgp = 0.365 mA,
i = 12.5sinwt (uA); (b) Ipg = 0.730 mA, iy = 24.9 sinwt (1A)).

Frequency Response
In the previous analysis, we implicitly assumed that the frequency of the ac signal
was small enough that capacitance effects in the circuit would be negligible. If the
frequency of the ac input signal increases, the diffusion capacitance associated with
a forward-biased pn junction becomes important. The source of the diffusion capac-
itance is shown in Figure 1.37.

Consider the minority carrier hole concentration on the right side of the figure.
At the quiescent diode voltage, Vp ¢, the minority carrier hole concentration is shown
as the solid line and indicated by pyv,,, -
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Figure 1.37 Change in minority carrier stored charge with a time-varying voltage
superimposed on a dc quiescent diode voltage. The change in stored charge leads to a diode
diffusion capacitance.

If the total diode voltage increases by AV during the positive half cycle of a
sinusoidal signal superimposed on the quiescent value, the hole concentration will in-
crease to that shown by the dotted line indicated by pyv,,+av. Now, if the total diode
voltage decreases by AV during the negative half cycle of a sinusoidal signal superim-
posed on the quiescent value, the hole concentration will decrease to that shown by the
dotted line indicated by py|v,,,—av. The +AQ charge is alternately being charged and
discharged through the pn junction as the voltage across the junction changes.

The same process is occurring with the minority carrier electrons in the p-region.

The diffusion capacitance is the change in the stored minority carrier charge that
is caused by a change in the voltage, or

a9

C, =
T av,

(1.33)
The diffusion capacitance C, is normally much larger than the junction capacitance
C;, because of the magnitude of the charges involved.

1.4.2 Small-Signal Equivalent Circuit

The small-signal equivalent circuit of the forward-biased pn junction is shown in
Figure 1.38 and is developed partially from the equation for the admittance, which
is given by

Y =g4+ joCy (1.34)

where g; and C; are the diffusion conductance and capacitance, respectively. We
must also add the junction capacitance, which is in parallel with the diffusion resis-
tance and capacitance, and a series resistance, which is required because of the finite
resistances in the neutral n- and p-regions.

The small-signal equivalent circuit of the pn junction is used to obtain the ac
response of a diode circuit subjected to ac signals superimposed on the Q-point
values. Small-signal equivalent circuits of pn junctions are also used to develop
small-signal models of transistors, and these models are used in the analysis and
design of transistor amplifiers.

Tq

K

Figure 1.38 Small-signal
equivalent circuit of the
diode: (a) simplified version
and (b) complete circuit
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Test Your Understanding

TYU 1.12 Determine the diffusion conductance of a pn junction diode at 7 = 300 K
and biased at a current of 0.8 mA. (Ans. g; = 30.8 mS)

TYU 1.13 Determine the small-signal diffusion resistance of a pn junction diode at
Ip =10 A, 100 pA, and 1 mA. (Ans. 2.6 k2, 260 2,26 2).

TYU 1.14 The diffusion resistance of a pn junction diode at 7 = 300 K is deter-
mined to be r; = 50 2. What is the quiescent diode current? (Ans. Ipyp = 0.52 mA)

15  OTHER DIODE TYPES

Objective: ® Gain an understanding of the properties and character-
istics of a few specialized diodes.

There are many other types of diodes with specialized characteristics that are
useful in particular applications. We will briefly consider only a few of these diodes.
We will consider the solar cell, photodiode, light-emitting diode, Schottky diode, and
Zener diode.

1.5.1 Solar Cell

A solar cell is a pn junction device with no voltage directly applied across the junc-
tion. The pn junction, which converts solar energy into electrical energy, is connected
to a load as indicated in Figure 1.39. When light hits the space-charge region, elec-
trons and holes are generated. They are quickly separated and swept out of the space-
charge region by the electric field, thus creating a photocurrent. The generated
photocurrent will produce a voltage across the load, which means that the solar cell
has supplied power. Solar cells are usually fabricated from silicon, but may be made
from GaAs or other III-V compound semiconductors.

Solar cells have long been used to power the electronics in satellites and space
vehicles, and also as the power supply to some calculators. Solar cells are also used
to power race cars in a Sunrayce event. Collegiate teams in the United States design,

Solar energy

e

E-field
P n
Photocurrent
Ry
MW
[— + _
Ly, %

Figure 1.39 A pn junction solar cell connected to load
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build and drive the race cars. Typically, a Sunrayce car has 8 m” of solar cell arrays
that can produce 800 W of power on a sunny day at noon. The power from the solar
array can be used either to power an electric motor or to charge a battery pack.

1.5.2 Photodiode

Photodetectors are devices that convert optical signals into electrical signals. An
example is the photodiode, which is similar to a solar cell except that the pn junction
is operated with a reverse-bias voltage. Incident photons or light waves create excess
electrons and holes in the space-charge region. These excess carriers are quickly sep-
arated and swept out of the space-charge region by the electric field, thus creating a
“photocurrent.” This generated photocurrent is directly proportional to the incident
photon flux.

1.5.3 Light-Emitting Diode

The light-emitting diode (LED) converts current to light. As previously explained,
when a forward-bias voltage is applied across a pn junction, electrons and holes flow
across the space-charge region and become excess minority carriers. These excess
minority carriers diffuse into the neutral semiconductor regions, where they recom-
bine with majority carriers. If the semiconductor is a direct bandgap material, such
as GaAs, the electron and hole can recombine with no change in momentum, and a
photon or light wave can be emitted. Conversely, in an indirect bandgap material,
such as silicon, when an electron and hole recombine, both energy and momentum
must be conserved, so the emission of a photon is very unlikely. Therefore, LEDs
are fabricated from GaAs or other compound semiconductor materials. In an LED,
the diode current is directly proportional to the recombination rate, which means
that the output light intensity is also proportional to the diode current.

Monolithic arrays of LEDs are fabricated for numeric and alphanumeric dis-
plays, such as the readout of a digital voltmeter.

An LED may be integrated into an optical cavity to produce a coherent photon
output with a very narrow bandwidth. Such a device is a laser diode, which is used in
optical communications applications.

The LED can be used in conjunction with a photodiode to create an optical sys-
tem such as that shown in Figure 1.40. The light signal created may travel over

Transmitter
Sema creu [ LED
g Optical
fiber
Receiver
Photodiode | Amplifier O-utput
signal

Figure 1.40 Basic elements in an optical transmission system
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relatively long distances through the optical fiber, because of the low optical absorp-
tion in high-quality optical fibers.

1.5.4 Schottky Barrier Diode

A Schottky barrier diode, or simply a Schottky diode, is formed when a metal, such
as aluminum, is brought into contact with a moderately doped n-type semiconduc-
tor to form a rectifying junction. Figure 1.41(a) shows the metal-semiconductor
contact, and Figure 1.41(b) shows the circuit symbol with the current direction and
voltage polarity.

The current—voltage characteristics of a Schottky diode are very similar to those
of a pn junction diode. The same ideal diode equation can be used for both devices.
However, there are two important differences between the two diodes that directly
affect the response of the Schottky diode.

First, the current mechanism in the two devices is different. The current in a pn
junction diode is controlled by the diffusion of minority carriers. The current in a
Schottky diode results from the flow of majority carriers over the potential barrier at
the metallurgical junction. This means that there is no minority carrier storage in the
Schottky diode, so the switching time from a forward bias to a reverse bias is very
short compared to that of a pn junction diode. The storage time, f;, for a Schottky
diode is essentially zero.

Second, the reverse-saturation current /g for a Schottky diode is larger than that
of a pn junction diode for comparable device areas. This property means that it takes
less forward bias voltage to induce a particular current compared to a pn junction
diode. We will see an application of this in Chapter 17.

Figure 1.42 compares the characteristics of the two diodes. Applying the piece-
wise linear model, we can determine that the Schottky diode has a smaller turn-on

|
|
Metal ]
Ip Schottky l pn junction
> I barrier diode
diode
T A I |
] I
(@ Ii I
Il I
I |
| |
Ip ,’ | I
. ] | |
DA / | |
v - S
(b) Vv, (SB) V, (pn) Up
Figure 1.41 Schottky barrier Figure 1.42 Comparison of the forward-bias
diode: (a) simplified geometry 1-V characteristics of a pn junction diode and

and (b) circuit symbol a Schottky barrier diode
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voltage than the pn junction diode. In later chapters, we will see how this lower
turn-on voltage and the shorter switching time make the Schottky diode useful in
integrated-circuit applications.

EXAMPLE 1.12 T

Objective: Determine diode voltages.

The reverse saturation currents of a pn junction diode and a Schottky diode
are Is =107"2 A and 10~% A, respectively. Determine the forward-bias voltages
required to produce 1 mA in each diode.

Solution: The diode current-voltage relationship is given by
Ip = Ise"/'7

Solving for the diode voltage, we obtain

1
VD = VT 1H<—D>
I

We then find, for the pn junction diode

1x1073

) =0.539V

and, for the Schottky diode

1x 1073

Vi = (0.026) ln< o

) =029V

Comment: Since the reverse-saturation current for the Schottky diode is relatively
large, less voltage across this diode is required to produce a given current compared
to the pn junction diode.

T — EXERCISE PROBLEM

Ex 1.12: A pn junction diode and a Schottky diode both have forward-bias
currents of 1.2 mA. The reverse-saturation current of the pn junction diode is
Is =4 x 10715 A. The difference in forward-bias voltages is 0.265 V. Determine
the reverse-saturation current of the Schottky diode. (Ans. Iy = 1.07 x 10710 A)

Another type of metal-semiconductor junction is also possible. A metal applied
to a heavily doped semiconductor forms, in most cases, an ohmic contact: that is, a
contact that conducts current equally in both directions, with very little voltage drop
across the junction. Ohmic contacts are used to connect one semiconductor device to
another on an IC, or to connect an IC to its external terminals.

155 Zener Diode

As mentioned earlier in this chapter, the applied reverse-bias voltage cannot increase
without limit. At some point, breakdown occurs and the current in the reverse-bias

51



52 Part 1

Iz
—I<]_
oy, T

Figure 1.44 Circuit symbol
of the Zener diode

R
NV
e
+ I +
Vps=10V = V,=56V L\

Figure 1.45 Simple circuit
containing a Zener diode in
which the Zener diode is
biased in the breakdown

region

Semiconductor Devices and Basic Applications

Breakdown
voltage

[Vl 1vy,l

[ s

<— Slope = L
Iz

Figure 1.43 Diode /-V characteristics showing breakdown effects

direction increases rapidly. The voltage at this point is called the breakdown voltage.
The diode /-V characteristics, including breakdown, are shown in Figure 1.43.

Diodes, called Zener diodes, can be designed and fabricated to provide a spec-
ified breakdown voltage V7,. (Although the breakdown voltage is on the negative
voltage axis (reverse-bias), its value is given as a positive quantity.) The large current
that may exist at breakdown can cause heating effects and catastrophic failure of the
diode due to the large power dissipation in the device. However, diodes can be oper-
ated in the breakdown region by limiting the current to a value within the capabilities
of the device. Such a diode can be used as a constant-voltage reference in a circuit.
The diode breakdown voltage is essentially constant over a wide range of currents
and temperatures. The slope of the /-V characteristics curve in breakdown is quite
large, so the incremental resistance r, is small. Typically, r, is in the range of a few
ohms or tens of ohms.

The circuit symbol of the Zener diode is shown in Figure 1.44. (Note the subtle
difference between this symbol and the Schottky diode symbol.) The voltage V is
the Zener breakdown voltage, and the current /; is the reverse-bias current when the
diode is operating in the breakdown region. We will see applications of the Zener
diode in the next chapter.

DESIGN EXAMPLE 1.13 I .---.‘,

Objective: Consider a simple constant-voltage reference circuit and design the
value of resistance required to limit the current in this circuit.

Consider the circuit shown in Figure 1.45. Assume that the Zener diode break-
down voltage is V; = 5.6 V and the Zener resistance is r, = 0. The current in the
diode is to be limited to 3 mA.
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Solution: As before, we can determine the current from the voltage difference across
R divided by the resistance. That is,

Vs —Vy
R

1

The resistance is then

Ves—V, 10—5.6
R = PSI Z _ T = 147k

The power dissipated in the Zener diode is
P; =1;V; =(3)(5.6) = 16.8 mW

The Zener diode must be able to dissipate 16.8 mW of power without being
damaged.

Comment: The resistance external to the Zener diode limits the current when the
diode is operating in the breakdown region. In the circuit shown in the figure, the out-
put voltage will remain constant at 5.6 V, even though the power supply voltage and
the resistance may change over a limited range. Hence, this circuit provides a con-
stant output voltage. We will see further applications of the Zener diode in the next
chapter.

[ — EXERCISE PROBLEM

Ex 1.13: Consider the circuit shown in Figure 1.45. Determine the value of
resistance R required to limit the power dissipated in the Zener diode to 10 mW.
(Ans. R = 2.46kQ2)

Test Your Understanding

TYU 1.15 Consider the circuit shown in Figure 1.46. The diode can be either a pn R =4kQ
junction diode or a Schottky diode. Assume the cut-in voltages are V,, = 0.7 V and ﬂ,v\'

V, = 0.3V for the pn junction diode and Schottky diode, respectively. Let ry =0 N \J; — I Diode ¥
for both diodes. Calculate the current /, when each diode is inserted in the circuit. R T
(Ans. pn diode, 0.825 mA; Schottky diode, 0.925 mA).

TYU 1.16 A Zener diode has an equivalent series resistance of 20 2. If the voltage  Figure 1.46 Circuit for
across the Zener diode is 5.20 V at I; = 1 mA, determine the voltage across the exercise problem TYU 1.15.

diode at I; = 10 mA. (Ans. V; =5.38V) The diode can be either a pn

. . .. R junction diode or a Schottky
TYU 1.17 The resistor in the circuit shown in Figure 1.45 has a value of R = 4 k2, diode.

the Zener diode breakdown voltage is V; = 3.6 V, and the power rating of the Zener
diode is P = 6.5 mW. Determine the maximum diode current and the maximum
power supply voltage that can be applied without damaging the diode. (Ans. 1.81 mA,
10.8 V).
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F 1.6 DESIGN APPLICATION: DIODE THERMOMETER

Objective: e Design a simple electronic thermometer using the tem-
perature characteristics of a diode.

Specifications: The temperature range is to be 0 to 100 °F.

Design Approach: We will use the forward-bias diode temperature characteristics
as shown in Figure 1.20. If the diode current is held constant, the variation in diode
voltage is a function of temperature.

Choices: Assume that a silicon pn junction diode with a reverse-saturation current
of Ig = 10713 A at T = 300 K is available.

Solution: Neglecting the (—1) term in the diode I-V relation, we have

Ip = ISeVD/VT ox n2eVr/Vr o e~ Ee/ kT | ,VD/Vr
1

The reverse-saturation current /s is proportional to n? and in turn n? is proportional
to the exponential function involving the bandgap energy E, and temperature.

Taking the ratio of the diode current at two temperature values and using the
definition of thermal voltage, we have®

e—Ee/kTi . peVir /KT,

Tpy e Bkl goVin kT, (1.35)

where Vp; and Vp, are the diode voltages at temperatures 77 and 7>, respectively. If
the diode current is held constant at the different temperatures, Equation (1.35) can
be written as

eeV[)g/kTg — e*E;‘,/kT] e+Eg/sze€V1)|/kT| (1.36)

Taking the natural logarithm of both sides, we obtain

eVm o —Eg Eg eVDl
kT2 o kT] kT2 le

(1.37)

or

—Eg, T2 Eg T2
Vp2 = | = )+ —=+Vpi| == (1.38)
e T, e

For silicon, the bandgap energy is E,/e = 1.12 V. Then, assuming the bandgap
energy does not vary over the temperature range, we have

Vpr = 1.12(1— 2) 4 v, (L2 (1.39)
D2 — L. T] D1 T] .

3Note that e in, for example, e~ F¢/*T represents the exponential function whereas e in the exponent, for

example, eVp1/kT; is the magnitude of the electronic charge. The context in which e is used should make
the meaning clear.
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Consider the circuit shown in Figure 1.47. Assume that the diode has a reverse-
saturation current of I = 10~'3 A at T = 300 K. From the circuit, we can write

15— Vp .
I zizleD/VT
D R N
or

15-Vp — 10~13,"p/0.026
15 x 103

By trial and error, we find

Vp = 0.5976 V
and
_ 15205976 _ oo
D= 5108 —oum

In Equation (1.39), we can set 77 = 300 K and let 7, = T be a variable temper-
ature. We find

T
Vp =1.12 - 0.522 — 1.4
: (300) (1.40)

so the diode voltage is a linear function of temperature. If the temperature range is to
be from 0 to 100 °F, for example, the corresponding change in kelvins is from 255.2
to 310.8. The diode voltage versus temperature is plotted in Figure 1.48.

A simple circuit that can be used was shown in Figure 1.47. With a power sup-
ply voltage of 15V, a change in diode voltage of approximately 0.1 V over the tem-
perature range produces only an approximately 0.67 percent change in diode current.
Thus the preceding analysis is valid.

Comment: This design example shows that a diode connected in a simple circuit
can be used as a sensing element in an electronic thermometer. We assumed a diode
reverse-saturation current of Is = 10~'3 A at T = 300 K(80 °F). The actual reverse-
saturation current of a particular diode may be different. This difference simply
means that the diode voltage versus temperature curve shown in Figure 1.48 would
slide up or down to match the actual diode voltage at room temperature.

Vp (V)
****************** 0.676

0.579 A

\
\
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\
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Figure 1.48 Diode voltage versus temperature

R=15kQ
MW
e
+ I +
15V — VAN

Figure 1.47 Circuit of diode
thermometer
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Design Pointer: In order to complete this design, two additional components or
electronic systems must be added to the circuit shown in Figure 1.47. First, we must
add a circuit to measure the diode voltage. Adding this circuit must not alter the diode
characteristics and there must be no loading effects. An op-amp circuit that will be
described in Chapter 9 can be used for this purpose. A second electronic system
required is to convert the diode voltage to a temperature reading. An analog-to-digital
converter that will be described in Chapter 16 can be used to provide a digital
temperature reading.

/;E?v 1.7 SUMMARY

.

We initially considered some of the characteristics and properties of semicon-
ductor materials, such as the concept of electrons (negative charge) and holes
(positive charge) as two distinct charge carriers in a semiconductor. The doping
process produces either n-type or p-type semiconductor materials. The concepts
of n-type and p-type materials are used throughout the text.

A pn junction diode is formed when an n-doped region and a p-doped region are
directly adjacent to each other. The diode current is an exponential function of
voltage in the forward-bias condition, and is essentially zero in the reverse-bias
condition.

A piecewise-linear model of the diode was developed so that approximate hand
calculation results can be easily obtained. The i — v characteristics of the diode
are broken into linear segments, which are valid over particular regions of oper-
ation. The concept of a diode turn-on voltage was introduced.

Time-varying, or ac signals, may be superimposed on a dc diode current and
voltage. A small-signal linear equivalent circuit was developed and is used to
determine the relationship between the ac current and ac voltage. This same
equivalent circuit will be applied extensively when the frequency response of
transistors is discussed.

Specialized pn junction devices were discussed. In particular, pn junction solar
cells are used to convert solar energy to electrical energy. Schottky barrier diodes
are metal-semiconductor rectifying junctions that, in general, have smaller turn-
on voltages than pn junctions. Zener diodes operate in the reverse breakdown
region and are used in constant-voltage circuits. Photodiodes and LEDs were
also briefly discussed.

As an application, a simple diode thermometer was designed, based on the tem-
perature properties of the pn junction.

gy CHECKPOINT

After studying this chapter, the reader should have the ability to:

v/ Understand the concept of intrinsic carrier concentration, the difference between

n-type and p-type materials, and the concept of drift and diffusion currents.

v/ Analyze a simple diode circuit using the ideal diode current—voltage character-

istics and using the iteration analysis technique.

v/ Analyze a diode circuit using the piecewise linear approximation model for the

diode.
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v/ Determine the small-signal characteristics of a diode using the small-signal
equivalent circuit.

v Understand the general characteristics of a solar cell, light-emitting diode,
Schottky barrier diode, and Zener diode.

g},v REVIEW QUESTIONS

1. Describe an intrinsic semiconductor material. What is meant by the intrinsic
carrier concentration?

2. Describe the concept of an electron and a hole as charge carriers in the semicon-
ductor material.

3. Describe an extrinsic semiconductor material. What is the electron concentra-
tion in terms of the donor impurity concentration? What is the hole concentra-
tion in terms of the acceptor impurity concentration?

4. Describe the concepts of drift current and diffusion current in a semiconductor
material.

5. How is a pn junction formed? What is meant by a built-in potential barrier, and
how is it formed?

6. How is a junction capacitance created in a reverse-biased pn junction diode?

7. Write the ideal diode current—voltage relationship. Describe the meaning of /g
and Vr.

8. Describe the iteration method of analysis and when it must be used to analyze a
diode circuit.

9. Describe the piecewise linear model of a diode and why it is useful. What is the
diode turn-on voltage?

10. Define a load line in a simple diode circuit.

11. Under what conditions is the small-signal model of a diode used in the analysis
of a diode circuit?

12. Describe the operation of a simple solar cell circuit.

13. How do the i—v characteristics of a Schottky barrier diode differ from those of a
pn junction diode?

14. What characteristic of a Zener diode is used in the design of a Zener diode circuit?

15. Describe the characteristics of a photodiode and a photodiode circuit.

g}v PROBLEMS

[Note: Unless otherwise specified, assume that 7 = 300K in the following prob-
lems. Also, assume the emission coefficient is 7 = 1 unless otherwise stated.]

Section 1.1 Semiconductor Materials and Properties

1.1  (a) Calculate the intrinsic carrier concentration in silicon at (i) 7 = 250 K
and (ii)) T = 350 K. (b) Repeat part (a) for gallium arsenide.

1.2 (a) The intrinsic carrier concentration in silicon is to be no larger than
n; = 10'> cm™3. Determine the maximum allowable temperature. (b) Repeat
part (a) for n; = 10° cm™3.

1.3 Calculate the intrinsic carrier concentration in silicon and germanium at
(a) T = 100K, (b) T = 300K, and (c) T = 500K.
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1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.12

1.14

1.15

(a) Find the concentration of electrons and holes in a sample of germanium
that has a concentration of donor atoms equal to 10'> cm™3. Is the semicon-
ductor n-type or p-type? (b) Repeat part (a) for silicon.

Gallium arsenide is doped with acceptor impurity atoms at a concentration
of 10'® cm™3. (a) Find the concentration of electrons and holes. Is the semi-
conductor n-type or p-type? (b) Repeat part (a) for germanium.

Silicon is doped with 5 x 10'® arsenic atoms/cm?. (a) Is the material n- or
p-type? (b) Calculate the electron and hole concentrations at 7 = 300 K.
(c) Repeat part (b) for 7 = 350 K.

(a) Calculate the concentration of electrons and holes in silicon that has a
concentration of acceptor atoms equal to 5 x 10' cm™3. Is the semicon-
ductor n-type or p-type? (b) Repeat part (a) for GaAs.

A silicon sample is fabricated such that the hole concentration is
Po =2 x 10" cm™3. (a) Should boron or arsenic atoms be added to the
intrinsic silicon? (b) What concentration of impurity atoms must be added?
(c) What is the concentration of electrons?

The electron concentration in silicon at 7 = 300K is n, = 5 x 10" cm™3.
(a) Determine the hole concentration. (b) Is the material n-type or p-type?
(c) What is the impurity doping concentration?

(a) A silicon semiconductor material is to be designed such that the major-
ity carrier electron concentration is n, = 7 x 10" cm™3. Should donor or
acceptor impurity atoms be added to intrinsic silicon to achieve this electron
concentration? What concentration of dopant impurity atoms is required?
(b) In this silicon material, the minority carrier hole concentration is to
be no larger than p, = 10°cm™. Determine the maximum allowable
temperature.

(a) The applied electric field in p-type silicon is £ = 10 V/cm. The semi-
conductor conductivity is ¢ = 1.5 (Q2-cm)~! and the cross-sectional area is
A = 107 cm?. Determine the drift current. (b) The cross-sectional area of
a semiconductor is A =2 x 107 cm? and the resistivity is p = 0.4
(2—cm). If the drift current is / = 1.2 mA, what applied electric field must
be applied?

A drift current density of 120 A/cm? is established in n-type silicon with an
applied electric field of 18 V/cm. If the electron and hole mobilities are
Wy = 1250 cm?/V—s and My =450 cm?/V-s, respectively, determine the
required doping concentration.

An n-type silicon material has a resistivity of p = 0.65 Q—cm. (a) If the
electron mobility is u, = 1250 cm?/V—s, what is the concentration of
donor atoms? (b) Determine the required electric field to establish a drift
current density of J = 160 A/cm?.

(@) The required conductivity of a silicon material must be
o = 1.5 (Q-cm) . If u, = 1000 cm?/V—s and p,, = 375 cm?/V-s, what
concentration of donor atoms must be added? (b) The required conductivity
of a silicon material must be o = 0.8 (Q—cm)~". If u, = 1200 cm?/V—s
and p, =400 cmz/V—s, what concentration of acceptor atoms must be
added?

In GaAs, the mobilities are w, = 8500 cm*/V—s and mp =400 cm?/V-s.
(a) Determine the range in conductivity for a range in donor concentration
of 10 < N; < 10" cm™3. (b) Using the results of part (a), determine the
range in drift current density if the applied electric field is £ = 0.10 V/cm.
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The electron and hole concentrations in a sample of silicon are shown in
Figure P1.16. Assume the electron and hole mobilities are the same as in
Problem 1.12. Determine the total diffusion current density versus distance
xfor0 < x <0.001 cm.

Carrier
concentration (cm’3 )

10 16
N Electron -

N concentration e

< Hole N
I .
102k concentration N 10

)
_1

S
=
I
o
[
(=)
=
(2]
2

xX=

Figure P1.16

The hole concentration in silicon is given by

p(x) = 10* + 10 exp(—x/L,) x>0
The value of L, is 10 um. The hole diffusion coefficient is D, = 15 cm?/s.
Determine the hole diffusion current density at (a) x = 0, (b) x = 10 um,
and (¢) x = 30 um.
GaAs is doped to N, = 10'7 cm~3. (a) Calculate n,, and p,,. (b) Excess elec-
trons and holes are generated such that §n = §p = 10'> cm™3. Determine
the total concentration of electrons and holes.

1.2 The pn Junction

(a) Determine the built-in potential barrier Vj,; in a silicon pn junction for (i)
Ny=N,=5x10%cm™3;({i)) Ny =5 x 10”7 cm™3 and N, = 10" cm™3;
(iii) N, = Ny = 10" cm™3. (b) Repeat part (a) for GaAs.

Consider a silicon pn junction. The n-region is doped to a value of
N, = 10" cm™3. The built-in potential barrier is to be V,; = 0.712'V.
Determine the required p-type doping concentration.

The donor concentration in the n-region of a silicon pn junction is
N; = 10" cm~3. Plot Vj,; versus N, over the range 105 < N, < 10" cm™3
where N, is the acceptor concentration in the p-region.

Consider a uniformly doped GaAs pn junction with doping concentrations
of N, =5 x 10 cm™3 and N; = 5 x 10'® cm™~3. Plot the built-in potential
barrier Vj,; versus temperature for 200K < 7 < 500 K.

The zero-biased junction capacitance of a silicon pn junction is
Cj, = 0.4pF. The doping concentrations are N, = 1.5 x 10'®cm™ and
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*1.24

1.25

1.26

1.27

1.28

1.29

1.30

1.31

1.32

1.33

1.34

1.35

N, = 4 x 10" cm~3. Determine the junction capacitance at (a) Vg =1V,
(b) Vg =3V,and (c) Vg =5 V.

The zero-bias capacitance of a silicon pn junction diode is C;, = 0.02 pF
and the built-in potential is Vj;; = 0.80V. The diode is reverse biased
through a 47-k2 resistor and a voltage source. (a) For r < 0, the applied
voltage is 5V and, at r = 0, the applied voltage drops to zero volts. Estimate
the time it takes for the diode voltage to change from 5V to 1.5 V. (As an
approximation, use the average diode capacitance between the two voltage
levels.) (b) Repeat part (a) for an input voltage change from O V to 5 V and
a diode voltage change from 0 V to 3.5 V. (Use the average diode capaci-
tance between these two voltage levels.)

The doping concentrations in a silicon pn junction are N; = 5 x 10'° cm™
and N, = 10" cm™3. The zero-bias junction capacitance is C;, = 0.60 pF.
An inductance of 1.50 mH is connected in parallel with the pn junction. Cal-
culate the resonant frequency f, of the circuit for reverse-bias voltages of
(a)Vk=1V,(b) Vg =3V, and (c) Vg =5 V.

(a) At what reverse-bias voltage does the reverse-bias current in a silicon pn
junction diode reach 90 percent of its saturation value? (b) What is the ratio
of the current for a forward-bias voltage of 0.2 V to the current for a reverse-
bias voltage of 0.2 V?

(a) The reverse-saturation current of a pn junction diode is Ig = 1071 A.
Determine the diode current for diode voltages of 0.3, 0.5, 0.7, —0.02, —0.2,
and —2 V. (b) Repeat part (a) for Ig = 10713 A.

(a) The reverse-saturation current of a pn junction diode is Ig = 1071 A.
Determine the diode voltage to produce currents of (i) 10 nA, 100 uA,
1 mA, and (ii) —5 x 1072 A. (b) Repeat part (a) for Iy = 10~'* A and part
(a) (i) for —107* A.

A silicon pn junction diode has an emission coefficient of n = 1. The diode
current is Ip = 1 mA when Vp = 0.7 V. (a) What is the reverse-bias satu-
ration current? (b) Plot, on the same graph, log,, Ip versus Vp over the
range 0.1 < Vp < 0.7 V when the emission coefficient is (i) » = 1 and
(i) n = 2.

Plot log,, Ip versus Vp over the range 0.1 < Vp < 0.7V for (a) Is =
10712 and (b) Is = 1074 A,

(a) Consider a silicon pn junction diode operating in the forward-bias region.
Determine the increase in forward-bias voltage that will cause a factor of 10
increase in current. (b) Repeat part (a) for a factor of 100 increase in current.
A pn junction diode has /g =2 nA. (a) Determine the diode voltage if
(i) Ip=2A and (i) Ip =20 A. (b) Determine the diode current if
(1) Vp = 0.4V and (ii)) Vp = 0.65 V.

The reverse-bias saturation current for a set of diodes varies between
Sx107% < I <5x 107'2A. The diodes are all to be biased at
Ip = 2mA. What is the range of forward-bias voltages that must be applied?
(a) A germanium pn junction has a diode current of 7, = 1.5 mA when bi-
ased at Vp = 0.30 V. What is the reverse-bias saturation current? (b) Using
the results of part (a), determine the diode current when the diode is biased
at 1) Vp = 0.35 V and (i) Vp = 0.25 V.

(a) The reverse-saturation current of a gallium arsenide pn junction diode is
Is = 1072 A. Determine the diode current for diode voltages of 0.8, 1.0,
1.2, —0.02, —0.2, and —2 V. (b) Repeat part (a) for Iy = 5 x 1074 A.

3



*1.36

*1.37

Section
1.38

1.39

*1.40

1.41

1.42

1.43

1.44

1.45

Chapter 1 Semiconductor Materials and Diodes

The reverse-saturation current of a silicon pn junction diode at 7 = 300 K
is Ig = 107'> A. Determine the temperature range over which I varies
from 0.5 x 10712 A to 50 x 10712 A.

A silicon pn junction diode has an applied forward-bias voltage of 0.6 V.
Determine the ratio of current at 100 °C to that at —55 °C.

1.3 DC Diode Analysis

A pn junction diode is in series with a 1 M2 resistor and a 2.8 V power
supply. The reverse-saturation current of the diode is /s =5 x 1071 A,
(a) Determine the diode current and voltage if the diode is forward biased.
(b) Repeat part (a) if the diode is reverse biased.

Consider the diode circuit shown in Figure P1.39. The diode reverse-
saturation current is /s = 1072 A. Determine the diode current I, and
diode voltage Vp.

The diode in the circuit shown in Figure P1.40 has a reverse-saturation cur-
rent of Ig = 5 x 10~13 A. Determine the diode voltage and current.

(a) For the circuit shown in Figure P1.41(a), determine Ip1,Ip>, Vpi,and Vo
for (i) Is) = I, = 10~"3 A and (1) Iy =5 % 10~ A Iyp=5x 10°13 A.
(b) Repeat part (a) for the circuit shown in Figure P1.41(b).

(a)

Figure P1.41

(a) The reverse-saturation current of each diode in the circuit shown in Fig-
ure P1.42is Is = 6 x 10~'* A. Determine the input voltage V; required to
produce an output voltage of Vp = 0.635 V. (b) Repeat part (a) if the 1 k2
resistor is changed to R = 500 Q.

(a) Consider the circuit shown in Figure P1.40. The value of R; is reduced
to Ry = 10kS2 and the cut-in voltage of the diode is V,, = 0.7 V. Determine
Ip and Vp. (b) Repeat part (a) if R} = 50 kS2.

Consider the circuit shown in Figure P1.44. Determine the diode current I
and diode voltage Vp for (a) V,, = 0.6V and (b) V, =0.7 V.

The diode cut-in voltage is V,, = 0.7 V for the circuits shown in Figure
P1.45. Plot V and I versus I; over the range 0 < I; <2 mA for the cir-
cuit shown in (a) Figure P1.45(a), (b) Figure P1.45(b), and (c) Figure
P1.45(c).

+5V

20 kQ

-5V

Figure P1.39

R =50kQ

Figure P1.40

Figure P1.42

+5V
@)

3kQ

2kQ

Figure P1.44

2kQ

2kQ
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The cut-in voltage of the diode shown in the circuit in Figure P1.46 is
V, = 0.7V. The diode is to remain biased “on” for a power supply voltage
in the range 5 < Vpg < 10V. The minimum diode current is to be
Ip(min) = 2 mA. The maximum power dissipated in the diode is to be no
more than 10 mW. Determine appropriate values of R; and R,.

Find I and V¢ in each circuit shown in Figure P1.47 if (i) V, = 0.7 V and
(i) vV, =0.6 V.

+5V +5V +2V +5V
20 kQ 20 kQ 5kQ l
1
1} 1} 1} Vo
Vo Vo
20 kQ
Vo
= 20 kQ 20 kQ 5V
(a) (b) (c) (d)
Figure P1.47

Repeat Problem 1.47 if the reverse-saturation current for each diode is
Is =5 x 107'* A. What is the voltage across each diode?

(a) In the circuit shown in Figure P1.49, find the diode voltage Vp and the
supply voltage V such that the current is /p = 0.4 mA. Assume the diode
cut-in voltage is V,, = 0.7 V. (b) Using the results of part (a), determine the
power dissipated in the diode.
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1.50 Assume each diode in the circuit shown in Figure P1.50 has a cut-in voltage
of V,, =0.65V. (a) The input voltage is V; = 5 V. Determine the value of
R required such that I is one-half the value of 7p,. What are the values
of Ip; and Ipy? (b) If V; = 8V and R, = 2k2, determine Ip; and Ip;.

Figure P1.50

Section 1.4 Small-Signal Diode Analysis
1.51 (a) Consider a pn junction diode biased at /pp = 1 mA. A sinusoidal volt- <
age is superimposed on Vpg such that the peak-to-peak sinusoidal current
18 0.051p¢. Find the value of the applied peak-to-peak sinusoidal voltage.
(b) Repeat part (a) if Ipp = 0.1 mA. Ry  C
1.52 Determine the small-signal diffusion resistance r; for a diode biased at
(a) Ip =26 A, (b) Ip =260 nA, and (c) Ip = 2.6 mA.

*1.53 The diode in the circuit shown in Figure P1.53 is biased with a constant cur-
rent source /. A sinusoidal signal vy is coupled through Rg and C. Assume
that C is large so that it acts as a short circuit to the signal. (a) Show that the
sinusoidal component of the diode voltage is given by Figure P1.53

Vr
Vo = Vs
Vr + IRg

(b) If R¢=260%, find v,/vg, for I =1 mA, I =0.1 mA, and
I =0.01 mA.

Section 1.5 Other Types of Diodes

1.54 The forward-bias currents in a pn junction diode and a Schottky diode are
0.72 mA. The reverse-saturation currents are I =35 x 1073 A and
Is =5 x 1078 A, respectively. Determine the forward-bias voltage across
each diode.

1.55 A pn junction diode and a Schottky diode have equal cross-sectional areas
and have forward-bias currents of 0.5 mA. The reverse-saturation current of
the Schottky diode is Is = 5 x 1077 A. The difference in forward-bias volt-
ages between the two diodes is 0.30 V. Determine the reverse-saturation
current of the pn junction diode.

1.56 The reverse-saturation currents of a Schottky diode and a pn junction
diode are Is =5 x 1078 A and 107'2 A, respectively. (a) The diodes are
connected in parallel and the parallel combination is driven by a constant
current of 0.5 mA. (i) Determine the current in each diode. (ii) Determine
the voltage across each diode. (b) Repeat part (a) for the diodes con-
nected in series, with a voltage of 0.90 V connected across the series
combination.
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Consider the Zener diode circuit shown in Figure P1.57. The Zener break-
down voltage is Vz = 5.6 V at Iz = 0.1 mA, and the incremental Zener re-
sistance is r, = 10 Q. (a) Determine V with no load (R; = o0). (b) Find
the change in the output voltage if Vpg changes by 1 V. (¢) Find Vj if
Vps =10V and RL =2kQ.

R=0.5kQ
Vo
+ +
Vps=10V — NV, SR
Figure P1.57

(a) The Zener diode in Figure P1.57 is ideal with V; = 6.8 V. Determine
the maximum current and maximum power dissipated in the diode
(Ry = 00). (b) Determine the value of R; such that I is reduced to 0.1 of
its maximum value.

Consider the Zener diode circuit shown in Figure P1.57. The Zener diode
voltage is V; = 6.8V at I; = 0.1 mA and the incremental Zener resis-
tance is 7, = 20 2. (a) Calculate V with no load (R, = o0). (b) Find the
change in the output voltage when a load resistance of R; = 1k is
connected.

The output current of a pn junction diode used as a solar cell can be given

by
v
Ip=02-5x 10_'4[exp (—D> - 1} A
Vr

The short-circuit current is defined as Igc = Ip when V), = 0 and the open-
circuit voltage is defined as Vo = Vp when Ip = 0. Find the values of Ig¢
and VOC .

Using the current—voltage characteristics of the solar cell described in Prob-
lem 1.60, plot I versus Vp.

(a) Using the current—voltage characteristics of the solar cell described in
problem 1.60, determine V) when Ip = 0.8/5¢. (b) Using the results of
part (a), determine the power supplied by the solar cell.

@ COMPUTER SIMULATION PROBLEMS

1.63

1.64

Use a computer simulation to generate the ideal current—voltage character-
istics of a diode from a reverse-bias voltage of 5 V to a forward-bias current
of 1 mA, for an I parameter value of (a) 10~'> A and (b) 10~!3 A. Use the
default values for all other parameters.

Use a computer simulation to find the diode current and voltage for the
circuit described in Problem 1.38.
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1.65 The reverse-saturation current for each diode in Figure P1.42 is
Is = 107'* A. Use a computer simulation to plot the output voltage Vo ver-
sus the input voltage V; over the range 0 < V; < 2.0 V.

1.66 Use a computer simulation to find the diode current, diode voltage, and out-
put voltage for each circuit shown in Figure P1.47. Assume Is = 10713 A
for each diode.

r;' DESIGN PROBLEMS

[Note: Each design should be verified by a computer simulation.]

*D1.67 Design a diode circuit to produce the load line and QO-point shown in Figure
P1.67. Assume diode piecewise linear parameters of V, =0.7V and
ry = 0.

ip (mA)

0 0.7 6V  vp (V)

Figure P1.67

*D1.68 Design a circuit to produce the characteristics shown in Figure P1.68, where
ip is the diode current and v; is the input voltage. Assume diode piecewise
linear parameters of V,, = 0.7 V and ry = 0.

ip (mA)
2.8

v (V)

Figure P1.68
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*D1.69 Design a circuit to produce the characteristics shown in Figure P1.69, where
Vo is the output voltage and v; is the input voltage. Assume diode piecewise
linear parameters of V), = 0.7 V and ry = 0.

vo (V)

213 |mmm

0.7 ———

Figure P1.69

*D1.70 Design a circuit to produce the characteristics shown in Figure P1.70, where
vo is the output voltage and v; is the input voltage. Assume diode piecewise
linear parameters of V,, = 0.7 V and ry = 0.

v (V)

vy (V)

77777777777777 -4.0

Figure P1.70




Diode Circuits

In the last chapter, we discussed some of the properties of semiconductor materials
and introduced the diode. We presented the ideal current—voltage relationship of the
diode and considered the piecewise linear model, which simplifies the dc analysis of
diode circuits. In this chapter, the techniques and concepts developed in Chapter 1
are used to analyze and design electronic circuits containing diodes. A general goal
of this chapter is to develop the ability to use the piecewise linear model and approx-
imation techniques in the hand analysis and design of various diode circuits.

Each circuit to be considered accepts an input signal at a set of input terminals
and produces an output signal at a set of output terminals. This process is called
signal processing. The circuit “processes” the input signal and produces an output
signal that is a different shape or a different function compared to the input signal.
We will see in this chapter how diodes are used to perform these various signal
processing functions.

Although diodes are useful electronic devices, we will begin to see the limita-
tions of these devices and the desirability of having some type of “amplifying”
device.

PREVIEW

In this chapter, we will:

e Determine the operation and characteristics of diode rectifier circuits, which,
in general, form the first stage of the process of converting an ac signal into a
dc signal in the electronic power supply.

Apply the characteristics of the Zener diode to a Zener diode voltage regula-
tor circuit.

Apply the nonlinear characteristics of diodes to create waveshaping circuits
known as clippers and clampers.

Examine the techniques used to analyze circuits that contain more than one
diode.

Understand the operation and characteristics of specialized photodiode and
light-emitting diode circuits.

Design a basic dc power supply incorporating a filtered rectifier circuit and a
Zener diode.
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21  RECTIFIER CIRCUITS

Objective: © Determine the operation and characteristics of diode
rectifier circuits, which form the first stage in the process of converting
an ac signal into a dc signal in the electronic power supply.

One application of diodes is in the design of rectifier circuits. A diode rectifier forms the
first stage of a dc power supply. A dc voltage is required to power essentially every elec-
tronic device, including personal computers, televisions, and stereo systems. An electri-
cal cord that is plugged into a wall socket and attached to a television, for example, is
connected to a rectifier circuit inside the TV. In addition, battery chargers for portable
electronic devices such as cell phones and laptop computers contain rectifier circuits.

Figure 2.1 is a diagram of a dc power supply. The output voltage! vy is usually
in the range of 3 to 24 V depending on the particular electronics application.
Throughout the first part of this chapter, we will analyze and design various stages in
the power supply circuit.

Power
transformer
] ] o
+ +
AC .
voltage Diode Filter Voltage § LOAD o
rectifier regulator S o

source

- — ] o

Figure 2.1 Diagram of an electronic power supply. The circuits that characterize each block
diagram are considered in this chapter.

Rectification is the process of converting an alternating (ac) voltage into one that
is limited to one polarity. The diode is useful for this function because of its nonlin-
ear characteristics, that is, current exists for one voltage polarity, but is essentially
zero for the opposite polarity. Rectification is classified as half-wave or full-wave,
with half-wave being the simpler and full-wave being more efficient.

2.1.1 Half-Wave Rectification

Figure 2.2(a) shows a power transformer with a diode and resistor connected to the
secondary of the transformer. We will use the piecewise linear approach in analyzing
this circuit, assuming the diode forward resistance is 7y = 0 when the diode is “on.”

The input signal, vy, is, in general, a 120 V (rms), 60 Hz ac signal. Recall that the
secondary voltage, vg, and primary voltage, v;, of an ideal transformer are related by

vy Ny

= 2.1
s - N 2.1

deally, the output voltage of a rectifier circuit is a dc voltage. However, as we will see, there may be an
ac ripple voltage superimposed on a dc value. For this reason, we will use the notation v¢ as the instanta-
neous value of output voltage.
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Figure 2.2 Half-wave rectifier (a) circuit and (b) voltage transfer characteristics

where N| and N, are the number of primary and secondary turns, respectively. The
ratio Ni/N is called the transformer turns ratio. The transformer turns ratio will
be designed to provide a particular secondary voltage, vg, which in turn will produce
a particular output voltage v .

Problem-Solving Technique: Diode Circuits

In using the piecewise linear model of the diode, the first objective is to determine
the linear region (conducting or not conducting) in which the diode is operating.
To do this, we can:

1. Determine the input voltage condition such that a diode is conducting (on).
Then find the output signal for this condition.

2. Determine the input voltage condition such that a diode is not conducting
(off). Then find the output signal for this condition.

[Note: Item 2 can be performed before item 1 if desired.]

Figure 2.2(b) shows the voltage transfer characteristics, vy versus vg, for the
circuit. For vg < 0, the diode is reverse biased, which means that the current is zero
and the output voltage is zero. As long as vy < V,,, the diode will be nonconducting,
so the output voltage will remain zero. When vg > V,,, the diode becomes forward
biased and a current is induced in the circuit. In this case, we can write

l)s—Vy

Fr (2.2(a))

ip=

and
vo = ipR = vs — V, 2.2(b))

For vg > V,,, the slope of the transfer curve is 1.

If vy is a sinusoidal signal, as shown in Figure 2.3(a), the output voltage can be
found using the voltage transfer curve in Figure 2.2(b). For vy < V,, the output volt-
age is zero; for vy > V,,, the output is given by Equation (2.2(b)), or

v0=v5—Vy

and is shown in Figure 2.3(b). We can see that while the input signal vg alternates
polarity and has a time-average value of zero, the output voltage v is unidirectional
and has an average value that is not zero. The input signal is therefore rectified. Also,
since the output voltage appears only during the positive cycle of the input signal, the
circuit is called a half-wave rectifier.
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Figure 2.3 Signals of the half-wave rectifier circuit: (a) sinusoidal input voltage, (b) rectified
output voltage, and (c) diode voltage

When the diode is cut off and nonconducting, no voltage drop occurs across
the resistor R; therefore, the entire input signal voltage appears across the diode
(Figure 2.3(c)). Consequently, the diode must be capable of handling the peak
current in the forward direction and sustaining the largest peak inverse voltage (PIV)
without breakdown. For the circuit shown in Figure 2.2(a), the value of PIV is equal
to the peak value of vg.

We can use a half-wave rectifier circuit to charge a battery as shown in Figure 2.4(a).
Charging current exists whenever the instantaneous ac source voltage is greater than
the battery voltage plus the diode cut-in voltage as shown in Figure 2.4(b). The resis-
tance R in the circuit is to limit the current. When the ac source voltage is less than Vi,
the current is zero. Thus current flows only in the direction to charge the battery. One
disadvantage of the half-wave rectifier is that we “waste” the negative half-cycles. The
current is zero during the negative half-cycles, so there is no energy dissipated, but at
the same time, we are not making use of any possible available energy.

ﬁ

Objective: Determine the currents and voltages in a half-wave rectifier circuit.
Consider the circuit shown in Figure 2.4. Assume Vg = 12V, R = 100 €2, and
V, =0.6 V. Also assume vg(t) = 24sinwt. Determine the peak diode current,

EXAMPLE 2.1

R
13
AN——D4 Vb U
- Vg+ V.
ip |+ dvs N\ in(®)
5 1+
vs() = (:) = 1 1 |
Vg sin wt o, ot pes

T

(a) (b)

Figure 2.4 (a) Half-wave rectifier used as a battery charger; (b) input voltage and diode
current waveforms
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maximum reverse-bias diode voltage, and the fraction of the cycle over which the
diode is conducting.

Solution: Peak diode current:
Vs —Vp—V, 24—-12-0.6
R N 0.10

=114 mA

ip(peak) =

Maximum reverse-bias diode voltage:
vg(max) = Vg + Vg =244+12=36V
Diode conduction cycle:
v; =24sinwt; = 12.6
or

12.
wt; = sin~! —6 = 31.7°
24

By symmetry,
oty =180 — 31.7 = 148.3°
Then

. 148.3 — 31.7
Percent time = a0 x 100% = 32.4%

Comment: This example shows that the diode conducts only approximately one-
third of the time, which means that the efficiency of this battery charger is quite low.

(T — EXERCISE PROBLEM

Ex 2.1: Repeat Example 2.1 if the input voltage is vs(f) = 12sinwt (V),
Vg =45V, and R =250Q. (Ans. ip(peak) =27.6 mA, vg(max) = 16.5YV,
36.0 %)

212 Full-Wave Rectification

The full-wave rectifier inverts the negative portions of the sine wave so that a unipo-
lar output signal is generated during both halves of the input sinusoid. One example
of a full-wave rectifier circuit appears in Figure 2.5(a). The input to the rectifier con-
sists of a power transformer, in which the input is normally a 120 V (rms), 60 Hz ac
signal, and the two outputs are from a center-tapped secondary winding that provides
equal voltages vg, with the polarities shown. When the input line voltage is positive,
both output signal voltages vg are also positive.

The primary winding connected to the 120 V ac source has N; windings, and
each half of the secondary winding has N, windings. The value of the vg output volt-
age is 120 (N,/Ny) volts (rms). The turns ratio of the transformer, usually desig-
nated (N;/N,) can be designed to “step down” the input line voltage to a value that
will produce a particular dc output voltage from the rectifier.

The input power transformer also provides electrical isolation between the pow-
erline circuit and the electronic circuits to be biased by the rectifier circuit. This iso-
lation reduces the risk of electrical shock.



Part 1 Semiconductor Devices and Basic Applications

Yo
NI
+ +
+ Y ° Dl
Vg R vy
_ N -
v,
! ot 4 J_ Slope = 1
v -
- S Db
—D
-V, 0 v, vg
(@) (b)
4 -vg Yo
3 /{,\\ N\ //;/\\\\\ /7
D, on\\ /Dy on\\ /D) on\\ f/D; on\) /
\/\ E N
TA_L73T AN
2
(c)

Figure 2.5 Full-wave rectifier: (a) circuit with center-tapped transformer, (b) voltage transfer
characteristics, and (c) input and output waveforms

During the positive half of the input voltage cycle, both output voltages vgs are
positive; therefore, diode D; is forward biased and conducting and D, is reverse
biased and cut off. The current through D; and the output resistance produce a posi-
tive output voltage. During the negative half cycle, D, is cut off and D, is forward
biased, or “on,” and the current through the output resistance again produces a posi-
tive output voltage. If we assume that the forward diode resistance ry of each diode
is small and negligible, we obtain the voltage transfer characteristics, vp versus vg,
shown in Figure 2.5(b).

For a sinusoidal input voltage, we can determine the output voltage versus time
by using the voltage transfer curve shown in Figure 2.5(b). When vy > V,,, D is on
and the output voltage is vo = vg — V,,. When vy is negative, then for vy < —V,, or
—vs > V,, D is on and the output voltage is vo = —vs — V,. The corresponding
input and output voltage signals are shown in Figure 2.5(c). Since a rectified output
voltage occurs during both the positive and negative cycles of the input signal, this
circuit is called a full-wave rectifier.

Another example of a full-wave rectifier circuit appears in Figure 2.6(a). This cir-
cuit is a bridge rectifier, which still provides electrical isolation between the input ac
powerline and the rectifier output, but does not require a center-tapped secondary wind-
ing. However, it does use four diodes, compared to only two in the previous circuit.

During the positive half of the input voltage cycle, vg is positive, D; and D, are
forward biased, D; and D, are reverse biased, and the direction of the current is as
shown in Figure 2.6(a). During the negative half-cycle of the input voltage, vg is neg-
ative, and Dz and D, are forward biased. The direction of the current, shown in
Figure 2.6(b), produces the same output voltage polarity as before.

Figure 2.6(c) shows the sinusoidal voltage vy and the rectified output voltage
vo. Because two diodes are in series in the conduction path, the magnitude of vy is
two diode drops less than the magnitude of vy.

One difference to be noted in the bridge rectifier circuit in Figure 2.6(a) and the
rectifier in Figure 2.5(a) is the ground connection. Whereas the center tap of the
secondary winding of the circuit in Figure 2.5(a) is at ground potential, the secondary



Chapter 2 Diode Circuits

Figure 2.6 A full-wave bridge rectifier: (a) circuit showing the current direction for a
positive input cycle, (b) current direction for a negative input cycle, and (c) input and output
voltage waveforms

winding of the bridge circuit (Figure 2.6(a)) is not directly grounded. One side of the
load R is grounded, but the secondary of the transformer is not.

EXAMPLE 2.2 B ]

Objective: Compare voltages and the transformer turns ratio in two full-wave recti-
fier circuits.

Consider the rectifier circuits shown in Figures 2.5(a) and 2.6(a). Assume the
input voltage is from a 120 V (rms), 60 Hz ac source. The desired peak output volt-
age vp is 9V, and the diode cut-in voltage is assumed to be V,, = 0.7 V.

Solution: For the center-tapped transformer circuit shown in Figure 2.5(a), a peak
voltage of vp(max) = 9 V means that the peak value of vg is

vs(max) = vp(max) +V, =9+0.7=97V
For a sinusoidal signal, this produces an rms value of
9.7
VS.rms = ﬁ
The turns ratio of the primary to each secondary winding must then be
Ny 120

=— =175
N, 6.86

=686V

For the bridge circuit shown in Figure 2.6(a), a peak voltage of vy (max) =9V
means that the peak value of vy is

vg(max) = vp(max) + 2V, =9+2(0.7) =104V
For a sinusoidal signal, this produces an rms value of

10.4

Vsoms = —— = 1.35V
> V2
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The turns ratio should then be

Ny 120
— =—=163
N, 735

For the center-tapped rectifier, the peak inverse voltage (PIV) of a diode is
PIV = vgp(max) = 2vg(max) — V,, =2(9.7) — 0.7 = 18.7V
For the bridge rectifier, the peak inverse voltage of a diode is

PIV = vg(max) = vg(max) — V, =104 —-0.7=9.7V

Comment: These calculations demonstrate the advantages of the bridge rectifier
over the center-tapped transformer circuit. First, only half as many turns are required
for the secondary winding in the bridge rectifier. This is true because only half of the
secondary winding of the center-tapped transformer is utilized at any one time. Sec-
ond, for the bridge circuit, the peak inverse voltage that any diode must sustain with-
out breakdown is only half that of the center-tapped transformer circuit.

‘kl — EXERCISE PROBLEM

Ex 2.2: Consider the bridge circuit shown in Figure 2.6(a) with an input voltage
vs = V) sinwt. Assume a diode cut-in voltage of V), = 0.7 V. Determine the frac-
tion (percent) of time that the diode D, is conducting for peak sinusoidal voltages
of (a) Viy = 12V and (b) Viy = 4 V. (Ans. (a) 46.3% (b) 38.6%)

Because of the advantages demonstrated in Example 2.2 the bridge rectifier cir-
cuit is used more often than the center-tapped transformer circuit.

Both full-wave rectifier circuits discussed (Figures 2.5 and 2.6) produce a posi-
tive output voltage. As we will see in the next chapter discussing transistor circuits,
there are times when a negative dc voltage is also required. We can produce negative
rectification by reversing the direction of the diodes in either circuit. Figure 2.7(a)
shows the bridge circuit with the diodes reversed compared to those in Figure 2.6.
The direction of current is shown during the positive half cycle of vg. The output
voltage is now negative with respect to ground potential. During the negative half
cycle of vg, the complementary diodes turn on and the direction of current through
the load is the same, producing a negative output voltage. The input and output volt-
ages are shown in Figure 2.7(b).

A v
+ ° o+ vg
X

AY 7 77\ 7
0f '\ /T \\ 7/T\ / t
Vo
Dyand D, Djand D,
- on on

(b)

Figure 2.7 (a) Full-wave bridge rectifier circuit to produce negative output voltages.
(b) Input and output waveforms.
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2.3 Filters, Ripple Voltage, and Diode Current

If a capacitor is added in parallel with the load resistor of a half-wave rectifier to form
a simple filter circuit (Figure 2.8(a)), we can begin to transform the half-wave sinu-
soidal output into a dc voltage. Figure 2.8(b) shows the positive half of the output
sine wave, and the beginning portion of the voltage across the capacitor, assuming
the capacitor is initially uncharged. If we assume that the diode forward resistance is
rs = 0, which means that the r¢C time constant is zero, the voltage across the ca-
pacitor follows this initial portion of the signal voltage. When the signal voltage
reaches its peak and begins to decrease, the voltage across the capacitor also starts to
decrease, which means the capacitor starts to discharge. The only discharge current
path is through the resistor. If the RC time constant is large, the voltage across the ca-
pacitor discharges exponentially with time (Figure 2.8(c)). During this time period,
the diode is cut off.

A more detailed analysis of the circuit response when the input voltage is near
its peak value indicates a subtle difference between actual circuit operation and the
qualitative description. If we assume that the diode turns off immediately when the
input voltage starts to decrease from its peak value, then the output voltage will de-
crease exponentially with time, as previously indicated. An exaggerated sketch of
these two voltages is shown in Figure 2.8(d). The output voltage decreases at a faster
rate than the input voltage, which means that at time #;, the difference between v; and

Vo

vs

\
| T Time
2

‘

l \
&
2
g
S

|
|
|
|
\ |
| T Time T wt, wt
) 2

\
| T T 37 Time
2

(e)

Figure 2.8 Simple filter circuit: (a) half-wave rectifier with an RC filter, (b) positive input
voltage and initial portion of output voltage, (c) output voltage resulting from capacitor
discharge, (d) expanded view of input and output voltages assuming capacitor discharge
begins at wt = /2, and (e) steady-state input and output voltages
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Figure 2.9 Output voltage of a full-wave rectifier with an RC filter showing the ripple voltage

Vo, that is, the voltage across the diode, is greater than V,,. However, this condition
cannot exist. Therefore, the diode does not turn off immediately. If the RC time
constant is large, there is only a small difference between the time of the peak input
voltage and the time the diode turns off. In this situation, a computer analysis may
provide more accurate results than an approximate hand analysis.

During the next positive cycle of the input voltage, there is a point at which the
input voltage is greater than the capacitor voltage, and the diode turns back on. The
diode remains on until the input reaches its peak value and the capacitor voltage is
completely recharged.

Since the capacitor filters out a large portion of the sinusoidal signal, it is called a fil-
ter capacitor. The steady-state output voltage of the RC filter is shown in Figure 2.8(e).

The ripple effect in the output from a full-wave filtered rectifier circuit can be seen
in the output waveform in Figure 2.9. The capacitor charges to its peak voltage value
when the input signal is at its peak value. As the input decreases, the diode becomes
reverse biased and the capacitor discharges through the output resistance R. Deter-
mining the ripple voltage is necessary for the design of a circuit with an acceptable
amount of ripple.

To a good approximation, the output voltage, that is, the voltage across the ca-
pacitor or the RC circuit, can be written as

U()(Z) = VMei[’/r = VM(:'it,/RC (2.3)

where ¢’ is the time after the output has reached its peak value, and RC is the time
constant of the circuit.
The smallest output voltage is

V, = Vye TVRC 24

where 7' is the discharge time, as indicated in Figure 2.9.
The ripple voltage V, is defined as the difference between V), and V;, and is
determined by

V, = Vi — Vi = V(1 — e T7RC) (2.5)

Normally, we will want the discharge time 7’ to be small compared to the time
constant, or 7’ < RC . Expanding the exponential in a series and keeping only the
linear terms of that expansion, we have the approximation?

T/

e*T'/RC ~ o
RC

(2.6)

2We can show that the difference between the exponential function and the linear approximation given by
Equation (2.6) is less than 0.5 percent for RC = 107"’. We need a relatively large RC time constant for this
application.
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The ripple voltage can now be written as

T/
V. =Vy <RC> 2.7)

Since the discharge time 7’ depends on the RC time constant, Equation (2.7) is
difficult to solve. However, if the ripple effect is small, then as an approximation, we
canlet " = T,, so that

~ T,
V=V (E) 2.8)

where T, is the time between peak values of the output voltage. For a full-wave
rectifier, 7, is one-half the signal period. Therefore, we can relate 7), to the signal
frequency,

1

f= ﬁ
The ripple voltage is then

" 2fRC

f (2.9)
For a half-wave rectifier, the time 7), corresponds to a full period (not a half pe-
riod) of the signal, so the factor 2 does not appear in Equation (2.9). The factor of 2
shows that the full-wave rectifier has half the ripple voltage of the half-wave rectifier.
Equation (2.9) can be used to determine the capacitor value required for a par-
ticular ripple voltage.

EXAMPLE 2.3 B ]

Objective: Determine the capacitance required to yield a particular ripple voltage.

Consider a full-wave rectifier circuit with a 60 Hz input signal and a peak output
voltage of Vi, = 10 V. Assume the output load resistance is R = 10 k2 and the rip-
ple voltage is to be limited to V., = 0.2 V.

Solution: From Equation (2.9), we can write

c_ Vi 10
" 2fRV,  2(60)(10 x 10%)(0.2)

= 41.7 uF

Comment: If the ripple voltage is to be limited to a smaller value, a larger filter ca-
pacitor must be used. Note that the size of the ripple voltage and the size of filter
capacitor are related to the load resistance R.

!\ ; ) . EXERCISE PROBLEM

Ex 2.3: Assume the input signal to a rectifier circuit has a peak value of
Vi = 12V and is at a frequency of 60 Hz. Assume the output load resistance is
R =2k and the ripple voltage is to be limited to V,, = 0.4 V. Determine the
capacitance required to yield this specification for a (a) full-wave rectifier and
(b) half-wave rectifier. (Ans. (a) C = 125 uF, (b) C = 250 uF).
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Figure 2.11 Equivalent
circuit of a full-wave rectifier
during capacitor charging
cycle
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Figure 2.10 Output of a full-wave rectifier with an RC filter: (a) diode conduction time and
(b) diode current

The diode in a filtered rectifier circuit conducts for a brief interval At near the
peak of the sinusoidal input signal. The diode current supplies the charge lost by the
capacitor during the discharge time. Figure 2.10 shows the rectified output of a full-
wave rectifier and the filtered output assuming ideal diodes (V,, = 0) in the rectifier
circuit. We will use this approximate model to estimate the diode current during the
diode conduction time. Figure 2.11 shows the equivalent circuit of the full-wave rec-
tifier during the charging time. We see that

dv 0 Vo

i
PEeTIRE R TR

(2.10)
During the diode conduction time near ¢ = 0 (Figure 2.10), we can write
vo = V) cos wt (2.11)

For small ripple voltages, the diode conduction time is small, so we can approximate
the output voltage as

1
vo = Vi coswt = vM[1 — E(wt)z] (2.12)
The charging current through the capacitor is
. dU() 1
ic = C7 =CVy —5(2)(wt)(w) = —wCVyowt (2.13)

From Figure 2.10, the diode conduction occurs during the time —At < ¢ < 0, so that
the capacitor current is positive and is a linear function of time. We note that at t = 0,

the capacitor current is ic = 0. At t = —At, the capacitor charging current is at a
peak value and is given by
icpeak = —0CVy [w(=A1)] = +0CVywAt (2.14)

The capacitor current during the diode charging time is approximately triangular
and is shown in Figure 2.10(b).
From Equation (2.11), we can write that the voltage V;, is given by

V. = Vi cos[w(—Ar)] = VM[I — %(a)AZ)Zi| (2.15)
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Solving for wAt, we find

2V,
wAt = (2.16)
Vi
where V, = Vy, — V.
From Equation (2.9), we can write
Vu
fC= 2RV, (2.17(a))
or
T VM
27nfC = wC = 2.17(b
nfC=wC =" (217(b)
Substituting Equations (2.17(b)) and (2.16) into Equation (2.14), we have
b VM 2Vr
€ peak = V 2.18
iC peak (er> M ( VM) (2.18(a))
or
V 2V,
iCpeak = 70 % VM (2.18(b))

Since the charging current through the capacitor is triangular, we have that the aver-
age capacitor current during the diode charging time is

) TV 2V,
icae =5 (2.19)

During the capacitor charging time, there is still a current through the load. This cur-
rent is also being supplied through the diode. Neglecting the ripple voltage, the load
current is approximately

V
i = % (2.20)
Therefore, the peak diode current during the diode conduction time for a full-wave

rectifier is approximately

N/ 2V,
D peak = 7”4 (1 +7 VV ) (2.21)

and the average diode current during the diode conduction time is

V T [2V,
iDave = %(1 + 7 vM> 2.22)

The average diode current over the entire input signal period is

. Vu w2V \ At
lD(an) = ? 1+ E 7 7 (2.23)

For the full-wave rectifier, we have 1/2T = f, so

1 |2V, 1 2V,
At = — = (2.24(a))
w VM 21 f VM
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Then

At 1 2v,.2f_1 2V, 2.2405))
T 2nf\|Vy ° 7w\ Vy )

Then the average current through the diode during the entire cycle for a full-wave
rectifier is

) 1 2V, Vy T [2Vy
= — — 1+ = 2.25
ip(avg) \V Vi R ( + 5 v ) ( )

DESIGN EXAMPLE 2.4 ,,I, ‘,I ._ I

Objective: Design a full-wave rectifier to meet particular specifications.

A full-wave rectifier is to be designed to produce a peak output voltage of 12V,
deliver 120 mA to the load, and produce an output with a ripple of not more than
5 percent. An input line voltage of 120 V (rms), 60 Hz is available.

Solution: A full-wave bridge rectifier will be used, because of the advantages previ-
ously discussed. The effective load resistance is

R = ‘I/_LO = % =100 Q2
Assuming a diode cut-in voltage of 0.7 V, the peak value of vy is
vs(max) = vp(max) +2V, =12+2(0.7) =13.4V
For a sinusoidal signal, this produces an rms voltage value of
13.4
Vs .rms = ﬁ

The transformer turns ratio is then

=948V

N, 120
— = —=127
N, 948

For a 5 percent ripple, the ripple voltage is
V, = (0.05)Vy = (0.05)(12) = 0.6 V
The required filter capacitor is found to be

oo Vm _ 12
~ 2fRV,  2(60)(100)(0.6)

The peak diode current, from Equation (2.21), is

12 2(12)
— 1+ /==
100 0.6

— 1667 uF

iD,peak =

:| =250A
and the average diode current over the entire signal period, from Equation (2.25), is

, _1 e (12N, 7 i)
in@ve) = /7 (1_00> T2V )T ™

Finally, the peak inverse voltage that each diode must sustain is

PIV = vg(max) = vg(max) — V, = 13.4 —0.7 = 12.7V
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Comment: The minimum specifications for the diodes in this full-wave rectifier cir-
cuit are: a peak current of 2.50 A, an average current of 132 mA, and a peak inverse
voltage of 12.7 V. In order to meet the desired ripple specification, the required filter
capacitance must be large, since the effective load resistance is small.

Design Pointer: (1) A particular turns ratio was determined for the transformer.
However, this particular transformer design is probably not commercially available.
This means an expensive custom transformer design would be required, or if a stan-
dard transformer is used, then additional circuit design is required to meet the
output voltage specification. (2) A constant 120 V (rms) input voltage is assumed to
be available. However, this voltage can fluctuate, so the output voltage will also
fluctuate.

We will see later how more sophisticated designs will solve these two problems.

Computer Verification: Since we simply used an assumed cut-in voltage for the
diode and used approximations in the development of the ripple voltage equations,
we can use PSpice to give us a more accurate evaluation of the circuit. The PSpice
circuit schematic and the steady-state output voltage are shown in Figure 2.12. We
see that the peak output voltage is 11.6 V, which is close to the desired 12 V. One
reason for the slight discrepancy is that the diode voltage drop for the maximum
input voltage is slightly greater than 0.8 V rather than the assumed 0.7 V. The ripple
voltage is approximately 0.5 V, which is within the 0.6 V specification.

Discussion: In the PSpice simulation, a standard diode, 1N4002, was used. In order
for the computer simulation to be valid, the diode used in the simulation and in the
actual circuit must match. In this example, to reduce the diode voltage and increase
the peak output voltage, a diode with a larger cross-sectional area should be used.

Ds D,
IN4002 4* €1 1667 uF 1N4002
G 1_| |_1 Vout
2O ] twd
= R, 100 Q
D, Dy
1N4002 1N4002
(a)
Vout (V)
2+
11 | | |
0 20 40 60  Time (ms)
(b)

Figure 2.12 (a) PSpice circuit schematic of diode bridge circuit with an RC filter;
(b) Steady-state output voltage of PSpice analysis of diode bridge circuit for a 60 Hz input
sine wave with a peak value of 13.4 V
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mil lL EXERCISE PROBLEM

Ex 2.4: The input voltage to the half-wave rectifier in Figure 2.8(a) is
vs = 755sin[27(60)¢] V. Assume a diode cut-in voltage of V, = 0. The ripple
voltage is to be no more than V, = 4 V. If the filter capacitor is 50 ©F, determine

the minimum load resistance that can be connected to the output. (Ans. R =
6.25 k2)

2.1.4 Detectors

One of the first applications of semiconductor diodes was as a detector for amplitude-
modulated (AM) radio signals. An amplitude-modulated signal consists of a radio-
frequency carrier wave whose amplitude varies with an audio frequency as shown in
Figure 2.13(a). The detector circuit is shown in Figure 2.13(b) and is a half-wave rec-

(a)
D>t o+
vin<> R C= vout
. O —
(b)
\ | \ \
\ [ [ AT )
[ L A T A
L T A Y AR T A \ L L AR A
P T T L Y VN VT N Y W A t
(c)

Figure 2.13 The signals and circuit for demodulation of an amplitude-modulated signal.

(a) The amplitude-modulated input signal. (b) The detector circuit. (¢) The demodulated
output signal.
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tifier circuit with an RC filter on the output. For this application, the RC time constant
should be approximately equal to the period of the carrier signal, so that the output
voltage can follow each peak value of the carrier signal. If the time constant is too
large, the output will not be able to change fast enough and the output will not repre-
sent the audio output. The output of the detector is shown in Figure 2.13(c).

The output of the detector circuit is then coupled to an amplifier through a
capacitor to remove the dc component of the signal, and the output of the amplifier is
then fed to a speaker.

g 5 Voltage Doubler Circuit

A voltage doubler circuit is very similar to the full-wave rectifier, except that two
diodes are replaced by capacitors, and it can produce a voltage equal to approxi-
mately twice the peak output of a transformer (Figure 2.14).

Figure 2.15(a) shows the equivalent circuit when the voltage polarity at the “top”
of the transformer is negative; Figure 2.15(b) shows the equivalent circuit for the op-
posite polarity. In the circuit in Figure 2.15(a), the forward diode resistance of D is
small; therefore, the capacitor C; will charge to almost the peak value of vg. Termi-
nal 2 on C is positive with respect to terminal 1. As the magnitude of vg decreases
from its peak value, C; discharges through R; and C,. We assume that the time con-
stant R;C; is very long compared to the period of the input signal.

As the polarity of vy changes to that shown in Figure 2.15(b), the voltage across C;
is essentially constant at V), with terminal 2 remaining positive. As vg reaches its max-
imum value, the voltage across C; essentially becomes V. By Kirchhoff’s voltage law,

vy

Figure 2.14 A voltage doubler circuit

D,
- D, I g 0 0
vg C, ::g R, < vp vg G, ::g RL§ )
+ k" —) T> _ _ @u@ _
@c,0 1 L

(a) (b)

Figure 2.15 Equivalent circuit of the voltage doubler circuit: (a) negative input cycle and (b)
positive input cycle
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the peak voltage across Ry is now essentially equal to 2V, or twice the peak output of
the transformer. The same ripple effect occurs as in the output voltage of the rectifier
circuits, but if C; and C, are relatively large, then the ripple voltage V,, is quite small.

There are also voltage tripler and voltage quadrupler circuits. These circuits pro-
vide a means by which multiple dc voltages can be generated from a single ac source
and power transformer.

Test Your Understanding

TYU 2.1 Consider the circuit in Figure 2.4. The input voltage is v,(t) =
15sinwt (V) and the diode cut-in voltage is V,, = 0.7 V. The voltage Vjp varies
between 4 < Vp <8 V. The peak current is to be limited to ip(peak) = 18 mA.
(a) Determine the minimum value of R. (b) Using the results of part (a), determine
the range in peak current and the range in duty cycle. (Ans. (a) R =572 Q;
(b) 11 < ip(peak) < 18 mA, 30.3 < duty cycle < 39.9 %).

TYU 2.2 The circuit in Figure 2.5(a) is used to rectify a sinusoidal input signal with
a peak voltage of 120 V and a frequency of 60 Hz. A filter capacitor is connected in
parallel with R. If the output voltage cannot drop below 100V, determine the required
value of the capacitance C. The transformer has a turns ratio of Ny : N, = 1: 1, where
N, is the number of turns on each of the secondary windings. Assume the diode cut-
in voltage is 0.7 V and the output resistance is 2.5 k2. (Ans. C = 20.6 uF)

TYU 2.3 The secondary transformer voltage of the rectifier circuit shown in Fig-
ure 2.6(a) is vs = 50 sin[27(60)¢] V. Each diode has a cut-in voltage of V), = 0.7V,
and the load resistance is R = 10 k2. Determine the value of the filter capacitor that
must be connected in parallel with R such that the ripple voltage is no greater than
V., =2V.(Ans. C =20.3 uF)

TYU 2.4 Determine the fraction (percent) of the cycle that each diode is conduct-
ing in (a) Exercise EX2.4, (b) Exercise TYU2.2, and (c) Exercise TYU2.3. (Ans.
(a) 5.2%, (b) 18.1%, (c) 9.14%)

22 ZENERDIODE CRCUTS

Objective: ® Apply the characteristics of the Zener diode to a Zener
diode voltage regulator circuit.

In Chapter 1, we saw that the breakdown voltage of a Zener diode was nearly con-
stant over a wide range of reverse-bias currents (Figure 1.21). This makes the Zener
diode useful in a voltage regulator, or a constant-voltage reference circuit. In this
chapter, we will look at an ideal voltage reference circuit, and the effects of includ-
ing a nonideal Zener resistance.

The Zener diode voltage regulator circuits designed in this section will then be
added to the design of the electronic power supply in Figure 2.1. We should note that
in actual power supply designs, the voltage regulator will be a more sophisticated
integrated circuit rather than the simpler Zener diode design that will be developed
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here. One reason is that a standard Zener diode with a particular desired breakdown
voltage may not be available. However, this section will provide the basic concept of
a voltage regulator.

2.2.1 Ideal Voltage Reference Circuit

Figure 2.16 shows a Zener voltage regulator circuit. For this circuit, the output volt-
age should remain constant, even when the output load resistance varies over a fairly
wide range, and when the input voltage varies over a specific range. The variation in
Vps may be the ripple voltage from a rectifier circuit.

We determine, initially, the proper input resistance R;. The resistance R; limits
the current through the Zener diode and drops the “excess” voltage between Vpg and
V7. We can write

R;
v o
B —— +
+ I +
Vps = IZl N Vz ILl Ry vy
o)

Figure 2.16 A Zener diode voltage regulator circuit

Vps =V Vps = V.
R = /PS z _ Vps z

,- _ (226)
I; I +1;,

which assumes that the Zener resistance is zero for the ideal diode. Solving this equa-
tion for the diode current, I, we get

Vs —Vz

Iz R

-1 (2.27)
where I;, = Vz/R;, and the variables are the input voltage source Vpg and the load
current /;.

For proper operation of this circuit, the diode must remain in the breakdown re-
gion and the power dissipation in the diode must not exceed its rated value. In other
words:

1. The current in the diode is a minimum, /z(min), when the load current is a
maximum, /;(max), and the source voltage is a minimum, Vpg(min).

2. The current in the diode is a maximum, /z(max), when the load current is a
minimum, /;(min), and the source voltage is a maximum, Vpg(max).

Inserting these two specifications into Equation (2.26), we obtain

_ VPS(min) - VZ
o= Iz(min) + I (max) (2.28(a))

and

_ Vpg(max) — Vz
fi= Iz(max) + I (min) (2.28(b))
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Equating these two expressions, we then obtain
[Vps(min) — Vz] - [Iz(max) + Iy (min)]

. (2.29)
= [Vps(max) — Vz] - [Iz(min) + I; (max)]

Reasonably, we can assume that we know the range of input voltage, the range
of output load current, and the Zener voltage. Equation (2.29) then contains two un-
knowns, Iz(min) and /z(max). Further, as a minimum requirement, we can set the
minimum Zener current to be one-tenth the maximum Zener current, or /z(min) =
0.177(max). (More stringent design requirements may require the minimum Zener
current to be 20 to 30 percent of the maximum value.) We can then solve for
I7(max), using Equation (2.29), as follows:

I (max) - [Vpg(max) — Vz] — I (min) - [Vpg(min) — V7]

_— 2.
z(max) Vps(min) — 0.9V; — 0.1Vpg(max) 230

Using the maximum current thus obtained from Equation (2.30), we can determine
the maximum required power rating of the Zener diode. Then, combining Equa-
tion (2.30) with either Equation (2.28(a)) or (2.28(b)), we can determine the required
value of the input resistance R;.

DESIGN EXAMPLE 2.5 T ———

Objective: Design a voltage regulator using the circuit in Figure 2.16.

The voltage regulator is to power a car radio at V; = 9 V from an automobile
battery whose voltage may vary between 11 and 13.6 V. The current in the radio will
vary between 0 (off) to 100 mA (full volume).

The equivalent circuit is shown in Figure 2.17.

Solution: The maximum Zener diode current can be determined from Equa-
tion (2.30) as

Ly — Q0036910 0
2 =099 — 0.)(13.6)

The maximum power dissipated in the Zener diode is then
P7(max) = I;(max) - Vz; = (300)(9) = 2.7W

The value of the current-limiting resistor R;, from Equation (2.28(b)), is

13.6 -9
i=———=153Q
0340
R;
MMV
K e
VPS: i__ ‘_\+ ~ :
11-13.6V T ’Zl A_Vz—9V Radio

Figure 2.17 Circuit for Design Example 2.5
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The maximum power dissipated in this resistor is
(Vps(max) — Vz)? _ (13.6 — 9)2

Pri(max) = R = 53 =14W
We find
I7(min) = B —0.10 = 30.7mA
15.3

Comment: From this design, we see that the minimum power ratings of the
Zener diode and input resistor are 2.7 W and 1.4 W, respectively. The minimum
Zener diode current occurs for Vpg(min) and I;(max). We find I;(min) = 30.7
mA, which is approximately 10 percent of Iz(max) as specified by the design
equations.

Design Pointer: (1) The variable input in this example was due to a variable battery
voltage. However, referring back to Example 2.4, the variable input could also be a
function of using a standard transformer with a given turns ratio as opposed to a cus-
tom design with a particular turns ratio and/or having a 120 V (rms) input voltage that
is not exactly constant.

(2) The 9 V output is a result of using a 9 V Zener diode. However, a Zener diode
with exactly a 9 V breakdown voltage may also not be available. We will again see
later how more sophisticated designs can solve this problem.

(T —— EXERCISE PROBLEM

Ex 2.5: The Zener diode regulator circuit shown in Figure 2.16 has an input volt-
age that varies between 10 and 14 V, and a load resistance that varies between
R; =20 and 100 2. Assume a 5.6 Zener diode is used, and assume /7 (min) =
0.17z(max). Find the value of R; required and the minimum power rating of the
diode. (Ans. P, =331 W, R; =13 Q)

The operation of the Zener diode circuit shown in Figure 2.17 can be visualized
by using load lines. Summing currents at the Zener diode, we have
vps — Vz Vz

=1, +

— 2.31
R, 2t R, (2.31)

Solving for V, we obtain

V, = Ry 1, (Rife (2.32)
Z = Ups R+ R, VA R+ R, .

which is the load line equation. Using the parameters of Example 2.5, the load resis-
tance varies from R; = oo(ly =0) to Ry =9/0.1 =90 Q2 (I, = 100 mA). The
current limiting resistor is R; = 15 © and the input voltage varies over the range
11 <wvpg <13.6 V.

We may write load line equations for the various circuit conditions.

Aivps =11V, R, =o00; Vz=11—15(15)

B: Ups = 11V, RL=9OQ; VZ:9.43—]Z(12.9)
C: Ups = 136V, RLZOO; VZ: 13.6—]2(15)
D: Ups = 136V, RL = 909, VZ =117 — 12(12.9)
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Figure 2.18 Zener diode /-V characteristics with various load lines superimposed

Figure 2.18 shows the Zener diode /-V characteristics. Superimposed on the figure
are the four load lines designated as A, B, C, and D. Each load line intersects the
diode characteristics in the breakdown region, which is the required condition for
proper diode operation. The variation in Zener diode current Al for the various
combinations of input voltage and load resistance is shown on the figure.

If we were to choose the input resistance to be R; =25 Q and let vpg =11V
and R; = 90, the load line equation (Equation (2.32)) becomes

Vz =8.61 — 1,(19.6) (2.33)

This load line is plotted as curve E on Figure 2.18. We see that this load line does not
intersect the diode characteristics in the breakdown region. For this condition, the
output voltage will not equal the breakdown voltage of V; = 9 V; the circuit does not
operate “properly.”

g0 2 Zener Resistance and Percent Regulation

In the ideal Zener diode, the Zener resistance is zero. In actual Zener diodes, how-
ever, this is not the case. The result is that the output voltage will fluctuate slightly
with a fluctuation in the input voltage, and will fluctuate with changes in the output
load resistance.

Figure 2.19 shows the equivalent circuit of the voltage regulator including the
Zener resistance. Because of the Zener resistance, the output voltage will change
with a change in the Zener diode current.

Two figures of merit can be defined for a voltage regulator. The first is the source
regulation and is a measure of the change in output voltage with a change in source

;
Jz Ry Vp
/

<
T +
=)
N <
=
I——WAW—DF
oy
=
i
ol + O

Figure 2.19 A Zener diode voltage regulator circuit with a nonzero Zener resistance
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voltage. The second is the load regulation and is a measure of the change in output
voltage with a change in load current.
The source regulation is defined as

AUL

Source regulation = x 100% (2.34)

vps
where Av; is the change in output voltage with a change of Avpg in the input
voltage.
The load regulation is defined as

. UL no load — VL, full load
Load regulation = — '

x 100% (2.35)
UL full load

where v no 10ad 18 the output voltage for zero load current and vy fy11 1044 1S the output
voltage for the maximum rated output current.

The circuit approaches that of an ideal voltage regulator as the source and load
regulation factors approach zero.

EXAMPLE 2.6 ,,I, ‘,I ._ I

Objective: Determine the source regulation and load regulation of a voltage regula-
tor circuit.

Consider the circuit described in Example 2.5 and assume a Zener resistance of
r, =2 Q.

Solution: Consider the effect of a change in input voltage for a no-load condition
(R, = 00). Forvpg = 13.6 V, we find

13.6 -9

= ———=0.2659A
153+2

z

Then
VL max = 9+ (2)(0.2659) = 9.532V
For vpg = 11V, we find

11-9
7=——=0.1156 A
153 +2
Then
Ve min = 9+ (2)(0.1156) = 9.231V
We obtain
A 9.532 —9.231
Source regulation = Ly 100% = ——— x 100% = 11.6%
Avpg 13.6 — 11

Now consider the effect of a change in load current for vpg = 13.6 V. For I}, = 0, we
find

13.6 -9

= —=0.2659A
153 +2

V4

and

VL noload = 9 4 (2)(0.2659) = 9.532V
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For a load current of I; = 100 mA, we find

1369+ [z(2)]

Iz = 153 —0.10
which yields

I =0.1775A
Then

UL full load = 9 + (2)(01775) =9.355V

‘We now obtain
UL noload — VL, full load

Load regulation = x 100%
UL full load
9.532 — 9.355 100% — 1.89%
= — X = 1.
9.355 ’ ’

Comment: The ripple voltage on the input of 2.6 V is reduced by approximately a
factor of 10. The change in output load results in a small percentage change in the
output voltage.

!I!,-u.\"hl EXERCISE PROBLEM

Ex 2.6: Repeat Example 2.6 for r, = 4 Q2. Assume all other parameters are the same

as listed in the example. (Ans. Source regulation = 20.7%, load regulation = 3.29%)

Test Your Understanding

TYU 2.5 Consider the circuit shown in Figure 2.19. Let Vpg = 12V, Vz9 = 6.2V,
and r, = 3 Q2. The power rating of the diode is P = 1 W. (a) Determine /7 (max) and
R;. (b) If Iz(min) = 0.1/, (max), determine R; (min) and the load regulation. (Ans.
(a) Iz(max) = 150 mA, R; = 35.7Q; (b) Ry (min) = 42.7 2, 6.09 %).

TYU 2.6 Suppose the current-limiting resistor in Example 2.5 is replaced by one
whose value is R; = 20 Q. Determine the minimum and maximum Zener diode cur-
rent. Does the circuit operate “properly”? (Ans. Iz(min) = 0, Iz (max) = 230 mA).

TYU 2.7 Suppose the power supply voltage in the circuit shown in Figure 2.17 drops
to Vps = 10V. Let R; = 15.3 2. What is the maximum load current in the radio if
the minimum Zener diode current is to be maintained at Iz (min) = 30 mA? (Ans.
I; (max) = 35.4 mA).

F 2.3 CLIPPER AND CLAMPER CIRCUITS

Objective:  Apply the nonlinear characteristics of diodes to create
waveshaping circuits known as clippers and clampers.

In this section, we continue our discussion of nonlinear circuit applications of diodes.
Diodes can be used in waveshaping circuits that either limit or “clip” portions of a
signal, or shift the dc voltage level. The circuits are called clippers and clampers,
respectively.



Chapter 2 Diode Circuits
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Figure 2.20 General voltage transfer characteristics of a limiter circuit

2.3.1 Clippers

Clipper circuits, also called limiter circuits, are used to eliminate portions of a sig-
nal that are above or below a specified level. For example, the half-wave rectifier is a
clipper circuit, since all voltages below zero are eliminated. A simple application of
a clipper is to limit the voltage at the input to an electronic circuit so as to prevent
breakdown of the transistors in the circuit. The circuit may be used to measure the
frequency of the signal, if the amplitude is not an important part of the signal.

Figure 2.20 shows the general voltage transfer characteristics of a limiter circuit.
The limiter is a linear circuit if the input signal is in the range V, /A, < vy <
Vg /A,, where A, is the slope of the transfer curve. If A, < 1, as in diode circuits,
the circuit is a passive limiter. If v; > Vg /A,, the output is limited to a maximum
value of Vg . Similarly, if v; < V,; /A,, the output is limited to a minimum value of
V,, . Figure 2.20 shows the general transfer curve of a double limiter, in which both
the positive and negative peak values of the input signal are clipped.

Various combinations of Vg and V, are possible. Both parameters may be pos-
itive, both negative, or one may be positive while the other negative, as indicated in
the figure. If either V,, approaches minus infinity or Vg' approaches plus infinity,
then the circuit reverts to a single limiter.

Figure 2.21(a) is a single-diode clipper circuit. The diode D; is off as long as
vy < Vg +V,. With Dy off, the current is approximately zero, the voltage drop
across R is essentially zero, and the output voltage follows the input voltage. When
vy > Vp +V,, the diode turns on, the output voltage is clipped, and vo equals
Vp + V,,. The output signal is shown in Figure 2.21(b). In this circuit, the output is
clipped above Vg + V.

v
)
// \\
Vp+V, -
+ R + ’ ?
D, / p
vy + v,
Vp —

(a) (b)

Figure 2.21 Single-diode clipper: (a) circuit and (b) output response

91



92

Part 1

Semiconductor Devices and Basic Applications

vy = 6 sin Wt

Vpo— Vpp— t
Bl B2 Wi+ V) 7,,,,,\ﬁ/ u

(a) (b)

Figure 2.22 A parallel-based diode clipper circuit and its output response

W m N TN
D, D, Ve +Vy vo / \

vy + - Vo /
T + T

The resistor R in Figure 2.21 is selected to be large enough so that the forward
diode current is limited to be within reasonable values (usually in the milliampere
range), but small enough so that the reverse diode current produces a negligible volt-
age drop. Normally, a wide range of resistor values will result in satisfactory perfor-
mance of a given circuit.

Other clipping circuits can be constructed by reversing the diode, the polarity of
the voltage source, or both.

Positive and negative clipping can be performed simultaneously by using a dou-
ble limiter or a parallel-based clipper, such as the circuit shown in Figure 2.22. The
input and output signals are also shown in the figure. The parallel-based clipper is
designed with two diodes and two voltage sources oriented in opposite directions.

EXAMPLE 2.7 B ]

Objective: Find the output of the parallel-based clipper in Figure 2.23(a).
For simplicity, assume that V,, = 0 and ry = 0 for both diodes.

v (V)

6 TN

4= 7 \

27

2+
4

6 N~

(b)

Figure 2.23 Figure for Example 2.7

Solution: Fort = 0, we see that v; = 0 and both D; and D, are reverse biased. For
0 < v; <2V, Dy and D, remain off; therefore, vop = v;. For v; > 2V, D; turns on
and

U1—2

" 10+10

Also,

vo=iRa+2=3(; -2 +2=1v,+1
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Ifvy =6V, thenvyp =4V.

For —4 < v; <0V, both D and D, are off and vp = v;. Forv; < -4V, D,
turns on and the output is constant at vp = —4 V. The input and output waveforms
are plotted in Figure 2.23(b).

Comment: If we assume that V), # 0, the output will be very similar to the re-

sults calculated here. The only difference will be the points at which the diodes
turn on.

(T — EXERCISE PROBLEM

Ex 2.7: Design a parallel-based clipper that will yield the voltage transfer func-
tion shown in Figure 2.24. Assume diode cut-in voltages of V), = 0.7 V. (Ans. For
Figure 2.23(b), V, = 4.3, V; = 1.8 V,and R| = 2R;)

Yo

25 ——— .

2.5 vy

Figure 2.24 Figure for Exercise Ex 2.7

Diode clipper circuits can also be designed such that the dc power supply is in
series with the input signal. Figure 2.25 shows one example. The battery in series
with the input signal causes the input signal to be superimposed on the Vz dc volt-
age. The resulting conditioned input signal and corresponding output signal is also
shown in Figure 2.25.

In all of the clipper circuits considered, we have included batteries that basically
set the limits of the output voltage. However, batteries need periodic replacement, so
that these circuits are not practical. Zener diodes, operated in the reverse breakdown
region, provide essentially a constant voltage drop. We can replace the batteries by
Zener diodes.

+ Ve _
+_||||_IV\I/€W_ T v .
0
vy N Vo 04 ,,‘,\,,,71,,/,\,\L7777t
_ _ B N4 «_/

Figure 2.25 Series-based diode clipper circuit and resulting output response
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Yo
1 1
vy
-Vp+V) Va+Vy,
~(Vp+V)

(b)

Figure 2.26 (a) Parallel-based clipper circuit using Zener diodes; (b) voltage transfer
characteristics

Figure 2.26(a) shows a parallel based clipper circuit using Zener diodes. The
voltage transfer characteristics are shown in Figure 2.26(b). The performance of the
circuit in Figure 2.26(a) is essentially the same as that shown in Figure 2.22.

i3 2 Clampers

Clamping shifts the entire signal voltage by a dc level. In steady state, the output
waveform is an exact replica of the input waveform, but the output signal is shifted
by a dc value that depends on the circuit. The distinguishing feature of a clamper is
that it adjusts the dc level without needing to know the exact waveform.

An example of clamping is shown in Figure 2.27(a). The sinusoidal input volt-
age signal is shown in Figure 2.27(b). Assume that the capacitor is initially un-
charged. During the first 90 degrees of the input waveform, the voltage across the
capacitor follows the input, and vc = v; (assuming thatr; = 0 and V,, = 0). After v;
and v¢ reach their peak values, v; begins to decrease and the diode becomes reverse
biased. Ideally, the capacitor cannot discharge, so the voltage across the capacitor re-
mains constant at vc = V). By Kirchhoft’s voltage law

vo = —vc +v; = —Vy + Vi sin wt (2.36(a))
or
vo = Vy(sinwt — 1) (2.36(b))
+ Ve -
Il
Il T
vy
vy \v4 Vo Vi
N ANANVAN
T
T ARV
(a) (b)
ve Vo
Vi 0T

=)
SN
~
é
~

2Vy
(c) (d)

Figure 2.27 Action of a diode clamper circuit: (a) a typical diode clamper circuit, (b) the
sinusoidal input signal, (c) the capacitor voltage, and (d) the output voltage
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The capacitor and output voltages are shown in Figures 2.27(c) and (d). The
output voltage is “clamped” at zero volts, that is, vp < 0. In steady state, the
waveshapes of the input and output signals are the same, and the output signal is
shifted by a certain dc level compared to the input signal.

A clamping circuit that includes an independent voltage source Vg is shown in
Figure 2.28(a). In this circuit, the R; C time constant is assumed to be large, where R,
is the load resistance connected to the output. If we assume, for simplicity, that
ry = 0and V, = 0, then the output is clamped at V. Figure 2.28(b) shows an exam-
ple of a sinusoidal input signal and the resulting output voltage signal. When the
polarity of Vg is as shown, the output is shifted in a negative voltage direction. Simi-
larly, Figure 2.28(c) shows a square-wave input signal and the resulting output volt-
age signal. For the square-wave signal, we have neglected the diode capacitance
effects and assume the voltage can change instantaneously.

(a) (b) (c)

Figure 2.28 Action of a diode clamper circuit with a voltage source assuming an ideal diode
(V, = 0): (a) the circuit, (b) steady-state sinusoidal input and output signals, and (c) steady-
state square-wave input and output signals

Electronic signals tend to lose their dc levels during signal transmission. For
example, the dc level of a TV signal may be lost during transmission, so that the dc
level must be restored at the TV receiver. The following example illustrates this
effect.

EXAMPLE 2.8 T ——

Objective: Find the steady-state output of the diode-clamper circuit shown in Fig-
ure 2.29(a).

The input v; is assumed to be a sinusoidal signal whose dc level has been shifted
with respect to a receiver ground by a value Vp during transmission. Assume V,, =0
and r; = O for the diode.

- Ve + 2 Vg
ot
C Vs
v = v
Vg sin ot B
+ 0
T
- _VS
(a) (b)

Figure 2.29 (a) Circuit for Example 2.8; (b) input and output waveforms
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Solution: Figure 2.29(b) shows the sinusoidal input signal. If the capacitor is ini-
tially uncharged, then the output voltage is vo = Vjp att = 0 (diode reverse-biased).
For 0 <t <1, the effective RC time constant is infinite, the voltage across the ca-
pacitor does not change, and vp = v; + V3.
Att = 11, the diode becomes forward biased; the output cannot go negative, so

the voltage across the capacitor changes (the r¢C time constant is zero).

Att = (%)T, the input signal begins increasing and the diode becomes reverse
biased, so the voltage across the capacitor now remains constant at Vo = Vg — Vp
with the polarity shown. The output voltage is now given by

vo=Vs—Vpg)+uv;+ Vg = (Vs — V3)+Vgsina)t+VB
or
vo = Vs(1 + sinwt)
Comment: Fort > (%)T, steady state is reached. The output signal waveform is an

exact replica of the input signal waveform and is now measured with respect to the
reference ground at terminal A.

T — EXERCISE PROBLEM

Ex 2.8: Sketch the steady-state output voltage for the input signal given for the
circuit shown in Figure 2.30. Assume V, = ry = 0. (Ans. Square wave between
+2V and —8V)

Yy

|
|
+
+5V - Cc

-5V

Figure 2.30 Figure for Exercise Ex 2.8

Test Your Understanding

TYU 2.8 Consider the circuit in Figure 2.23(a). Let R} =5kQ, R, =2k€,
Vi=1V,and Vo, =3 V. Let V,, = 0.7V for each diode. Plot the voltage transfer
characteristics (vp versus v;) for —5 <wv; <5V. (Ans. For v; <-3.7V,
vo =—-3.7V, for 37 <v; <17V, Vo = Vy; for vy > 1.7V,
vo = 0.286v; + 1.21)

TYU 2.9 Determine the steady-state output voltage vo for the circuit in
Figure 2.31(a), if the input is as shown in Figure 2.31(b). Assume the diode cut-in
voltage is V,, = 0. (Ans. Output is a square wave between +5 V and +35V)
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T

(a) (b)

Figure 2.32 Figure for Exercise TYU 2.10

TYU 2.10 Design a parallel-based clipper circuit that will yield the voltage transfer
characteristics shown in Figure 2.32. Assume a diode cut-in voltage of V,, = 0.7 V.
(Ans. From Figure 2.23(a), V; =23V, V, = 1.3V, R| = R,, include Rj in series
with D,, where R3; = 0.5R;)

F 24 MULTIPLE-DIODE CIRCUITS

Objective: ® Examine the techniques used to analyze circuits that
contain more than one diode.

Since a diode is a nonlinear device, part of the analysis of a diode circuit involves de-
termining whether the diode is on or off. If a circuit contains more than one diode, the
analysis is complicated by the various possible combinations of on and off.

In this section, we will look at several multiple-diode circuits. We will see, for
example, how diode circuits can be used to perform logic functions. This section
serves as an introduction to digital logic circuits that will be considered in detail in
Chapters 16 and 17.
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2.4.1 Example Diode Circuits

As a brief introduction, consider two single-diode circuits. Figure 2.33(a) shows a
diode in series with a resistor. A plot of voltage transfer characteristics, vy versus vy,
shows the piecewise linear nature of this circuit (Figure 2.33(b)). The diode does not
begin to conduct until v; =V, . Consequently, for v; < V,, the output voltage is
zero; for v; > V,, the output voltage is vp = v; — Vy.

Figure 2.34(a) shows a similar diode circuit, but with the input voltage source
explicitly included to show that there is a path for the diode current. The voltage
transfer characteristic is shown in Figure 2.34(b). In this circuit, the diode remains
conducting for v; < Vs —V,, and the output voltage is vo = v; +V,. When
v; > Vs —V,, the diode turns off and the current through the resistor is zero; there-
fore, the output remains constant at V.

These two examples demonstrate the piecewise linear nature of the diode
and the diode circuit. They also demonstrate that there are regions where the diode
is “on,” or conducting, and regions where the diode is “off,” or nonconducting.

Yo

vr Vo

vy
(a) (b)

Figure 2.33 Diode and resistor in series: (a) circuit and (b) voltage transfer characteristics

Yo

1
< o Vo

ip

<
=

.
|

(a) (b)

Figure 2.34 Diode with input voltage source: (a) circuit and (b) voltage transfer
characteristics
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V+
iRl 1
R,

D, v D

vy o— K y 0 Vo
- -~ vo'"
D1 ;2
R, |
1 irs V-
v Figure 2.36 Voltage transfer characteristics

Figure 2.35 A two-diode circuit for the two-diode circuit in Figure 2.35

In multidiode circuits, each diode may be either on or off. Consider the two-
diode circuit in Figure 2.35. Since each diode may be either on or off, the circuit has
four possible states. However, some of these states may not be feasible because of
diode directions and voltage polarities.

If we assume that V¥ > V- and that V* — V~ > V,,, there is at least a possi-
bility that D, can be turned on. First, v’ cannot be less than V~. Then, for v; =V,
diode D must be off. In this case, D, is on, ig; = ip2» = igs, and

U0=V+—iR1R1 (2.37)
where
Vt—V, -V~
o = ——— 2.38
LRI R + R, ( )

Voltage v’ is one diode drop below vg, and D remains off as long as v is less
than the output voltage. As v; increases and becomes equal to vo, both D; and D,
turn on. This condition or state is valid as long as v; < V*. When v; = V™,
ir1 = ip> = 0, at which point D, turns off and vp cannot increase any further.

Figure 2.36 shows the resulting plot of v versus v;. Three distinct regions, vV,
vo®, and v, correspond to the various conducting states of D; and D,. The fourth
possible state, corresponding to both Dy and D, being off, is not feasible in this circuit.

EXAMPLE 2.9 T ————

Objective: Determine the output voltage and diode currents for the circuit shown in
Figure 2.35, for two values of input voltage.

Assume the circuit parameters are Ry = 5 k2, R, = 10k, V, =0.7V, vVt =
+5V,and V- = —5 V. Determine vy, ipy, and ip, forv;=0and v; =4 V.

Solution: For v; = 0, assume initially that D is off. The currents are then
Vt—v, -V~ _5-07-(=5)

= = 0.62mA
R+ R, 5+10

IR1 =ip2 =iga =
The output voltage is

vo=VT —ig R =5—(062)(5) =19V
and v’ is

V=v9—-V,=19-07=12V
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From these results, we see that diode D, is indeed cut off, ip; = 0, and our analysis
is valid.

For v; =4V, we see from Figure 2.36 that vp = vy; therefore, vp = v; =4 V.
In this region, both D and D, are on, and

VjL — Vo 5—-4

LRI Ip2 R 3 m
Note that v/ = vp — V), =4 — 0.7 = 3.3 V. Thus,
vV =V _33—-(=5)

R, 10

= 0.83mA

iy =

The current through D is found from ip; + ipy = igy or

iD] = iRz —iDz =0.83 -0.2=0.63mA

Comment: For v; = 0, we see that vp = 1.9 V and v/ = 1.2 V. This means that D,
is reverse biased, or off, as we initially assumed. For v; =4V, we have ip; > 0 and
ip> > 0, indicating that both D and D, are forward biased, as we assumed.

Computer analysis: For multidiode circuits, a PSpice analysis may be useful in de-
termining the conditions under which the various diodes are conducting or not
conducting. This avoids guessing the conducting state of each diode in a hand analy-
sis. Figure 2.37 is the PSpice circuit schematic of the diode circuit in Figure 2.35.

Vour (V)
D, D, 50
f <
IN914 IN914
Vi R 10kQ
oV — 2 0
+
1 L
=) V= 0 ! ! !
- -4.0 0 4.0 8.0 v, (V)
=0
() (b)
Ip; (mA) Iy (UA)
2.0 800 I~
0 | | | 0 | | |
-4.0 0 4.0 8.0 vV, (V) -4.0 0 4.0 8.0 Vi (V)
(c) (d)

Figure 2.37 (a) PSpice circuit schematic; (b) output voltage; (c) current in diode 1, and (d)
current in diode 2 for the diode circuit in Example 2.9
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Figure 2.37 also shows the output voltage and the two diode currents as the input is
varied between —1 V and +7 V. From these curves, we can determine when the
diodes turn on and off.

Comment: The hand analysis results, based on the piecewise linear model for the
diode, agree very well with the computer simulation results. This gives us confidence
in the piecewise linear model when quick hand calculations are made.

' EXERCISE PROBLEM

Ex 2.9: Consider the circuit shown in Figure 2.38, in which the diode cut-in voltages
are V, = 0.6 V. Plot vp versus v; for 0 <v; <10 V. (Ans. For 0 <v; <35V,
vo = 4.4V, forv; > 3.5V, D, turns off; and for v; > 9.4V, vp =10V)

+10V

+5V

Figure 2.38 Figure for Exercise Ex 2.9

Problem-Solving Technique: Multiple Diode Circuits

Analyzing multidiode circuits requires determining if the individual devices are
“on” or “off.” In many cases, the choice is not obvious, so we must initially guess
the state of each device, then analyze the circuit to determine if we have a solution
consistent with our initial guess. To do this, we can:

1. Assume the state of a diode. If a diode is assumed on, the voltage across the
diode is assumed to be V,,. If a diode is assumed to be off, the current through
the diode is assumed to be zero.

2. Analyze the “linear” circuit with the assumed diode states.

3. Evaluate the resulting state of each diode. If the initial assumption were that
adiode is “off”” and the analysis shows that /p, = 0 and Vp < V,,, then the as-
sumption is correct. If, however, the analysis actually shows that I, > 0
and/or Vp > V,,, then the initial assumption is incorrect. Similarly, if the
initial assumption were that a diode is “on” and the analysis shows that
Ip > 0 and Vp =V, then the initial assumption is correct. If, however, the
analysis shows that Ip < 0 and/or Vp < V,,, then the initial assumption is
incorrect.

4. If any initial assumption is proven incorrect, then a new assumption must be
made and the new “linear” circuit must be analyzed. Step 3 must then be
repeated.
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EXAMPLE 2.10 S———

Objective: Demonstrate how inconsistencies develop in a solution with incorrect
assumptions.

For the circuit shown in Figure 2.35, assume that parameters are the same as
those given in Example 2.9. Determine v, ip1, ips, and ig, for v; = 0.

Solution: Assume initially that both D; and D, are conducting (i.e., on). Then,

v/ = —0.7V and vp = 0. The two currents are
V+ — Vo 5-0
IR1 = 1p2 R, 3
and
f—V- —0.7—- (-5
iRy = = = (=5) = 0.43 mA
R, 10

Summing the currents at the v’ node, we find that
iDl = iR2 — iD2 =043 —-1.0=-0.57mA

Since this analysis shows the D; current to be negative, which is an impossible or
inconsistent solution, our initial assumption must be incorrect. If we go back to
Example 2.9, we will see that the correct solution is D off and D, on when v; = 0.

Comment: We can perform linear analyses on diode circuits, using the piecewise
linear model. However, we must first determine if each diode in the circuit is operat-
ing in the “on” linear region or the “off” linear region.

I — EXERCISE PROBLEM

Ex 2.10: Consider the circuit shown in Figure 2.39. The cut-in voltage of each
diode is V,, = 0.7 V. (a) Let v; = 5 V. Assume both diodes are conducting. Is this
a correct assumption? Why or why not? Determine /gy, Ip;, Ip2, and vg. (b) Re-
peat part (a) for v; = 10 V. (Ans. (a) D is off, Ip; =0, Ig; = Ip, = 0.754 mA,
Vo = 372V, (b) IDl =09 mA, ID2 =19 mA, IRl =1.0 mA, Vo = 8.3 V)

R, =17kQ
VWA

v —4 Vp=1V 1 vo
Dy

{>|—|||| D,

Ioa)
Ip D2y S R,=
4kQ

Figure 2.39 Figure for Exercise Ex 2.10

EXAMPLE 2.11 Bl

Objective: Determine the current in each diode and the voltages V4 and Vg in the
multidiode circuit shown in Figure 2.40. Let V,, = 0.7 V for each diode.
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+5V

-10V =SV

Figure 2.40 Diode circuit for Example 2.11

Solution: Initially assume each diode is in its conducting state. Starting with D3 and
considering the voltages, we see that

Vg =-0.7V and Va=0

Summing currents at the V4 node, we find

5-V Va—0.7)— (=10
Vi _ gy $4=07 - 1O

Since V4 = 0, we obtain

5 9.3

- = IDZ + — = ID2 = —0.86 mA

5 5
which is inconsistent with the assumption that all diodes are “on” (an “on” diode
would have a positive diode current).

Now assume that D and D5 are on and D, is off. We see that

5—-0.7-(-=10
Ip = # = 1.43mA
545
and
0—-0.7) — (=5
tpy = 020D

We find the voltages as
Vp=-07V
and
Va=5—-(143)(5) =-215V
From the values of V4 and V3, the diode D, is indeed reverse biased and off, so

Ipy = 0.

Comment: With more diodes in a circuit, the number of combinations of diodes
being either on or off increases, which may increase the number of times a circuit
must be analyzed before a correct solution is obtained. In the case of multiple diode
circuits, a computer simulation might save time.
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T — EXERCISE PROBLEM

Ex 2.11: Repeat Example 2.11 for the case when R; = 8 k2, R, = 4 k2, and
R3; =2kQ2. (Ans. Vg =—0.7V, Ip3; =2.15 mA, Ip, =0, Ip; =1.19 mA,
Vy=—-4.53V)

2.4.2 Diode Logic Circuits

Diodes in conjunction with other circuit elements can perform certain logic func-
tions, such as AND and OR. The circuit in Figure 2.41 is an example of a diode logic
circuit. The four conditions of operation of this circuit depend on various combina-
tions of input voltages. If V; = V, = 0, there is no excitation to the circuit so both
diodes are off and V, = 0. If at least one input goes to 5V, for example, at least one
diode turns on and Vp = 4.3V, assuming V,, = 0.7 V.

Voo—— D1 g 11
Ipy

Figure 2.41 A two-input diode OR logic circuit

These results are shown in Table 2.1. By definition, in a positive logic system, a
voltage near zero corresponds to a logic 0 and a voltage close to the supply voltage
of 5V corresponds to a logic 1. The results shown in Table 2.1 indicate that this cir-
cuit performs the OR logic function. The circuit of Figure 2.41, then, is a two-input
diode OR logic circuit.

Next, consider the circuit in Figure 2.42. Assume a diode cut-in voltage of
V, = 0.7 V. Again, there are four possible states, depending on the combination of
input voltages. If at least one input is at zero volts, then at least one diode is con-
ducting and Vp = 0.7 V. If both V; = V, = 5V, there is no potential difference be-
tween the supply voltage and the input voltage. All currents are zero and Vo = 5V.

These results are shown in Table 2.2. This circuit performs the AND logic func-
tion. The circuit of Figure 2.42 is a two-input diode AND logic circuit.

Table 2.1 Two-diode OR logic
circuit response

Vi (V) V2 (V) Vo, (V)
0 0 0

5 0 4.3

0 5 4.3

5 5 4.3
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D,
Vy o——KhH—

—
Ipy

+5V
D,
v, o———K— Il R
Ip
< VO

Figure 2.42 A two-input diode AND logic circuit

If we examine Tables 2.1 and 2.2, we see that the input “low” and “high” volt-
ages may not be the same as the output “low” and “high” voltages. As an example,
for the AND circuit (Table 2.2), the input “low” is 0 V, but the output “low” is 0.7 V.
This can create a problem because the output of one logic gate is often the input to
another logic gate. Another problem occurs when diode logic circuits are connected
in cascade; that is, the output of one OR gate is connected to the input of a second OR
gate. The logic 1 levels of the two OR gates are not the same (see Problems 2.61 and
2.62). The logic 1 level degrades or decreases as additional logic gates are connected.
However, these problems may be overcome with the use of amplifying devices (tran-
sistors) in digital logic systems.

Table 2.2 Two-diode AND logic

circuit response
Vi (V) V2 (V) Vo, (V)
0 0 0.7
5 0 0.7
0 5 0.7
5 5 5

Test Your Understanding

TYU 2.11 The cut-in voltage of each diode in the circuit shown in Figure 2.43 is
Vy = 0.7 V. Determine ID1, ID2, IDS, VA, and VB. (AI‘IS. ID1 =1.22 mA,
Ipy =1Ip3=0,V4 =72V, Vg =1.1V)

TYU 2.12 Repeat Exercise TYU 2.11 for R} = 8k, R, = 12k, and R; = 2.5 k<.
(AI‘IS. ID] =0.7 mA, ID2 = 0, IDS =1.02 mA, VA = 77V, VB =-0.7 V)

TYU 2.13 Consider the OR logic circuit shown in Figure 2.41. Assume a diode cut-
in voltage of V,, = 0.6 V. (a) Plot Vj, versus V| for0 < V; < 5V,if V, = 0. (b) Repeat
part (a) if Vo =3 V. (Ans. (a) Vo =0 for V; <0.6 V, Vo =V, —0.6 for 0.6 <
Vi<5V;(b)Vp=24Vifor0<V, <3V,Vog=V, —06for3 <V, <5V)

TYU 2.14 Consider the AND logic circuit shown in Figure 2.42. Assume a diode cut-
in voltage of V,, = 0.6 V. (a) Plot Vj versus V; for0 < V; <5V, if V, = 0. (b) Re-
peat part (a) if V, =3 V. (Ans. (a) Vo = 0.6 V for all V;, (b) Vo =V, + 0.6 for
0<Vi<3V,Vop=3.6VforV,>3V)

+14V
Dl lll)l
R =
5kQ
+5v D2
—_—
I R, =
5kQ
Ds
-~ =
P Ips
R;=
5 kQ
-5V

Figure 2.43 Figure for
Exercise TYU 2.11
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Figure 2.44 A photodiode
circuit. The diode is reverse
biased

Ef 2.5 PHOTODIODE AND LED CIRCUITS

Objective: ® Understand the operation and characteristics of special-
ized photodiode and light-emitting diode circuits.

A photodiode converts an optical signal into an electrical current, and a light-
emitting diode (LED) transforms an electrical current into an optical signal.

2.5.1 Photodiode Circuit

Figure 2.44 shows a typical photodiode circuit in which a reverse-bias voltage is
applied to the photodiode. If the photon intensity is zero, the only current through
the diode is the reverse-saturation current, which is normally very small. Photons
striking the diode create excess electrons and holes in the space-charge region.
The electric field quickly separates these excess carriers and sweeps them out of the
space-charge region, thus creating a photocurrent in the reverse-bias direction.
The photocurrent is

Iy, = ne®A (2.39)

where 7 is the quantum efficiency, e is the electronic charge, ® is the photon flux
density (#/cm?—s), and A is the junction area. This linear relationship between pho-
tocurrent and photon flux is based on the assumption that the reverse-bias voltage
across the diode is constant. This in turn means that the voltage drop across R in-
duced by the photocurrent must be small, or that the resistance R is small.

EXAMPLE 2.12 dl, ,‘,I - !, ’

Objective: Calculate the photocurrent generated in a photodiode.
For the photodiode shown in Figure 2.44 assume the quantum efficiency is 1, the
junction area is 10”2 cm?, and the incident photon flux is 5 x 10"7cm™2 —s~!,

Solution: From Equation (2.39), the photocurrent is

Ly = ne®A = (1)(1.6 x 107")(5 x 10'7)(107%) = 0.8 mA

Comment: The incident photon flux is normally given in terms of light intensity, in
lumens, foot-candles, or W/cm?. The light intensity includes the energy of the pho-
tons, as well as the photon flux.

P —— EXERCISE PROBLEM

Ex 2.12: (a) Photons with an energy of 7v = 2 eV are incident on the photodiode
shown in Figure 2.44. The junction area is A = 0.5 cm?, the quantum efficiency is
n = 0.8, and the light intensity is 6.4 x 10~2 W/cm?. Determine the photocurrent
Ly (b) If R = 1k€2, determine the minimum power supply voltage Vps needed to
ensure that the diode is reverse biased. (Ans. (a) I, = 12.8 mA, (b) Vps(min) =

12.8V)
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257 LED Circuit

A light-emitting diode (LED) is the inverse of a photodiode; that is, a current is con-
verted into an optical signal. If the diode is forward biased, electrons and holes are
injected across the space-charge region, where they become excess minority carriers.
These excess minority carriers diffuse into the neutral n- and p-regions, where they
recombine with majority carriers, and the recombination can result in the emission of
a photon.

LEDs are fabricated from compound semiconductor materials, such as gal-
lium arsenide or gallium arsenide phosphide. These materials are direct-bandgap
semiconductors. Because these materials have higher bandgap energies than silicon,
the forward-bias junction voltage is larger than that in silicon-based diodes.

It is common practice to use a seven-segment LED for the numeric readout of
digital instruments, such as a digital voltmeter. The seven-segment display is
sketched in Figure 2.45. Each segment is an LED normally controlled by IC logic
gates.

Figure 2.46 shows one possible circuit connection, known as a common-anode
display. In this circuit, the anodes of all LEDs are connected to a 5 V source and
the inputs are controlled by logic gates. If V;; is “high,” for example, D, is off
and there is no light output. When V;; goes “low,” D; becomes forward biased and
produces a light output.

Figure 2.46 Control circuit for the seven-segment LED display

EXAMPLE 2.13 T ——

Objective: Determine the value of R required to limit the current in the circuit in
Figure 2.46 when the input is in the low state.

Assume that a diode current of 10 mA produces the desired light output, and that
the corresponding forward-bias voltage drop is 1.7 V.

Solution: If V; = 0.2 V in the “low” state, then the diode current is
B 5-V, =V,
B R

1

D D

—

D D

—

Figure 2.45 Seven-segment
LED display
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The resistance R is then determined as

S5V, —V, 5-17-02
_ _ 310 2
i 0

R

Comment: Typical LED current-limiting resistor values are in the range of 300 to
350 Q.

!m ‘” EXERCISE PROBLEM

Ex 2.13: Determine the value of resistance R required to limit the current in the
circuit shown in Figure 2.46 to I = 15 mA. Assume V), = 1.7V, ry = 15 @, and
V; = 0.2 V in the “low” state. (Ans. R = 192 Q)

One application of LEDs and photodiodes is in optoisolators, in which the input
signal is electrically decoupled from the output (Figure 2.47). An input signal applied
to the LED generates light, which is subsequently detected by the photodiode. The
photodiode then converts the light back to an electrical signal. There is no electrical
feedback or interaction between the output and input portions of the circuit.

LED photodiode
T 4
o i ‘
| | m
Input m | < h | I ® Isolated
i I ¥ ™~ | 1 output
signal | Py
L g
| | |
‘ |

Figure 2.47 Optoisolator using an LED and a photodiode

F 2.6 DESIGN APPLICATION: DC POWER SUPPLY

Objective: e Design a dc power supply to meet a set of specifications.

Specifications: The output load current is to vary between 25 and 50 mA while the
output voltage is to remain in the range 12 < vp < 12.2 V.

Design Approach: The circuit configuration to be designed is shown in Figure 2.48.
A diode bridge circuit with an RC filter will be used and a Zener diode will be in par-
allel with the output load.

Choices: An ac input voltage with an rms value in the range 110 < v; < 120 V and
at 60 Hz is available. A Zener diode with a Zener voltage of Vo = 12V and a Zener
resistance of 2 €2 that can operate over a current range of 10 < Iz < 100 mA is avail-
able. Also, a transformer with an 8:1 turns ratio is available.

Solution: With an 8:1 transformer turns ratio, the peak value of vy is in the range
19.4 < vy < 21.2' V. Assuming diode turn-on voltages of V,, = 0.7V, the peak value
of vp; is in the range 18.0 < vp; < 19.8 V.
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Nj:N,y
o
+ +
V1 vs

Figure 2.48 DC power supply circuit for design application

For vp1(max) and minimum load current, let /; = 90 mA. Then
vo = Vzo + Izr, =124 (0.090)(2) = 12.18 V
The input current is
L =1;4+1, =90+425=115mA
The input resistance R; must then be
Vo1 — U 19.8 — 12.18
ko= 0111- ¢ = N TE T

The minimum Zener current occurs for /;(max) and vp;(min). The voltage
Vo1 (min) occurs for vg(min) and must also take into account the ripple voltage. Let
I7(min) = 20 mA. Then the output voltage is

vo = Vgo + Izrz = 12+ (0.020)(2) = 12.04V

The output voltage is within the specified range of output voltage.
We now find

I =17+ 1, =204 50 =70mA
and
voi(min) = I; R; + vp = (0.070)(66.3) 4 12.04
or
vo1(min) = 16.68 V
The minimum ripple voltage of the filter is then
V, = vs(min) — 1.4 — vp;(min) = 19.4 — 1.4 — 16.68
or
V, =132V

Now, let R; = 500 €2. The effective resistance to ground from vo; is Ry || R; esr
where R; o is the effective resistance to ground through R; and the other circuit ele-
ments. We can approximate

vs(avg) — 1.4 203 1.4

= =164Q
I; (max) 0.115

Ri,eff ~
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Then R, ||R; eir = 500]/164 = 123.5 2. The required filter capacitance is found from

Vo 19.8
" 2fRV,  2(60)(123.5)(1.32)

c = 1012 uF

Comments: To obtain the proper output voltage in this design, an appropriate Zener
diode must be available. We will see in Chapter 9 how an op-amp can be incorporated
to provide a more flexible design.

/57 2.7 SUMMARY —————

« Diode circuits, taking advantage of the nonlinear i—v characteristics of the pn
junction, were analyzed and designed in this chapter.

» Half-wave and full-wave rectifier circuits convert a sinusoidal (i.e., ac) signal to
an approximate dc signal. A dc power supply, which is used to bias electronic
circuits and systems, utilizes these types of circuits. An RC filter can be con-
nected to the output of the rectifier circuit to reduce the ripple effect.

e Zener diodes operate in the reverse-breakdown region and are used in voltage
reference or regulator circuits. The percent regulation, a figure of merit for reg-
ulator circuits, was defined and determined for various regulator circuits.

e Techniques used to analyze multidiode circuits were developed. The technique
requires making assumptions as to whether a diode is conducting (on) or not
conducting (off). After analyzing the circuit using these assumptions, we must
go back and verify that the assumptions made were valid.

« Diode circuits can be designed to perform basic digital logic functions, such as
the AND and OR function. However, there are some inconsistencies between
input and output logic values as well as some loading effects, which will
severely limit the use of diode logic gates as stand-alone circuits.

e The LED converts electrical current to light and is used extensively in such
applications as the seven-segment alphanumeric display. Conversely, the
photodiode detects an incident light signal and transforms it into an electrical
current.

e As an application, a simple dc power supply was designed using a rectifier
circuit in conjunction with a Zener diode.

/57 CHECKPOINT

After studying this chapter, the reader should have the ability to:

v In general, apply the diode piecewise linear model in the analysis of diode
circuits.

v Analyze diode rectifier circuits, including the calculation of ripple voltage.

v Analyze Zener diode circuits, including the effect of a Zener resistance.

v Determine the output signal for a given input signal of diode clipper and clam-
per circuits.

v/ Analyze circuits with multiple diodes by making initial assumptions and then
verifying these initial assumptions.
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g},v REVIEW QUESTIONS

1. What characteristic of a diode is used in the design of diode signal processing
circuits?
2. Describe a simple half-wave diode rectifier circuit and sketch the output voltage
versus time.
3. Describe a simple full-wave diode rectifier circuit and sketch the output voltage
versus time.
4. What is the advantage of connecting an RC filter to the output of a diode recti-
fier circuit?
Define ripple voltage. How can the magnitude of the ripple voltage be reduced?
Describe a simple Zener diode voltage reference circuit.
7. What effect does the Zener diode resistance have on the voltage reference circuit
operation? Define load regulation.
8. What are the general characteristics of diode clipper circuits?
9. Describe a simple diode clipper circuit that limits the negative portion of a sinu-
soidal input voltage to a specified value.
10. What are the general characteristics of diode clamper circuits?
11. What one circuit element, besides a diode, is present in all diode clamper
circuits?
12. Describe the procedure used in the analysis of a circuit containing two diodes.
How many initial assumptions concerning the state of the circuit are possible?
13. Describe a diode OR logic circuit. Compare a logic 1 value at the output com-
pared to a logic 1 value at the input. Are they the same value?
14. Describe a diode AND logic circuit. Compare a logic 0 value at the output com-
pared to a logic O value at the input. Are they the same value?
15. Describe a simple circuit that can be used to turn an LED on or off with a high
or low input voltage.

SN

g}v PROBLEMS

[Note: In the following problems, assume ry = 0 unless otherwise specified.]

Section 2.1 Rectifier Circuits

2.1  Consider the circuit shown in Figure P2.1. Let R = 1k, V,, = 0.6V, and " >t "
ry = 20£2. (a) Plot the voltage transfer characteristics v versus v; over the D
range —10 <v; < 10V. (b) Assume v; = 10sinw? (V). (i) Sketch vy v R v,
versus time for the sinusoidal input. (ii) Find the average value of vg.
(iii) Determine the peak diode current. (iv) What is the PIV of the diode? - 1 -

2.2 For the circuit shown in Figure P2.1, show that for v; > 0, the output volt-
age is approximately given by Figure P2.1

vo
— v — VrIn[ =2
vo == n(ISR)

2.3 A half-wave rectifier such as shown in Figure 2.2(a) has a 2 k2 load.
The input is a 120 V (rms), 60 Hz signal and the transformer is a 10:1 step-
down transformer. The diode has a cut-in voltage of V,, = 0.7V (ry = 0).
(a) What is the peak output voltage? (b) Determine the peak diode current.
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2.5

2.6

2.7

2.8

2.9
2.10

2.11

(c) What is the fraction (percent) of a cycle that vp > 0. (d) Determine the
average output voltage. (e) Find the average current in the load.

Consider the battery charging circuit shown in Figure 2.4(a). Assume that
Ve =9V, Vg =15V, and w = 27(60). (a) Determine the value of R such
that the average battery charging currentis ip = 0.8 A. (b) Find the fraction
of time that the diode is conducting.

Figure P2.5 shows a simple full-wave battery charging circuit. Assume
Ve =9V, V, =0.7V,and vg = 155sin[27(60)¢] (V). (a) Determine R such
that the peak battery charging current is 1.2 A. (b) Determine the average
battery charging current. (c) Determine the fraction of time that each diode
is conducting.

D
N, r\]|
1%

lua<+

=z
hy
: =
i——|1

D,
Figure P2.5

The full-wave rectifier circuit shown in Figure 2.5(a) in the text is to deliver
0.2 A and 12 V (peak values) to a load. The ripple voltage is to be limited to
0.25 V. The input signal is 120 V (rms) at 60 Hz. Assume diode cut-in voltages
of 0.7 V. (a) Determine the required turns ratio of the transformer. (b) Find the
required value of the capacitor. (c) What is the PIV rating of the diode?

The input signal voltage to the full-wave rectifier circuit in Figure 2.6(a) in
the text is v; = 160sin[277(60)¢] V. Assume V), = 0.7V for each diode.
Determine the required turns ratio of the transformer to produce a peak
output voltage of (a) 25V, and (b) 100 V. (¢) What must be the diode PIV
rating for each case?

The output resistance of the full-wave rectifier in Figure 2.6(a) in the text is
R =150€2. A filter capacitor is connected in parallel with R. Assume
V, = 0.7 V. The peak output voltage is to be 12 V and the ripple voltage is
to be no more than 0.3 V. The input frequency is 60 Hz. (a) Determine the
required rms value of vg. (b) Determine the required filter capacitance
value. (c¢) Determine the peak current through each diode.

Repeat Problem 2.8 for the half-wave rectifier in Figure 2.2(a).

Consider the half-wave rectifier circuit shown in Figure 2.8(a) in the text.
Assume vy = 10sin[27(60)7] (V), V,, = 0.7V, and R = 500 €2. (a) What is
the peak output voltage? (b) Determine the value of capacitance required
such that the ripple voltage is no more that V,, = 0.5 V. (c) What is the PIV
rating of the diode?

The parameters of the half-wave rectifier circuit in Figure 2.8(a) in the
text are R=1kQ, C=350uF, and V, =0.7V. Assume vs(t) =
Vs sin[2 (60)¢] (V) where Vy is in the range of 11 < Vg < 13 V. (a) What
is the range in output voltage? (b) Determine the range in ripple voltage. (c)
If the ripple voltage is to be limited to V,, = 0.4 V, determine the minimum
value of capacitance required.
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The full-wave rectifier circuit shown in Figure P2.12 has an input signal
whose frequency is 60 Hz. The rms value of vg = 8.5 V. Assume each diode
cut-in voltage is V), = 0.7 V. (a) What is the maximum value of Vy? (b) If
R = 10 €2, determine the value of C such that the ripple voltage is no larger
than 0.25 V. (c) What must be the PIV rating of each diode?

O VO

Figure P2.12

Consider the full-wave rectifier circuit in Figure 2.7 of the text. The output
resistance is Ry = 125 2, each diode cut-in voltage is V,, = 0.7V, and the
frequency of the input signal is 60 Hz. A filter capacitor is connected in par-
allel with R;. The magnitude of the peak output voltage is to be 15 V and the
ripple voltage is to be no more than 0.35 V. (a) Determine the rms value of
vg and (b) the required value of the capacitor.

The circuit in Figure P2.14 is a complementary output rectifier. If vy = 26
sin [27(60)¢] V, sketch the output waveforms v and v, versus time, as-
suming V,, = 0.6 V for each diode.

Figure P2.14

A full-wave rectifier is to be designed using the center-tapped transformer
configuration. The peak output voltage is to be 12 V, the nominal load
current is to be 0.5 A, and the ripple voltage is to be limited to 3 percent.
Assume V), = 0.8V and let v; = 120+/2 sin[277(60)7] V. (a) What is the
transformer turns ratio? (b) What is the minimum value of C required?
(c) What is the peak diode current? (d) Determine the average diode current.
(e) What is the PIV rating of the diodes.

A full-wave rectifier is to be designed using the bridge circuit configuration.
The peak output voltage is to be 9 V, the nominal load current is to be 100
mA, and the ripple voltage is to be limited to V, =0.2V. Assume
V, =0.8V and let v; = 1204/2 sin[277 (60)¢] (V). (a) What is the trans-
former turns ratio? (b) What is the minimum value of C required? (c) What

113




114

Part 1

*2.17

Figure P2.17
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2.19

2.20
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is the peak diode current? (d) Determine the average diode current. (e) What
is the PIV rating of the diodes.

Sketch v, versus time for the circuit in Figure P2.17 with the input shown.
Assume V,, = 0.

Figure P2.18

(a) Sketch v, versus time for the circuit in Figure P2.18. The input is a sine
wave given by v; = 10sinwt V. Assume V,, = 0. (b) Determine the rms
value of the output voltage.

2.2 Zener Diode Circuits

Consider the circuit shown in Figure P2.19. The Zener diode voltage is
Vz = 3.9V and the Zener diode incremental resistance is r, = 0. (a) Deter-
mine Iz, I;, and the power dissipated in the diode. (b) Repeat part (a) if the
4 k<2 load resistor is increased to 10 kS2.

12 kQ 120 Q
MWW MW
+ . 11z 1 N .
WV = V2R 4kQ WV = V'R Ry
Figure P2.19 Figure P2.20

Consider the Zener diode circuit shown in Figure P2.20. Assume V; = 12V
and r, = 0. (a) Calculate the Zener diode current and the power dissipated
in the Zener diode for R; = oo. (b) What is the value of R; such that the
current in the Zener diode is one-tenth of the current supplied by the 40 V
source? (c) Determine the power dissipated in the Zener diode for the
conditions of part (b).

Consider the Zener diode circuit shown in Figure P2.21. Let V; =60V,
R, = 1502, and Vzp = 15.4 V. Assume r, = 0. The power rating of the
diode is 4 W and the minimum diode current is to be 15 mA. (a) Determine
the range of diode currents. (b) Determine the range of load resistance.

R;

r—— - +
ol

Vi A Vz R,V

Figure P2.21
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*2.22 1In the voltage regulator circuit in Figure P2.21, V; =20V, V; =10V,
R; =222 2, and Pz(max) = 400 mW. (a) Determine I;, I, and I, if
R; =380 %. (b) Determine the value of R; that will establish Pz(max) in
the diode. (c) Repeat part (b) if R; = 175 Q2.

2.23 A Zener diode is connected in a voltage regulator circuit as shown in Fig-
ure P2.21. The Zener voltage is V; = 10 V and the Zener resistance is
assumed to be r, = 0. (a) Determine the value of R; such that the Zener
diode remains in breakdown if the load current varies from I; = 50 to
500 mA and if the input voltage varies from V; =15 to 20 V. Assume
I7(min) = 0.1/z(max). (b) Determine the power rating required for the
Zener diode and the load resistor.

2.24 Consider the Zener diode circuit in Figure 2.19 in the text. Assume parameter
values of Vzp =5.6V (diode voltage when I =0), r, =3, and
R; = 50%. Determine V;, I, I;, and the power dissipated in the diode for
(@ Vps =10V, Ry =00; (b) Vps =10V, Ry =2002; (c) Vps =12V,
RL = 0Q; and (d) Vps = 12V, RL =200 2.

D2.25 Design a voltage regulator circuit such as shown in Figure P2.21 so that
Vi, = 7.5 V. The Zener diode voltage is V; = 7.5V at I; = 10 mA. The in-
cremental diode resistance is r, = 12 2. The nominal supply voltage is
V, = 12V and the nominal load resistance is R;, = 1kS2. (a) Determine R;.
(b) If V; varies by 10 percent, calculate the source regulation. What is
the variation in output voltage? (c) If R; varies over the range of
1k < R, < oo, what is the variation in output voltage? Determine the load
regulation.

2.26 The percent regulation of the Zener diode regulator shown in Figure 2.16 is
5 percent. The Zener voltage is Vzo = 6 V and the Zener resistance is
r, = 3 Q. Also, the load resistance varies between 500 and 1000 €2, the
input resistance is R; = 280 €2, and the minimum power supply voltage is
Vps(min) = 15 V. Determine the maximum power supply voltage allowed.

*2.27 A voltage regulator is to have a nominal output voltage of 10 V. The speci-
fied Zener diode has a rating of 1 W, has a 10 V drop at I; = 25 mA, and
has a Zener resistance of r, = 5 Q. The input power supply has a nominal
value of Vpg = 20V and can vary by £25 percent. The output load current
is to vary between I;, = 0 and 20 mA. (a) If the minimum Zener current is
to be I; =5 mA, determine the required R;. (b) Determine the maximum
variation in output voltage. (c) Determine the percent regulation.

*2.28 Consider the circuit in Figure P2.28. Let V,, = 0. The secondary voltage is
given by vy = V; sinwt, where V; = 24 V. The Zener diode has parameters
Vz; =16V at I; = 40 mA and r, = 2 Q. Determine R; such that the load
current can vary over the range 40 < I; < 400 mA with /z(min) = 40 mA
and find C such that the ripple voltage is no larger than 1 V.

Ri
MW\
+ +
wl] ool
—=C N Vs R, VvV,

Figure P2.28
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*2.29 The secondary voltage in the circuit in Figure P2.28 is vy = 12sinwt V. The
Zener diode has parameters V; = 8 Vat I; = 100 mA and r, = 0.5 Q. Let
V, =0 and R; = 3 Q2. Determine the percent regulation for load currents
between /;, = 0.2 and 1 A. Find C such that the ripple voltage is no larger
than 0.8 V.

Section 2.3 Clipper and Clamper Circuits

2.30 The parameters in the circuit shown in Figure P2.30 are V), =0.7V,
Vz1 =23V, and Vz, =5.6V. Plot vy versus v; over the range of
—10<v; =+10V.

R=05kQ

V,=3V
0k L “
vy Yo
-
" 10kQ
Figure P2.30 Figure P2.31

2.31 Consider the circuit in Figure P2.31. Let V,, = 0. (a) Plot vy versus v; over
the range —10 < v; < 410 V. (b) Plot i; over the same input voltage range
as part (a).

2.32  For the circuit in Figure P2.32, (a) plot vy versus v; for 0 < v; < 15 V. As-
sume V,, = 0.7 V. Indicate all breakpoints. (b) Plot ip over the same range
of input voltage. (¢) Compare the results of parts (a) and (b) with a computer

simulation.
1kQ Vg R=4kQ
vo—MM——— v, vy vo
¥ |io D b
1kQ 2kQ
—MMWN— + 15V vy vo
R=4kQ Vg
- (a) (b)
Figure P2.32

Figure P2.33

2.33 Each diode cut-in voltage is 0.7 V for the circuits shown in Figure P2.33.
(a) Plot vy versus v; over the range —5 < v; < +5V for the circuit in
Figure P2.33(a) for (i) Vp = 1.8 V and (ii) Vp = —1.8 V. (b) Repeat part
(a) for the circuit shown in Figure P2.33(b).

*2.34 The diode in the circuit of Figure P2.34(a) has piecewise linear parameters
V, =0.7Vandr; = 10 Q. (a) Plot vy versus v; for =30 < v; < 30V. (b) If
the triangular wave, shown in Figure P2.34(b), is applied, plot the output
versus time.
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Figure P2.34

2.35 Consider the circuits shown in Figure P2.35. Each diode cut-in voltage is
V, =0.7V. (a) Plot vy versus v; over the range —10 < v; < +10V for
the circuit in Figure P2.35(a) for (i) Vp =5V and (ii) V3 = —5 V. (b) Re-
peat part (a) for the circuit in Figure P2.35(b).

p *'s- p *tVB-
vy || v vy || v
6.8 kQ 6.8 kQ
(a) (b)
Figure P2.35

2.36 Plot vy for each circuit in Figure P2.36 for the input shown. Assume
(@V, =0and(b) V, =0.6 V.

vy
20V v o+ vy Vo
+—||| " 22kQ
+
0 vy 10 kQ Vo — 5v
. ) T-
(a) (b)
Figure P2.36

2.37 Consider the parallel clipper circuit in Figure 2.26 in the text. Assume
Vz1=6V,Vzz=4V,and V,, = 0.7 V for all diodes. For v; = 10sinwt,
sketch v versus time over two periods of the input signal.

*2.38 A car’s radio may be subjected to voltage spikes induced by coupling from
the ignition system. Pulses on the order of £250 V and lasting for 120 us
may exist. Design a clipper circuit using resistors, diodes, and Zener diodes
to limit the input voltage between 414 V and —0.7 V. Specify power ratings
of the components.
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2.39 Sketch the steady-state output voltage vp versus time for each circuit in
Figure P2.39 with the input voltage given in Figure P2.39(a). Assume
V, = 0 and assume the RC time constant is large.

i

C
20V == Yo I} ovg
0 ; yaN R
20V
(a)
C C

(b) (c)
Figure P2.39

D2.40 Design a diode clamper to generate a steady-state output voltage vy from
the input voltage v; shown in Figure P2.40 if (a) V), =0 and (b) V,, = 0.7 V.

vy Yo
+10V +2.7V
1 0
1 t
1
0 ! 1
t 1
-10V 173V | J
(a) (b)
Figure P2.40

D2.41 Design a diode clamper to generate a steady-state output voltage vy from
the input voltage vy in Figure P2.41if V,, = 0.

vy Yo
20V +30V
1
1
1
0 ! I
t 0 1
1
20V -10V
(a) (b)

Figure P2.41
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2.42  For the circuit in Figure P2.39(b), let V,, = 0 and v; = 10sinw(V). Plot
v versus time over three cycles of input voltage. Assume the initial voltage
across the capacitor is zero and assume the RC time constant is very large.

2.43 Repeat Problem 2.42 for the circuit in Figure P2.39(c) for (i) Vs = 5V and
(i) Vg = —=5V.

Section 2.4 Multiple Diode Circuits

2.44 The diodes in the circuit in Figure P2.44 have piecewise linear parameters
of V, = 0.6 V and ry = 0. Determine the output voltage V, and the diode
currents Ip; and Ip, for the following input conditions: (a) V; =10V,
V=0, b) Vi=5V, V,=0;(c) Vi=10V, V, =5 V; and (d) V| =
V, = 10 V. (e) Compare the results of parts (a) through (d) with a computer
simulation analysis.

2.45 In the circuit in Figure P2.45 the diodes have the same piecewise linear pa-
rameters as described in Problem 2.44. Calculate the output voltage Vy and
the currents Ip;, Ips, and I for the following input conditions: (a) V| =
V=10 V; b)) Vi=10V, V,=0; (c) Vi=10V, V, =5 V; and (d)

Vi=V, =0.
+10V
0.5 kQ D,y
V) o—AMA——DF—— 11
e 9.5 kQ
D1
0.5kQ D,
05kQ  Da Vioe—WW——4GF———2Vp
Vy o—AMM—D—<¢+—0 1V, ‘_Im
I
b 95kQ 05kQ  Ds
vy
Figure P2.44 Figure P2.45

2.46 The diodes in the circuit in Figure P2.46 have the same piecewise linear
parameters as described in Problem 2.44. Determine the output voltage Vo
and the currents Ipy, Ips, Ip3, and I for the following input conditions: (a)
V| =V2=0,(b) V] =V2=5V; (C) V] =5V, V2=0;and(d) V] =5V,
Vo, =2V.

+10V

11
D
: 0.5 kQ 1 95Kk

-~
Ip,
Vo
05kQ Dy
o—MWNW——FK}—
2 -~ D3
;2 Ips T

+5V

Figure P2.46
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247

248

2.49

Figure P2.47

2.50

*2.51

Consider the circuit shown in Figure P2.47. Assume each diode cut-in volt-
age is V), = 0.6 V. (a) Determine R;, R;, and R3 such that Ip; = 0.2 mA,
Ip, = 0.3mA, and Ip; = 0.5mA. (b) Find V;, V,, and each diode current
for Ry = 10k2, R, =4k, and R; =2.2kQ. (c) Repeat part (b) for
Ry =3 k2, R, =6k, and R3; =2.5kQ. (d) Repeat part (b) for
Ry =6k, R, =3k, and R; = 6kQ.

The diode cut-in voltage for each diode in the circuit shown in Figure P2.48
is 0.7 V. Determine the value of R such that (a) Ip; = Ipy, (b) Ip; = 0.21p,,
and (C) IDl = 51D2-

Consider the circuit in Figure P2.49. Each diode cut-in voltage is
V, =0.7V. (a) For R, = 1.1k, determine Ip;, Ip;, and V4. (b) Repeat
part (a) for R, = 2.5k€. (c) Find R; such that V4 = 0. What are the values
of IDl and IDQ?

Figure P2.48 Figure P2.49

In each circuit shown in Figure P2.50, the diode cut-in voltage is
V, =0.6 V. (a) For the circuit in Figure P2.50(a), determine vy for (i)
v; = 45V and (ii) v; = =5 V. (b) Repeat part (a) for the circuit in Figure
P2.50(b). (c) Plot the voltage transfer characteristics, vp versus vy, of each
circuit over the range —5 < v; < +5V.

5kQ Dy
D,

MY 0 Vg
5kQ

D,

Vo
vy <j> 500 Q 2kQ
500 Q vy D, X 2kQ
L L

(a) (b)
Figure P2.50

Assume V), = 0.7 V for each diode in the circuit in Figure P2.51. Plot v
versus vy for —10 < v; < +10V.
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+10V
10 kQ
vy Yo
10 kQ
10 kQ
-10V -10V -5V
Figure P2.51 Figure P2.52

2.52 The cut-in voltage of each diode in the circuit shown in Figure P2.52 is
V, =0.7V. Determine Ipi, Ip>, Ip3, and V4 for (a) Rz = 14kQ,
Ry =24%kQ2; (b) R3; =33k, R, =52kQ; and (c) R; =3.3k%Q,
Ry = 1.32kQ.

2.53 Let V), =0.7 V for each diode in the circuit in Figure P2.53. (a) Find Ip,
and Vo for R; = 5k and R, = 10kQ2. (b) Repeat part (a) for R} = 10kQ2
and R, = 5kQ.

+10V +10V

—10V - “15V

Figure P2.53 Figure P2.54

2.54  For the circuit shown in Figure P2.54, let V,, = 0.7 V for each diode. Calculate
Ipy and Vy for (a) Ry =10k, R, =5k and for (b) R; = 5k,
R, = 10k<2.

2.55 Assume each diode cut-in voltage is V,, = 0.7 V for the circuit in Figure
P2.55. Determine Ip; and Vp for (a) R; = 10k, R, =5k and (b)
R, =5k, R, = 10kQ.

+15
+10V

10 kQ I

Vo

-15V

Figure P2.55 W0kQ 220k

256 If V, =0.7 V for the diode in the circuit in Figure P2.56 determine Ip i
and V. Figure P2.56
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Let V,, = 0.7V for the diode in the circuit in Figure P2.57. Determine Ip,
Vp, Va, and Vg for (a) Vi=V, =6V, (b) Vi =2V, V, =5V, (¢)
V1 = SV, Vz =4V; and(d) V1 = ZV, V2 =8V.

15k Dy D,

"ot ke
vy

P 2ok

Figure P2.58

(a) Each diode in the circuit in Figure P2.58 has piecewise linear parameters
of V,, =0 and ry = 0. Plot vp versus v; for 0 < v; <30 V. Indicate the
breakpoints and give the state of each diode in the various regions of the plot.
(b) Compare the results of part (a) with a computer simulation analysis.
Each diode cut-in voltage in the circuit in Figure P2.59 is 0.7 V. Determine
IDl, ID2, ID3, and Vo for (a) vy = 0.5 V, (b) v = 1.5 V, (C) v = 3.0 V, and
(d)v; =50WV.
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Figure P2.59 Figure P2.60

Let V,, = 0.7V for each diode in the circuit shown in Figure P2.60. Plot Ip,
versus vy over the range 0 < v; < 12V for(a) Vg =4.5Vand (b) Vg =9 V.
Consider the circuit in Figure P2.61. The output of a diode OR logic gate is
connected to the input of a second diode OR logic gate. Assume V,, = 0.6 V
for each diode. Determine the outputs Vo and Vg, for: (a) Vi =V, = 0;
(b) Vi =5V, V,=0;and (c) Vi = V, =5 V. What can be said about the
relative values of Vi and V), in their “high” state?

Voa

Figure P2.61
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Consider the circuit in Figure P2.62. The output of a diode AND logic gate
is connected to the input of a second diode AND logic gate. Assume V, =
0.6 V for each diode. Determine the outputs Vp; and Vp, for: (a) V| =
V,=5V; () Vi=0, V, =5V, and (¢c) V; = V, = 0. What can be said
about the relative values of Vo, and V5 in their “low” state?

+5V
10 kQ
+5V +5V Vi
Vs
10 kQ 10 kQ +5V
Dl VO] D3
Vi o—X o—<G oVon 10kQ
D2 D4 V3
Vy o—Kt+—  5Vo—K+— v,
Figure P2.62 Figure P2.63

Determine the Boolean expression for Vy in terms of the four input voltages
for the circuit in Figure P2.63 (Hint: A truth table might be helpful.)

2.5 LED and Photodiode Circuits

Consider the circuit shown in Figure P2.64. The forward-bias cut-in voltage
of the diode is 1.5 V and the forward-bias resistance is ry = 10 Q. Deter-
mine the value of R required to limit the current to / = 12 mA when
Vi=02V.

The light-emitting diode in the circuit shown in Figure P2.64 has parame-
ters V,, = 1.7V and ry = 0. Light will first be detected when the current is
I =8 mA. If R =750, determine the value of V; at which light will first
be detected.

The parameters of D; and D, in the circuit shown in Figure P2.66 are
V), = 1.7V and ry = 20 Q2. The current in each diode is to be limited to
Ip = 15mA for V; = £ 5 V. Determine the required value of R.

If the resistor in Example 2.12 is R = 2k and the diode is to be reverse
biased by at least 1 V, determine the minimum power supply voltage
required.

Consider the photodiode circuit shown in Figure 2.44. Assume the quantum
efficiency is 1. A photocurrent of 0.6 mA is required for an incident photon
flux of ® = 107 cm—2-s~!. Determine the required cross-sectional area of
the diode.

@ COMPUTER SIMULATION PROBLEMS

2.69

Consider the voltage doubler circuit in Figure 2.14. Assume a 60 Hz,
120 V (rms) signal is applied at the input of the transformer with a 20:1
turns ratio. Let R = 10kQ2 and C; = C, =200 uF. Using a computer
simulation, plot the output voltage over four cycles of input voltage.

10 kQ

Vee=10V

Il R
e
VI

Figure P2.64

R

Vi o—WW
Figure P2.66
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2.70 Consider the parameters and results of Example 2.2. Use a computer simu-
lation to plot the output voltage of each rectifier over four cycles of input
voltage. Also determine the PIV of each diode. How do the computer results
compare with the results of the example?

2.71 (a) Using a computer simulation, verify the results of Exercise TYU2.3.
(b) Determine the ripple voltage if a filter capacitance of C = 50 uF is con-
nected in parallel with the load resistance.

2.72 (a) Using a computer simulation, determine each diode current and voltage
in the circuit shown in Figure 2.40. (b) Repeat part (a) using the circuit
parameters given in Exercise 2.11.

r’ DESIGN PROBLEMS

*D2.73 Consider the full-wave bridge rectifier circuit. The input signal is 120 V
(rms) at 60 Hz. The load resistance is R;, = 250 €2. The peak output voltage
is to be 9 V and the ripple voltage is to be no more than 5 percent. Determine
the required turns ratio and the required value of filter capacitance.

*D2.74 Design a simple dc voltage source using a 120 V (rms), 60 Hz input signal
to a nominal 10 V output signal. A Zener diode with parameters
Vzo =10V and r, = 3 Q is available. The rated power of the Zener diode
is 5 W. The source regulation is to be limited to 2 percent.

*D2.75 A clipper is to be designed such that vop =2.5V for v; > 2.5V and
vo =—1.25Vforv; < —125V.

*D2.76 Design a circuit to provide the voltage transfer characteristics shown in
Figure P2.76. Use diodes and Zener diodes with appropriate breakdown
voltages in the design. The maximum current in the circuit is to be limited

to 1mA.
v (V)
2 ——— ‘
17— \
\ \
\ \
| | | |
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The Field-Effect
Transistor

In this chapter, we introduce a major type of transistor, the metal-oxide-semiconductor
field-effect transistor (MOSFET). The MOSFET led to the electronics revolution of
the 1970s and 1980s, in which the microprocessor made possible powerful desktop
computers, laptop computers, sophisticated handheld calculators, iPods, and a
plethora of other electronic systems. The MOSFET can be made very small, so high-
density very large scale integration (VLSI) circuits and high-density memories are
possible.

Two complementary devices, the n-channel MOSFET (NMOS) and the p-channel
MOSFET (PMOS), exist. Each device is equally important and allows a high degree
of flexibility in electronic circuit design. The i—v characteristics of these devices
are introduced, and the dc analysis and design techniques of MOSFET circuits are
developed.

Another type of field-effect transistor is the junction FET. There are two general
categories of junction field-effect transistors (JFETs)—the pn junction FET (pn
JFET) and the metal-semiconductor field-effect transistor (MESFET), which is fab-
ricated with a Schottky barrier junction. JFETs were developed before MOSFETS,
but the applications and uses of MOSFETs have far surpassed those of the JFET.
However, we will consider a few JFET circuits in this chapter.

PREVIEW

In this chapter, we will:

* Study and understand the structure, operation, and characteristics of the vari-
ous types of MOSFETs.
Understand and become familiar with the dc analysis and design techniques
of MOSFET circuits.
Examine three applications of MOSFET circuits.
Investigate current source biasing of MOSFET circuits, such as those used in
integrated circuits.
Analyze the dc biasing of multistage or multitransistor circuits.
Understand the operation and characteristics of the junction field-effect tran-
sistor, and analyze the dc response of JFET circuits.
As an application, incorporate a MOS transistor in a circuit design that en-
hances the simple diode electronic thermometer discussed in Chapter 1.
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2 3.1 MOS FIELD-EFFECT TRANSISTOR

Objective: © Understand the operation and characteristics of the
various types of metal-oxide semiconductor field-effect transistors
(MOSFETs).

The metal-oxide-semiconductor field-effect transistor (MOSFET) became a
practical reality in the 1970s. The MOSFET, compared to BJTs, can be made very
small (that is, it occupies a very small area on an IC chip). Since digital circuits can
be designed using only MOSFETs, with essentially no resistors or diodes required,
high-density VLSI circuits, including microprocessors and memories, can be fabri-
cated. The MOSFET has made possible the handheld calculator, the powerful
personal computer, and the laptop computer. MOSFETs can also be used in analog
circuits, as we will see in the next chapter.

In the MOSFET, the current is controlled by an electric field applied perpendic-
ular to both the semiconductor surface and to the direction of current. The phenome-
non used to modulate the conductance of a semiconductor, or control the current in a
semiconductor, by applying an electric field perpendicular to the surface is called the
field effect. The basic transistor principle is that the voltage between two terminals
controls the current through the third terminal.

In the following two sections, we will discuss the various types of MOSFETsS,
develop the i—v characteristics, and then consider the dc biasing of various MOSFET
circuit configurations. After studying these sections, you should be familiar and com-
fortable with the MOSFET and MOSFET circuits.

3.1.1 Two-Terminal MOS Structure

The heart of the MOSFET is the metal-oxide-semiconductor capacitor shown in
Figure 3.1. The metal may be aluminum or some other type of metal. In most cases,
the metal is replaced by a high-conductivity polycrystalline silicon layer deposited
on the oxide. However, the term metal is usually still used in referring to MOSFETs.
In the figure, the parameter 7. is the thickness of the oxide and €. is the oxide
permittivity.

The physics of the MOS structure can be explained with the aid of a simple
parallel-plate capacitor.! Figure 3.2(a) shows a parallel-plate capacitor with the top
plate at a negative voltage with respect to the bottom plate. An insulator material
separates the two plates. With this bias, a negative charge exists on the top plate, a
positive charge exists on the bottom plate, and an electric field is induced between the
two plates, as shown.

A MOS capacitor with a p-type semiconductor substrate is shown in Figure 3.2(b).
The top metal terminal, also called the gate, is at a negative voltage with respect to the
semiconductor substrate. From the example of the parallel-plate capacitor, we can
see that a negative charge will exist on the top metal plate and an electric field will
be induced in the direction shown in the figure. If the electric field penetrates the

IThe capacitance of a parallel plate capacitor, neglecting fringing fields, is C = € A/d, where A is the area
of one plate, d is the distance between plates, and € is the permittivity of the medium between the plates.
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Figure 3.1 The basic MOS capacitor structure
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Figure 3.2 (a) A parallel-plate capacitor, showing the electric field and conductor charges,
(b) a corresponding MOS capacitor with a negative gate bias, showing the electric field and
charge flow, and (c) the MOS capacitor with an accumulation layer of holes

semiconductor, the holes in the p-type semiconductor will experience a force toward
the oxide-semiconductor interface. The equilibrium distribution of charge in the
MOS capacitor with this particular applied voltage is shown in Figure 3.2(c). An accu-
mulation layer of positively charged holes at the oxide-semiconductor interface
corresponds to the positive charge on the bottom “plate” of the MOS capacitor.

Figure 3.3(a) shows the same MOS capacitor, but with the polarity of the applied
voltage reversed. A positive charge now exists on the top metal plate and the in-
duced electric field is in the opposite direction, as shown. In this case, if the electric
field penetrates the semiconductor, holes in the p-type material will experience a force
away from the oxide-semiconductor interface. As the holes are pushed away from the
interface, a negative space-charge region is created, because of the fixed acceptor
impurity atoms. The negative charge in the induced depletion region corresponds to
the negative charge on the bottom “plate” of the MOS capacitor. Figure 3.3(b) shows
the equilibrium distribution of charge in the MOS capacitor with this applied voltage.

++ 7 + + +[+ + ¥
4 o4 L
pe— Xgrl AT T 7 T b
++ [+ + Y| 4 ) i ‘;T C L") - ‘_/
+ ? p-type / - p-type
—_ L
. =V [ — ,

p-type lh* E-field Induced negative Induced negative Electron

space-charge space-charge inversion

L region region layer

(a) (b) (c)

Figure 3.3 The MOS capacitor with p-type substrate: (a) effect of positive gate bias,
showing the electric field and charge flow, (b) the MOS capacitor with an induced space-
charge region due to a moderate positive gate bias, and (c) the MOS capacitor with an
induced space-charge region and electron inversion layer due to a larger positive gate bias
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Figure 3.4 The MOS capacitor with n-type substrate: (a) effect of a positive gate bias and
the formation of an electron accumulation layer, (b) the MOS capacitor with an induced
space-charge region due to a moderate negative gate bias, and (c) the MOS capacitor with an
induced space-charge region and hole inversion layer due to a larger negative gate bias

When a larger positive voltage is applied to the gate, the magnitude of the
induced electric field increases. Minority carrier electrons are attracted to the oxide-
semiconductor interface, as shown in Figure 3.3(c). This region of minority carrier
electrons is called an electron inversion layer. The magnitude of the charge in the
inversion layer is a function of the applied gate voltage.

The same basic charge distributions can be obtained in a MOS capacitor with
an n-type semiconductor substrate. Figure 3.4(a) shows this MOS capacitor struc-
ture, with a positive voltage applied to the top gate terminal. A positive charge is
created on the top gate and an electric field is induced in the direction shown. In
this situation, an accumulation layer of electrons is induced in the n-type semi-
conductor.

Figure 3.4(b) shows the case when a negative voltage is applied to the gate ter-
minal. A positive space-charge region is induced in the n-type substrate by the
induced electric field. When a larger negative voltage is applied, a region of positive
charge is created at the oxide-semiconductor interface, as shown in Figure 3.4(c).
This region of minority carrier holes is called a hole inversion layer. The magnitude
of the positive charge in the inversion layer is a function of the applied gate voltage.

The term enhancement mode means that a voltage must be applied to the gate
to create an inversion layer. For the MOS capacitor with a p-type substrate, a positive
gate voltage must be applied to create the electron inversion layer; for the MOS
capacitor with an n-type substrate, a negative gate voltage must be applied to create
the hole inversion layer.

B2 n-Channel Enhancement-Mode MOSFET

We will now apply the concepts of an inversion layer charge in a MOS capacitor to
create a transistor.

Transistor Structure

Figure 3.5(a) shows a simplified cross section of a MOS field-effect transistor. The
gate, oxide, and p-type substrate regions are the same as those of a MOS capacitor.
In addition, we now have two n-regions, called the source terminal and drain
terminal. The current in a MOSFET is the result of the flow of charge in the inver-
sion layer, also called the channel region, adjacent to the oxide—semiconductor
interface.
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Figure 3.5 (a) Schematic diagram of an n-channel enhancement-mode MOSFET and (b) an
n-channel MOSFET, showing the field oxide and polysilicon gate

The channel length L and channel width W are defined on the figure. The chan-
nel length of a typical integrated circuit MOSFET is less than 1 gm (10~ m), which
means that MOSFETs are small devices. The oxide thickness #, is typically on the
order of 400 angstroms, or less.

The diagram in Figure 3.5(a) is a simplified sketch of the basic structure of the
transistor. Figure 3.5(b) shows a more detailed cross section of a MOSFET fabricated
into an integrated circuit configuration. A thick oxide, called the field oxide, is
deposited outside the area in which the metal interconnect lines are formed. The gate
material is usually heavily doped polysilicon. Even though the actual structure of a
MOSFET may be fairly complex, the simplified diagram may be used to develop the
basic transistor characteristics.

Basic Transistor Operation

With zero bias applied to the gate, the source and drain terminals are separated by the
p-region, as shown in Figure 3.6(a). This is equivalent to two back-to-back diodes, as
shown in Figure 3.6(b). The current in this case is essentially zero. If a large enough
positive gate voltage is applied, an electron inversion layer is created at the
oxide—semiconductor interface and this layer “connects” the n-source to the n-drain,

Gate (G) G
Source (S) Drain (D) N T D
n+ n+ l‘l+ ——————— n+
L ——] \
‘ Electron
p-type S D p inversion layer
Substrate or body (B) T <G >t T Substrate or body (B)
(a) (b) (c)

Figure 3.6 (a) Cross section of the n-channel MOSFET prior to the formation of an electron
inversion layer, (b) equivalent back-to-back diodes between source and drain when the
transistor is in cutoff, and (c) cross section after the formation of an electron inversion layer

129



130

Part 1

Semiconductor Devices and Basic Applications

as shown in Figure 3.6(c). A current can then be generated between the source and
drain terminals. Since a voltage must be applied to the gate to create the inversion
charge, this transistor is called an enhancement-mode MOSFET. Also, since the
carriers in the inversion layer are electrons, this device is also called an n-channel
MOSFET (NMOS).

The source terminal supplies carriers that flow through the channel, and the
drain terminal allows the carriers to drain from the channel. For the n-channel
MOSFET, electrons flow from the source to the drain with an applied drain-to-source
voltage, which means the conventional current enters the drain and leaves the source.
The magnitude of the current is a function of the amount of charge in the inversion
layer, which in turn is a function of the applied gate voltage. Since the gate terminal
is separated from the channel by an oxide or insulator, there is no gate current.
Similarly, since the channel and substrate are separated by a space-charge region,
there is essentially no current through the substrate.

611.3 Ideal MOSFET Current-Voltage
Characteristics—NMOS Device

The threshold voltage of the n-channel MOSFET, denoted as Vry, is defined? as the
applied gate voltage needed to create an inversion charge in which the density is
equal to the concentration of majority carriers in the semiconductor substrate. In
simple terms, we can think of the threshold voltage as the gate voltage required to
“turn on” the transistor.

For the n-channel enhancement-mode MOSFET, the threshold voltage is posi-
tive because a positive gate voltage is required to create the inversion charge. If the
gate voltage is less than the threshold voltage, the current in the device is essentially
zero. If the gate voltage is greater than the threshold voltage, a drain-to-source
current is generated as the drain-to-source voltage is applied. The gate and drain
voltages are measured with respect to the source.

Figure 3.7(a) shows an n-channel enhancement-mode MOSFET with the source
and substrate terminals connected to ground. The gate-to-source voltage is less than
the threshold voltage, and there is a small drain-to-source voltage. With this bias
configuration, there is no electron inversion layer, the drain-to-substrate pn junction
is reverse biased, and the drain current is zero (neglecting pn junction leakage
currents).

Figure 3.7(b) shows the same MOSFET with an applied gate voltage greater
than the threshold voltage. In this situation, an electron inversion layer is created and,
when a small drain voltage is applied, electrons in the inversion layer flow from the
source to the positive drain terminal. The conventional current enters the drain
terminal and leaves the source terminal. Note that a positive drain voltage creates a
reverse-biased drain-to-substrate pn junction, so current flows through the channel
region and not through a pn junction.

The ip versus vpg characteristics® for small values of vpg are shown in Fig-
ure 3.8. When vgg < Vry, the drain current is zero. When vgs is greater than Vry,

The usual notation for threshold voltage is V7. However, since we have defined the thermal voltage as
Vr = kT /q, we will use Vry for the threshold voltage of the n-channel device.

3The voltage notation vpg and vgs, with the dual subscript, denotes the voltage between the drain (D) and
source (S) and between the gate (G) and source (S), respectively. Implicit in the notation is that the first
subscript is positive with respect to the second subscript.
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Figure 3.7 The n-channel enhancement-mode MOSFET (a) with an applied gate voltage
vgs < Vrn, and (b) with an applied gate voltage vgs > Vry

the channel inversion charge is formed and the drain current increases with vpg.
Then, with a larger gate voltage, a larger inversion charge density is created, and the
drain current is greater for a given value of vpg.

Figure 3.9(a) shows the basic MOS structure for vgs > Vry and a small applied
vps. In the figure, the thickness of the inversion channel layer qualitatively indicates
the relative charge density, which for this case is essentially constant along the entire
channel length. The corresponding ip versus vpg curve is also shown in the figure.

Figure 3.9(b) shows the situation when vpg increases. As the drain voltage
increases, the voltage drop across the oxide near the drain terminal decreases, which
means that the induced inversion charge density near the drain also decreases. The in-
cremental conductance of the channel at the drain then decreases, which causes the
slope of the ip versus vpg curve to decrease. This effect is shown in the ip versus vpg
curve in the figure.

As vpg increases to the point where the potential difference, vgs — vpg, across
the oxide at the drain terminal is equal to Vry, the induced inversion charge density
at the drain terminal is zero. This effect is shown schematically in Figure 3.9(c). For
this condition, the incremental channel conductance at the drain is zero, which means
that the slope of the ip versus vpg curve is zero. We can write

vgs — vps(sat) = Vry (3.1(a))
or
vps(sat) = vgs — Vrw (3.1(b))

where vpg(sat) is the drain-to-source voltage that produces zero inversion charge
density at the drain terminal.

When vpg becomes larger than vpg(sat), the point in the channel at which the
inversion charge is just zero moves toward the source terminal. In this case, electrons
enter the channel at the source, travel through the channel toward the drain, and then,
at the point where the charge goes to zero, are injected into the space-charge region,
where they are swept by the E-field to the drain contact. In the ideal MOSFET, the
drain current is constant for vpg > vpg(sat). This region of the ip versus vpg char-
acteristic is referred to as the saturation region, which is shown in Figure 3.9(d).

As the applied gate-to-source voltage changes, the ip versus vpg curve changes.
In Figure 3.8, we saw that the initial slope of i versus vpg increases as vgg increases.
Also, Equation (3.1(b)) shows that vpg(sat) is a function of vgg. Therefore, we can

ip

VGs2 > VGsi
//
, vGs1 > Vi
/
/
/
/
/
/ vgs < Von

Figure 3.8 Plot of ip versus
vps characteristic for small
values of vpg at three vgg
voltages
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Figure 3.9 Cross section and ip versus vpg curve for an n-channel enhancement-mode
MOSFET when vgs > Vry for (a) a small vpg value, (b) a larger vpg value but for
vps < ups(sat), (C) vps = vps(sat), and (d) vps > vps(sat)

generate the family of curves for this n-channel enhancement mode MOSFET as
shown in Figure 3.10.

Although the derivation of the current—voltage characteristics of the MOSFET
is beyond the scope of this text, we can define the relationships. The region for
which vpgs < vpg(sat) is known as the nonsaturation or triode region. The ideal
current—voltage characteristics in this region are described by the equation

iD = KH[Z(UGS - VTN)UDS - U%)S] (3-2(3))
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Figure 3.10 Family of ip versus vpg curves for an n-channel enhancement-mode MOSFET.
Note that the vpg(sat) voltage is a single point on each of the curves. This point denotes the
transition between the nonsaturation region and the saturation region

In the saturation region, the ideal current—voltage characteristics for vgg > Vry are
described by the equation

in = K,(vgs — Vrn)? (3.2(b))

In the saturation region, since the ideal drain current is independent of the drain-to-
source voltage, the incremental or small-signal resistance is infinite. We see that

ro = Avps/AiD|vGS=const. =00

The parameter K, is sometimes called the transconduction parameter for the
n-channel device. However, this term is not to be confused with the small-signal
transconductance parameter introduced in the next chapter. For simplicity, we will
refer to this parameter as the conduction parameter, which for an n-channel device
is given by

WI‘L)‘I COX

K,=—"—
2L

where Cx is the oxide capacitance per unit area. The capacitance is given by

(3.3(a))

Cox == on/tox

where 7.y is the oxide thickness and €,y is the oxide permittivity. For silicon devices,
€ox = (3.9)(8.85 x 10~'*) F/cm. The parameter u, is the mobility of the electrons
in the inversion layer. The channel width W and channel length L were shown in
Figure 3.5(a).

As Equation (3.3(a)) indicates, the conduction parameter is a function of both
electrical and geometric parameters. The oxide capacitance and carrier mobility are
essentially constants for a given fabrication technology. However, the geometry, or
width-to-length ratio W/L, is a variable in the design of MOSFETS that is used to
produce specific current—voltage characteristics in MOSFET circuits.

We can rewrite the conduction parameter in the form

kW

K, = > T (3.3(b))
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where k,, = 1,Cox and is called the process conduction parameter. Normally, &/,
is considered to be a constant for a given fabrication technology, so Equation
(3.3(b)) indicates that the width-to-length ratio W/L is the transistor design
variable.

EXAMPLE 3.1 ST———

Objective: Calculate the current in an n-channel MOSFET.

Consider an n-channel enhancement-mode MOSFET with the following para-
meters: Vry =04V, W =20 um, L = 0.8 um, p,, = 650 cmz/V—s, tox = 200 A,
and €, = (3.9)(8.85 x 10~') F/cm. Determine the current when the transistor is bi-
ased in the saturation region for (a) vgs = 0.8 V and (b) vgs = 1.6 V.

Solution: The conduction parameter is determined by Equation (3.3(a)). First,
consider the units involved in this equation, as follows:

W cm? F
. _ (Cm)'ﬂn<ﬁ> 6ox<a> B i B (C/V) B A
" 2L (cm) - tox(cm) T Vs V-s V2

The value of the conduction parameter is therefore

Wit €ox (20 x 1074)(650)(3.9)(8.85 x 1071
2Ute 2(0.8 x 10-4)(200 x 10-%)

K, =

or
K, = 1.40 mA/V?
From Equation (3.2(b)), we find:
(a) Forvgs =0.8V,
ip =K,(vgs — Vry)? = (1.40)(0.8 — 0.4)> = 0.224 mA

(b) Forvgs = 1.6V,
ip = (1.40)(1.6 — 0.4)> = 2.02 mA
Comment: The current capability of a transistor can be increased by increasing the

conduction parameter. For a given fabrication technology, K, is adjusted by varying
the transistor width W.

T — EXERCISE PROBLEM

Ex 3.1: An NMOS transistor with Vyny = 1 V has a drain current ip = 0.8 mA
when vgs = 3V and vpg = 4.5 V. Calculate the drain current when: (a) vgs = 2V,
vps = 4.5 V;and (b) vgs =3V, vps = 1 V. (Ans. (a) 0.2 mA (b) 0.6 mA)

3.1.4 p-Channel Enhancement-Mode MOSFET

The complementary device of the n-channel enhancement-mode MOSFET is the
p-channel enhancement-mode MOSFET.
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Figure 3.11 Cross section of p-channel enhancement-mode MOSFET. The device is cut off
for vsg = 0. The dimension W extends into the plane of the page.

Transistor Structure

Figure 3.11 shows a simplified cross section of the p-channel enhancement-
mode transistor. The substrate is now n-type and the source and drain areas are
p-type. The channel length, channel width, and oxide thickness parameter definitions
are the same as those for the NMOS device shown in Figure 3.5(a).

Basic Transistor Operation

The operation of the p-channel device is the same as that of the n-channel device,
except the hole is the charge carrier rather than the electron. A negative gate bias is
required to induce an inversion layer of holes in the channel region directly under the
oxide. The threshold voltage for the p-channel device is denoted as Vrp.* Since the
threshold voltage is defined as the gate voltage required to induce the inversion layer,
then Vrp < 0 for the p-channel enhancement-mode device.

Once the inversion layer has been created, the p-type source region is the source
of the charge carrier so that holes flow from the source to the drain. A negative drain
voltage is therefore required to induce an electric field in the channel forcing the
holes to move from the source to the drain. The conventional current direction, then,
for the PMOS transistor is into the source and out of the drain. The conventional
current direction and voltage polarity for the PMOS device are reversed compared to
the NMOS device.

Note in Figure 3.11 the reversal of the voltage subscripts. For vgs > 0, the gate
voltage is negative with respect to that at the source. Similarly, for vsp > 0, the
drain voltage is negative with respect to that at the source.

B11.5 Ideal MOSFET Current-Voltage
Characteristics—PMOS Device

The ideal current—voltage characteristics of the p-channel enhancement-mode device
are essentially the same as those shown in Figure 3.10, noting that the drain current

4Using a different threshold voltage parameter for a PMOS device compared to the NMOS device is for
clarity only.
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is out of the drain and vpg is replaced by vsp. The saturation point is given by
vsp(sat) = vsg + Vrp. For the p-channel device biased in the nonsaturation region,
the current is given by

ip = K,[2(vsG + Vrp)vsp — v3p | (3.4(2))

In the saturation region, the current is given by

ip = K,(vsG + Vrp)? (3.4(b))

and the drain current exits the drain terminal. The parameter K, is the conduction
parameter for the p-channel device and is given by

_ Wﬂpcox

Ky 2L

(3.5(a))

where W, L, and C,y are the channel width, length, and oxide capacitance per unit
area, as previously defined. The parameter ), is the mobility of holes in the hole
inversion layer. In general, the hole inversion layer mobility is less than the electron
inversion layer mobility.

We can also rewrite Equation (3.5(a)) in the form

_k W

Kp=2. (3.5(b))

where k;, = 1pCox.
For a p-channel MOSFET biased in the saturation region, we have

vsp > vsp(sat) = vsg + Vrp (3.6)

EXAMPLE 3.2 B ]

Objective: Determine the source-to-drain voltage required to bias a p-channel
enhancement-mode MOSFET in the saturation region.

Consider an enhancement-mode p-channel MOSFET for which K, = 0.2 mA/V2,
Vrp = —0.50V, and ip = 0.50 mA.

Solution: In the saturation region, the drain current is given by
ip = K,(vsG + Vrp)?
or
0.50 = 0.2(vsg — 0.50)2
which yields
vsg = 2.08 V
To bias this p-channel MOSFET in the saturation region, the following must apply:
vsp > vgp(sat) = vgg + Vrp =2.08 —0.5 =158V

Comment: Biasing a transistor in either the saturation or the nonsaturation region
depends on both the gate-to-source voltage and the drain-to-source voltage.
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f I EXERCISE PROBLEM

Ex 3.2: A PMOS device with V;yp = —1.2 V has a drain current ip = 0.5 mA
when vgg = 3 V and vgp = 5 V. Calculate the drain current when (a) vsg =2V,
vsp = 3 V;and (b) vsg =5V, vsp = 2 V. (Ans. (a) 0.0986 mA, (b) 1.72 mA)

3.1.6 Circuit Symbols and Conventions

The conventional circuit symbol for the n-channel enhancement-mode MOSFET is
shown in Figure 3.12(a). The vertical solid line denotes the gate electrode, the verti-
cal broken line denotes the channel (the broken line indicates the device is enhance-
ment mode), and the separation between the gate line and channel line denotes the
oxide that insulates the gate from the channel. The polarity of the pn junction
between the substrate and the channel is indicated by the arrowhead on the body or
substrate terminal. The direction of the arrowhead indicates the type of transistor,
which in this case is an n-channel device. This symbol shows the four-terminal struc-
ture of the MOSFET device.

In most applications in this text, we will implicitly assume that the source and
substrate terminals are connected together. Explicitly drawing the substrate terminal
for each transistor in a circuit becomes redundant and makes the circuits appear more
complex. Instead, we will use the circuit symbol for the n-channel MOSFET shown
in Figure 3.12(b). In this symbol, the arrowhead is on the source terminal and it
indicates the direction of current, which for the n-channel device is out of the source.
By including the arrowhead in the symbol, we do not need to explicitly indicate the
source and drain terminals. We will use this circuit symbol throughout the text except
in specific applications.

In more advanced texts and journal articles, the circuit symbol of the n-channel
MOSFET shown in Figure 3.12(c) is generally used. The gate terminal is obvious
and it is implicitly understood that the “top” terminal is the drain and the “bottom”
terminal is the source. The top terminal, in this case the drain, is usually at a more
positive voltage than the bottom terminal. In this introductory text, we will use the
symbol shown in Figure 3.12(b) for clarity.

D D D
o o o
1’D 11'0 110
— + + +
|[«——oB vps GO—| Ups G0—| Ups
+ +
G - - -
ves vGs - vGs -
o o o
S S S

(a) (b) (¢

Figure 3.12 The n-channel enhancement-mode MOSFET: (a) conventional circuit symbol,
(b) circuit symbol that will be used in this text, and (c) a simplified circuit symbol used in
more advanced texts
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Figure 3.13 The p-channel enhancement-mode MOSFET: (a) conventional circuit symbol,
(b) circuit symbol that will be used in this text, and (c) a simplified circuit symbol used in
more advanced texts

The conventional circuit symbol for the p-channel enhancement-mode
MOSFET appears in Figure 3.13(a). Note that the arrowhead direction on the sub-
strate terminal is reversed from that in the n-channel enhancement-mode device.
This circuit symbol again shows the four terminal structure of the MOSFET device.

The circuit symbol for the p-channel enhancement-mode device shown in Fig-
ure 3.13(b) will be used in this text. The arrowhead is on the source terminal indicating
the direction of the current, which for the p-channel device is into the source terminal.

In more advanced texts and journal articles, the circuit symbol of the p-channel
MOSFET shown in Figure 3.13(c) is generally used. Again, the gate terminal is
obvious but includes the O symbol to indicate that this is a PMOS device. It is
implicitly understood that the “top” terminal is the source and the “bottom” terminal
is the drain. The top terminal, in this case the source, is normally at a higher poten-
tial than the bottom terminal. Again, in this text, we will use the symbol shown in
Figure 3.13(b) for clarity.

e11.7 Additional MOSFET Structures and Circuit Symbols

Before we start analyzing MOSFET circuits, there are two other MOSFET struc-
tures in addition to the n-channel enhancement-mode device and the p-channel
enhancement-mode device that need to be considered.

n-Channel Depletion-Mode MOSFET
Figure 3.14(a) shows the cross section of an n-channel depletion-mode MOSFET.
When zero volts are applied to the gate, an n-channel region or inversion layer exists
under the oxide as a result, for example, of impurities introduced during device
fabrication. Since an n-region connects the n-source and n-drain, a drain-to-source cur-
rent may be generated in the channel even with zero gate voltage. The term depletion
mode means that a channel exists even at zero gate voltage. A negative gate voltage
must be applied to the n-channel depletion-mode MOSFET to turn the device off.
Figure 3.14(b) shows the n-channel depletion mode MOSFET with a negative
applied gate-to-source voltage. A negative gate voltage induces a space-charge
region under the oxide, thereby reducing the thickness of the n-channel region.
The reduced thickness decreases the channel conductance, which in turn reduces
the drain current. When the gate voltage is equal to the threshold voltage, which is
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Figure 3.14 Cross section of an n-channel depletion mode MOSFET for: (a) vgs = 0,
(b) vgs < 0, and (¢c) vgs > 0

negative for this device, the induced space-charge region extends completely through
the n-channel region, and the current goes to zero. A positive gate voltage creates an
electron accumulation layer, as shown in Figure 3.14(c) which increases the drain
current. The general ip versus vpg family of curves for the n-channel depletion-
mode MOSFET is shown in Figure 3.15.

The current—voltage characteristics defined by Equations (3.2(a)) and (3.2(b))
apply to both enhancement- and depletion-mode n-channel devices. The only
difference is that the threshold voltage Vyy is positive for the enhancement-
mode MOSFET and negative for the depletion-mode MOSFET. Even though the
current—voltage characteristics of enhancement- and depletion-mode devices are
described by the same equations, different circuit symbols are used, simply for
purposes of clarity.

The conventional circuit symbol for the n-channel depletion-mode MOSFET is
shown in Figure 3.16(a). The vertical solid line denoting the channel indicates the
device is depletion mode. A comparison of Figures 3.12(a) and 3.16(a) shows that the
only difference between the enhancement- and depletion-mode symbols is the bro-
ken versus the solid line representing the channel.

ip vpg (sat) = vgg— Viy
! VGs2 > VGs1
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vGs1 >0 [}
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V653 <0

Vin < VGsa <VGs3

o [e]

S S
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Figure 3.15 Family of ip versus vpg curves for an Figure 3.16 The n-channel depletion-mode
n-channel depletion-mode MOSFET. Note again that MOSEFET: (a) conventional circuit symbol and

the vpg(sat) voltage is a single point on each curve. (b) simplified circuit symbol
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Figure 3.18 The p-channel
depletion mode MOSFET:
(a) conventional circuit
symbol and (b) simplified
circuit symbol
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Figure 3.17 Cross section of p-channel depletion-mode MOSFET showing the p-channel
under the oxide at zero gate voltage

n-type

A simplified symbol for the n-channel depletion-mode MOSFET is shown in
Figure 3.16(b). The arrowhead is again on the source terminal and indicates the
direction of current, which for the n-channel device is out of the source. The heavy
solid line represents the depletion-mode channel region. Again, using a different
circuit symbol for the depletion-mode device compared to the enhancement-mode
device is simply for clarity in a circuit diagram.

p-Channel Depletion-Mode MOSFET

Figure 3.17 shows the cross section of a p-channel depletion-mode MOSFET, as well
as the biasing configuration and current direction. In the depletion-mode device, a
channel region of holes already exists under the oxide, even with zero gate voltage.
A positive gate voltage is required to turn the device off. Hence the threshold voltage
of a p-channel depletion-mode MOSFET is positive (Vrp > 0).

The conventional and simplified circuit symbols for the p-channel depletion-
mode device are shown in Figure 3.18. The heavy solid line in the simplified symbol
represents the channel region and denotes the depletion-mode device. The arrowhead
is again on the source terminal and it indicates the current direction.

Complementary MOSFETs

Complementary MOS (CMOS) technology uses both n-channel and p-channel
devices in the same circuit. Figure 3.19 shows the cross section of n-channel and
p-channel devices fabricated on the same chip. CMOS circuits, in general, are more
complicated to fabricate than circuits using entirely NMOS or PMOS devices. Yet, as
we will see in later chapters, CMOS circuits have great advantages over just NMOS
or PMOS circuits.

Field oxide Polysilicon gate Metal Metal contact

L p-well )

Gate oxide
n-substrate

Figure 3.19 Cross sections of n-channel and p-channel transistors fabricated with a p-well
CMOS technology
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In order to fabricate n-channel and p-channel devices that are electrically equiv-
alent, the magnitude of the threshold voltages must be equal, and the n-channel and
p-channel conduction parameters must be equal. Since, in general, jt,,, and p,, are not
equal, the design of equivalent transistors involves adjusting the width-to-length
ratios of the transistors.

3.1.8 Summary of Transistor Operation

We have presented a first-order model of the operation of the MOS transistor. For an
n-channel enhancement-mode MOSFET, a positive gate-to-source voltage, greater
than the threshold voltage Vry , must be applied to induce an electron inversion layer.
For vgs > Vry, the device is turned on. For an n-channel depletion-mode device, a
channel between the source and drain exists even for vgg = 0. The threshold voltage
is negative, so that a negative value of vy is required to turn the device off.

For a p-channel device, all voltage polarities and current directions are reversed
compared to the NMOS device. For the p-channel enhancement-mode transistor,
Vrp < 0 and for the depletion-mode PMOS transistor, Vrp > 0.

Table 3.1 lists the first-order equations that describe the i—v relationships in
MOS devices. We note that K, and K, are positive values and that the drain current
ip is positive into the drain for the NMOS device and positive out of the drain for the
PMOS device.

Table 3.1 Summary of the MOSFET current-voltage relationships
NMOS PMOS
Nonsaturation region (vps < vpg(sat)) Nonsaturation region (vsp < vsp(sat))
ip = Ku[2(vgs — Vrn)vps — vl ip = K,[2(vsG + Vrp)vsp — vip]
Saturation region (vps > vpg(sat)) Saturation region (vsp > vsp(sat))
ip = K,(vgs — Vry)? ip = K,(vsg + Vrp)?
Transition point Transition point
vps(sat) = vgs — Vry vsp(sat) = vsg + Vrp
Enhancement mode Enhancement mode
Vrn >0 Vip <0
Depletion mode Depletion mode
VTN <0 VTP >0

3.1.9 Short-Channel Effects

The current—voltage relations given by Equations (3.2(a)) and (3.2(b)) for the n-channel
device and Equations (3.4(a)) and (3.4(b)) for the p-channel device are the ideal
relations for long-channel devices. A long-channel device is generally one whose
channel length is greater than 2 pm. In this device, the horizontal electric field in the
channel induced by the drain voltage and the vertical electric field induced by the
gate voltage can be treated independently. However, the channel length of present-
day devices is on the order of 0.2 pum or less.

There are several effects in these short-channel devices that influence and
change the long-channel current—voltage characteristics. One such effect is a variation
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in threshold voltage. The value of threshold voltage is a function of the channel
length. This variation must be considered in the design and fabrication of these
devices. The threshold voltage also becomes a function of the drain voltage. As the
drain voltage increases, the effective threshold voltage decreases. This effect also
influences the current—voltage characteristics.

The process conduction parameters, &, and k;,, are directly related to the carrier
mobility. We have assumed that the carrier mobilities and corresponding process
conduction parameters are constant. However, the carrier mobility values are func-
tions of the vertical electric field in the inversion layer. As the gate voltage and verti-
cal electric field increase, the carrier mobility decreases. This result, again, directly
influences the current—voltage characteristics of the device.

Another effect that occurs in short-channel devices is velocity saturation. As the
horizontal electric field increases, the velocity of the carriers reaches a constant value
and will no longer increase with an increase in drain voltage. Velocity saturation will
lower the Vpg(sat) voltage value. The drain current will reach its saturation value at
a smaller Vpg voltage. The drain current also becomes approximately a linear func-
tion of the gate voltage in the saturation region rather than the quadratic function of
gate voltage in the long-channel characteristics.

Although the analysis of modern MOSFET circuits must take into account these
short-channel effects, we will use the long-channel current—voltage relations in this
introductory text. We will still be able to obtain a good basic understanding of the op-
eration and characteristics of these devices, and we can still obtain a good basic un-
derstanding of the operation and characteristics of MOSFET circuits using the ideal
long-channel current—voltage relations.

3.1.10 Additional Nonideal
Current-Voltage Characteristics

The five nonideal effects in the current—voltage characteristics of MOS transistors
are: the finite output resistance in the saturation region, the body effect, subthreshold
conduction, breakdown effects, and temperature effects. This section will examine
each of these effects.

Finite Output Resistance
In the ideal case, when a MOSFET is biased in the saturation region, the drain
current ip is independent of drain-to-source voltage vps. However, in actual
MOSFET ip versus vpg characteristics, a nonzero slope does exist beyond the sat-
uration point. For vpg > vpg(sat), the actual point in the channel at which the in-
version charge goes to zero moves away from the drain terminal (see Figure
3.9(d)). The effective channel length decreases, producing the phenomenon called
channel length modulation.

An exaggerated view of the current—voltage characteristics is shown in Figure 3.20.
The curves can be extrapolated so that they intercept the voltage axis at a point
vps = —Va. The voltage V, is usually defined as a positive quantity. The slope of the
curve in the saturation region can be described by expressing the i, versus vpg char-
acteristic in the form, for an n-channel device,

ip = Ku[(vgs — Vrn)*(1 + Avps)] 3.7)

where X is a positive quantity called the channel-length modulation parameter.



Chapter 3 The Field-Effect Transistor
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Figure 3.20 Family of ip versus vpg curves showing the effect of channel length
modulation producing a finite output resistance

The parameters A and V, are related. From Equation (3.7), we have
(1 + A vps) = 0 at the extrapolated point where ip = 0. At this point, vps = —V4,
which means that V4 = 1/A.

The output resistance due to the channel length modulation is defined as

9 -1

ro = ( L ) (3.8)

8UDS
vGs=const.

From Equation (3.7), the output resistance, evaluated at the Q-point, is

ro =[AKy(Voso — Vrn)*1™ (3.9(a))
or

= lpgl = = (3.9(b)
Fo = = = .
ve “lpo  Ipg

The output resistance r, is also a factor in the small-signal equivalent circuit of the
MOSFET, which is discussed in the next chapter.

Body Effect
Up to this point, we have assumed that the substrate, or body, is connected to the
source. For this bias condition, the threshold voltage is a constant.

In integrated circuits, however, the substrates of all n-channel MOSFETSs are
usually common and are tied to the most negative potential in the circuit. An exam-
ple of two n-channel MOSFETs in series is shown in Figure 3.21. The p-type

S Vi Vo Voo
L— T o
' D, | S, D,
+ + +
- -
M, M,

p-substrate

1

Figure 3.21 Two n-channel MOSFETs fabricated in series in the same substrate. The source
terminal, Sy, of the transistor M, is more than likely not at ground potential.
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Figure 3.23 Plot of \/ip
versus vgs for a MOSFET
biased in the saturation
region showing subthreshold
conduction. Experimentally, a
subthreshold current exists
even for vgs < Vry.

substrate is common to the two transistors, and the drain of M; is common to
the source of M,. When the two transistors are conducting, there is a nonzero drain-
to-source voltage on M, which means that the source of M, is not at the same
potential as the substrate. These bias conditions mean that a zero or reverse-bias
voltage exists across the source—substrate pn junction, and a change in the source—
substrate junction voltage changes the threshold voltage. This is called the body
effect. The same situation exists in p-channel devices.

For example, consider the n-channel device shown in Figure 3.22. To maintain a
zero- or reverse-biased source—substrate pn junction, we must have vgg > 0. The
threshold voltage for this condition is given by

Ven = Vrvo + v[v2¢r + vss — v/265] (3.10)

where Vryo is the threshold voltage for vgg = 0; y, called the bulk threshold or
body-effect parameter, is related to device properties, and is typically on the order
of 0.5 V!/2; and ¢y is a semiconductor parameter, typically on the order of 0.35V,
and is a function of the semiconductor doping. We see from Equation (3.10) that the
threshold voltage in n-channel devices increases due to this body effect.

The body effect can cause a degradation in circuit performance because of the
changing threshold voltage. However, we will generally neglect the body effect in
our circuit analyses, for simplicity.

Subthreshold Conduction
If we consider the ideal current-voltage relationship for the n-channel MOSFET
biased in the saturation region, we have, from Equation (3.2(b)),

ip = K,(vgs — Vrn)*

Taking the square root of both sides of the equation, we obtain

Vip = VK, (vgs — Vrn) G3.11)

From Equation (3.11), we see that /i, is a linear function of vs. Figure 3.23 shows
a plot of this ideal relationship.

Also plotted in Figure 3.23 are experimental results, which show that when vgs
is slightly less than V7, the drain current is not zero, as previously assumed. This
current is called the subthreshold current. The effect may not be significant for a
single device, but if thousands or millions of devices on an integrated circuit are
biased just slightly below the threshold voltage, the power supply current will not
be zero but may contribute to significant power dissipation in the integrated circuit.
One example of this is a dynamic random access memory (DRAM), as we will see in
Chapter 16.

In this text, for simplicity we will not specifically consider the subthreshold
current. However, when a MOSFET in a circuit is to be turned off, the “proper”
design of the circuit must involve biasing the device at least a few tenths of a volt
below the threshold voltage to achieve “true” cutoff.

Breakdown Effects

Several possible breakdown effects may occur in a MOSFET. The drain-to-substrate
pn junction may break down if the applied drain voltage is too high and avalanche
multiplication occurs. This breakdown is the same reverse-biased pn junction break-
down discussed in Chapter 1 in Section 1.2.5.



Chapter 3 The Field-Effect Transistor

As the size of the device becomes smaller, another breakdown mechanism,
called punch-through, may become significant. Punch-through occurs when the
drain voltage is large enough for the depletion region around the drain to extend com-
pletely through the channel to the source terminal. This effect also causes the drain
current to increase rapidly with only a small increase in drain voltage.

A third breakdown mechanism is called near-avalanche or snapback break-
down. This breakdown process is due to second-order effects within the MOSFET.
The source-substrate-drain structure is equivalent to that of a bipolar transistor. As
the device size shrinks, we may begin to see a parasitic bipolar transistor action with
increases in the drain voltage. This parasitic action enhances the breakdown effect.

If the electric field in the oxide becomes large enough, breakdown can also occur
in the oxide, which can lead to catastrophic failure. In silicon dioxide, the electric
field at breakdown is on the order of 6 x 10° V/cm, which, to a first approximation,
is given by E.x = Vi /tox. A gate voltage of approximately 30 V would produce
breakdown in an oxide with a thickness of 7o, = 500 A. However, a safety margin of
a factor of 3 is common, which means that the maximum safe gate voltage for
tox = 500 A would be 10 V. A safety margin is necessary since there may be defects
in the oxide that lower the breakdown field. We must also keep in mind that the input
impedance at the gate is very high, and a small amount of static charge accumulating
on the gate can cause the breakdown voltage to be exceeded. To prevent the accumu-
lation of static charge on the gate capacitance of a MOSFET, a gate protection
device, such as a reverse-biased diode, is usually included at the input of a MOS
integrated circuit.

Temperature Effects

Both the threshold voltage Vry and conduction parameter K, are functions of tem-
perature. The magnitude of the threshold voltage decreases with temperature, which
means that the drain current increases with temperature at a given V5. However, the
conduction parameter is a direct function of the inversion carrier mobility, which de-
creases as the temperature increases. Since the temperature dependence of mobility is
larger than that of the threshold voltage, the net effect of increasing temperature is a de-
crease in drain current at a given V. This particular result provides a negative feed-
back condition in power MOSFETS. A decreasing value of K, inherently limits the
channel current and provides stability for a power MOSFET.

Test Your Understanding

TYU 3.1 (a) An n-channel enhancement-mode MOSFET has a threshold voltage of
Vry = 1.2V and an applied gate-to-source voltage of vgg = 2 V. Determine the
region of operation when: (i) vps = 0.4V; (ii) vps = 1V; and (iii) vps =5 V.
(b) Repeat part (a) for an n-channel depletion-mode MOSFET with a threshold
voltage of Vyy = —1.2 V. (Ans. (a) (i) nonsaturation, (ii) saturation, (iii) saturation;
(b) (i) nonsaturation, (ii) nonsaturation, (iii) saturation)

TYU 3.2 The NMOS devices described in Exercise TYU 3.1 have parameters
W =20um, L = 0.8 um, fox =200 A, i, = 500 cm?/V-s, and 1 = 0. (a) Calcu-
late the conduction parameter K, for each device. (b) Calculate the drain current for
each bias condition listed in Exercise TYU 3.1. (Ans. (a) K, = 1.08 mA/V?;
(b) ip =0.518mA, 0.691 mA, and 0.691 mA;ip = 2.59 mA, 5.83 mA, and 11.1 mA)
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TYU 3.3 (a) A p-channel enhancement-mode MOSFET has a threshold voltage of
Vrp = —1.2V and an applied source-to-gate voltage of vgs =2 V. Determine
the region of operation when (i) vsp = 0.4V, (ii) vsp = 1V, and (iii) vsp =5 V.
(b) Repeat part (a) for a p-channel depletion-mode MOSFET with a threshold volt-
age of Vrp =+41.2V. (Ans. (a) (i) nonsaturation, (ii) saturation, (iii) saturation;
(b) (i) nonsaturation, (ii) nonsaturation, (iii) saturation)

TYU 3.4 The PMOS devices described in Exercise TYU 3.3 have parameters
W =10 um, L = 0.8 um, f, = 200 A, p = 300 cm?/V—-s, and A = 0. (a) Calculate
the conduction parameter K, for each device. (b) Calculate the drain current for each
bias condition listed in Exercise TYU 3.3. (Ans. (a) K, =0.324 mA/V 2
(b)ip = 0.156 mA, 0.207 mA; and 0.207 mA; ip = 0.778 mA, 1.75 mA, and 3.32
mA)

TYU 3.5 The parameters of an NMOS enhancement-mode device are Vry = 0.25V
and K, = 10 s A/V2. The device is biased at vgg = 0.5 V. Calculate the drain current
when (i) vpg = 0.5V and (ii) vps = 1.2 Vfor (@) A = O and (b) . = 0.03 V. (c) Cal-
culate the output resistance r, for parts (a) and (b). (Ans. (a) (i) and (i) ip = 0.625 pA;
(b) ) ip = 0.6344 A, (i) ip = 0.6475 uA; (¢) (i) r, = 00, (ii) r, = 53.3 MQ).

TYU 3.6 An NMOS transistor has parameters Vryo = 0.4V, y =0.15V!/2, and
¢r = 0.35V. Calculate the threshold voltage when (a) vsg =0, (b) vsp =0.5V,
and (¢) vgg = 1.5V. (Ans. (a) 0.4V, (b) 0439V, (¢) 0.497 V)

#) 32  MOSFET DC CIRCUIT ANALYSIS

Objective: ¢ Understand and become familiar with the dc analysis
and design techniques of MOSFET circuits.

In the last section, we considered the basic MOSFET characteristics and properties.
We now start analyzing and designing the dc biasing of MOS transistor circuits.
A primary purpose of the rest of the chapter is to continue to become familiar and
comfortable with the MOS transistor and MOSFET circuits. The dc biasing of
MOSFETsS, the focus of this chapter, is an important part of the design of amplifiers.
MOSFET amplifier design is the focus of the next chapter.

In most of the circuits presented in this chapter, resistors are used in conjunction
with the MOS transistors. In a real MOSFET integrated circuit, however, the resistors
are generally replaced by other MOSFETSs, so the circuit is composed entirely of MOS
devices. In general, a MOSFET device requires a smaller area than a resistor. As we
go through the chapter, we will begin to see how this is accomplished and as we fin-
ish the text, we will indeed analyze and design circuits containing only MOSFETs.

In the dc analysis of MOSFET circuits, we can use the ideal current-voltage
equations listed in Table 3.1 in Section 3.1.

3.2.1 Common-Source Circuit

One of the basic MOSFET circuit configurations is called the common-source
circuit. Figure 3.24 shows one example of this type of circuit using an n-channel
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20
Vo=\z5)5) Vps =15 -(0.1)(20)
¢ (50) P53V
=2V
Ry =20kQ
Vi
(b)
Figure 3.24 An NMOS common- Figure 3.25 (a) The dc equivalent circuit of the NMOS common-source
source circuit circuit and (b) the NMOS circuit for Example 3.3, showing current and

voltage values

enhancement-mode MOSFET. The source terminal is at ground potential and is
common to both the input and output portions of the circuit. The coupling capacitor
C¢ acts as an open circuit to dc but it allows the signal voltage to be coupled to the
gate of the MOSFET.

The dc equivalent circuit is shown in Figure 3.25(a). In the following dc ana-
lyses, we again use the notation for dc currents and voltages. Since the gate current
into the transistor is zero, the voltage at the gate is given by a voltage divider, which
can be written as

R
Ve =Voe=——1\V 3.12
G GS < R+ R2> DD (3.12)

Assuming that the gate-to-source voltage given by Equation (3.12) is greater
than V7, and that the transistor is biased in the saturation region, the drain current is

Ip = K,(Vgs — Vrn)? (3.13)
The drain-to-source voltage is
Vps = Vpp — IpRp (3.14)

If Vps > Vps(sat) = Vg5 — Vry, then the transistor is biased in the saturation
region, as we initially assumed, and our analysis is correct. If Vps < Vpg(sat), then
the transistor is biased in the nonsaturation region, and the drain current is given by
the more complicated characteristic Equation (3.2(a)).

The power dissipated in the transistor, since there is no gate current, is simply
given by

Pr =1IpVps (3.15)

EXAMPLE 3.3 T ————

Objective: Calculate the drain current and drain-to-source voltage of a common-
source circuit with an n-channel enhancement-mode MOSFET. Find the power
dissipated in the transistor.

For the circuit shown in Figure 3.25(a), assume that Ry = 30k2, R, = 20k€2,
Rp =20k, Vpp =5V, Vry =1V, and K, = 0.1 mA/V2.

Vpp=5V
@)

11D=0.1 mA

+
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Solution: From the circuit shown in Figure 3.25(b) and Equation (3.12), we have

Ve =Ves = (22 Vy,, = (20 (5)=2V
G AR ¥R PP T\ 20530 -

Assuming the transistor is biased in the saturation region, the drain current is

Ip = K,(Vgs — Vry)* = (0.)2 — )* = 0.1mA

and the drain-to-source voltage is

Vps =Vpp —IpRp =5—(0.1)(20) =3V
The power dissipated in the transistor is

Pr =1pVps =(0.1)(3) =0.3mW

Comment: Because Vpg =3V > Vpg(sat) = Vgg — Vry =2 — 1 =1V, the tran-
sistor is indeed biased in the saturation region and our analysis is valid.

The dc analysis produces the quiescent values (Q-points) of drain current and
drain-to-source voltage, usually indicated by Ipg and Vpsg.

F\ ——— EXERCISE PROBLEM

Ex 3.3: The transistor in Figure 3.25(a) has parameters Vyy = 0.35 V and
K, =25uA/V>. The circuit parameters are Vpp =2.2 V, R; =355k,
Rz =245 kQ, and RD = 100 k2. Find ]D, Vc;s, and VD_g. (AHS. ]D = 7.52MA,
Vs =0.898 V, Vps = 1.45V)

Figure 3.26 (a) shows a common-source circuit with a p-channel enhancement-
mode MOSFET. The source terminal is tied to +Vpp, which becomes signal ground
in the ac equivalent circuit. Thus the terminology common-source applies to this
circuit.

Vpp=5V Vpp=5V
O O
Ry =50kQ Ry =50 kQ
+ +
Vg= (ﬂ)@) Vsp =5 —(0.578)(7.5) V=25V Vep=5—(0.515)(7.5)
100 =0.665 V < Vgp(sat) =114V
=25V - -
Ry =50 kQ 110:0.578 mA Ry =50kQ 11[):0,515 mA
(Not correct) (Correct)
(b) (c)

Figure 3.26 (a) A PMOS common-source circuit, (b) the PMOS common-source circuit for
Example 3.4 showing current and voltage values when the saturation-region bias assumption
is incorrect, and (c) the circuit for Example 3.4 showing current and voltage values when the
nonsaturation-region bias assumption is correct
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The dc analysis is essentially the same as for the n-channel MOSFET circuit.
The gate voltage is

R>
Ve = (m)(VDD) (3.16)

and the source-to-gate voltage is
Vs = Vpp — Vi (3.17)

Assuming that Vgs < Vrp, or Vsg > |Vrpl, and that the device is biased in the
saturation region, the drain current is given by

Ip = K,(Vsg + Vrp)? (3.18)
and the source-to-drain voltage is
Vsp = Vpp — IpRp (3.19)

If Vsp > Vgp(sat) = Vg + Vrp, then the transistor is indeed biased in the
saturation region, as we have assumed. However, if Vsp < Vgp(sat), the transistor is
biased in the nonsaturation region.

EXAMPLE 3.4 l----“

Objective: Calculate the drain current and source-to-drain voltage of a common-
source circuit with a p-channel enhancement-mode MOSFET.

Consider the circuit shown in Figure 3.26(a). Assume that R} = R, = 50k€2,
Vpp =5V, Rp =7.5kQ, Vrp = —0.8V, and K, = 0.2 mA/V>.

Solution: From the circuit shown in Figure 3.26(b) and Equation (3.16), we have

Vo = <L>(VDD) = <i>(5) =25V
Ri+R; 50+50
The source-to-gate voltage is therefore
Vs¢ =Vpp — Vg =5-25=25V
Assuming the transistor is biased in the saturation region, the drain current is
Ip = K,(Vsc + Vrp)* = (0.2)(2.5 — 0.8)> = 0.578 mA
and the source-to-drain voltage is
Vsp = Vpp —IpRp =5 — (0.578)(7.5) = 0.665V

Since Vgp = 0.665V is not greater than Vsp(sat) = Vg + Vrp =2.5-0.8 =
1.7 V, the p-channel MOSFET is not biased in the saturation region, as we initially
assumed.

In the nonsaturation region, the drain current is given by

Ip = Kp[2(Vse + Vrp)Vsp = Vsp ]
and the source-to-drain voltage is

Vsp =Vop —IpRp
Combining these two equations, we obtain

Ip = Kp[2(Vsg + Vrp)(Vpp — IpRp) — (Vpp — IpRp)*]
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V=45V
Rp
VD
R =50kQ Vs
Ry
VvV =-5V

Figure 3.27 Circuit configu-
ration for Example 3.5

or
Ip = (0.2)[2(2.5 — 0.8)(5 — Ip(7.5)) — (5 — Ip(7.5))*]
Solving this quadratic equation for I, we find
Ip = 0.515mA
We also find that
Vsp = 1.14V

Therefore, Vsp < Vgp(sat), which verifies that the transistor is biased in the nonsat-
uration region.

Comment: In solving the quadratic equation for /p, we find a second solution that
yields Vsp = 2.93 V. However, this value of Vp is greater than Vgp (sat), so it is not
a valid solution since we assumed the transistor to be biased in the nonsaturation
region.

ml : EXERCISE PROBLEM

Ex 3.4: The transistor in Figure 3.26(a) has parameters Vrp = —0.6 V and K, =
0.2 mA/VZ. The circuit is biased at Vpp = 3.3 V. Assume R;|| R, = 300 k2. De-
sign the circuit such that /pp = 0.5 mA and Vspp = 2.0 V. (Ans. R; = 885 k2,
R, =454k, Rp =2.6kQ)

NCOMPUTER ANALYSIS EXERCISE

PS 3.1: Verify the results of Example 3.4 with a PSpice analysis.

As Example 3.4 illustrated, we may not know initially whether a transistor is
biased in the saturation or nonsaturation region. The approach involves making an
educated guess and then verifying that assumption. If the assumption proves incor-
rect, we must then change it and reanalyze the circuit.

In linear amplifiers containing MOSFETSs, the transistors are biased in the satu-
ration region.

DESIGN EXAMPLE 3.5 S—————

Objective: Design a MOSFET circuit biased with both positive and negative volt-
ages to meet a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 3.27.
Design the circuit such that /pp = 0.5 mA and Vpsp =4 V.

Choices: Standard resistors are to be used in the final design. A transistor with
nominal parameters of &, = 80 ,u,A/V2, (W/L) =6.25, and Vry =12V is
available.

Solution: Assuming the transistor is biased in the saturation region, we have
Ipo =K,(Vgs — Vr ~)?%. The conduction parameter is

K,

kW 0.080
T2 L

T) (6.25) = 0.25mA/V?>
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Solving for the gate-to-source voltage, we find the required gate-to-source voltage to
induce the specified drain current.

Ino 0.5
Vi = Viy =4/ —— + 12
oS k, T 025 "

or
Vs =2.614V
Since the gate current is zero, the gate is at ground potential. The voltage at the source
terminal is then Vg = — Vg = —2.614 V. The value of the source resistor is found from
Vs —V—  =2.614 —(-5)
RS - =
Ipg 0.5
or
Rs =4.77kQ

The voltage at the drain terminal is determined to be
Vp =Vs+Vps =—-2.6144+4=1386V
The value of the drain resistor is
Vt—Vp 5-1.386

R = =
P Ing 0.5

or
Rp =7.23kQ

We may note that
Vps =4V > Vps(sat) = Vgs — Vry =2.61 —1.2=141V

which means that the transistor is indeed biased in the saturation region.

Trade-offs: The closest standard resistor values are Ry = 4.7k and Rp = 7.5kS2.
We may find the gate-to-source voltage from

Vs +IpRs —5=0
where
Ip = K,(Vgs — Vry)*

Using the standard resistor values, we find Vgs =2.622V, Ipp = 0.506 mA, and
Vbso = 3.83 V. In this case, the drain current is within 1.2 percent of the design speci-
fication and the drain-to-source voltage is within 4.25 percent of the design specification.

Comment: It is important to keep in mind that the current into the gate terminal is
zero. In this case, then, there is zero voltage drop across the R resistor.

Design Pointer: In an actual circuit design using discrete elements, we need to
choose standard resistor values that are closest to the design values. In addition, the
discrete resistors have tolerances that need to be taken into account. In the final de-
sign, then, the actual drain current and drain-to-source voltage are somewhat differ-
ent from the specified values. In many applications, this slight deviation from the
specified values will not cause a problem.
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Rp =
4kQ

Figure 3.28 Circuit for

Exercise Ex 3.5

Vt=25V

+
V R
W w3m
Ve
R, Rp

VT =-25V

Figure 3.29 Circuit configu-

ration for Example 3.6

T —— EXERCISE PROBLEM

Ex 3.5: For the transistor in the circuit in Figure 3.28, the nominal parameter val-
ues are Vry =0.6Vand K, =0.5 mA/Vz. (a) Determine the quiescent values
Veso, Ipg, and Vpggo. (b) Determine the range in /p and Vpg values for a ££5
percent variation in Vry and K,,. (Ans. (a) Vgsp = 1.667 V, Ipp = 0.5689 mA,
Vpso = 2.724 V; (b) 0.5105 < Ip < 0.6314 mA, 2.474 < Vps <2.958 V)

Now consider an example of a p-channel device biased with both positive and nega-
tive voltages.

DESIGN EXAMPLE 3.6 ,VI, ‘,I ._ I

Objective: Design a circuit with a p-channel MOSFET that is biased with both neg-
ative and positive supply voltages and that contains a source resistor Rg to meet a set
of specifications.

Specifications: The circuit to be designed is shown in Figure 3.29. Design the circuit
such that Ipp = 100 nA, Vsppo =3V, and Vgs = 0.8 V. Note that Vg is the volt-
age across the source resistor Rg. The value of the larger bias resistor, either R or
R», is to be 200 k2.

Choices: A transistor with nominal parameter values of K, = 100 uA/V? and
Vrp = —0.4 V is available. The conduction parameter may vary by +5 percent.

Solution: Assuming that the transistor is biased in the saturation region, we have
Ipo =K,(Vsg + Vr )2 Solving for the source-to-gate voltage, we find the required
value of source-to-gate voltage to be

Ino 100
Vo = |22 vy = /0 (04
SG X, TP 100 ( )
or

Vsg =14V
We may note that the design value of
Vspog =3V > Vspg (sat) =Vsgo+Vrp =14-04=1V
so that the transistor will be biased in the saturation region.
The voltage at the gate with respect to ground potential is found to be
Vo=V —Vgps —Vs6=25-08—-14=03V
With Vi > 0, the resistor R, will be the larger of the two bias resistors, so set
R, = 200 k2. The current through R; is then
Vg -V~ 03—(=2.5)
Ry, 200
Since the current through R is the same, we can find the value of R; to be

R VY-V  25-03
YT e 0014

=0.014mA

Igias =

which yields
Ry = 157kQ
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The source resistor value is found from

Ves 0.8
Ry = Vrs _ 08
Ipg 0.1
or
Rs = 8kQ

The voltage at the drain terminal is

Vp =Vt —Vgs—Vsp =25-08-3=-13V
Then the drain resistor value is found as
Vp—V~ —13-(=-25)

Rp = =
P Ino 0.1

or
Rp = 12kQ
Trade-offs: If the conduction parameter K, varies by £5%, the quiescent drain cur-

rent /po and the source-to-drain voltage Vspo will change. Using the resistor values
found in the previous design, we find the following:

KI’ VSGQ IDQ VSDQ

95 uA/V2 1416V 98.0 LA 3.04V
105 uA/V?: 1385V 101.9 uA 2.962V
+5% +1.14% +2% +1.33%

Comment: We may note that the variation in the Q-point values is smaller that the
variation in K. Including the source resistor Rg tends to stabilize the Q-point.

!l!,-u.\!hl I EXERCISE PROBLEM

Ex 3.6: Consider the circuit shown in Figure 3.30. The nominal transistor
parameters are Vrp = —0.30 V and K, = 120 wA/V?. (a) Calculate Vsg, Ip,
and Vsp. (b) Determine the variation in [ if the threshold voltage varies by
45 percent. (Ans. (a) Vsg =1.631V, Ip =0.2126 mA, Vsp =3.295V;
() 0.2091 < Ip < 0.2160 mA)

T —— COMPUTER ANALYSIS EXERCISE

PS 3.2 Verify the circuit design in Example 3.6 with a PSpice simulation. Also
investigate the change in Q-point values with =10 percent variations in resistor values.

812 2 Load Line and Modes of Operation

The load line is helpful in visualizing the region in which the MOSFET is biased.
Consider again the common-source circuit shown in Figure 3.25(b). Writing a
Kirchhoff’s voltage law equation around the drain-source loop results in Equa-
tion (3.14), which is the load line equation, showing a linear relationship between
the drain current and drain-to-source voltage.

+2.2V
b i
§§5: kQ fgkzg
22V

Figure 3.30 Figure for
Exercise Ex 3.6
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Figure 3.31 Transistor characteristics, vps(sat) curve, load line, and Q-point for the NMOS
common-source circuit in Figure 3.25(b)

Figure 3.31 shows the vpg(sat) characteristic for the transistor described in
Example 3.3. The load line is given by

Vps =Vpp —IpRp =5 — Ip(20) (3.20(a))
or
5 Vps
Ip=— —BS .
D=5 20 (mA) (3.20(b))

and is also plotted in the figure. The two end points of the load line are determined in
the usual manner. If Ip =0, then Vpg =5V, if Vpg =0, then Ip =5/20 =
0.25 mA. The Q-point of the transistor is given by the dc drain current and drain-to-
source voltage, and it is always on the load line, as shown in the figure. A few
transistor characteristics are also shown on the figure.

If the gate-to-source voltage is less than Vyy, the drain current is zero and the
transistor is in cutoff. As the gate-to-source voltage becomes just greater than Vyy,
the transistor turns on and is biased in the saturation region. As Vg increases, the
Q-point moves up the load line. The transition point is the boundary between
the saturation and nonsaturation regions and is defined as the point where Vpg =
Vps(sat) = Vs — Vrn. As Vg increases above the transition point value, the tran-
sistor becomes biased in the nonsaturation region.

EXAMPLE 3.7 T ——

Objective: Determine the transition point parameters for a common-source circuit.
Consider the circuit shown in Figure 3.25(b). Assume transistor parameters of
Vry =1Vand K, = 0.1 mA/V2.

Solution: At the transition point,

Vps = Vps(sat) = Vgs — Vry = Vpp — IpRp
The drain current is still

Ip =K,(Vgs — Vrn)*
Combining the last two equations, we obtain

Vos — Ven = Vop — KuRp(Vgs — Vin)?
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Rearranging this equation produces

K.Rp(Vs — Vrn)* + (Vas — Vin) = Vop =0
or

(0.1)(20)(Vgs — Vrn)* + (Vgs — Vrn) =5 =0
Solving the quadratic equation, we find that

Vas — Vrn = 1.35V = Vpg
Therefore,

Ves =235V
and

Ip = (0.1)(2.35 — 1)> = 0.182mA

Comment: For Vg < 2.35V, the transistor is biased in the saturation region; for
Vs > 2.35V, the transistor is biased in the nonsaturation region.

‘kl — EXERCISE PROBLEM

Ex 3.7: Consider the circuit in Figure 3.30. Using the nominal transistor parame-
ters described in Exercise Ex 3.6, draw the load line and determine the transition
point parameters. (Ans. Vsg = 2.272 'V, Ip = 0.4668 mA, Vsp = 1.972 V)

Problem-Solving Technique: MOSFET DC Analysis

Analyzing the dc response of a MOSFET circuit requires knowing the bias con-
dition (saturation or nonsaturation) of the transistor. In some cases, the bias
condition may not be obvious, which means that we have to guess the bias condi-
tion, then analyze the circuit to determine if we have a solution consistent with our
initial guess. To do this, we can:

1. Assume that the transistor is biased in the saturation region, in which case
Ves > Vry, Ip > 0,and Vpg > Vpg(sat).

2. Analyze the circuit using the saturation current-voltage relations.

3. Evaluate the resulting bias condition of the transistor. If the assumed parame-
ter values in step 1 are valid, then the initial assumption is correct. If
Ves < Vru, then the transistor is probably cutoff, and if Vg < Vpg(sat), the
transistor is likely biased in the nonsaturation region.

4. If the initial assumption is proved incorrect, then a new assumption must be
made and the circuit reanalyzed. Step 3 must then be repeated.

323 Additional MOSFET Configurations: DC Analysis

There are other MOSFET circuits, in addition to the basic common-source circuits
just considered, that are biased with the basic four-resistor configuration.

However, MOSFET integrated circuit amplifiers are generally biased with constant
current sources. Example 3.8 demonstrates this technique using an ideal current source.
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DESIGN EXAMPLE 3.8 ST———

Objective: Design a MOSFET circuit biased with a constant-current source to meet
a set of specifications.

Specifications: The circuit configuration to be designed is shown in Figure 3.32(a).
Design the circuit such that the quiescent values are Ipp = 250 pA and Vp =2.5 V.

Choices: A transistor with nominal values of Vyy = 0.8V, k, = 80 MA/VZ, and
W/L = 3 is available. Assume &/, varies by £5 percent.

Solution: The dc equivalent circuit is shown in Figure 3.32(b). Since v; = 0, the
gate is at ground potential and there is no current through R;. We have that
IQ = [DQ = 250/,LA

Assuming the transistor is biased in the saturation region, we have

KW
Ip=—=- Z(VGS — Vrn)?

2
or
80
250 = <7> - (3)(Vgs — 0.8)2
which yields

Vgs =2.24V

The voltage at the source terminal is Vg = —Vgg = —2.24 V.
The drain current can also be written as

5-Vp
In =
D Ry
For Vp = 2.5V, we have
5-2.5
P~ 7025

The drain-to-source voltage is

Vps =Vp — Vs =25—(-224) =474V

Figure 3.32 (a) NMOS common-source circuit biased with a constant-current source and (b)
equivalent dc circuit
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Since Vps = 4.74V > Vpg(sat) = Vgg — Vry = 2.24 — 0.8 = 1.44V, the transis-
tor is biased in the saturation region, as initially assumed.

Trade-offs: Note that even if &, changes, the drain current remains constant. For
76 <k, < 84 /LA/V2, the variation in Vggp is 2.209 < Vgsp < 2.281 V and the
variation in Vpgp is 4.709 < Vpsp < 4.781 V. The variation in Vpgo is £0.87 per-
cent even with a 5 percent variation in k),. This stability effect is one advantage of
using constant current biasing.

Comment: MOSFET circuits can be biased by using constant-current sources,
which in turn are designed by using other MOS transistors, as we will see. Biasing
with current sources tends to stabilize circuits against variations in device or circuit
parameters.

(T — EXERCISE PROBLEM

Ex 3.8: (a) Consider the circuit shown in Figure 3.33. The transistor parameters
are Vrp=-040V and K, =30 wA/V?. Design the circuit such that
Ipo =60 A and Vspo = 2.5 V. (b) Determine the variation in Q-point values if
the Vrp and K, parameters vary by =5 percent. (Ans. (a) Rg = 19.77kS2,
Rp =38.57kQ; (b) 58.2 < Ipp < 61.08 uA,2.437 < Vspg <2.605 V)

n-Channel Enhancement-Load Device

An enhancement-mode MOSFET connected in a configuration such as that shown in
Figure 3.34 can be used as a nonlinear resistor. A transistor with this connection is
called an enhancement-load device. Since the transistor is an enhancement mode
device, Vry > 0. Also, for this circuit, vps = vgs > vps(sat) = vgs — Vry, which
means that the transistor is always biased in the saturation region. The general ip ver-
sus vpg characteristics can then be written as

ip = K,(vgs — Vrn)* = K, (vps — Vry)? (3.21)
Figure 3.35 shows a plot of Equation (3.21) for the case when K, = 1 mA/V? and
Vey =1V.

ip (mA)

10
vps (sat) = vgs— Vry |
9 —

81~ /

Transistor
characteristics

(SN
T T

| |
0 1 2 3 4 5 vps (V)

Figure 3.35 Current—voltage characteristic of an enhancement load device

+3V

Iy

Rp

-3V

Figure 3.33 Circuit for
Exercise Ex 3.8

)
o

+
| s
+ —
vGs

Figure 3.34 Enhancement-
mode NMOS device with the
gate connected to the drain
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Vpp=35V
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l Ip
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Vi O+—| ED Vpsp Driver
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Figure 3.36 Circuit with enhancement-load device and NMOS driver

If an enhancement-load device is connected in a circuit with another MOSFET
in the configuration shown in Figure 3.36, the circuit can be used as an amplifier or
as an inverter in a digital logic circuit. The load device, M}, is always biased in the
saturation region, and the transistor M, called the driver transistor, can be biased
in either the saturation or nonsaturation region, depending on the value of the input
voltage. The next example addresses the dc analysis of this circuit for dc input volt-
ages to the gate of Mp.

EXAMPLE 3.9 T ——

Objective: Determine the dc transistor currents and voltages in a circuit containing
an enhancement load device.

The transistors in the circuit shown in Figure 3.36 have parameters Vyyp =
Vene =1V, K,p =50 nA/V?, and K,; = 10 pA/V>. Also assume A,p =
Anr = 0. (The subscript D applies to the driver transistor and the subscript L applies
to the load transistor.) Determine Vi for V; =5V and V; = 1.5V.

Solution: (V; =5V) For an inverter circuit with a resistive load, when the input
voltage is large, the output voltage drops to a low value. Therefore, we assume that
the driver transistor is biased in the nonsaturation region since the drain-to-source
voltage will be small. The drain current in the load device is equal to the drain cur-
rent in the driver transistor. Writing these currents in generic form, we have

Ipp = IpL
or
KnD[Z(VGSD —Vryp)Vpsp — V[%sp] = K.[Vesr — Vrne
Since Vgsp = Vi, Vpsp = Vo, and Vgsr = Vpst = Vpp — Vo, then
Kup[2(Vi = Vinp)Vo — V5] = Ka Voo — Vo — Vene 1

Substituting numbers, we find

(50)[2(5 — DV — V5] = (10)[5 — Vo — 1]?
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Rearranging the terms provides
3V3—24Vp +8=0

Using the quadratic formula, we obtain two possible solutions:
Vo =765V or Vp=0.349V

Since the output voltage cannot be greater than the supply voltage Vpp = 5V, the
valid solution is Vo = 0.349 V.

Also, since Vpsp = Vp =0.349V < Vssp — Voenp =5 — 1 =4V, the driver
My, is biased in the nonsaturation region, as initially assumed.

The current can be determined from

Ip = Ko (Vese — Vine)* = Ku (Vop — Vo — Vrne)?
or

Ip = (10)(5 — 0.349 — 1)2 = 133 A

Solution: (V; = 1.5V) Since the threshold voltage of the driver transistor is
Vry = 1V, an input voltage of 1.5 V means the transistor current is going to be rela-
tively small so the output voltage should be relatively large. For this reason, we will
assume that the driver transistor Mp, is biased in the saturation region. Equating the cur-
rents in the two transistors and writing the current equations in generic form, we have

Ipp = IpL
or
KupVasp — Venol? = KurlVese — Vene 1
Again, since Vgsp = V; and Vs, = Vpse = Vpp — Vo, then
KuplVi = Vol = Ka Voo — Vo — Vene P
Substituting numbers and taking the square root, we find
V350[1.5 — 1] = /10[5 — Vo — 1]

which yields Vp = 2.88 V.

Since Vpsp =Vop =2.88V > Vgsp — Vryp =1.5—1=0.5V, the driver
transistor Mp, is biased in the saturation region, as initially assumed.

The current is

Ip = Kup(Vgsp — Vrap)* = (50)(1.5 — 1)* = 12.5 uA

Comment: For this example, we made an initial guess as to whether the driver tran-
sistor was biased in the saturation or nonsaturation region. A more analytical ap-
proach is shown following this example.

Computer Simulation: The voltage transfer characteristics of the NMOS inverter
with enhancement load shown in Figure 3.36 were obtained by a PSpice analysis.
These results are shown in Figure 3.37. As the input voltage decreases from its high
state, the output voltage increases, charging and discharging capacitances in the tran-
sistors. The current in the circuit goes to zero when the driver transistor is cutoff. This
occurs when V; = Vggp = Vry = 1 V. At this point, the output voltage is Vyp =4 V.
Since there is no current, the capacitances cease charging and discharging so the out-
put voltage cannot get to the full Vpp = 5V value. The maximum output voltage is
Vo(max) = VDD — VTNL =5—-1=4V.
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Vo (V)
4.0

Vi (V)

Figure 3.37 Voltage transfer characteristics of NMOS inverter with enhancement load device

When the input voltage is just greater than 1V, both transistors are biased in the
saturation region as the previous analysis for V; = 1.5 V showed. The output voltage
is a linear function of input voltage as we will see in Equation (3.24).

For an input voltage greater than approximately 2.25 V, the driver transistor is
biased in the nonsaturation region and the output voltage is a nonlinear function of
input voltage.

m.nl EXERCISE PROBLEM

Ex 3.9: Consider the NMOS inverter shown in Figure 3.36 with transistor para-
meters described in Example 3.9. Determine the output voltage V, for input volt-
ages (a) V; =4V and (b) V; =2V. (Ans. (a) 0.454 V, (b) 1.76 V)

mi;lll COMPUTER ANALYSIS EXERCISE

PS 3.3: Consider the NMOS circuit shown in Figure 3.36. Plot the voltage trans-
fer characteristics, using a PSpice simulation. Use transistor parameters similar to
those in Example 3.9. What are the values of V for V; = 1.5V and V; =5V?

In the circuit shown in Figure 3.36, we can determine the transition point for the
driver transistor that separates the saturation and nonsaturation regions. The transi-
tion point is determined by the equation

Vpsp(sat) = Vgsp — Vrap (3.22)

Again, the drain currents in the two transistors are equal. Using the saturation
drain current relationship for the driver transistor, we have

Ipp =IpL (3.23(a))
or

K.plVesp — Venpl* = KarlVase — Vene (3.23(b))
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Figure 3.38 (a) Depletion-mode NMOS device with the gate connected to the source and
(b) current—voltage characteristics

Again, noting that Vgsp =V and Vgsr = Vpse = Vpp — Vo, and taking the
square root, we have

KnD

KI'IL

Vi —=Vryp) = Vpp — Vo — Vrar) (3.24)

At the transition point, we can define the input voltage as V; = V;, and the out-
put voltage as Vo, = Vpsp(sat) = V;, — Vyyp. Then, from Equation (3.24), the
input voltage at the transition point is

Vpp — V Vino (I + VEon /KoL
y,, = Ypp rnL +Vryp (1 + p/Kur) (3.25)

1+ R Y KnD/KnL

If we apply Equation (3.25) to the previous example, we can show that our initial as-
sumptions were correct.

n-Channel Depletion-Load Device

An n-channel depletion-mode MOSFET can also be used as a load device. Consider
the depletion-mode MOSFET with the gate and source connected together shown in
Figure 3.38(a). The current—voltage characteristics are shown in Figure 3.38(b). The
transistor may be biased in either the saturation or nonsaturation regions. The transi-
tion point is also shown on the plot. The threshold voltage of the n-channel depletion-
mode MOSFET is negative so that vpg(sat) is positive.

A depletion-load device can be used in conjunction with another MOSFET, as
shown in Figure 3.39, to create a circuit that can be used as an amplifier or as an
inverter in a digital logic circuit. Both the load device M} and driver transistor Mp
may be biased in either the saturation or nonsaturation region, depending on the
value of the input voltage. We will perform the dc analysis of this circuit for a
particular dc input voltage to the gate of the driver transistor.

EXAMPLE 3.10 B ]

Objective: Determine the dc transistor currents and voltages in a circuit containing
a depletion load device.

Consider the circuit shown in Figure 3.39. Let Vpp = 5V and assume transistor
parameters of Voyp = 1V, Vpeyr = =2V, K,,p = 50 /LA/VZ, and K,;, =10 ,LLA/VZ.
Determine Vo for V; =5V.
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Vop

°
l Ipp

+
—| IZ/IL Vpst Load

oV,
l Ipp

+
\7 O—+| E’ID Vpsp Driver

Vesp

Figure 3.39 Circuit with depletion-load device and NMOS driver

Solution: Assume the driver transistor M), is biased in the nonsaturation region and
the load transistor M, is biased in the saturation region. The drain currents in the two
transistors are equal. In generic form, these currents are

Ipp =IpL
or
Kup[2Vesp — Vrnp)Vpsp — VssD] = Ku[Vase — Vene 1
Since Vgsp = Vi, Vpsp = Vo, and Vg = 0, then
Kup[2(Vi = Venp)Vo — V5] = Kur[-Ven, 1P
Substituting numbers, we find
G025 = DVo = V5] = A0[=(=2)P
Rearranging the terms produces
5V3—40Vp+4=0
Using the quadratic formula, we obtain two possible solutions:
Vo =790V or Vp=0.10V

Since the output voltage cannot be greater than the supply voltage Vpp =5V, the
valid solution is Vo = 0.10V.
The current is

Ip = Ko (—Vrne)? = (10)[—(=2)]* = 40 uA

Comment: Since Vpsp =Vp =0.10V < Vgsp —Vrnp =5—1=4V, Mp is
biased in the nonsaturation region, as assumed. Similarly, since Vs, = Vpp — Vo =
49V > Vg — Vrnr =0—(—2) =2V, M, is biased in the saturation region, as
originally assumed.

Computer Simulation: The voltage transfer characteristics of the NMOS inverter
circuit with depletion load in Figure 3.39 were obtained using a PSpice analysis.
These results are shown in Figure 3.40. For an input voltage less than 1V, the driver
is cut off and the output voltage is Vo = Vpp =5 V.
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Figure 3.40 Voltage transfer characteristics of NMOS inverter with depletion load device

When the input voltage is just greater than 1V, the driver transistor is biased in
the saturation region and the load device in the nonsaturation region. When the input
voltage is approximately 1.9 V, both transistors are biased in the saturation region. If
the channel length modulation parameter A is assumed to be zero as in this example,
there is no change in the input voltage during this transition region. As the input volt-
age becomes larger than 1.9V, the driver is biased in the nonsaturation region and the
load in the saturation region.

T —— EXERCISE PROBLEM

Ex 3.10: Consider the circuit shown in Figure 3.39 with transistor parameters
Vryp = 1V and Vyy, = —2 V. (a) Design the ratio K,,p /K, that will produce
an output voltage of Vo =0.25V at V; =5V. (b) Find K,p and K, if the
transistor currents are 0.2 mA when V; =5V. (Ans. (a) K,p/K,. = 2.06
(b) K, = 50 nA/N?, K,p = 103 nA/V?)

T — COMPUTER ANALYSIS EXERCISE

PS 3.4: Consider the NMOS circuit shown in Figure 3.39. Plot the voltage trans-
fer characteristics using a PSpice simulation. Use transistor parameters similar to
those in Example 3.10. What are the values of Vj for V; = 1.5V and V; =5V?

p-Channel Enhancement-Load Device
A p-channel enhancement-mode transistor can also be used as a load device to form
a complementary MOS (CMOS) inverter. The term complementary implies that
both n-channel and p-channel transistors are used in the same circuit. The CMOS
technology is used extensively in both analog and digital electronic circuits.

Figure 3.41 shows one example of a CMOS inverter. The NMOS transistor is
used as the amplifying device, or the driver, and the PMOS device is the load, which
is referred to as an active load. This configuration is typically used in analog applications.

VI O—l MN

Figure 3.41 Example of

CMOS inverter
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Figure 3.42 Voltage transfer characteristics of CMOS inverter in Figure 3.41

In another configuration, the two gates are tied together and form the input. This con-
figuration will be discussed in detail in Chapter 16.

As with the previous two NMOS inverters, the two transistors shown in Fig-
ure 3.41 may be biased in either the saturation or nonsaturation region, depending
on the value of the input voltage. The voltage transfer characteristic is most easily
determined from a PSpice analysis.

EXAMPLE 3.11 ,,I, ‘,I ._ I

Objective: Determine the voltage transfer characteristic of the CMOS inverter using
a PSpice analysis.

For the circuit shown in Figure 3.41, assume transistor parameters of Vyy = 1V,
Vrp=—1V,and K,, = K,,. Also assume Vpp =5V and Vg =3.25V.

Solution: The voltage transfer characteristics are shown in Figure 3.42. In this case,
there is a region, as was the case for an NMOS inverter with depletion load, in which
both transistors are biased in the saturation region, and the input voltage is a constant
over this transition region for the assumption that the channel length modulation
parameter A is zero.

Comment: In this example, the source-to-gate voltage of the PMOS device is only
Vsg = 1.75 V. The effective resistance looking into the drain of the PMOS device is
then relatively large. This is a desirable characteristic for an amplifier, as we will see
in the next chapter.

T —— EXERCISE PROBLEM

Ex 3.11: Consider the circuit in Figure 3.41. Assume the same transistor parame-
ters and circuit parameters as given in Example 3.11. Determine the transition
point parameters for the transistors My and Mp. (Ans. Mp: Vo, =425V, V), =
1.75V; My : Vo, =0.75V, V;, = 1.75V)
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Test Your Understanding

TYU 3.7 The transistor in the circuit shown in Figure 3.25(a) has parameters
Vey =0.25V and K, =30 wA/V2. The circuit is biased at Vpp =2.2V. Let
Ry + R, = 500k€2. Redesign the circuit such that Ipp = 70 uA and Vpsp = 1.2V.
(Ans. Ry =96k, Ry, = 404k2, Rp = 14.3kRQ)

TYU 3.8 Consider the circuit in Figure 3.43. The transistor parameters are
Vry = 0.4V and k, = 100 uA/V?. Design the transistor width-to-length ratio such
that Vps = 1.6 V. (Ans. 2.36)

TYU 3.9 For the circuit shown in Figure 3.36, use the transistor parameters given in
Example 3.9. (a) Determine V; and Vy, at the transition point for the driver transistor.
(b) Calculate the transistor currents at the transition point. (Ans. (a) V;, = 2.236V,
Vo: = 1.236V; (b) Ip = 76.4 uA)

TYU 3.10 Consider the circuit shown in Figure 3.44. The transistor parameters are
Vry = —1.2V and k;, = 80 wWA/V?. (a) Design the transistor width-to-length ratio
such that Vpg = 1.8 V. Is the transistor biased in the saturation or nonsaturation re-
gion? (b) Repeat part (a) for Vpg = 0.8 V. (Ans. (a) 3.26, (b) 6.10)

TYU 3.11 For the circuit shown in Figure 3.39, use the transistor parameters given in
Example 3.10. (a) Determine V; and Vy at the transition point for the load transistor.
(b) Determine V; and V) at the transition point for the driver transistor. (Ans. (a)
Vi,=189V,Vy, =3V;(b)V;; =189V, Vy, =0.89V)

2l 33 BASIC MOSFET APPLICATIONS: SWITCH,

DIGITAL LOGIC GATE, AND AMPLIFIER

Objective: ® Examine three applications of MOSFET circuits: a switch
circuit, digital logic circuit, and an amplifier circuit.

MOSFETs may be used to: switch currents, voltages, and power; perform digital logic
functions; and amplify small time-varying signals. In this section, we will examine the
switching properties of an NMOS transistor, analyze a simple NMOS transistor digi-
tal logic circuit, and discuss how the MOSFET can be used to amplify small signals.

3.3.1 NMOS Inverter
The MOSFET can be used as a switch in a wide variety of electronic applications.
The transistor switch provides an advantage over mechanical switches in both speed
and reliability. The transistor switch considered in this section is also called an in-
verter. Two other switch configurations, the NMOS transmission gate and the CMOS
transmission gate, are discussed in Chapter 16.

Figure 3.45 shows the n-channel enhancement-mode MOSFET inverter circuit.
If v; < Vry, the transistor is in cutoff and ip = 0. There is no voltage drop across
Rp, and the output voltage is vop = Vpp. Also, since ip = 0, no power is dissipated
in the transistor.

If v; > Vpy, the transistor is on and initially is biased in the saturation region,
since vps > vgs — Vry. As the input voltage increases, the drain-to-source voltage

165
Vpp=33V
+
Vps
Rg=10kQ
Figure 3.43 Circuit for
Exercise TYU 3.8
Vpp=33V
+
Vps
Rg=8kQ
Figure 3.44 Circuit for
Exercise TYU 3.10
Voo
o) % &
o vy

i O—l Ups
+ ‘
vGs

Figure 3.45 NMOS inverter
circuit
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decreases, and the transistor eventually becomes biased in the nonsaturation region.
When v; = Vpp, the transistor is biased in the nonsaturation region, vy reaches a
minimum value, and the drain current reaches a maximum value. The current and
voltage are given by

ip = K,[2(v; — Vrn)vo — v5 ] (3.26)

and
Vo =vpp —ipRp (3.27)

where vp = vpg and v; = vgs.

DESIGN EXAMPLE 3.12 . , ) !,

Objective: Design the size of a power MOSFET to meet the specification of a par-
ticular switch application.

The load in the inverter circuit in Figure 3.45 is a coil of an electromagnet that
requires a current of 0.5 A when turned on. The effective load resistance varies be-
tween 8 and 10 €2, depending on temperature and other variables. A 10 V power sup-
ply is available. The transistor parameters are k, = 80 ©A/V? and Vry = 1V.

Solution: One solution is to bias the transistor in the saturation region so that the
current is constant, independent of the load resistance.

The minimum Vpg value is 5 V. We need Vpg > Vpg(sat) = Vgg — Viy . If we
bias the transistor at Vg = 5V, then the transistor will always be biased in the satu-
ration region. We can then write

k, W

Ip =" —(Vgs — Vin)?
D= L(GS TN)

or

80 x 1076 (W
05=22"_ (—) 51
2 L

which yields W /L = 781.
The maximum power dissipation in the transistor occurs when the load resis-
tance is 8 2 and Vpg = 6 V. Then

P (max) = Vpg(max) - Ip = (6) - (0.5) =3W

Comment: We see that we can switch a relatively large drain current with essen-
tially no input current to the transistor. The size of the transistor required is fairly
large, which implies a power transistor is necessary. If a transistor with a slightly
different width-to-length ratio is available, the applied Vg can be changed to meet
the specification.

(T — EXERCISE PROBLEM

Ex 3.12: For the MOS inverter circuit shown in Figure 3.45, assume the circuit
values are Vpp = 5V and Rp = 500 2. The threshold voltage of the transistor is
Vrn = 1 V. (a) Determine the value of the conduction parameter K, such that
vo = 0.2V when v; = 5V. (b) What is the power dissipated in the transistor?
(Ans. (a) K, = 6.15mA/V2, (b) P = 1.92mW)
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332 Digital Logic Gate

For the transistor inverter circuit in Figure 3.45, when the input is low and approxi-
mately zero volts, the transistor is cut off, and the output is high and equal to Vpp.
When the input is high and equal to Vpp, the transistor is biased in the nonsaturation
region and the output reaches a low value. Since the input voltages will be either high
or low, we can analyze the circuit in terms of dc parameters.

Now consider the case when a second transistor is connected in parallel, as shown in
Figure 3.46. If the two inputs are zero, both M, and M, are cut off, and Vy = 5 V. When
Vi =5V and V, = 0, the transistor M turns on and M, is still cut off. Transistor M is
biased in the nonsaturation region, and V reaches a low value. If we reverse the input
voltages such that V; = 0 and V, = 5V, then M, is cut off and M, is biased in the non-
saturation region. Again, V) is at a low value. If both inputs are high,at V, =V, =5V,
then both transistors are biased in the nonsaturation region and VJ, is low.

Vop=5V

Figure 3.46 A two-input NMOS NOR logic gate

Table 3.2 shows these various conditions for the circuit in Figure 3.46. In a pos-
itive logic system, these results indicate that this circuit performs the NOR logic
function, and, it is therefore called a two-input NOR logic circuit. In actual NMOS
logic circuits, the resistor R, is replaced by another NMOS transistor.

Table 3.2 NMOS NOR logic

circuit response
Vi(V) Va(V) Vo(V)
0 0 High
5 0 Low
0 5 Low
5 5 Low

EXAMPLE 3.13 B ]

Objective: Determine the currents and voltages in a digital logic gate, for various
input conditions.

Consider the circuit shown in Figure 3.46 with circuit and transistor parameters
Rp =20kQ, K, =0.1 mA/V2, V;y = 0.8V, and A = 0.
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Solution: For V| =V, = 0, both M, and M, are cut off and Vo = Vpp = 5 V. For
Vi =5V and V, = 0, the transistor M is biased in the nonsaturation region, and we
can write

5—Vo
Rp

Ip=1Ip) = = K,[2(Vi = Ven)Vo — V5]
Solving for the output voltage Vy, we obtain Vo = 0.29 V.

The currents are

5-0.29

Ig =1Ip = 0 = 0.236 mA

For Vi =0 and V, =5V, we have Vo =0.29V and I = Ip, = 0.236 mA.
When both inputs go high to V; =V, =5V, we have Igx = Ip; + Ip2, or

5—Vo 2 )

b K, [20Vy = Ven)Vo = Vi ]+ Ku[2(Va = Ven)Vo — V5]
which can be solved for V to yield Vo = 0.147 V.

The currents are

50147

I = = 0.243 mA
20

and
Ir
Ipy = 1Ipy = 5= 0.121 mA

Comment: When either transistor is biased on, it is biased in the nonsaturation
region, since Vpg < Vpg(sat), and the output voltage reaches a low state.

(T — EXERCISE PROBLEM

Ex 3.13: For the circuit in Figure 3.46, assume the circuit and transistor parame-
ters are: Rp = 30kR2, Voy =1V, and K,, = 50 MA/VZ. Determine Vo, Ig, Ipi,
and Ip, for: (a) Vi =5V, Vo, =0;and (b) Vi =V, =5V.(Ans.(a) Vp =040V,
Ip =1p; =0.153mA, Ip, =0 (b) Vo =0.205V, I =0.16mA, Ip; = Ip, =
0.080mA)

This example and discussion illustrates that MOS transistors can be configured
in a circuit to perform logic functions. A more detailed analysis and design of
MOSFET logic gates and circuits is presented in Chapter 16. As we will see in that
chapter, most MOS logic gate circuits are fabricated by using CMOS, which means
designing circuits with both n-channel and p-channel transistors and no resistors.

333 MOSFET Small-Signal Amplifier

The MOSFET, in conjunction with other circuit elements, can amplify small time-
varying signals. Figure 3.47(a) shows the MOSFET small-signal amplifier, which is
a common-source circuit in which a time-varying signal is coupled to the gate
through a coupling capacitor. Figure 3.47(b) shows the transistor characteristics and
the load line. The load line is determined for v; = 0.
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Figure 3.47 (a) An NMOS common-source circuit with a time-varying signal coupled to the
gate and (b) transistor characteristics, load line, and superimposed sinusoidal signals

We can establish a particular Q-point on the load line by designing the ratio of
the bias resistors Ry and R». If we assume that v; = V; sin wt, the gate-to-source volt-
age will have a sinusoidal signal superimposed on the dc quiescent value. As
the gate-to-source voltage changes over time, the Q-point will move up and down the
line, as indicated in the figure.

Moving up and down the load line translates into a sinusoidal variation in the
drain current and in the drain-to-source voltage. The variation in output voltage can
be larger than the input signal voltage, which means the input signal is amplified. The
actual signal gain depends on both the transistor parameters and the circuit element
values.

In the next chapter, we will develop an equivalent circuit for the transistor used
to determine the time-varying small-signal gain and other characteristics of the
circuit.

Test Your Understanding

TYU 3.12 The circuit shown in Figure 3.45 is biased at Vpp = 10V, and the transistor
parameters are Vry = 0.7V and K,, = 4mA/V 2 Design the value of R such that the
output voltage will be vp = 0.20 V when v; = 10 V. (Ans. 0.666 kS2)

5V
TYU 3.13 The transistor in the circuit shown in Figure 3.48 has parameters K, =
4 mA/V? and Vry = 0.8 V, and is used to switch the LED on and off. The LED
cutin voltage is V,, = 1.5 V. The LED is turned on by applying an input voltage R
of v; =5 V. (a) Determine the value of R such that the diode current is 12 mA.
LED
vy _|

(b) From the results of part (a), what is the value of vpg? (Ans. (a) R = 261 Q,
(b) Ups = 0.374 V)

TYU 3.14 In the circuit in Figure 3.46, let Rp = 25 k2 and Vry = 1 V. (a) Deter-
mine the value of the conduction parameter K, required such that Vy = 0.10 V when
Vi=0and V, =5 V. (b) Using the results of part (a), find the value of Vy when

Vi =V, =5V.(Ans. (a) K, = 0.248 mA/V2, (b) Vo = 0.0502 V) .
Figure 3.48

169



170 Part 1 Semiconductor Devices and Basic Applications

7 34 CONSTANT-CURRENT BIASING

Objective: e Investigate current biasing of MOSFET devices.

As was shown in Figure 3.32, a MOSFET can be biased with a constant-current
source /. The gate-to-source voltage of the transistor in this circuit then adjusts
itself to correspond to the current /.

We can implement the current source by using MOSFET devices. The circuits
shown in Figures 3.49(a) and 3.49(b) are a first step toward this design. The transis-
tors M, and M3 in Figure 3.49(a) form a current mirror and are used to bias the
NMOS transistor M. Similarly, the transistors Mz and M¢ in Figure 3.49(b) form a
current mirror and are used to bias the PMOS transistor M 4.

vt v
¥ ¥
L, | Vsoc Vscn
Rp=8kQ |
] Mc |_ — | M5
J1ex
IRgF| +
® —+
Vsca
— + T My Vgpa
T | My Vpg -
+ - \
Vot ll ({) REF2
_ o1
Ma“*—‘ M, <§R1,=sm
+
+ —>
‘ _ Ves3 VGSZ_’

} )

V- V-
(a) (b)

Figure 3.49 (a) NMOS current mirror and (b) PMOS current mirror

The operation and characteristics of these circuits are demonstrated in the
following two examples.

EXAMPLE 3.14 A‘I, S v !, ’

Objective: Analyze the circuit shown in Figure 3.49(a). Determine the bias current /1,
the gate-to-source voltages of the transistors, and the drain-to-source voltage of M.

Assume circuit parameters of Irgr; = 200 uA, VT =25V, and V- = -2.5V.
Assume transistor parameters of Vry = 0.4 V (all transistors), A = 0 (all transis-
tors), K,; = 0.25 mA/V? and K,» = K,3 = 0.15 mA/V>.
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Solution: The drain current in M3 is Ip3 = Iggr; = 200 A and is given by the re-
lation Ip3 = K,3(Vgss — Vry)? (the transistor is biased in the saturation region).
Solving for the gate-to-source voltage, we find

1
Vss = | = \/01 + 0.4

Vgss = 1.555V
We note that Vg3 = Vg0 = 1.555 V. We can write
Ipy = Io1 = Kn(Vesa — Vrn)? = 0.15(1.555 — 0.4)>

or
IQl =200 MA

The gate-to-source voltage Vis; (assuming M| is biased in the saturation region) can
be written as

[ 1o /0.2
Vos1 = Voen =4/ — +04
GS1 Ko + Vrn 025 +

Ves1 =129V

or

The drain-to-source voltage is found from
Vpsi =V —101Rp — (—Vgs1)
=25-(02)18) — (—1.29)
or
Vps1 =2.19V

We may note that M, is indeed biased in the saturation region.

Comment: Since the current mirror transistors M, and M3 are matched (identical
parameters) and since the gate-to-source voltages are the same in the two transistors,
the bias current, /g1, is equal to (i.e., mirrors) the reference current, /rgr;.

m& : EXERCISE PROBLEM

Ex 3.14: For the circuit shown in Figure 3.49(a), assume circuit parameters of
Irer1 = 120 uA, VT =3V, and V- = —3V; and assume transistor parameters
of Vpy =04V, A =0, K,1 =50uA/V?, K., =30uA/V?, and K,3 = 60
wA/V?. Determine Ip1 and all gate-to source voltages. (Ans. Ip; = 60 nA,
Ves1 = 1.495V, Vesa = Vgszs = 1.814 V)

We will now consider a current mirror in which the bias current and reference current
are not equal.

EXAMPLE 3.15 T—

Objective: Design the circuit shown in Figure 3.49(b) to provide a bias current of
1Q2 =150 MA

171
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Assume circuit parameters of Irgry = 250 uA, VT =3V, and V™ = —3 V. As-
sume transistor parameters of Vyp = —0.6 V (all transistors), A = 0 (all transistors),
k;, = 40 pA/V? (all transistors), W/Lc =15, and W/L 4 = 25.

Solution: Since the bias current /> and reference current Irgr, are not equal, the
W /L ratios of the current mirror transistors, M¢ and Mg, will not be the same.
For M, since the transistor is biased in the saturation region, we have

k' w
Ipc = Irpr2 = =2 - (-) (Vsce + Vrp)?
c

2 L
or
40 5 2
250 = 7(15)[VSGC + (=0.6)] =300(Vgge — 0.6)
Then
250
V. =,/—+0.6
SGC 300 +
or
Vsge = 1.513V
Since Vsgec = Vsgp = 1.513 V, we obtain
k' w
Ig=Ipp=-=2L-(—) (v Vrp)?
5=1lpn=- <L>B(SGB+ TP)
or
40 (W
150=— - — ) [1.513+4 (—0.6)]
> (L )B [ +( )]
We find

),

For M4, we have

kp

Ipy = Ipp = W Vean+ Vip)?
pa=102= 5 L), SGA TP
or
40 5 5
150 = 7(25)(VSGA + (=0.6))" = 500(Vsg4 — 0.6)
Now
150
V. =,/—+0.6
SGA 500 +
or
Vega = 1.148V

The source-to-drain voltage of My is found from

Vspa = Vsga — IgaRp — V™~ = 1.148 — (0.15)(8) — (—3)
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or
Vspa =295V
We may note that the transistor My is biased in the saturation region.

Comment: By designing the W /L ratios of the current mirror transistors, we can
obtain different reference current and bias current values.

(T — EXERCISE PROBLEM

Ex 3.15: Consider the circuit shown in Figure 3.49(b). Assume circuit parameters
of Iggpz = 0.1 mA, Vt =5V, and V~ = —5 V. The transistor parameters are
the same as given in Example 3.15. Design the circuit such that /o> = 0.2 mA.
Also determine all source-to-gate voltages. (Ans. Vsge = Vsgp = 1.18 V,
(W/L)p =30, Vsga = 1.23V)

The constant-current source can be implemented by using MOSFETSs as shown
in Figure 3.50. The transistors M», M3, and M, form the current source. Transistors
M35 and M, are each connected in a diode-type configuration, and they establish a ref-
erence current. We noted in the last section that this diode-type connection implies
the transistor is always biased in the saturation region. Transistors M3 and M, are
therefore biased in the saturation region, and M is assumed to be biased in the satu-
ration region. The resulting gate-to-source voltage on M3 is applied to M;, and this
establishes the bias current /.

Since the reference current is the same in transistors M3 and My, we can write

K3(Vss — Vrns)? = Kua(Vsa — Vrna)? (3.28)

We also know that

Vs +Vgss = (=V7) (3.29)
Vt=5V
L]
= .
L] +
M,y |_+ " My Vpsi
IREFl _ Vs Rg Vesi lIQ
I = +

Vess Vesa

=
T
:\_
v £
3

Figure 3.50 Implementation of a MOSFET constant-current source
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Solving Equation (3.29) for Vg4 and substituting the result into Equation (3.28)

yields
Kn4 _
X [(=V7) = Vrnal + Vrns
Vgss = —2 (3.30)
1 + Kn4
Kl13
Since V553 = V2, the bias current is
lo = Knp(Vgss — Vrno)? (3.31

EXAMPLE 3.16 dl, ,‘,I - !, ’

Objective: Determine the currents and voltages in a MOSFET constant-current
source.

For the circuit shown in Figure 3.50, the transistor parameters are: K,; =
0.2mA/V%, Kyp = K3 = Kyg = 0.1 mA/V?, and Vyy = Vryo = Vrys = Vrya =
1V.

Solution: From Equation (3.30), we can determine Vg3, as follows:

/0.1
0—1[5 —1]1+1
—— =25V

0.1
0.1

Vess =
1+

Since M3 and M, are identical transistors, Vg3 should be one-half of the bias volt-
age. The bias current /I is then
Ip =(0.1)- (2.5 — 1)*> = 0.225 mA
The gate-to-source voltage on M is found from
I = Ku(Vos1 — Vim)?
or
0.225 = (0.2) - (Vg1 — 1)?
which yields
Vgs1 =2.06 V
The drain-to-source voltage on M, is
Vpso =(=V7) =Vgs1 =5—-2.06=294V

Since VDsz =294V > VDs(Sat) = VGSZ — VTNZ =25-1=15 V, M2 is biased
in the saturation region.

Design Consideration: Since in this example M, and M3 are identical transistors,
the reference current /rgr and bias current / are equal. By redesigning the width-to-
length ratios of M», M3, and My, we can obtain a specific bias current /. If M, and
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M3 are not identical, then 7 and Irgr will not be equal. A variety of design options
are possible with such a circuit configuration.

! ., v I,_ EXERCISE PROBLEM

Ex 3.16: Consider the constant-current source shown in Figure 3.50. Assume
that the threshold voltage of each transistor is Vzy = 1 V. (a) Design the ratio
of K,4/K,3 such that Vg3 =2 V. (b) Determine K, such that /o = 100 pA.
(c) Find K,3 and K,4 such that Iggr = 200 nA. (Ans. (@) K,4/K,3 = 41'1
(b) K,» = 0.1 mA/V? (c) K3 = 0.2 mA/V?, K4 = 0.05 mA/V?)

Test Your Understanding

TYU 3.15 Consider the circuit in Figure 3.49(b). Assume circuit parameters of
Irgpr =40 uA, VT =25V, V™ = -25V, and Rp = 20kQ. The transistor para-
meters are Vrp = —0.30V, K,c =40uA/V?, K,p =60uA/V?, and K,4 =
75 wA/V?. Determine Ip> and all source-to-gate voltages. (Ans. Igr = 60 uA,
VSGC = VSGB = 130V, VSGA = 119V)

TYU 3.16 Consider the circuit shown in Figure 3.50. Assume all transistor threshold
voltages are 0.7 V. Determine the values of K,;, K,», K,3, and K,4 such that
]REF = SO/LA, ]Q = 120/LA, Vgsg = ZV, and VGSI =15V. (AHS. Knl = 187.5
UAN?, K =T1.OuA/N?, Kz = 473 nA/V?, Ky = 15.12 nA/V?)

Z) 35 MULTISTAGE MOSFET CIRCUITS

Objective: o Consider the dc biasing of multistage or multitransistor
circuits.

In most applications, a single-transistor amplifier will not be able to meet the
combined specifications of a given amplification factor, input resistance, and output
resistance. For example, the required voltage gain may exceed that which can be
obtained in a single-transistor circuit.

Transistor amplifier circuits can be connected in series, or cascaded, as shown
in Figure 3.51. This may be done either to increase the overall small-signal voltage
gain, or provide an overall voltage gain greater than 1, with a very low output resistance.

+ o0— o +
Stage 1 Stage 2
N = R =
Riy Ry Rp Ry

Figure 3.51 Generalized two-stage amplifier
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The overall voltage gain may not simply be the product of the individual amplifica-
tion factors. Loading effects, in general, need to be taken into account.

There are many possible multistage configurations; we will examine a few here,
in order to understand the type of analysis required.

3.5.1 Multitransistor Circuit: Cascade Configuration

The circuit shown in Figure 3.52 is a cascade of a common-source amplifier followed
by a source-follower amplifier. We will show in the next chapter that the common-
source amplifier provides a small-signal voltage gain and the source-follower has a
low output impedance.

R
MZCCZ;O

UU
v; § I
R,
< Ry =F Cy Rg, R; =4kQ

Figure 3.52 Common-source amplifier in cascade with source follower

DESIGN EXAMPLE 3.17 ,VI, i . |

Objective: Design the biasing of a multistage MOSFET circuit to meet specific
requirements.

Consider the circuit shown in Figure 3.52 with transistor parameters
K,1 =500 nA/V?, K5 =200 uA/V?, Veyi =Veya =12V, and A} =2, = 0.
Design the circuit such that IDQI = 0.2 mA, ]DQ2 = 0.5 mA, VDSQI = VDSQZ =
6V, and R; = 100 k2. Let Rg; = 4 k.

Solution: For output transistor M», we have
Vpsg2 =5 —(=5) — IppaRs>

or
6 =10 — (0.5)Rs

which yields Rg, = 8 k2. Also, assuming transistors are biased in the saturation
region,

Ipgr = Kna(Kgsa — Vrna)?

or

0.5=02(Vgs — 1.2)°
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which yields
Vesa =278V

Since Vpspr = 6 V, the source voltage of M, is Vs, = —1 V. With Vs =
2.78 V, the gate voltage on M, must be

Ver=—-14278=1.78V
The resistor Rp; is then

5178

Rpi = =16.1kQ

For Vpsp1 = 6V, the source voltage of M is
Vo1 =178 —6=—-422V
The resistor Rg; is then

S“=Zi§%53f2=39k9
For transistor M;, we have
Ipo1 = K (Vast — Vrni)?
or
0.2 =0.50(Vgs1 — 1.2)?
which yields
Vgs1 = 1.83V

To find R and R,, we can write

R
V = 10) — 1 R
GS1 <R,+R2>( ) — Ipo1Rs1

Since

R 1 (Rm2>_1 p
Ri+R Ry \Ri+R,) R '

then, since the input resistance is specified to be 100 k€2, we have

1.83 = RL(IOO)(IO) —(0.2)(3.9)
1

which yields R = 383 k2. From R; = 100 k€2, we find that R, = 135 k.

Comment: Both transistors are biased in the saturation region, as assumed, which is
desired for linear amplifiers as we will see in the next chapter.

! ,! i ,I“ EXERCISE PROBLEM

Ex 3.17: The transistor parameters for the circuit shown in Figure 3.52 are the
same as described in Example 3.17. Design the circuit such that Ipp; = 0.1 mA,
]DQ2 =03 mA, VDSQI = VDSQZ =5 V, and R,’ =200 k. (AHS. R52 =
16.7 k2, Rp; = 25.8 k2, Rg; = 24.3 k2, R| = 491 k2, and R, = 337 k)
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§15.2 Multitransistor Circuit: Cascode Configuration

Figure 3.53 shows a cascode circuit with n-channel MOSFETs. Transistor M| is con-
nected in a common-source configuration and M, is connected in a common-gate
configuration. The advantage of this type of circuit is a higher frequency response,
which is discussed in a later chapter.

Vvt=5Vv

Figure 3.53 NMOS cascode circuit

DESIGN EXAMPLE 3.18 ST———

Objective: Design the biasing of the cascode circuit to meet specific requirements.
For the circuit shown in Figure 3.53, the transistor parameters are: Vyy; =
Vena =12V, K, =K =08 mA/V?, and A = A, =0. Let Ry + R, + R3 =
300 k€2 and Rs =10 kS2. Design the circuit such that Ipp =0.4 mA and
Vpso1 = Vpsg2 =2.5V.
Solution: The dc voltage at the source of M is
Vsi =IpoRs —5=(04)(10) —=5=—-1V

Since M, and M, are identical transistors, and since the same current exists in the
two transistors, the gate-to-source voltage is the same for both devices. We have

Ip = K,(Vgs — Vry)?

or

0.4 =08(Vgs — 1.2)°
which yields

Vs = 1.907 V
Then,

R3
Voi=(——2)(5) = Vgs + V.
G1 <R1+R2+R3>() Gs s1
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or

Rs (5) = 1.907 — 1 = 0.907
300 o e

which yields

R3 = 54.4kQ

The voltage at the source of M, is

Voo =Vpso1 +Vs1 =25-1=15V
Then,

Ry + R;3 >
Vo= —""———105)=Vgs + V.
G2 <R1+R2+R3 ) Gs 52

or

<R2 + R;3

5) = 1.907 + 1.5 = 3.407 V
300 )() %07+

which yields
Ry + R3 =204.4 k2
and
Ry = 150 k2
Therefore
Ry =95.6kQ
The voltage at the drain of M, is
Voo =Vpspr + Vo =254+15=4V
The drain resistor is therefore

5V, 54
Rp = b2 _ 2 "7 _5kQ
Ino 0.4

Comment: Since Vpg =25V > Vgg— Vry =1.91 — 1.2 =0.71V, each transis-
tor is biased in the saturation region.

‘\ ., I,A I,,, EXERCISE PROBLEM

Ex 3.18: The transistor parameters for the circuit shown in Figure 3.53 are
Vini=Vrna =08V, K,1 =K, =0.5 mA/VZ, and Ay =X, =0. Let R+
Ry + R3 = 500 k€2 and Rg = 16 k2. Design the circuit such that /pp = 0.25 mA
and VDSQI = VDSQZ =25V. (Ans. R3 = 50.7 kQ, Rz =250 kQ, R1 =
199.3 k2, Rp = 4kQ)

We will encounter many more examples of multitransistor and multistage am-
plifiers in later chapters of this text. Specifically in Chapter 11, we will consider the
differential amplifier and in Chapter 13, we will analyze circuits that form the oper-
ational amplifier.
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7) 3.6 JUNCTION FIELD-EFFECT TRANSISTOR

Objective: ¢ Understand the operation and characteristics of the pn
junction FET (JFET) and the Schottky barrier junction FET (MESFET),
and understand the dc analysis techniques of JFET and MESFET
circuits.

The two general categories of junction field-effect transistor (JFET) are the pn
junction FET, or pn JFET, and the metal-semiconductor field-effect transistor
(MESFET), which is fabricated with a Schottky barrier junction.

The current in a JFET is through a semiconductor region known as the channel,
with ohmic contacts at each end. The basic transistor action is the modulation of the
channel conductance by an electric field perpendicular to the channel. Since the
modulating electric field is induced in the space-charge region of a reverse-biased
pn junction or Schottky barrier junction, the field is a function of the gate voltage. Mod-
ulation of the channel conductance by the gate voltage modulates the channel current.

JFETs were developed before MOSFETS, but the applications and uses of the
MOSFET have far surpassed those of the JFET. One reason is that the voltages ap-
plied to the gate and drain of a MOSFET are the same polarity (both positive or both
negative), whereas the voltages applied to the gate and drain of most JFETs must
have opposite polarities. Since the JFET is used only in specialized applications, our
discussion will be brief.

3.6.1 pn JFET and MESFET Operation

pn JFET
A simplified cross section of a symmetrical pn JFET is shown in Figure 3.54. In the
n-region channel between the two p-regions, majority carrier electrons flow from
the source to the drain terminal; thus, the JFET is called a majority-carrier device.
The two gate terminals shown in Figure 3.54 are connected to form a single gate.

In a p-channel JFET, the p- and n-regions are reversed from those of the n-
channel device, and holes flow in the channel from the source to the drain. The
current direction and voltage polarities in the p-channel JFET are reversed from

ﬂ Gate

Source — > ¢

Figure 3.54 Cross section of a symmetrical n-channel pn junction field-effect transistor
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Figure 3.55 Gate-to-channel space-charge regions and current—voltage characteristics for
small drain-to-source voltages and for: (a) zero gate voltage, (b) small reverse-biased
gate voltage, and (c) a gate voltage that achieves pinchoff

those in the n-channel device. Also, the p-channel JFET is generally a lower-
frequency device than the n-channel JFET, because hole mobility is lower than elec-
tron mobility.

Figure 3.55(a) shows an n-channel JFET with zero volts applied to the gate. If
the source is at ground potential, and if a small positive drain voltage is applied, a
drain current ip is produced between the source and drain terminals. Since the
n-channel acts essentially as a resistance, the ip versus vpg characteristic for small
vps values is approximately linear, as shown in the figure.

If a voltage is applied to the gate of a pn JFET, the channel conductance changes.
If a negative gate voltage is applied to the n-channel pn JFET in Figure 3.55, the gate-
to-channel pn junction becomes reverse biased. The space-charge region widens, the
channel region narrows, the resistance of the n-channel increases, and the slope of the
ip versus vpg curve, for small vpg, decreases. These effects are shown in Figure 3.55(b).
If a larger negative gate voltage is applied, the condition shown in Figure 3.55(c) can
be achieved. The reverse-biased gate-to-channel space-charge region completely fills
the channel region. This condition is known as pinchoff. Since the depletion region
isolates the source and drain terminals, the drain current at pinchoff is essentially
zero. The ip versus vpg curves are shown in Figure 3.55(c). The current in the chan-
nel is controlled by the gate voltage. The control of the current in one part of the de-
vice by a voltage in another part of the device is the basic transistor action. The pn
JFET is a “normally on,” or depletion mode, device; that is, a voltage must be applied
to the gate terminal to turn the device off.

Consider the situation in which the gate voltage is zero, vgs = 0, and the drain
voltage changes, as shown in Figure 3.56(a). As the drain voltage increases (posi-
tive), the gate-to-channel pn junction becomes reverse biased near the drain terminal,
and the space-charge region widens, extending farther into the channel. The channel
acts essentially as a resistor, and the effective channel resistance increases as the
space-charge region widens; therefore, the slope of the ip versus vpg characteristic
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Figure 3.56 Gate-to-channel space-charge regions and current—voltage characteristics for
zero gate voltage and for: (a) a small drain voltage, (b) a larger drain voltage, and (c) a drain
voltage that achieves pinchoff at the drain terminal

decreases, as shown in Figure 3.56(b). The effective channel resistance now varies
along the channel length, and, since the channel current must be constant, the voltage
drop through the channel becomes dependent on position.

If the drain voltage increases further, the condition shown in Figure 3.56(c) can
result. The channel is pinched off at the drain terminal. Any further increase in drain
voltage will not increase the drain current. The i p—vpg characteristic for this condi-
tion is also shown in the figure. The drain voltage at pinchoff is vpg(sat). Therefore,
for vps > vpg(sat), the transistor is biased in the saturation region, and the drain cur-
rent for this ideal case is independent of vpg.

MESFET
In the MESFET, the gate junction is a Schottky barrier junction, instead of a pn junc-
tion. Although MESFETs can be fabricated in silicon, they are usually associated
with gallium arsenide or other compound-semiconductor materials.

A simplified cross section of a GaAs MESFET is shown in Figure 3.57. A thin,
epitaxial layer of GaAs is used for the active region; the substrate is a very high re-
sistivity GaAs material, referred to as a semi-insulating substrate. The advantages of

Ohmic Rectifying Ohmic

contact contact contact
Source / Gate i Drain /
nt / n & n*

Substrate
(Semi-insulating o= 0)

Figure 3.57 Cross section of an n-channel MESFET with a semi-insulating substrate
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vGs =0 ves = Vv vGs > Vv

] I I I )
n-channel \ ]

— 54 d_ /) ALl —— )\
R )
Semi-insulating substrate

(a) (b) (c)

Figure 3.58 Channel space-charge region of an enhancement-mode MESFET for:
(@) vgs =0, (b) vgs = Vrn, and (¢) vgs > Vry

these devices include: higher electron mobility in GaAs, hence smaller transit time
and faster response; and decreased parasitic capacitance and a simplified fabrication
process, resulting from the semi-insulating GaAs substrate.

In the MESFET in Figure 3.57, a reverse-bias gate-to-source voltage induces a
space-charge region under the metal gate, which modulates the channel conductance,
as in the case of the pn JFET. If a negative applied gate voltage is sufficiently large,
the space-charge region will eventually reach the substrate. Again, pinchoff will
occur. Also, the device shown in the figure is a depletion mode device, since a gate
voltage must be applied to pinch off the channel, that is, to turn the device off.

In another type of MESFET, the channel is pinched off even at vgs = 0, as
shown in Figure 3.58(a). For this MESFET, the channel thickness is smaller than the
zero-biased space-charge width. To open a channel, the depletion region must be re-
duced; that is, a forward-biased voltage must be applied to the gate—semiconductor
junction. When a slightly forward-bias voltage is applied, the depletion region ex-
tends just to the width of the channel as shown in Figure 3.58(b). The threshold
voltage is the gate-to-source voltage required to create the pinchoff condition. l i
The threshold voltage for this n-channel MESFET is positive, in contrast to the
negative threshold voltage of the n-channel depletion-mode device. If a larger *
forward-bias voltage is applied, the channel region opens, as shown in Figure G
3.58(c). The applied forward-bias gate voltage is limited to a few tenths of a volt be- +
fore a significant gate current occurs.

This device is an n-channel enhancement-mode MESFET. Enhancement- °
mode p-channel MESFETSs and enhancement-mode pn JFETSs have also been fabri-
cated. The advantage of enhancement-mode MESFETSs is that circuits can be
designed in which the voltage polarities on the gate and drain are the same. However, s

vGs

the output voltage swing of these devices is quite small. B
vGs
+
3.6.2 Current-Voltage Characteristics G D—‘l: N
SD
The circuit symbols for the n-channel and p-channel JFET's are shown in Figure 3.59, _'
along with the gate-to-source voltages and current directions. The ideal current— l'D
voltage characteristics, when the transistor is biased in the saturation region, are b
described by (b)
vee\ 2
ip = Ipss (1 - %) (3.32) Figure 3.59 Circuit symbols
[)

for: (a) n-channel JFET and
where Ipgs is the saturation current when vgg = 0, and Vp is the pinchoff voltage. (b) p-channel JFET
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Figure 3.60 Current—voltage characteristics for: (a) n-channel JFET and (b) p-channel JFET

The current—voltage characteristics for n-channel and p-channel JFETs are
shown in Figures 3.60(a) and 3.60(b), respectively. Note that the pinchoff voltage Vp
for the n-channel JFET is negative and the gate-to-source voltage vgs is usually neg-
ative; therefore, the ratio vgg/ Vp is positive. Similarly, the pinchoff voltage Vp for
the p-channel JFET is positive and the gate-to-source voltage vgs must be positive,
and therefore the ratio vgs/Vp is positive.

For the n-channel device, the saturation region occurs when vpg > vpg(sat)
where

vps(sat) = vgs — Vp (3.33)
For the p-channel device, the saturation region occurs when vgp > vsp(sat) where

vsp(sat) = Vp — vgs (3.34)

EXAMPLE 3.19 T ——

Objective: Calculate ip and vpg(sat) in an n-channel pn JFET.
Assume the saturation current is /pss =2 mA and the pinchoff voltage is
Vp = —3.5 V. Calculate ip and vpg(sat) for vgs = 0, Vp /4, and Vp /2.

Solution: From Equation (3.32), we have

2 2
. _vGs\T _ LD
ip =Ipss (1 v, ) = (2)<1 (_3'5))

Therefore, for vgs = 0, Vp /4, and Vp /2, we obtain
ip=2,1.13, and 0.5 mA

From Equation (3.33), we have
ups(sat) = vgs — Vp = vgs — (—3.5)
Therefore, for vgs = 0, Vp /4, and Vp /2, we obtain
vps(sat) = 3.5, 2.63, and 1.75V

Comment: The current capability of a JFET can be increased by increasing the
value of /pgg, which is a function of the transistor width.
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! ,! i ,I“ EXERCISE PROBLEM

Ex 3.19: The parameters of an n-channel JFET are Ipgg = 12 mA,
Vp = —4.5V, and A = 0. Determine Vpg(sat) for Vg3 = —1.2 V, and calculate
Ip for Vpg > Vpg(sat). (Ans. Vpg(sat) = 3.3V, Ip = 6.45 mA)

As in the case of the MOSFET, the ip versus vpg characteristic for the JFET

may have a nonzero slope beyond the saturation point. This nonzero slope can be de-
scribed through the following equation:

VG 2
n)lem<1—»5S)(1+vag (3.35)
P

The output resistance r, is defined as

dip \ !
- (3.36)
0vps
vGs=const.
Using Equation (3.35), we find that
v, ™
ro = |:)JDSS<1 - GSQ) } (3.37(a))
Vp
or
~ —1 1
ro = [Mpgl = —— (3.37(b))
Mpo

The output resistance will be considered again when we discuss the small-signal
equivalent circuit of the JFET in the next chapter.

Enhancement-mode GaAs MESFETs can be fabricated with current-voltage
characteristics much like those of the enhancement-mode MOSFET. Therefore, for
the ideal enhancement-mode MESFET biased in the saturation region, we can write

ip = Ku(vgs — Vrn)? (3.38(2))
For the ideal enhancement-mode MESFET biased in the nonsaturation region,
ip = Ku[2(gs — Vrn)vps — vps] (3.38(b)

where K, is the conduction parameter and V7 is the threshold voltage, which in this
case is equivalent to the pinchoff voltage. For an n-channel enhancement-mode
MESFET, the threshold voltage is positive.

3.6.3 Common JFET Configurations: dc Analysis

There are several common JFET circuit configurations. We will look at a few of
these, using examples, and will illustrate the dc analysis and design of such circuits.

DESIGN EXAMPLE 3.20 T ——

Objective: Design a JFET circuit with a voltage divider biasing circuit.

Consider the circuit shown in Figure 3.61(a) with transistor parameters
Ipss = 12mA, Vp = —=3.5V, and L = 0. Let R; + R, = 100 k2. Design the cir-
cuit such that the dc drain current is /p = 5 mA and the dc drain-to-source voltage is
Vps =5 V.
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+5V
+5V
3 §
IDl Ry
§ R, Vi =V + Vg
p + = 25-124
Vis =374V
Ve — - b0 Vs =(5)(.05) -5
—oVg R, % =25V
R s b= Re=0.5kQ
’ Rg=0.5kQ 5mAl s
Y Y
(@) (b)

Figure 3.61 (a) An n-channel JFET circuit with voltage divider biasing and
(b) the n-channel JFET circuit for Example 3.20

Solution: Assume the transistor is biased in the saturation region. The dc drain cur-
rent is then given by

Vos\’
Ip = [Dss(l - —>

Vp
Therefore,
’T 12<1 B (—Vg.@))2
which yields
Ves = —1.24V

From Figure 3.61(b), the voltage at the source terminal is
Ve=IpRs —5=(5)(0.5)-5=-25V

which means that the gate voltage is
Ve =Ves+Vs=—-124—-25=-374V

We can also write the gate voltage as

R
Vg=|——"—1)010) -5
G <R1+R2>( )

or

Ry
374 = —2(10) — 5.
100
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Therefore,

Ry = 12.6kQ
and

Ry = 87.4kQ

The drain-to-source voltage is
Vps=5—IpRp — IpRs — (-5)
Therefore,

10— Vps —IpRs 10 —5 — (5)(0.5)
RD = =
Ip 5

= 0.5k

We also see that
VDS =5V > VGS — Vp =—124— (—35) =226V

which shows that the JFET is indeed biased in the saturation region, as initially
assumed.

Comment: The dc analysis of the JFET circuit is essentially the same as that of the
MOSFET circuit, since the gate current is assumed to be zero.

m.nl* EXERCISE PROBLEM

Ex 3.20: The transistor in the circuit in Figure 3.62 has parameters Ipss = 6 mA,
Vp =—4V, and A =0. Design the circuit such that Ipp =2.5mA and
Vps =6V, and the total power dissipated in R; and R, is 2 mW. (Ans.
Rp = 1.35kQ, Ry = 158 k2, R, = 42kQ)

EXAMPLE 3.21 S T———

Objective: Calculate the quiescent current and voltage values in a p-channel JFET
circuit.

The parameters of the transistor in the circuit shown in Figure 3.63 are:
Ipss =2.5mA, Vp = +2.5V, and A = 0. The transistor is biased with a constant-
current source.

Solution: From Figure 3.63, we can write the dc drain current as
Ip =1p =0.8mA = %;715_9)
which yields

Vp =(0.8)(4) —9=-58V
Now, assume the transistor is biased in the saturation region. We then have

Ves\’
Ip = Ipss[1— 225
D DSS( Vp)

187

+10V +5V
o
Rp
R, g
<
>
R, Rg=0.25kQ
-10V -5V

Figure 3.62 Circuit for
Exercise Ex 3.20

IDl %RD=4kQ

9V

Figure 3.63 A p-channel
JFET circuit biased with a
constant-current source
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Rp=04kQ

-5V

Figure 3.64 Circuit for
Exercise Ex 3.21

or
V)2
0.8 = 2.5(1 - 2%?)
which yields
Vs = 1.086V
Then
Ve=1-Vgs=1-1.086 =—-0.086V
and

Vsp = Vg —Vp =—0.086 — (=5.8) =5.71V
Again, we see that
Vsp =571V > Vp —V5g=25-1.086 =141V
which verifies that the transistor is biased in the saturation region, as assumed.

Comment: In the same way as bipolar or MOS transistors, junction field-effect tran-
sistors can be biased using constant-current sources.

T — EXERCISE PROBLEM

Ex 3.21: For the p-channel transistor in the circuit in Figure 3.64, the parameters
are: Ipgs =6 mA, Vp =4V, and A = 0. Calculate the quiescent values of I,
Vs, and Vgp. Is the transistor biased in the saturation or nonsaturation region?
(Ans. Vgg = 1.81V, Ip = 1.81 mA, Vsp = 2.47 V, saturation region)

DESIGN EXAMPLE 3.22 S ——

Objective: Design a circuit with an enhancement-mode MESFET.

Consider the circuit shown in Figure 3.65(a). The transistor parameters are:
Veny =024V, K, = 1.1 mA/V?,and A = 0. Let R; + R, = 50kQ. Design the cir-
cuit such that Vg5 = 0.50 V and Vpg = 2.5 V.

Solution: From Equation (3.38(a)) the drain current is

Ip = K,(Vgs — Vrn)? = (1.1)(0.5 — 0.24)? = 74.4 uA
From Figure 3.65(b), the voltage at the drain is

Vo =Vpp —IpRp =4 —(0.0744)(6.7) = 3.5V
Therefore, the voltage at the source is

Vs=Vp—=Vps=35-25=1V

The source resistance is then

= Vs = ! = 13.4kQ
Ip 0.0744

N

The voltage at the gate is
Ve =Ves+Vs=05+1=15V
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Ry § 0 V) = 4 - (0.0744)(6.7)
=35V
0 +
Vo=Vet Vs | — _
Rp=6.7kQ =15V ] + Vps=25V
Vgs=0.5V
——0 Vsg=Vp—Vpg
-1V
R § Ip= 1
s b= §RS: = 134kQ
744uAy 25T 00744

Figure 3.65 (a) An n-channel enhancement-mode MESFET circuit and (b) the n-channel
MESFET circuit for Example 3.22

Since the gate current is zero, the gate voltage is also given by a voltage divider equa-
tion, as follows:

R,
Vg = ( )(VDD)

Ri+Ry
or
R
1.5 = (5—3)(4)
which yields
R, = 18.75k2
and
R; =31.25kQ

Again, we see that
VDS =25V > VGS — VTN =05-024=026V

which confirms that the transistor is biased in the saturation region, as initially
assumed.

Comment: The dc analysis and design of an enhancement-mode MESFET circuit is
similar to that of MOSFET circuits, except that the gate-to-source voltage of the
MESFET must be held to no more than a few tenths of a volt.
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Vpp=-20V
Rp
s
<
Ry, |
—
T T
|
R, Rg=12kQ

Figure 3.66 Circuit for
Exercise Ex3.22

T — EXERCISE PROBLEM

Ex 3.22: Consider the circuit shown in Figure 3.66 with transistor parameters
Ipss =8 mA, Vp =4V, and A = 0. Design the circuit such that R;, = 100 k€2,
Ipp =5mA, and Vspp =12V. (Ans. Rp =0.4kQ, R; =387kQ, Ry =
135 k)

Test Your Understanding

TYU 3.17 The n-channel enhancement-mode MESFET in the circuit shown in
Figure 3.67 has parameters K, = 50 nA/V? and Vyy = 0.15V. Find the value
of Vg so that Ipp =5 uA. What are the values of Vgg and Vpg?
(AHS. VGG =0.516 V, VGS = 0.466 V, VDS =445 V)

Vpp=5V
Vpp=25V
Ry =100 kQ
RD
Vo
+
Voo = Rs=10kQ Vi
Figure 3.67 Circuit for Figure 3.68 Circuit for
Exercise TYU 3.17 Exercise TYU 3.18

TYU 3.18 For the inverter circuit shown in Figure 3.68, the n-channel enhancement-
mode MESFET parameters are K, = 100 nA/V 2 and Vyy = 0.2 V. Determine
the value of Rp required to produce Vo =0.10V when V; =0.7V. (Ans.
Rp =267kQ)

r'j\ 3.7 DESIGN APPLICATION: DIODE THERMOMETER

WITH AN MOS TRANSISTOR

Objective: ® Incorporate an MOS transistor in a design application
that enhances the simple diode thermometer design discussed in
Chapter 1.

Specifications: The electronic thermometer is to operate over a temperature range
of 0 to 100 °F.
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Design Approach: The output diode voltage developed in the diode thermometer
in Figure 1.47 is to be applied between the gate—source terminals of an NMOS
transistor to enhance the voltage over the temperature range. The NMOS transistor is
to be held at a constant temperature.

Choices: Assume an n-channel, depletion-mode MOSFET is available with the
parameters kK, = 80 uA/V?, W/L = 10, and V7y = —1 V.

Solution: From the design in Chapter 1, the diode voltage is given by

T

Vp =1.12 -0.522 <300)
where T is in kelvins.

Consider the circuit shown in Figure 3.69. We assume that the diode is in a
variable temperature environment while the rest of the circuit is held at room
temperature.

From the circuit, we see that Vs = Vp, where V) is the diode voltage and not
the drain voltage. We want the MOSFET biased in the saturation region, so

2 k)/l w 2
Ip =K, (Vos = Vry) = — - — (Vp — Vry)
2 L
We find the output voltage as
Vo=15—IpRp
K W
=15— 2. —.Rp(Vp—Vry)?
> ko (Vb = Vrn)
The diode current and output voltage can be written as

0.080 10
Ip === (Vo + 1)’ = 04(Vp + 1) (mA)

and
Vo =15 —[0.4(Vp 4+ D*1(10) = 15 — 4(Vp + 1) (V)

From Chapter 1, we have the following:

T (°F) Vp (V)
0 0.6760

40 0.6372
80 0.5976
100 0.5790

We find the circuit response as:

T (°F)  Ip(mA) Vo (V)

0 1.124 3.764
40 1.072 4.278
80 1.021 4.791
100 0.9973 5.027

-~
k'l

1vp=Vgs

1

~NL7

Figure 3.69 Design
application circuit to measure
output voltage of diode
versus temperature
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Vo (V)
55+
_-
50 ”,/’
Vp (V) -
0.6760 = _ 451 ’,/’
=< ~ - -
S~a - -
S~o - 4.0 + -~
~~ ~— - PR
-~ -
—~— . - - -
0.5790 | ~~ 35
T ! ! ! ! ! T ! ! ! ! !
0 20 40 60 80 100 0 20 40 60 80 100
Temperature (°F) Temperature (°F)
(a) (b)

Figure 3.70 (a) Diode voltage versus temperature and (b) circuit output voltage versus
temperature

Comment: Figure 3.70(a) shows the diode voltage versus temperature and
Figure 3.70(b) now shows the output voltage versus temperature from the MOSFET
circuit. We can see that the transistor circuit provides a voltage gain. This voltage
gain is the desired characteristic of the transistor circuit.

Discussion: We can see from the equations that the diode current and output voltage
are not linear functions of the diode voltage. This effect implies that the transistor
output voltage is also not a linear function of temperature. We will see a better circuit
design using operational amplifiers in Chapter 9.

We can note from the results that Vo = Vpg > Vpg(sat) in all cases, so the tran-
sistor is biased in the saturation region as desired.

;?7 3.8 SUMMARY

« In this chapter, we have considered the physical structure and dc electrical charac-
teristics of the MOSFET.

» The current in the MOSFET is controlled by the gate voltage. In the nonsatura-
tion bias region of operation, the drain current is also a function of drain voltage,
whereas in the saturation bias region of operation the drain current is essentially
independent of the drain voltage. The drain current is directly proportional to the
width-to-length ratio of the transistor, so this parameter becomes the primary de-
sign variable in MOSFET circuit design.

» The dc analysis and design techniques of MOSFET circuits were emphasized in
this chapter. The use of MOSFETS in place of resistors was investigated. This
leads to the design of all-MOSFET circuits.

» Basic applications of the MOSFET include switching currents and voltages, per-
forming digital logic functions, and amplifying time-varying signals. The am-
plifying characteristics will be considered in the next chapter and the digital ap-
plications will be considered in Chapter 16.

* MOSFET circuits that provide constant-current biasing to other MOSFET cir-
cuits were analyzed and designed. This current biasing technique is used in inte-
grated circuits.
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» The dc analysis and design of multistage MOSFET circuits were considered.

» The physical structure and dc electrical characteristics of JFET and MESFET
devices as well as the analysis and design of JFET and MESFET circuits were
considered.

» Asan application, a MOSFET transistor was incorporated in a circuit design that
enhances the simple diode electronic thermometer discussed in Chapter 1.

/57 CHECKPOINT

After studying this chapter, the reader should have the ability to:

v Understand and describe the structure and general operation of n-channel and
p-channel enhancement-mode and depletion-mode MOSFETs.

v/ Apply the ideal current—voltage relations in the dc analysis and design of vari-
ous MOSFET circuits using any of the four basic MOSFETs.

v Understand how MOSFETs can be used in place of resistor load devices to cre-
ate all-MOSFET circuits.

v Qualitatively understand how MOSFETs can be used to switch currents and
voltages, to perform digital logic functions, and to amplify time-varying signals.

v Understand the basic operation of a MOSFET constant-current circuit.

v Understand the dc analysis and design of a multistage MOSFET circuit.

v Understand the general operation and characteristics of junction FETs.

E»v REVIEW QUESTIONS

1. Describe the basic structure and operation of a MOSFET. Define enhancement
mode and depletion mode.

2. Sketch the general current-voltage characteristics for both enhancement-mode
and depletion-mode MOSFETs. Define the saturation and nonsaturation bias
regions.

3. Describe what is meant by threshold voltage, width-to-length ratio, and drain-to-
source saturation voltage.

4. Describe the channel length modulation effect and define the parameter A.
Describe the body effect and define the parameter y .

5. Describe a simple common-source MOSFET circuit with an n-channel
enhancement-mode device and discuss the relation between the drain-to-source
voltage and gate-to-source voltage.

6. How do you prove that a MOSFET is biased in the saturation region?

7. In the dc analysis of some MOSFET circuits, quadratic equations in gate-to-
source voltage are developed. How do you determine which of the two possible
solutions is the correct one?

8. How can the Q-point be stabilized against variations in transistor parameters?

9. Describe the current—voltage relation of an n-channel enhancement-mode
MOSFET with the gate connected to the drain.

10. Describe the current—voltage relation of an n-channel depletion-mode MOSFET
with the gate connected to the source.

11. Describe a MOSFET NOR logic circuit.

12. Describe how a MOSFET can be used to amplify a time-varying voltage.

13. Describe the basic operation of a junction FET.

14. What is the difference between a MESFET and a pn junction FET?
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r;' PROBLEMS

[Note: In all problems, assume the transistor parameter A = 0, unless otherwise
stated. ]

Section 3.1 MOS Field-Effect Transistor

3.1 (a) Calculate the drain current in an NMOS transistor with parameters
Ven =04V, k), = IZOMA/Vz, W =10um, L = 0.8 um, and with ap-
plied voltages of Vpg=0.1V and (i) Vgs =0, (i) Vgs=1YV,
(iil) Vgs = 2V, and (iv) Vs = 3 V. (b) Repeat part (a) for Vps =4 V.

3.2 The current in an NMOS transistor is 0.5 mA when Vg — V7y = 0.6 V and
1.0 mA when Vg5 — Vry = 1.0 V. The device is operating in the nonsatura-
tion region. Determine Vpg and K.

3.3  The transistor characteristics i p versus vpg for an NMOS device are shown
in Figure P3.3. (a) Is this an enhancement-mode or depletion-mode device?
(b) Determine the values for K, and Vyy. (¢) Determine ip(sat) for
UGS = 3.5 Vand VGgs = 4.5V.

Ip (mA)
08 |- Ves= 5V
0.6 -
0.4 Vs =4V
0.2
Vgs=3V
\ \ \ \ \ 1 Vas=2V
0 1 2 3 4 5 6
Vps (V)
Figure P3.3

3.4 For an n-channel depletion-mode MOSFET, the parameters are Vyy =
—2.5Vand K, = 1.1 mA/V?. (a) Determine I, for Vs = 0; and: (i) Vps =
0.5V, (i) Vps=2.5V, and (iii) Vps =5 V. (b) Repeat part (a) for
Vos =2 V.

3.5 The threshold voltage of each transistor in Figure P3.5 is Vry = 0.4 V. De-
termine the region of operation of the transistor in each circuit.

Figure P3.5
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3.6  The threshold voltage of each transistor in Figure P3.6 is Vyp = —0.4 V.
Determine the region of operation of the transistor in each circuit.

Figure P3.6

3.7 Consider an n-channel depletion-mode MOSFET with parameters
Vry = —1.2V and k, = 120 wA/V?. The drain current is I, = 0.5mA at
Ves = 0 and Vpg = 2 V. Determine the W /L ratio.

3.8  Determine the value of the process conduction parameter &, for an NMOS
transistor with p, = 600 cm?/V—s and for an oxide thickness f, of
(a) 500 A, (b) 250 A, (¢)100 A, (d) 50 A, and (e) 25 A.

3.9  An n-channel enhancement-mode MOSFET has parameters Vry = 0.4V,
W =20pum, L = 0.8 um, t,x = 200 A, and i, = 650 cm?/V=s. (a) Calcu-
late the conduction parameter K,.(b) Determine the drain current when
Ves = Vps =2 V. (c) With Vg = 2V, what value of Vg puts the device
at the edge of saturation?

3.10 An NMOS device has parameters Vpy =08V, L =0.8 um, and
k!, = 120 uA/V?. When the transistor is biased in the saturation region with
Vos = 1.4V, the drain current is Ip = 0.6 mA. (a) What is the channel
width W? (b) Determine the drain current when Vpg = 0.4 V. (¢c) What
value of Vg puts the device at the edge of saturation?

3.11 A particular NMOS device has parameters Vyy =0.6V, L = 0.8 um,
fox = 200 A, and p,, = 600 cm?/V=s. A drain current of I, = 1.2 mA is re-
quired when the device is biased in the saturation region at V55 = 3 V. De-
termine the required channel width of the device.

3.12 MOS transistors with very short channels do not exhibit the square law volt-
age relation in saturation. The drain current is instead given by

ID = WCOX(VGS - VTN)vsat

where vy is a saturation velocity. Assuming vg = 2 x 107 cm/s and using
the parameters in Problem 3.11, determine the current.

3.13 For a p-channel enhancement-mode MOSFET, k;, =50 MA/VZ. The device
has drain currents of Ip =0.225mA at Vgg=Vsp =2V and
Ip =0.65mA at Vg = Vgp = 3 V. Determine the W/L ratio and the
value of Vyp.

3.14 For a p-channel enhancement-mode MOSFET, the parameters are Kp =
2mA/V?and Vyp = —0.5 V. The gate is at ground potential, and the source
and substrate terminals are at +5 V. Determine /p when the drain terminal
voltage is: () Vp =0V, b)) Vp =2V, (c) Vp =4 V,and (d) Vp =5 V.

3.15 The transistor characteristics i p versus vsp for a PMOS device are shown in
Figure P3.15. (a) Is this an enhancement-mode or depletion-mode device?
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3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

(b) Determine the values for K, and Vrp. (c) Determine ip(sat) for
VsGg = 3.5 Vand Vsg = 4.5V.

Ip (mA)
57
4 Veg=5V
3
Vsg=4V
2
X V=3V
V=2V

Figure P3.15

A p-channel depletion-mode MOSFET has parameters Vrp =42V,
k;, =40 uA/V?, and W/L = 6. Determine Vp(sat) for: (a) Vsg = —1V,
(b) Vsg = 0, and (c) Vs = +1 V. If the transistor is biased in the saturation
region, calculate the drain current for each value of V.

Calculate the drain current in a PMOS transistor with parameters
Vip =—05YV, k;, = SO,uA/Vz, W =12pum, L = 0.8 um, and with ap-
plied voltages of Vs =2V and (a) Vsp =0.2V, (b) Vsp =0.8YV,
(C) VSD =12 V, (d) VSD =22 V, and (e) VSD =32V.

Determine the value of the process conduction parameter k;, for a
PMOS transistor with 1, = 250 cm?/V—s and for an oxide thickness 7oy of
(a) 500 A, (b) 250 A, (c) 100 A, (d) 50 A, and (e) 25 A.
Enhancement-mode NMOS and PMOS devices both have parameters
L =4 pum and fox = 500 A. For the NMOS transistor, Vyy = +0.6 V,
U = 675 cm?/V-s, and the channel width is W,,; for the PMOS transistor,
Vrp =-0.6 'V, u, =375 c¢m?/V—s, and the channel width is W,. Design
the widths of the two transistors such that they are electrically equivalent
and the drain current in the PMOS transistor is /p = 0.8 mA when it is
biased in the saturation region at Vsg = 5 V. What are the values of K,,, K,,
W,,and W,?

For an NMOS enhancement-mode transistor, the parameters are: Vyy =
1.2V, K, =0.20 mA/V2, and » = 0.01 V1. Calculate the output resis-
tance r, for Vgg = 2.0 V and for Vg = 4.0 V. What is the value of V,4?
The parameters of an n-channel enhancement-mode MOSFET are
Vry = 0.5V, k), =120 ,uA/VZ, and W/L = 4. What is the maximum value
of A and the minimum value of V4 such that for Vg5 =2V, r, > 200k2?
An enhancement-mode NMOS transistor has parameters Vryo = 0.8V,
y = 0.8 V12 and ¢ = 0.35 V. At what value of Vsp will the threshold
voltage change by 2V due to the body effect?

An NMOS transistor has parameters Vyp =0.75V, k, =80 pnA/V 2
W/L =15, ¢ = 0.37 V, and y = 0.6 V!/2. (a) The transistor is biased at
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Vs =2.5V,Vspg =3V, and Vpg = 3 V. Determine the drain current /.
(b) Repeat part (a) for Vpg = 0.25 V.

(a) A silicon dioxide gate insulator of an MOS transistor has a thickness of
tox = 120 A. (i) Calculate the ideal oxide breakdown voltage. (ii) If a safety
factor of three is required, determine the maximum safe gate voltage that
may be applied. (b) Repeat part (a) for an oxide thickness of 7o, = 200 A.
In a power MOS transistor, the maximum applied gate voltage is 24 V. If a
safety factor of three is specified, determine the minimum thickness neces-
sary for the silicon dioxide gate insulator.

3.2 Transistor dc Analysis

In the circuit in Figure P3.26, the transistor parameters are Vyy = 0.8V
and K, = 0.5 mA/V?2. Calculate Vg, Ip, and V.

The transistor in the circuit in Figure P3.27 has parameters Vyy = 0.8 V
and K, =0.25 mA/V?2 Sketch the load line and plot the Q-point for
(@ Vpp=4V,Rp=1kQ and (b) Vpp =5V, Rp =3 kQ. What is the

operating bias region for each condition?
VDD
-
0.5 kQ

$5,

<

v,
bp Vpp=18V

L

Figure P3.27 Figure P3.28 Figure P3.29

The transistor in Figure P3.28 has parameters Vyy = 0.4V, k, = 120
wA/V?, and W/L = 80. Design the circuit such that Ip = 0.8mA and
Rin = 200k<2.

The transistor in the circuit in Figure P3.29 has parameters Vyp = —0.8 V
and K, = 0.20 mA/V2 Sketch the load line and plot the Q-point for
(@ Vpp =35V, Rp =12kQ and (b) Vpp =5V, Rp =4 kQ. What is
the operating bias region for each condition?

Consider the circuit in Figure P3.30. The transistor parameters are
Vrp =-08Vand K, =0.5 mA/VZ. Determine I, Vs, and Vgp.

For the circuit in Figure P3.31, the transistor parameters are Vyp = —0.8 V
and K, = 200 uA/V 2. Determine Vg and Vsp.

Design a MOSFET circuit in the configuration shown in Figure P3.26. The
transistor parameters are Vry = 0.4V and k, = 120 wA/V?, and A =0.
The circuit parameters are Vpp = 3.3 Vand Rp = 5 k2. Design the circuit
so that Vpgsp = 1.6 V and the voltage across R is approximately 0.8 V. Set
Vs = 0.8 V. The current through the bias resistors is to be approximately
5 percent of the drain current.

Vpp=10V

R =32kQ

Figure P3.26

R =8kQ

Ry=22kQ

Figure P3.30

+5V

Ip=04mA

Figure P3.31
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R =14kQ

Ry=6kQ

Figure P3.35
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3.33

3.34

3.35

D3.36

3.37

Consider the circuit shown in Figure P3.33. The transistor parameters are
Vry = 0.4V and k), = 120 wA/V2. The voltage drop across Rg is to be
0.20 V. Design the transistor W /L ratio such that Vpgs = Vpg (sat) + 0.4V,
and determine R, and R, such that R;, = 200 k2.

Vpp=18V

Vpp=18V

RD=
2kQ

Ves 4'

Figure P3.33 Figure P3.34

The transistor parameters for the transistor in Figure P3.34 are
Vrn =04V, k, =120 wA/V?, and W/L = 50. (a) Determine Vg such
that /p = 0.35 mA. (b) Determine Vpg and Vpg (sat).

For the transistor in the circuit in Figure P3.35, the parameters are
Vry =04V, k, = 120 uA/V?, and W/L = 25. Determine Vs, Ip, and
Vps. Sketch the load line and plot the Q-point.

Design a MOSFET circuit with the configuration shown in Figure P3.30.
The transistor parameters are Vyp = —0.6'V, k; =50 uA/V?, and A = 0.
The circuit bias is =3V, the drain current is to be 0.2 mA, the drain-to-
source voltage is to be approximately 3 V, and the voltage across R is to be
approximately equal to V¢ . In addition, the current through the bias resis-
tors is to be no more than 10 percent of the drain current. (Hint: choose a
reasonable value of width-to-length ratio for the transistor.)

The parameters of the transistors in Figures P3.37 (a) and (b) are K, =
0.5mA/V2, Vyy = 1.2V, and A = 0. Determine vgg and vpy for each tran-
sistor when (i) /p = 50 A and (ii) /o = 1 mA.

+V +5V
[}

ST

Q Io _|

-5V (b)
(a)

Figure P3.37
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3.38 For the circuit in Figure P3.38, the transistor parameters are Vyy = 0.6 V
and K, = 200 nA/V?. Determine Vg and Vp.

+9V +5V
Rp=24KQ Rp
Vp Vp
R;=47kQ
Iy=025mA R
oV -5V
Figure P3.38 Figure P3.39

*3.39 (a) Design the circuit in Figure P3.39 such that /pp = 0.50 mA and Vp =
1 V. The transistor parameters are K, = 0.25 mA/V Zand Vpy = 1.4 V.
Sketch the load line and plot the Q-point. (b) Choose standard resistor
values that are closest to the ideal designed values. What are the resulting
Q-point values? (c) If the resistors in part (b) have tolerances of £10
percent, determine the maximum and minimum values of /pg.

3.40 The PMOS transistor in Figure P3.40 has parameters Vyp = —0.7V,
kl’7 =50 uA/V?, L = 0.8 um, and A = 0. Determine the values of W and R
such that /p = 0.1 mA and Vgp =2.5V.

+5V
Vpp=9V +5V
Rg=2kQ
Ry
R R, | +5V
= SV Ry
Figure P3.40 Figure P3.41

3.41 Design the circuit in Figure P3.41 so that Vsp = 2.5 V. The current in the |
bias resistors should be no more than 10 percent of the drain current. The =
transistor parameters are Vyp = +1.5Vand K, = 0.5 mA/V2.

*3.42 (a) Design the circuit in Figure P3.42 such that /pp = 0.25 mA and Rp
Vp = —2 V. The nominal transistor parameters are Vrp = —1.2'V, kl/7 =
35 uA/V?, and W/L = 15. Sketch the load line and plot the Q-point.
(b) Determine the maximum and minimum Q-point values if the tolerance
of the k), parameter is 5 percent. Figure P3.42

SV
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The parameters of the transistor in the circuit in Figure P3.43 are V;p =
—175 V and K, =3 mA/V2. Design the circuit such that Ip = 5 mA,
Vsp =6V, and R, = 80 kQ.

For each transistor in the circuit in Figure P3.44, k/, = 120 £ A/V?. Also for
M;,W/L =4and Vry = 0.4V, and for M, W/L =1and Vry = —0.6 V.
(a) Determine the input voltage such that both M and M, are biased in the
saturation region. (b) Determine the region of operation of each transistor
and the output voltage vp for: (i) v; = 0.6 V and (ii) v; = 1.5V.

Vpp=5V Vpp=35V

o
1o

[ i

S
>
o Vo
O VO
vy O—l EW] _M
—l 2
>
Figure P3.44 Figure P3.46

Consider the circuit in Figure P3.44. The transistor parameters for M, are
Vry =04V and &k, = 120uAN2, and for M, are Vry =—0.6V,
k;, =120 ,u,A/Vz, and W /L = 1. Determine the W /L ratio of M, such that
vo = 0.025Vwhenv; =3 V.

The transistors in the circuit in Figure P3.46 both have parameters
Vry = 0.4V and k), = 120 uA/V 2 (a) If the width-to-length ratios of M
and M, are (W /L), = (W/L), = 30, determine V51, Vis2, Vo, and Ip.
(b) Repeat part (a) if the width-to-length ratios are changed to (W /L); = 30
and (W/L), = 15. (c) Repeat part (a) if the width-to-length ratios are
changed to (W/L); = 15 and (W /L), = 30.

Consider the circuit in Figure P3.47. (a) The nominal transistor parameters
are Vry = 0.6 V and k£, = 120 £ A/V?. Design the width-to-length ratio re-
quired in each transistor such that /pp =0.8mA, Vi =25V, and
V, = 6 V. (b) Determine the change in the values of V; and V; if the ], pa-
rameter in each transistor changes by (i) +5 percent and (ii) —5 percent.
(c) Determine the values of V; and V5 if the k,, parameter of M; decreases
by 5 percent and the &, parameter of M, and M3 increases by 5 percent.
The transistors in the circuit in Figure 3.36 in the text have parameters
Vrn = 0.6V, k, = 120 MANz, and A = 0. The width-to-length ratio of M|,
is (W/L)p = 2. Design the width-to-length ratio of the driver transistor
such that Vo = 0.15V when V; =5V.

For the circuit in Figure 3.39 in the text, the transistor parameters are:
VTND = 06V, VTNL = —1.2V, A= 0, and k;z = 120,uA/V2. Let
Vpp = 5 V. The width-to-length ratio of M is (W /L), = 2. Design the
width-to-length ratio of the driver transistor such that Vy = 0.10 V when
Vi=5V.
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Section 3.3 MOSFET Switch and Amplifier

3.50 Consider the circuit in Figure P3.50. The circuit parameters are Vpp =3V
and Rp =30k2. The transistor parameters are Vpy =04V and
k;, =120 wA/V?. (a) Determine the transistor width-to-length ratio such
that Vo = 0.08 V when V; = 2.6 V. (b) Repeat part (a) for V; =3 V.

Vop

% +5V +5V
Rp
p v —]

Light

Vi —| LED Y =* output

v,o_||:

Figure P3.50 Figure P3.51 Figure P3.52

3.51 The transistor in the circuit in Figure P3.51 is used to turn the LED on and
off. The transistor parameters are Vry = 0.6V, k;, = 80 uA/V 2 and A = 0.
The diode cut-in voltage is V,, = 1.6 V. Design R and the transistor width-
to-length ratio such that Ip = 12mA for V; =5V and Vpg =0.15V.

3.52 The circuit in Figure P3.52 is another configuration used to switch an LED on
and off. The transistor parameters are Vyp = —0.6 V, k;) =40 ,uA/VZ, and
A = 0. The diode cut-in voltage is V,, = 1.6 V. Design Rp and the transistor
width-to-length ratio such that Ip = 15mA for V; =0V and Vsp = 0.20 V.

3.53 For the two-input NMOS NOR logic gate in Figure 3.46 in the text, the tran-
sistor parameters are Vry; = Vryo = 0.6V, = Ay =0,and k,, =k, =
120 wA/V?. The drain resistor is Rp = 50kS2. (a) Determine the width-to-
length ratios of the transistors so that Vo = 0.15V when V; =V, =5WV.
Assume that (W/L); = (W/L),. (b) Using the results of part (a), find Vy
whenV; =5Vand V, =02 V.

3.54 All transistors in the current-source circuit shown in Figure 3.49(a) in the
text have parameters Vry = 0.4V, k, = 120 uA/V 2 and A = 0. Transistors
M, and M, are matched. The bias sourcesare V: =2.5VandV~ = —2.5V.
The currents are to be Ip; = 125 wA and Irgr1 = 225 nA. For M>, we re-
quire Vpgo (sat) = 0.5V, and for M; we require Vpg; = 2 V. (a) Find the
W /L ratios of the transistors. (b) Find Rp.

3.55 All transistors in the current-source circuit shown in Figure 3.49(b) in the
text have parameters Vyp = —0.4V, k!’7 =50 ,uA/VZ, and A = 0. The bias
sources are VT =35V and V- =-5V. The currents are to be
Io> =200 nA and Irgpr = 125 uA. For Mg, we require Vgpp (sat) = 0.8 V,
and for M4, we require Vgps = 4 V. Transistors M4 and Mp are matched.
(a) Find the W /L ratios of the transistors. (b) Find the value of Rp.

3.56 Consider the circuit shown in Figure 3.50 in the text. The threshold voltage
and process conduction parameter for each transistor is Vry = 0.6 V and
k;, = 120 nA/V 2 Let A = O for all transistors. Assume that M, and M, are
matched. Design width-to-length ratios such that [p =0.35mA,
Irgr = 0.15mA, and Vpg; (sat) = 0.5 V. Find Rp such that Vpg; =3.5V.
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v Section 3.6 Junction Field-Effect Transistor

3.57 The gate and source of an n-channel depletion-mode JFET are connected

) lp=2mA together. What value of Vpg will ensure that this two-terminal device is

biased in the saturation region. What is the drain current for this bias
+——o Vs condition?

3.58 For an n-channel JFET, the parameters are Ipss = 6 mA and Vp = -3 V.
J:T ‘ Calculate Vpg(sat). If Vpg > Vpg(sat), determine Ip for: (a) Vgs = O,

(b) VGS =—1 V, (C) VGS =-2 V, and (d) VGS =-3V.

3.59 A p-channel JFET biased in the saturation region with Vgp =5V has a drain
current of Ip =2.8 mA at Vgg =1V and Ip =0.30 mA at Vgg =3 V.
Determine Ipgs and Vp.
Consider the p-channel JFET in Figure P3.60. Determine the range of Vpp
that will bias the transistor in the saturation region. If Ipgs = 6 mA and
Vp =25 V, find Vs.

3.61 Consider a GaAs MESFET. When the device is biased in the saturation re-
gion, we find that I = 18.5 nA at Vgg = 0.35 V and Ip = 86.2 uA at
Vgs = 0.50 V. Determine the conduction parameter k& and the threshold
voltage Vyy.

3.62 The threshold voltage of a GaAs MESFET is Vyy = 0.24 V. The maximum
allowable gate-to-source voltage is Vg = 0.75 V. When the transistor is bi-
ased in the saturation region, the maximum drain current is /p = 250 pA.
What is the value of the conduction parameter k?

*3.63 For the transistor in the circuit in Figure P3.63, the parameters are: Ipgs =
10 mA and Vp = —5 V. Determine Ipg, Vgsg, and Vpsp.

Vpp=20V
Vpp=10V Vpp=20V
Rp=2kQ
Ce R, §
Riy | 1 !
5
1 T
v RG=50kQ < Rg=02kQ ‘ Rz%
R, Ry < Rp=2kQ
Figure P3.63 Figure P3.64 Figure P3.65

3.64 Consider the source follower with the n-channel JFET in Figure P3.64. The
input resistance is to be R, = 500 k2. We wish to have Ipp = S mA, Vpgsp =
8V, and Vgsp = —1 V. Determine Rg, Ry, and R;, and the required transis-
tor values of Ipgg and Vp.

3.65 The transistor in the circuit in Figure P3.65 has parameters Ipss = 8 mA
and Vp =4 V. Design the circuit such that Ip =5 mA. Assume Rj, =
100 k2. Determine Vg and Vp.

3.66 For the circuit in Figure P3.66, the transistor parameters are Ipgs = 7 mA
and Vp =3 V. Let Ry + R, = 100 k2. Design the circuit such that Ipp =

Figure P3.66 5.0 mA and VSDQ =6V.
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The transistor in the circuit in Figure P3.67 has parameters Ipgss = 8 mA and
Vp = —4 V. Determine Vg, ]DQ» VGSQ; and VDSQ-

Consider the circuit in Figure P3.68. The quiescent value of Vg is found to
be VDSQ =5 V. If Ipss = 10 mA, determine [DQ» VGSQ» and Vp.

For the circuit in Figure P3.69, the transistor parameters are Ipgg = 4 mA
and Vp = —3 V. Design Rp such that Vpg = |Vp|. What is the value of Ip?

Vpp=12V

Vpp=20V

Figure P3.68 Figure P3.69 Figure P3.70

3.70

3.71

3.72

Consider the source-follower circuit in Figure P3.70. The transistor para-
meters are Ipss = 2 mA and Vp = 2 V. Design the circuit such that Ipp =
1 mA, Vspp = 10V, and the current through Ry and R; is 0.1 mA.

The GaAs MESFET in the circuit in Figure P3.71 has parameters k =
250 A/V? and Vyy = 0.20 V. Let Ry 4+ R, = 150 k. Design the circuit
such that /p = 40 uA and Vpg=2 V.

For the circuit in Figure P3.72, the GaAs MESFET threshold voltage is
Vry = 0.15 V. Let Rp = 50 k2. Determine the value of the conduction pa-
rameter required so that Vo = 0.70 V when V; = 0.75 V.

@ COMPUTER SIMULATION PROBLEMS

3.73
3.74

3.75

3.76

Using a computer simulation, verify the results of Exercise Ex 3.5.

(a) Using a computer simulation, plot the voltage transfer characteristics of
the CMOS circuit shown in Figure 3.41. Use the parameters given in Ex-
ample 3.11. (b) Repeat part (a) for the case when the width-to-length ratio
of My is doubled.

(a) Using a computer simulation, plot the voltage transfer characteristics of
the NMOS circuit shown in Figure 3.46 for V, =0and 0 < V| <5V. Use
the circuit and transistor parameters given in Example 3.13. (b) Repeat part
(@for0<Vi=V, <5V.

Using a computer simulation, verify the results of Example 3.17 for the
multitransistor circuit shown in Figure 3.52.

Vpp=20V

Rp=2.7kQ
Ry =140 k§2§
p

Figure P3.67
Vpp=3V
Ry Ro
R
2 Rg=10kQ
Figure P3.71
Vpp=3V
Rp
Vo
Vi
Figure P3.72
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r;/' DESIGN PROBLEMS

*D3.77

*D3.78

*D3.79

*D3.80

[Note: All design should be correlated with a computer simulation.]

Consider the PMOS circuit shown in Figure 3.30. The circuit is to be re-
designed such that /pp = 100 nA and the Q-point is in the center of the sat-
uration region of the load line. Assume R; + R, = 500 k2 and assume the
same transistor parameters as given in Exercise Ex 3.6.

Consider the circuit in Figure 3.39 with a depletion load. Assume the circuit
is biased at Vpp = 3.3V, and assume transistor threshold voltages of
Vrnp = 0.4V and Vry, = —0.75 V. Also assume &, = 80 ,uA/V2. Design
the circuit such that Vo = 0.05V when V; = 3.3V and that the maximum
power dissipation is 150 uW.

The constant-current source in Figure 3.50 is to be redesigned. The bias
voltages are VT = 3.3V and V~ = —3.3 V. The parameters of all transis-
tors are Vry =04V and &k, = 100 wA/V?. The currents are to be
Irgr = 100 A and Iy = 60 nA. We will also specify that Vpg, (sat) =
0.6V, Vis1 = Visa, and Vg, = 2.5 V. Determine all width-to-length ratios
and the value of Rp. (Note: the minimum width-to-length ratio is to be
greater than one.)

Consider the multitransistor circuit in Figure 3.52. The bias voltages are
changed to V' =3.3V and V~ = —3.3 V. The transistor parameters are
Vry =04V and k, = 100 £ A/V?. Design the circuit such that Ipg; =
100 nA, Ipgr = 250 nA, Vpspr = Vpsp2 = 3.3V, and R; = 200k<.



Basic FET Amplifiers

In Chapter 3, we described the structure and operation of the FET, in particular the
MOSFET, and analyzed and designed the dc response of circuits containing these
devices. In this chapter, we emphasize the use of the FETs in linear amplifier appli-
cations. Linear amplifiers imply that, for the most part, we are dealing with analog
signals. The magnitude of an analog signal may have any value, within limits, and
may vary continuously with respect to time. Although a major use of MOSFETs is in
digital applications, they are also used in linear amplifier circuits.

We will begin to see how all-transistor circuits, that is, circuits with no resistors,
can be designed. Since MOS transistors are small devices, high-density all-transistor
circuits can be fabricated as integrated circuits.

PREVIEW

In this chapter, we will:

 Investigate the process by which a single-MOS transistor circuit can amplify
a small, time-varying input signal.
Develop the small-signal models of the transistor that are used in the analysis
of linear amplifiers.
Discuss the three basic transistor amplifier configurations.
Analyze the common-source, source-follower, and common-gate amplifiers,
and become familiar with the general characteristics of these circuits.
Compare the general characteristics of the three basic amplifier
configurations.
Analyze all-MOS transistor circuits that become the foundation of integrated
circuits.
Analyze multitransistor or multistage amplifiers and understand the advan-
tages of these circuits over single-transistor amplifiers.
Develop the small-signal model of JFET devices and analyze basic JFET
amplifiers.
As an application, incorporate MOS transistors in a design of a two-stage
amplifier.
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Vo

Figure 4.1 NMOS common-
source circuit with time-
varying signal source in
series with gate dc source

41  THE MOSFET AMPLIFER

Objective: e Investigate the process by which a single-transistor
circuit can amplify a small, time-varying input signal and develop the
small-signal models of the transistor that are used in the analysis of
linear amplifiers.

In this chapter, we will be considering signals, analog circuits, and amplifiers. A
signal contains some type of information. For example, sound waves produced by a
speaking human contain the information the person is conveying to another person.
A sound wave is an analog signal. The magnitude of an analog signal can take on
any value, within limits, and may vary continuously with time. Electronic circuits
that process analog signals are called analog circuits. One example of an analog cir-
cuit is a linear amplifier. A linear amplifier magnifies an input signal and produces
an output signal whose magnitude is larger and directly proportional to the input
signal.

In this chapter, we analyze and design linear amplifiers that use field-effect tran-
sistors as the amplifying device. The term small signal means that we can linearize
the ac equivalent circuit. We will define what is meant by small signal in the case of
MOSEFET circuits. The term linear amplifiers means that we can use superposition so
that the dc analysis and ac analysis of the circuits can be performed separately and
the total response is the sum of the two individual responses.

The mechanism with which MOSFET circuits amplify small time-varying
signals was introduced in the last chapter. In this section, we will expand that
discussion using the graphical technique, dc load line, and ac load line. In the
process, we will develop the various small-signal parameters of linear circuits and
the corresponding equivalent circuits.

411 Graphical Analysis, Load Lines,
and Small-Signal Parameters

Figure 4.1 shows an NMOS common-source circuit with a time-varying voltage
source in series with the dc source. We assume the time-varying input signal is sinu-
soidal. Figure 4.2 shows the transistor characteristics, dc load line, and Q-point,
where the dc load line and Q-point are functions of vgs, Vpp, Rp, and the transistor
parameters. For the output voltage to be a linear function of the input voltage, the
transistor must be biased in the saturation region. (Note that, although we primarily
use n-channel, enhancement-mode MOSFETS in our discussions, the same results
apply to the other MOSFETS.)

Also shown in Figure 4.2 are the sinusoidal variations in the gate-to-source volt-
age, drain current, and drain-to-source voltage, as a result of the sinusoidal source v;.
The total gate-to-source voltage is the sum of Vo and v;. As v; increases, the
instantaneous value of vgg increases, and the bias point moves up the load line. A
larger value of vgs means a larger drain current and a smaller value of vpg. For a
negative v; (the negative portion of the sine wave), the instantaneous value of vgg
decreases below the quiescent value, and the bias point moves down the load line. A
smaller vgs value means a smaller drain current and increased value of vpg. Once the
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!
II vpg (sat)

Figure 4.2 Common-source transistor characteristics, dc load line, and sinusoidal variation
in gate-to-source voltage, drain current, and drain-to-source voltage

Q-point is established, we can develop a mathematical model for the sinusoidal, or
small-signal, variations in gate-to-source voltage, drain-to-source voltage, and drain
current.

The time-varying signal source v; in Figure 4.1 generates a time-varying
component of the gate-to-source voltage. In this case, vg; = v;, where vy, is the time-
varying component of the gate-to-source voltage. For the FET to operate as a linear
amplifier, the transistor must be biased in the saturation region, and the instantaneous
drain current and drain-to-source voltage must also be confined to the saturation
region.

When symmetrical sinusoidal signals are applied to the input of an amplifier,
symmetrical sinusoidal signals are generated at the output, as long as the amplifier
operation remains linear. We can use the load line to determine the maximum output
symmetrical swing. If the output exceeds this limit, a portion of the output signal will
be clipped and signal distortion will occur.

In the case of FET amplifiers, the output signal must avoid cutoff (ip = 0) and
must stay in the saturation region (vps > vpg(sat)). This maximum range of output
signal can be determined from the load line in Figure 4.2.

Transistor Parameters
We will be dealing with time-varying as well as dc currents and voltages in this
chapter. Table 4.1 gives a summary of notation that will be used. This notation was

1
Table 4.1 Summary of notation
Variable Meaning
ip, VGs Total instantaneous values
Ip, Vis DC values
ids Vgs Instantaneous ac values
14, Vs Phasor values




208

Part 1

Semiconductor Devices and Basic Applications

discussed in the Prologue, but is repeated here for convenience. A lowercase letter
with an upper case subscript, such as ip or vgy, indicates a total instantaneous value.
An uppercase letter with an uppercase subscript, such as Ip or Vg, indicates a dc
quantity. A lowercase letter with a lowercase subscript, such as 7; and v, indicates
an instantaneous value of an ac signal. Finally, an uppercase letter with a lowercase
subscript, such as I; or V,,, indicates a phasor quantity. The phasor notation, which
is also reviewed in the Prologue, becomes especially important in Chapter 7 during
the discussion of frequency response. However, the phasor notation will generally be
used in this chapter in order to be consistent with the overall ac analysis.
From Figure 4.1, we see that the instantaneous gate-to-source voltage is

Vgs = Veso + vi = Viso + Vg 4.1)

where Vigp is the dc component and v, is the ac component. The instantaneous
drain current is

ip = K,(vgs — Vrn)® 4.2)
Substituting Equation (4.1) into (4.2) produces

ip = Kul[Vgso + ves — Vin1* = Kul(Vaso — Vi) + vgs] (4.3(a))
or

ip = Ka(Voso — Vin)* +2Ka(Vasg — Vin)vgs + Kavg (4.3(b))

The first term in Equation (4.3(b)) is the dc or quiescent drain current Ipg, the
second term is the time-varying drain current component that is linearly related to the
signal v, and the third term is proportional to the square of the signal voltage. For
a sinusoidal input signal, the squared term produces undesirable harmonics, or non-
linear distortion, in the output voltage. To minimize these harmonics, we require

Ves L 2(Vgso — Vrw) 4.4

which means that the third term in Equation (4.3(b)) will be much smaller than the
second term. Equation (4.4) represents the small-signal condition that must be satis-
fied for linear amplifiers.

Neglecting the vgs term, we can write Equation (4.3(b)) as

ip=1Ipp+is 4.5)

Again, small-signal implies linearity so that the total current can be separated into
a dc component and an ac component. The ac component of the drain current is
given by

iqg =2K,(Vgso — Vra)vgs (4.6)

The small-signal drain current is related to the small-signal gate-to-source volt-
age by the transconductance g,,. The relationship is
g =~ = 2K, (Vasg — Vi) 4.7)
Vs
The transconductance is a transfer coefficient relating output current to input voltage
and can be thought of as representing the gain of the transistor.
The transconductance can also be obtained from the derivative

=2K,(Vgso — Vrn) (4.8(a))

vGs=VGsg=const.
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vGs

Figure 4.3 Drain current versus gate-to-source voltage characteristics, with superimposed
sinusoidal signals

which can be written as

8m = 2\/ K/11DQ (4°8(b))

The drain current versus gate-to-source voltage for the transistor biased in the
saturation region is given in Equation (4.2) and is shown in Figure 4.3. The transcon-
ductance g, is the slope of the curve. If the time-varying signal vy, is sufficiently
small, the transconductance g, is a constant. With the Q-point in the saturation
region, the transistor operates as a current source that is linearly controlled by v,,. If
the Q-point moves into the nonsaturation region, the transistor no longer operates as
a linearly controlled current source.

As shown in Equation (4.8(a)), the transconductance is directly proportional to
the conduction parameter K, which in turn is a function of the width-to-length ratio.
Therefore, increasing the width of the transistor increases the transconductance, or
gain, of the transistor.

EXAMPLE 4.1 T ————

Objective: Calculate the transconductance of an n-channel MOSFET.
Consider an n-channel MOSFET with parameters Vyy = 0.4V, k), = 100 nA/V 2,
and W/L = 25. Assume the drain current is /p = 0.40 mA.

Solution: The conduction parameter is

k! 0.1
_k W (525 = 1.25mA/V?

K,
2 L

Assuming the transistor is biased in the saturation region, the transconductance is
determined from Equation (4.8(b)) as

em = 2/K,Ipg = 2,/(1.25)(0.4) = 1.41 mA/V

Comment: The value of the transconductance can be increased by increasing the
transistor W /L ratio and also by increasing the quiescent drain current.

209
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Figure 4.4 AC equivalent
circuit of common-source
amplifier with NMOS
transistor

[ — EXERCISE PROBLEM

Ex 4.1: For an n-channel MOSFET biased in the saturation region, the parameters
are k, = 100 uA/V?, Vry = 0.6V, and Ipp = 0.8 mA. Determine the transistor
width-to-length ratio such that the transconductance is g,, = 1.8 mA/V. (Ans. 20.25)

AC Equivalent Circuit
From Figure 4.1, we see that the output voltage is

vps =vo = Vpp —ipRp 4.9)
Using Equation (4.5), we obtain
vo =Vpp — (Upg +ia)Rp = (Vpp — IpoRp) —i4Rp (4.10)

The output voltage is also a combination of dc and ac values. The time-varying
output signal is the time-varying drain-to-source voltage, or

Vo = Vs = —IgRp (4.11)
Also, from Equations (4.6) and (4.7), we have
ig= 8mUgs (4°12)

In summary, the following relationships exist between the time-varying signals
for the circuit in Figure 4.1. The equations are given in terms of the instantaneous
ac values, as well as the phasors. We have

Vgg = V; or Ves = Vi (4.13)
and

Id = &mVgs or 1y = gmVes (4.14)
and

vgs = —iqRp or Vis = —14Rp (4.15)

The ac equivalent circuit in Figure 4.4 is developed by setting the dc sources in
Figure 4.1 equal to zero. The small-signal relationships are given in Equations (4.13),
(4.14), and (4.15). As shown in Figure 4.1, the drain current, which is composed of ac
signals superimposed on the quiescent value, flows through the voltage source Vpp.
Since the voltage across this source is assumed to be constant, the sinusoidal current
produces no sinusoidal voltage component across this element. The equivalent ac
impedance is therefore zero, or a short circuit. Consequently, in the ac equivalent
circuit, the dc voltage sources are equal to zero. We say that the node connecting Rp
and Vpp is at signal ground.

4.1.2 Small-Signal Equivalent Circuit

Now that we have the ac equivalent circuit for the NMOS amplifier circuit, (Figure
4.4), we must develop a small-signal equivalent circuit for the transistor.

Initially, we assume that the signal frequency is sufficiently low so that any
capacitance at the gate terminal can be neglected. The input to the gate thus appears
as an open circuit, or an infinite resistance. Equation (4.14) relates the small-signal
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Figure 4.5 (a) Common-source NMOS transistor with small-signal parameters and
(b) simplified small-signal equivalent circuit for NMOS transistor

drain current to the small-signal input voltage, and Equation (4.7) shows that the
transconductance g, is a function of the Q-point. The resulting simplified small-
signal equivalent circuit for the NMOS device is shown in Figure 4.5. (The phasor
components are in parentheses.)

This small-signal equivalent circuit can also be expanded to take into account the
finite output resistance of a MOSFET biased in the saturation region. This effect, dis-
cussed in the last chapter, is a result of the nonzero slope in the ip versus vpg curve.

We know that

ip = K,[(vgs — Vrn)*(1 + Avpg)] (4.16)

where A is the channel-length modulation parameter and is a positive quantity. The
small-signal output resistance, as previously defined, is

dip \
Fo =
aUDS

ro = [AK,(Voso — Vrn)* 17! = [Apol™! (4.18)

(4.17)

vGs=VGsp=const.
or

This small-signal output resistance is also a function of the Q-point parameters.

The expanded small-signal equivalent circuit of the n-channel MOSFET is
shown in Figure 4.6 in phasor notation. Note that this equivalent circuit is a transcon-
ductance amplifier in that the input signal is a voltage and the output signal is a
current. This equivalent circuit can now be inserted into the amplifier ac equivalent
circuit in Figure 4.4 to produce the circuit in Figure 4.7.

oV,

O

+ +
Vi Vgs 8m Vgs Ty RD Vdg

- o

Figure 4.7 Small-signal equivalent circuit of common-source circuit with NMOS transistor

model

EXAMPLE 4.2 T ——

Objective: Determine the small-signal voltage gain of a MOSFET circuit.

For the circuit in Figure 4.1, assume parameters are: Vgsgo = 2.12V, Vpp =5V,
and Rp =2.5 kQ. Assume transistor parameters are: Vry =1V. K, =0.80
mA/VZ, and A = 0.02 V~!. Assume the transistor is biased in the saturation region.

Figure 4.6 Expanded small-
signal equivalent circuit,
including output resistance,
for NMOS transistor
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Solution: The quiescent values are
Ipo = K,(Vgso — Vin)? = (0.8)(2.12 — 1) = 1.0mA
and
Vboso =Vpp —IpgRp =5—(1)(2.5) =25V
Therefore,
Vpso =235V > Vpg(sat) = Vgs — Vpry =182 —-1=082V

which means that the transistor is biased in the saturation region, as initially
assumed, and as required for a linear amplifier. The transconductance is

gm =2K,(Vgso — Vrn) =2(0.8)(2.12 - 1) = 1.79mA/V
and the output resistance is

7o = [Mpol™" =[(0.02)(1)]™" =50k
From Figure 4.7, the output voltage is

Vo = —8mVes(r6llRD)
Since V,; = V;, the small-signal voltage gain is

V.
Ay, = 70 = —gn(l|Ra) = —(1.79)(50]2.5) = —4.26
Comment: The magnitude of the ac output voltage is 4.26 times larger than the mag-
nitude of the input voltage. Hence, we have an amplifier. Note that the small-signal
voltage gain contains a minus sign, which means that the sinusoidal output voltage is
180 degrees out of phase with respect to the input sinusoidal signal.

F I EXERCISE PROBLEM

Ex 4.2: For the circuit shown in Figure 4.1, Vpp = 3.3V and Rp = 10k<2. The
transistor parameters are Vry =0.4V, k, =100 WA/V2, W/L =50, and
A = 0.025 V1. Assume the transistor is biased such that I po = 0.25mA. (a) Verify
that the transistor is biased in the saturation region. (b) Determine the small-
signal parameters g, and r,. (c) Determine the small-signal voltage gain.
(Ans. (@) Vgsp =0.716 V and Vpsp =0.8V so that Vpg > Vpg (sat);
(b) g = 1.58 mA/V, r, = 160k2; (c) —14.9)

Problem-Solving Technique: MOSFET AC Analysis

Since we are dealing with linear amplifiers, superposition applies, which means
that we can perform the dc and ac analyses separately. The analysis of the MOSFET
amplifier proceeds as follows:

1. Analyze the circuit with only the dc sources present. This solution is the dc or
quiescent solution. The transistor must be biased in the saturation region in
order to produce a linear amplifier.

2. Replace each element in the circuit with its small-signal model, which means
replacing the transistor by its small-signal equivalent circuit.

3. Analyze the small-signal equivalent circuit, setting the dc source components
equal to zero, to produce the response of the circuit to the time-varying input
signals only.
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Figure 4.8 (a) Common-source circuit with PMOS Figure 4.9 Small-signal equivalent
transistor and (b) corresponding ac equivalent circuit circuit of PMOS transistor

The previous discussion was for an n-channel MOSFET amplifier. The same basic
analysis and equivalent circuit also applies to the p-channel transistor. Figure 4.8(a)
shows a circuit containing a p-channel MOSFET. Note that the power supply voltage
Vpp is connected to the source. (The subscript DD can be used to indicate that the
supply is connected to the drain terminal. Here, however, Vpp is simply the usual
notation for the power supply voltage in MOSFET circuits.) Also note the change in
current directions and voltage polarities compared to the circuit containing the
NMOS transistor. Figure 4.8(b) shows the ac equivalent circuit, with the dc voltage
sources replaced by ac short circuits, and all currents and voltages shown are the time-
varying components.

In the circuit of Figure 4.8(b), the transistor can be replaced by the equivalent
circuit in Figure 4.9. The equivalent circuit of the p-channel MOSFET is the same as
that of the n-channel device, except that all current directions and voltage polarities
are reversed.

The final small-signal equivalent circuit of the p-channel MOSFET amplifier is
shown in Figure 4.10. The output voltage is

Vo = 8mVsg(rollRp) (4.19)
The control voltage V,, given in terms of the input signal voltage, is

Vig = —Vi (4.20)
and the small-signal voltage gain is

Ay = % = —&n(1olRp) (4.21)

D
oV,

G
O
Vi ng 8m V.v g To RD
+
O
S

Figure 4.10 Small-signal equivalent circuit of common-source amplifier with PMOS
transistor model
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Figure 4.11 Small signal equivalent circuit of a p-channel MOSFET showing (a) the
conventional voltage polarities and current directions and (b) the case when the voltage
polarities and current directions are reversed.

This expression for the small-signal voltage gain of the p-channel MOSFET
amplifier is exactly the same as that for the n-channel MOSFET amplifier. The
negative sign indicates that a 180-degree phase reversal exists between the ouput and
input signals, for both the PMOS and the NMOS circuit.

We may note that if the polarity of the small-signal gate-to-source voltage is
reversed, then the small-signal drain current direction is reversed. This change of po-
larity is shown in Figure 4.11. Figure 4.11(a) shows the conventional voltage polar-
ity and current directions in a PMOS transistor. If the control voltage polarity is re-
versed as shown in Figure 4.11(b), then the dependent current direction is also
reversed. The equivalent circuit shown in Figure 4.11(b) is then the same as that of
the NMOS transistor. However, the author prefers to use the small-signal equivalent
circuit in Figure 4.9 to be consistent with the voltage polarities and current directions
of the PMOS transistor.

4.1.3 Modeling the Body Effect

As mentioned in Section 3.1.9, Chapter 3, the body effect occurs in a MOSFET in
which the substrate, or body, is not directly connected to the source. For an NMOS
device, the body is connected to the most negative potential in the circuit and will be
at signal ground. Figure 4.12(a) shows the four-terminal MOSFET with dc voltages
and Figure 4.12(b) shows the device with ac voltages. Keep in mind that vgg must be
greater than or equal to zero. The simplified current-voltage relation is

ip = K,(vgs — Vrn)* (4.22)

and the threshold voltage is given by

Vrn = Vryo + V[\/m - 2¢.f] (4.23)

ll” lid
GTIE—‘B GTIE—;B

Vsp vy,
Ves — | + Vgs — | —
S S

(a) (b)
Figure 4.12 The four-terminal NMOS device with (a) dc voltages and (b) ac voltages
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If an ac component exists in the source-to-body voltage, vsg, there will be an ac
component induced in the threshold voltage, which causes an ac component in the
drain current. Thus, a back-gate transconductance can be defined as

oy = dip _ —dip B < dip ) (8V7N> (@.24)
mb — - - : .
0VBs |g-pr  OUSB |g-p Vrn Vs / |g-pi
Using Equation (4.22), we find
ai
= —2K,(vgs — Vrn) = —gn (4.25(2))
Vrn
and using Equation (4.23), we find
A%
o v = (4.25(b))

dusp 2/2¢5 + vsp

The back-gate transconductance is then

8mb = _(_gm) : (77) = 8mN (4-26)

Including the body effect, the small-signal equivalent circuit of the MOSFET is
shown in Figure 4.13. We note the direction of the current and the polarity of the
small-signal source-to-body voltage. If v,; > 0, then vgp decreases, Vry decreases,
and ip increases. The current direction and voltage polarity are thus consistent.

For ¢y = 0.35 V and y = 0.35 V!/2, the value of  from Equation (4.25(b)) is
n = 0.23. Therefore, n will be in the range 0 < < 0.23. The value of vy, will
depend on the particular circuit.

In general, we will neglect g,,, in our hand analyses and designs, but will inves-
tigate the body effect in PSpice analyses.

G D
o——oO0 O

+ +

8msVgs 8mbVbs
Vg T Ugs
(e — O
S _
v

s

S

|||—o +

B

Figure 4.13 Small-signal equivalent circuit of NMOS device including body effect

Test Your Understanding

TYU 4.1 The parameters of an n-channel MOSFET are: Vpy =0.6V, k, =
100 wA/V?, and A = 0.015 V~!. The transistor is biased in the saturation region with
Ipo = 1.2mA. (a) Design the width-to-length ratio such that the transconductance is
gm = 2.5mA/V. (b) Determine the small-signal output resistance r,. (Ans. (a) 26.0,
(b) 55.6 k2).

TYU 4.2 For the circuit shown in Figure 4.1, Vpp =3.3V and Rp = 8kQ.
The transistor parameters are Vyy = 0.4V, K, = 0.5mA/V?, and A =0.02V~.
(a) Determine Vs and Vpgsg for Ipg = 0.15 mA. (b) Calculate g,,, ,, and the small-
signal voltage gain. (Ans. (a) Vgso = 0.948V, Vpso = 2.1 V; (b) g, = 0.548 mA/V,
ro, =333k, A, = —4.28).
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TYU 4.3 For the circuit in Figure 4.1, the circuit and transistor parameters are given
in Exercise TYU 4.2. If v; =25sinwt (mV), determine ip and vpg. (Ans.
ip =0.15+0.0137sinwt (mA), vps = 2.1 — 0.11 sinwt (V)).

TYU 4.4 The parameters for the circuit in Figure 4.8 are Vpp = 5 Vand Rp = 5k€.
The transistor parameters are Vrp = —0.4V, K, = 0.4 mA/V 2 and A = 0. (a) De-
termine Vo and Ipg such that Vgpp = 3 V. (b) Calculate g,, and the small-signal
voltage gain. (Ans. (a) Ipp =0.4mA, Vsgp=14V; (b) g, =0.8mA/V,
A, = —4).

TYU 4.5 A transistor has the same parameters as those given in Exercise Ex4.1. In
addition, the body effect coefficient is y = 0.40 V' and ¢; = 0.35 V. Determine
the value of n and the back-gate transconductance g,; for (a) vsp =1 V and
(b) vsp = 3 V. (Ans. (a) n = 0.153, (b) n = 0.104).

42 BASICTRANSISTORAMPLIFIER
CONFIGURATIONS

Objective: e Discuss the three basic transistor amplifier configurations.

As we have seen, the MOSFET is a three-terminal device. Three basic single-
transistor amplifier configurations can be formed, depending on which of the three
transistor terminals is used as signal ground. These three basic configurations are
appropriately called common source, common drain (source follower), and
common gate.

The input and output resistance characteristics of amplifiers are important in
determining loading effects. These parameters, as well as voltage gain, for the three
basic MOSFET circuit configurations will be determined in the following sections.
The characteristics of the three types of amplifiers will then allow us to understand
under what condition each amplifier is most useful.

Initially, we will consider MOSFET amplifier circuits that emphasize discrete
designs, in that resistor biasing will be used. The purpose is to become familiar
with basic MOSFET amplifier designs and their characteristics. In Section 4.7, we
will begin to consider integrated circuit MOSFET designs that involve all-transis-
tor circuits and current source biasing. These initial designs provide an introduc-
tion to more advanced MOS amplifier designs that will be considered in Part 2 of
the text.

43 THE COMMON-SOURCE AMPLIFER

Objective: ® Analyze the common-source amplifier and become
familiar with the general characteristics of this circuit.

In this section, we consider the first of the three basic circuits—the common-source
amplifier. We will analyze several basic common-source circuits, and will determine
small-signal voltage gain and input and output impedances.
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4.3.1 A Basic Common-Source Configuration

Figure 4.14 shows the basic common-source circuit with voltage-divider biasing. We
see that the source is at ground potential—hence the name common source. The sig-
nal from the signal source is coupled into the gate of the transistor through the cou-
pling capacitor C¢, which provides dc isolation between the amplifier and the signal
source. The dc transistor biasing is established by R; and R,, and is not disturbed
when the signal source is capacitively coupled to the amplifier.

Vop

Rp

Rz‘
L

Figure 4.14 Common-source circuit with voltage divider biasing and coupling capacitor

If the signal source is a sinusoidal voltage at frequency f, then the magnitude
of the capacitor impedance is |Z¢| =[1/(2xfCc¢)]. For example, assume that
Cc = 10 uF and f = 2 kHz. The magnitude of the capacitor impedance is then

1 1

= = =8Q
2nfCe 272 x 103)(10 x 10-9)

1Zc|

The magnitude of this impedance is generally much less than the Thevenin resistance
at the capacitor terminals. We can therefore assume that the capacitor is essentially a
short circuit to signals with frequencies greater than 2 kHz. We will also neglect, in
this chapter, any capacitance effects within the transistor.

For the circuit shown in Figure 4.14, assume that the transistor is biased in the sat-
uration region by resistors R; and R, and that the signal frequency is sufficiently large
for the coupling capacitor to act essentially as a short circuit. The signal source is rep-
resented by a Thevenin equivalent circuit, in which the signal voltage source v; is in
series with an equivalent source resistance Rg;. As we will see, Rg; should be much less
than the amplifier input resistance, R; = R;||R», in order to minimize loading effects.

Figure 4.15 shows the resulting small-signal equivalent circuit. The small-
signal variables, such as the input signal voltage V;, are given in phasor form.

R; | R
Rsi L, | G D~ y
" + o - o
| + 41— | + ¢
d
v, RillRy v &nVes S 10 Rp Vas

sL

Figure 4.15 Small-signal equivalent circuit, assuming coupling capacitor acts as a short circuit
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II Vps (sat) = Vg = Vi
Transition point

Q-point

. 1
,,,,,,, /IS dc load line, slope = — —
Ing 7 ¢ load line, slope = ——

D

Vpso Vbop  Vps

Figure 4.16 DC load line and transition point separating saturation and nonsaturation regions

Since the source is at ground potential, there is no body effect. The output voltage
is

Vo = —=8mVes (ol Rp) (4.27)
The input gate-to-source voltage is
Vs = <L> -V (4.28)
R; + Rsi
so the small-signal voltage gain is
Ay = Yo —&m(rollRp) - <L> (4.29)
V; R; + Rg;

We can also relate the ac drain current to the ac drain-to-source voltage, as
Vas = —14(Rp).

Figure 4.16 shows the dc load line, the transition point (that separates the satura-
tion bias region and nonsaturation bias region), and the Q-point, which is in the
saturation region. In order to provide the maximum symmetrical output voltage swing
and keep the transistor biased in the saturation region, the Q-point must be near the
middle of the saturation region. At the same time, the input signal must be small
enough for the amplifier to remain linear.

The input and output resistances of the amplifier can be determined from Fig-
ure 4.15. The input resistance to the amplifier is R; = R ||R,. Since the low-frequency
input resistance looking into the gate of the MOSFET is essentially infinite, the input
resistance is only a function of the bias resistors. The output resistance looking back
into the output terminals is found by setting the independent input source V; equal to
zero, which means that V,; = 0. The output resistance is therefore R, = Rp||r,.

EXAMPLE 4.3 T ————

Objective: Determine the small-signal voltage gain and input and output resistances
of a common-source amplifier.

For the circuit shown in Figure 4.14, the parameters are: Vpp = 3.3V,
Rp = 10k, R = 140k, R, = 60kS2, and Rs; = 4 k2. The transistor parameters
are: Voy =04V, K, = 0.5mA/V2, and A = 0.02V~1.
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Solution (dc calculations): The dc or quiescent gate-to-source voltage is

R 60
Veso = 2 Vpp) = ————)(3.3) =0.99V
R+ R, 140 + 60

The quiescent drain current is

Ing = K,(Voso — Vrn)? = (0.5)(0.99 — 0.4)% = 0.174 mA

and the quiescent drain-to-source voltage is

Vpso = Vpp —IpoRp =3.3 —(0.174)(10) = 1.56 V

Since Vpsp > Vigso — Vru, the transistor is biased in the saturation region.

Small-signal Voltage Gain: The small-signal transconductance g, is then

gm = 2/Kulpo = 2/(0.5)(0.174) = 0.590 mA/V

and the small-signal output resistance is

1 1
0T I, T (0.02)(0.174)
The input resistance to the amplifier is
Ri = Ri||R, = 140|160 = 42k2

From Figure 4.15 and Equation (4.29), the small-signal voltage gain is

R;
Ay = _gm(ro”RD)(m) = —(0.59)(287||10)<m)

or

A, =-5.21

Input and Output Resistances: As already calculated, the amplifier input resis-
tance is

R; = R{||R, = 140]|60 = 42k
and the amplifier output resistance is
R, = Rp|lr, = 10]|287 = 9.66 k2
Comment: The resulting Q-point is not in the center of the saturation region. There-

fore, this circuit does not achieve the maximum symmetrical output voltage swing in
this case.

Discussion: The small-signal input gate-to-source voltage is

R; 42
Vo= ) Viz () - Vi = (0.913) -V
R; + Rg; 4244

Since Rg; is not zero, the amplifier input signal V is approximately 91 percent of
the signal voltage. This is called a loading effect. Even though the input resistance to
the gate of the transistor is essentially infinite, the bias resistors greatly influence the
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amplifier input resistance and loading effect. This loading effect can be eliminated
or minimized when current source biasing is considered.

T — EXERCISE PROBLEM

Ex 4.3: The parameters of the circuit shown in Figure 4.14 are Vpp =35 V,
R, =520k, R, = 320kS2, Rp = 10k, and Rs; = 0. Assume transistor para-
meters of Vyy = 0.8V, K, = 0.20 mA/V?2, and A = 0. (a) Determine the small-
signal transistor parameters g, and r,. (b) Find the small-signal voltage gain.
(c) Calculate the input and output resistances R; and R, (see Figure 4.15). (Ans.
(a) gn =0.442 mA/V, r, = o0; (b) Ay, = —4.42; (c) R, = 198k, R, = Rp =
10 k2)

DESIGN EXAMPLE 4.4 T————

Objective: Design the bias of a MOSFET circuit such that the Q-point is in the
middle of the saturation region. Determine the resulting small-signal voltage gain.

Specifications: The circuit to be designed has the configuration shown in
Figure 4.17. Let R;||R, = 100 k2. Design the circuit such that the Q-point is
Ipo =2 mA and the Q-point is in the middle of the saturation region.

Vpp=12V

Figure 4.17 Common-source NMOS transistor circuit

Choices: A transistor with nominal parameters Vyy =1 V, k, =80 nA/V 2
W/L =25,and A = 0.015 V~! is available.

Solution (dc design): The load line and the desired Q-point are given in Figure 4.18.
If the Q-point is to be in the middle of the saturation region, the current at the transi-
tion point must be 4 mA.

The conductivity parameter is

K W 0.080
K,=-"2.— " )(25) = 1 mA/V?
2L ( 2 >( ) = LmAV
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Load line, slope = — Ri

(o
1

| Vps (sat) = Vg = Viy

4mAF—————

\‘Z Vasp =241V

Vs (sat) Vpso=TV Vpp=12V Vpg

2 mA

Figure 4.18 DC load line and transition point for NMOS circuit shown in Figure 4.17

We can now calculate Vg (sat) at the transition point. The subscript ¢ indicates
transition point values. To determine Vg, , we use

Iy =4 = K,(Vgs: — Ven)? = 1(Vgs: — 1)

which yields
VGS; = 3 V
Therefore

Vost =Vesi = Vin=3—-1=2V

If the Q-point is in the middle of the saturation region, then Vpsp = 7 V, which
would yield a 10 V peak-to-peak symmetrical output voltage. From Figure 4.17, we
can write

Vbso = Vpp — IpoRp
or

VDD - VDSQ _ 12—-7
Ino 2

=2.5kQ

Rp =

We can determine the required quiescent gate-to-source voltage from the current
equation, as follows:

Ing =2 =K,(Voso = Vrw)’ = (D(Vasg — 1’

or
Viso = 241V
Then
R, 1 RiR, )
Vaso =241 = (—2— ) (Vop) = — ) [ —2 ) (v,
Gso (R1+R2)( DpD) (R1><R1+R2 (Vbp)
_ R, (100012
“ROPPT R
which yields

Ry =498kQ and R, =125kQ
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Solution (ac analysis): The small-signal transistor parameters are

2 = 2/Kalpo =2y/(1)(2) = 2.83 mA/V

and
1 1

AMpo  (0.015)(2)

To

The small-signal equivalent circuit is the same as shown in Figure 4.7. The small-
signal voltage gain is

V,
Ay = = —gn (]| Rp) = ~(2.83)(33.3]2.5)
or
A, = —6.58

Comment: Establishing the Q-point in the middle of the saturation region allows the
maximum symmetrical swing in the output voltage, while keeping the transistor
biased in the saturation region.

T — EXERCISE PROBLEM

Ex 4.4: Consider the circuit shown in Figure 4.14. Assume transistor parameters
of VTN =0.8 V, Kn =0.20 mA/VZ, and A = 0. Let VDD =53 V, R,’ = R1||R2 =
200 k€2, and Rg; = 0. Design the circuit such that /pp = 0.5 mA and the Q-point
is in the center of the saturation region. Find the small-signal voltage gain.
(Ans. Rp =2.76 k2, Ry = 420 k2, R, =382k, A, = —1.75)

432 Common-Source Amplifier with Source Resistor
A source resistor Rg tends to stabilize the Q-point against variations in transistor

parameters (Figure 4.19). If, for example, the value of the conduction parameter
varies from one transistor to another, the Q-point will not vary as much if a source

Figure 4.19 Common-source circuit with source resistor and positive and negative supply
voltages
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resistor is included in the circuit. However, as shown in the following example, a
source resistor also reduces the signal gain.

The circuit in Figure 4.19 is an example of a situation in which the body effect
should be taken into account. The substrate (not shown) would normally be
connected to the —5 V supply, so that the body and substrate terminals are not at the
same potential. However, in the following example, we will neglect this effect.

The circuit shown in Figure 4.20(a) is a PMOS version of the common-source
amplifier with a source resistor Ry included.

EXAMPLE 4.5 T ——

Objective: Determine the small-signal voltage gain of a PMOS transistor circuit.

Consider the circuit shown in Figure 4.20(a). The transistor parameters are
K, =0.80 mA/V2, Vip = —=0.5V,and & = 0. The quiescent drain current is found
tobe Ipp = 0.297 mA.

The small-signal equivalent circuit is shown in Figure 4.20(b). To sketch the
small-signal equivalent circuit, start with the three terminals of the transistor, draw in
the transistor equivalent circuit between these three terminals, and then sketch in the
other circuit elements around the transistor.

Solution: The small-signal output voltage is
Vo = +8uVseRp
Writing a KVL equation from the input around the gate—source loop, we find
Vi=—Vsg — 8nVseRs
or
-V,
T+ guRs

Substituting this expression for V,, into the output voltage equation, we find the
small-signal voltage gain as

ng =

oV,

A = Vo _ _ngD
== =—
Vi 1+ ngS
+3V
G
O
Rg=3kQ -
CC VSé’ gmvsg
a6 S el ©
v, NG < RIHRZ S <
v; —
i R, =200 kQ Rp=10kQ §R
S
3V =
(@ (b)

Figure 4.20 (a) PMOS circuit for Example 4.5, and (b) small-signal equivalent circuit
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The small-signal transconductance is

gm =2K,lpo = 2,/(0.80)(0.297) = 0.975 mA/V
We then find the small-signal voltage gain as

—(0.975)(10)

- R A, = —2.48
1+ (0.975)(3)

v

Comment: The analysis of a PMOS transistor circuit is essentially the same as that
of an NMOS transistor circuit. The voltage gain of a MOS transistor circuit that con-
tains a source resistor is degraded compared to a circuit without a source resistor.
However, the Q-point tends to be stabilized.

Discussion: We mentioned that including a source resistor tends to stabilize the
circuit characteristics against any changes in transistor parameters. If, for exam-
ple, the conduction parameter K, varies by 10 percent, we find the following
results.

K,(mA/V?) gm(mA/V) A(VIV)

0.72 0.9121 —2.441
0.80 0.9749 —2.484
0.88 1.035 —2.521

With a =10 percent variation in K, there is less than a £1.8 percent variation in the
voltage gain.

!I!,.u.\".‘l EXERCISE PROBLEM

Ex 4.5: For the circuit shown in Figure 4.19, the transistor parameters are
Vey =0.8V, K, = 1 mA/V?2, and A = 0. (a) From the dc analysis, find /pp and
Vpso. (b) Determine the small-signal voltage gain. (Ans. (a) Ipp = 0.494 mA,
Vpso = 6.30V; (b) A, = —5.78).

433 Common-Source Circuit
with Source Bypass Capacitor

A source bypass capacitor added to the common-source circuit with a source resistor
will minimize the loss in the small-signal voltage gain, while maintaining the Q-
point stability. The Q-point stability can be further increased by replacing the source
resistor with a constant-current source. The resulting circuit is shown in Figure 4.21,
assuming an ideal signal source. If the signal frequency is sufficiently large so that
the bypass capacitor acts essentially as an ac short-circuit, the source will be held at
signal ground.

EXAMPLE 4.6 T ———

Objective: Determine the small-signal voltage gain of a circuit biased with a constant-
current source and incorporating a source bypass capacitor.



Chapter 4 Basic FET Amplifiers

+5V
Rp=7kQ
Vo
v Rg =200 kQ
1"
= T Ip=05mA =
SV

Figure 4.21 NMOS common-source circuit with source bypass capacitor

For the circuit shown in Figure 4.21, the transistor parameters are: Vry = 0.8V,
K, =1mA/V? and A = 0.

Solution: Since the dc gate current is zero, the dc voltage at the source terminal is
Vs = —Vis0, and the gate-to-source voltage is determined from

Ipg =1p = K,(Vgso — V)
or
0.5 = (1)(Vgsp — 0.8)*
which yields
Veso = —Vs =151V
The quiescent drain-to-source voltage is
Vpso = Vpp — IpoRp — Vs =5 —(0.5)(7) — (=1.51) =3.01V

The transistor is therefore biased in the saturation region.
The small-signal equivalent circuit is shown in Figure 4.22. The output voltage is

Vo = —8m VgsRD

) oV,
T

V; R Vs 8nVes S Rp=7kQ

1

Flgure 4.22 Small-signal equivalent circuit, assuming the source bypass capacitor acts as a
short circuit

Since V,; = V;, the small-signal voltage gain is

Vo
A, = v = —gmRp = —(1.414)(7) = -9.9
Comment: Comparing the small-signal voltage gain of 9.9 in this example to the
2.48 calculated in Example 4.5, we see that the magnitude of the gain increases when
a source bypass capacitor is included.
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(T — EXERCISE PROBLEM

Ex 4.6: The common-source amplifier in Figure 4.23 has transistor parameters
ki, =40 pnA/V?, W/L =40, Vrp = —0.4 V, and i = 0.02 V™' (a) Determine
Ipp and Vsp. (b) Find the small-signal voltage gain. (Ans. (a) Ipp = 1.16 mA,
Vspo =2.29V; (b) A, = —3.68)

+3V

Figure 4.23 Figure for Exercise Ex 4.6

Test Your Understanding

TYU 4.6 Consider the common-source amplifier in Figure 4.24 with transistor
parameters Vyy = 1.8 V, K, =0.15 mA/V?, and A = 0. (a) Calculate Ipp and
Vpso. (b) Determine the small-signal voltage gain. (c) Discuss the purpose of R and
its effect on the small-signal operation of the amplifier. (Ans. (a) Ipp = 1.05 mA,
Vpso =4.45V; (b) A, = —2.65)

+5V

Vpp=15V

Rp=10kQ

Ce

;W\
|—4||:‘ R, =5kQ v
1

Figure 4.24 Figure for Exercise TYU 4.6 Figure 4.25 Figure for Exercise TYU 4.7

TYU 4.7 The parameters of the transistor shown in Figure 4.25 are: Vyp = 40.8 'V,
K, = 0.5 mA/V% and A = 0.02V~!. (a) Determine Rs and Rp such that Ipy =
0.8 mA and Vspp =3 V. (b) Find the small-signal voltage gain. (Ans. (a) Ry =
5.67k2, Rp =3.08 k2; (b) A, = —3.71)
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W 44 THE COMMON-DRAIN
(SOURCE-FOLLOWER) AMPLIFIER

Objective: ® Analyze the common-drain (source-follower) amplifier
and become familiar with the general characteristics of this circuit.

The second type of MOSFET amplifier to be considered is the common-drain
circuit. An example of this circuit configuration is shown in Figure 4.26. As seen in
the figure, the output signal is taken off the source with respect to ground and the drain
is connected directly to Vpp. Since Vpp becomes signal ground in the ac equivalent
circuit, we have the name common drain. The more common name is source follower.
The reason for this name will become apparent as we proceed through the analysis.

Vop

Flgure 4.26 NMOS source-follower or common-drain amplifier

4.4.1 Small-Signal Voltage Gain

The dc analysis of the circuit is exactly the same as we have already seen, so we will
concentrate on the small-signal analysis. The small-signal equivalent circuit, assum-
ing the coupling capacitor acts as a short circuit, is shown in Figure 4.27(a). The
drain is at signal ground, and the small-signal resistance r, of the transistor is in

(b)

Figure 4.27 (a) Small-signal equivalent circuit of NMOS source follower and (b) small-signal
equivalent circuit of NMOS source follower with all signal grounds at a common point
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parallel with the dependent current source. Figure 4.27(b) is the same equivalent
circuit, but with all signal grounds at a common point. We are again neglecting the
body effect. The output voltage is

Vo = (8mVes) (Rsllr,) (4.30)
Writing a KVL equation from input to output results in the following:
Vin = Vgs + Vo - Vgs + 8m Vg.& (RS”rn) (4-31(3))
Therefore, the gate-to-source voltage is
v ne
Vs = ‘ =|—> - Vin 4.31(b))
1+ gm(RS ”ro) a + (RS ||I‘0)

Equation (4.31(b)) is written in the form of a voltage-divider equation, in which
the gate-to-source of the NMOS device looks like a resistance with a value of 1/g,,.
More accurately, the effective resistance looking into the source terminal (ignoring
r,) is 1/g,. The voltage Vi, is related to the source input voltage V; by

R;
Vin = <> Vi (4.32)
R; + Ry,

where R; = R{||R; is the input resistance to the amplifier.
Substituting Equations (4.31(b)) and (4.32) into (4.30), we have the small-signal
voltage gain:

b i () 350
or
A= sl ( " ) (4.33(b))
o T Rslro \Ri+ Rs;

which again is written in the form of a voltage-divider equation. An inspection of Equa-
tion 4.33(b) shows that the magnitude of the voltage gain is always less than unity.

EXAMPLE 4.7 B ]

Objective: Calculate the small-signal voltage gain of the source-follower circuit in
Figure 4.26.

Assume the circuit parameters are Vpp = 12V, R} = 162 k2, R, = 463 k<,
and Rg = 0.75 k€2, and the transistor parameters are Vyy = 1.5V, K, =4 mA/V2,
and A = 0.01 V-1, Also assume Rg; = 4 kQ.

Solution: The dc analysis results are Ipp = 7.97 mA and Vgso =2.91 V. The
small-signal transconductance is therefore

gm =2K,(Vgso — Vrn) =2(4)(291 — 1.5) = 11.3 mA/V
and the small-signal transistor resistance is

ro = [Mpol™' = [(0.01)(7.97)] 7" = 12.5kQ
The amplifier input resistance is

R; = R, ||R> = 162463 = 120k
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The small-signal voltage gain then becomes

A = gm(RS ”ro) . Ri
" 1+ gu(Rslr,) Ri+ R
(11.3)(0.75 [[12.5) 120

_ : = +0.860
1+ (11.3)(0.75[[12.5) 120 + 4

Comment: The magnitude of the small-signal voltage gain is less than 1. An exam-
ination of Equation (4.33(b)) shows that this is always true. Also, the voltage gain is
positive, which means that the output signal voltage is in phase with the input signal
voltage. Since the output signal is essentially equal to the input signal, the circuit is
called a source follower.

P —— EXERCISE PROBLEM

Ex 4.7: The source-follower circuit in Figure 4.26 has transistor parameters
Vin =+0.8 V, K, =1 mA/V?, and A =0.015V~!. Let Vpp =10 V, Rs; =
200 €2, and R 4+ R, = 400 k<. Design the circuit such that /pp = 1.5 mA and
Vpso =5 V. Determine the small-signal voltage gain. (Ans. Ry = 3.33 k€,
Ry =119k, R, = 281,k2, A, = 0.884)

Although the voltage gain is slightly less than 1, the source follower is an
extremely useful circuit because the output resistance is less than that of a common-
source circuit, as we will show in the next section. A small output resistance is
desirable when the circuit is to act as an ideal voltage source and drive a load circuit
without suffering any loading effects.

DESIGN EXAMPLE 4.8 T—————

Objective: Design a source-follower amplifier with a p-channel enhancement-mode
MOSFET to meet a set of specifications.

Specifications: The circuit to be designed has the configuration shown in Fig-
ure 4.28 with circuit parameters Vpp = 20 V and Rg; = 4 k2. The Q-point values
are to be in the center of the load line with Ipp = 2.5 mA. The input resistance is to

Vo

Figure 4.28 PMOS source follower
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be R; = 200 k2. The transistor W /L ratio is to be designed such that the small sig-
nal voltage gain is A, = 0.90.

Choices: A transistor with nominal parameters Vrp = =2 V, k;, =40 pA/V?,
and A = 0 is available.

Solution (dc analysis): From a KVL equation around the source-to-drain loop, we have
Vop = Vspo + IpoRs

or
20 =104+ (2.5)Rs

which yields the required source resistor to be Ry = 4 k€2.

Solution (ac design): The small-signal voltage gain of this circuit is the same as that
of a source follower with an NMOS device. From Equation (4.33(a)), we have

Vo _ ngS Ri

A, =2 = .
Vi 1+gnRs R;+Rg;
which yields
m (4 200
0.90 = @

1+ gn(4) 200+ 4

We find that the required transconductance must be g,, = 2.80 mA/V. The transcon-
ductance can be written as

8m = 2\/KpIDQ

We have
2.80 x 1073 = 2,/K,(2.5 x 1073)
which yields

K, =0.784 x 107°A/V?
The conduction parameter, as a function of width-to-length ratio, is
kW 40 x 107° w
K,=0784x1073=2. =" ). (=
P x 2L ( 2 ) ( L )
which means that the required width-to-length ratio must be
w
— =139.2
L

Solution (dc design): Completing the dc analysis and design, we have
Ipg = K,(Vosg + Vre)?

or
2.5=0.784(Vsgp — 2)*

which yields a quiescent source-to-gate voltage of Vsgo = 3.79 V. The quiescent
source-to-gate voltage can also be written as

R

\% = Vpp —IpoRs) — | ————
séo = Vpp — IpgRs) (R1+R2

)(VDD)
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Since
(me) = () (@) = (7)) #
R+ Ry Ri/J\Ri+ Ry Ry

we have

3.79 = [20 — (2.5)(4)] — (Ri) (200)(20)
1

The bias resistor R; is then found to be

R; = 644kQ
Since R; = R{||R, = 200kS2, we find
R, =290k

Comment: In order to achieve the desired specifications, a relatively large transcon-
ductance is required, which means that a relatively large transistor is needed. A large
value of input resistance R; has minimized the effect of loading due to the output
resistance, Ryg;, of the signal source.

'\l W EXERCISE PROBLEM

Ex 4.8: The circuit and transistor parameters for the source-follower amplifier
shown in Figure 4.29 are Rg = 2k, Vpp = —1.2V, k; =40 uA/VZ, and A = 0.
(a) Design the transistor width-to-length ratio such that /pp = 1.5 mA. (b) Find
the small-signal voltage gain. (c) Using the results of part (a), determine the value
of R; that will result in a 10 percent reduction in voltage gain. (Ans.
(@ W/L =117,(b) A, = 0.882, (c) R, = 2.12kQ)

+5V
Rg
Cci h i
@)
L9
v; Rg =
500 kQ 1

SV

Figure 4.29 Figure for Exercise Ex 4.8

4.4.2 Input and Output Impedance

The small-signal input resistance R; as defined in Figure 4.27(b), for example, is the
Thevenin equivalent resistance of the bias resistors. Even though the input resistance
to the gate of the MOSFET is essentially infinite, the input bias resistances do
provide a loading effect. This same effect was seen in the common-source circuits.
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R

Si
+ Vgs - ;
IX
R1|| R, gmvgx Rg To Ve

Figure 4.30 Equivalent circuit of NMOS source follower, for determining output resistance

To calculate the small-signal output resistance, we set all independent small-
signal sources equal to zero, apply a test voltage to the output terminals, and measure
a test current. Figure 4.30 shows the circuit we will use to determine the output
resistance of the source follower shown in Figure 4.26. We set V; = 0 and apply a test
voltage V.. Since there are no capacitances in the circuit, the output impedance is
simply an output resistance, which is defined as

Vi

R, = -~ 4.34
I (4.34)

Writing a KCL equation at the output source terminal produces

Vi Vi
Ix + gm Vgx =+ — (4°35)
R S o
Since there is no current in the input portion of the circuit, we see that Vo, = —V,.

Therefore, Equation (4.35) becomes

1 1
[x - V.x (gm + —+ _> (4-36(3))
Ry I'o
or
GO (4.36(b))
V).‘ B Ro — 8 RS I'o )

The output resistance is then

R, = i||Rs||l‘o (4.37)
m
From Figure 4.30, we see that the voltage V,, is directly across the current
source g, V. This means that the effective resistance of the device is 1/g,,. The out-
put resistance given by Equation (4.37) can therefore be written directly. This result
also means that the resistance looking into the source terminal (ignoring 7,) is 1/g,,
as previously noted.

EXAMPLE 4.9 T ————

Objective: Calculate the output resistance of a source-follower circuit.
Consider the circuit shown in Figure 4.26 with circuit and transistor parameters
given in Example 4.7.
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Solution: The results of Example 4.7 are: Rg =0.75 k2, r, = 12.5 kQ, and
gm = 11.3 mA/V. Using Figure 4.30 and Equation (4.37), we find

1 1
Ry = —IIRslro = mll()~75||12-5

m

or

R, =0.0787kQ2 = 78.7Q2

Comment: The output resistance of a source-follower circuit is dominated by the
transconductance parameter. Also, because the output resistance is very low,
the source follower tends to act like an ideal voltage source, which means that the
output can drive another circuit without significant loading effects.

[ — EXERCISE PROBLEM

Ex 4.9: Consider the circuit shown in Figure 4.28 with circuit parameters
VDD =3 V, RS =5 kQ, R1 =70.7 kQ, R2 =93 kQ, and Rgi =500 Q2. The
transistor parameters are: Vrp = —0.8V, K, = 0.4 mA/V 2 and A = 0. Calculate
the small-signal voltage gain A, = v, /v; and the output resistance R, seen look-
ing back into the circuit. (Ans. A, = 0.817, R, = 0.915 k)

Test Your Understanding

TYU 4.8 For an NMOS source-follower circuit, the parameters are g, =4 mA/V
and r, = 50 k. (a) Find the no load (Rs = co) small-signal voltage gain and the
output resistance. (b) Determine the small-signal voltage gain when a 4 k2 load is
connected to the output. (Ans. (a) A, = 0.995, R, = 0.25k<2; (b) A, = 0.937)

TYU 4.9 The transistor in the source-follower circuit shown in Figure 4.31 is biased
with a constant current source. The transistor parameters are: Vpy =2 V,
k;, =40 MA/VZ, and A = 0.01 V~!. The load resistor is R; = 4 kQ. (a) Design the
transistor width-to-length ratio such that g,, =2 mA/V when I = 0.8 mA. What is
the corresponding value for Vi5? (b) Determine the small-signal voltage gain and the
output resistance R,. (Ans. (a) W/L =62.5, Vs =28 V; (b) A, =0.886,

R, = 0.5kQ)
+9V
R
CC };
v; RG = | Vo
100 kQ
9V B

Figure 4.31 Figure for Exercise TYU 4.9
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45  THE COMMON-GATE CONFIGURATION

Objective: ® Analyze the common-gate amplifier and become
familiar with the general characteristics of this circuit.

The third amplifier configuration is the common-gate circuit. To determine the
small-signal voltage and current gains, and the input and output impedances, we will
use the same small-signal equivalent circuit for the transistor that was used previ-
ously. The dc analysis of the common-gate circuit is the same as that of previous
MOSFET circuits.

4.5.1 Small-Signal Voltage and Current Gains

In the common-gate configuration, the input signal is applied to the source terminal
and the gate is at signal ground. The common-gate configuration shown in
Figure 4.32 is biased with a constant-current source /. The gate resistor R prevents
the buildup of static charge on the gate terminal, and the capacitor C ensures that the
gate is at signal ground. The coupling capacitor C¢; couples the signal to the source,
and coupling capacitor C¢, couples the output voltage to load resistance R;.

R
\
Ry  Cal | Cea
[ Il
I Il °© Yo
- ! _T_I.
li
v; 1) Rp Ry,
= Rg —= Cg L

Figure 4.32 Common-gate circuit

8m Vg: | R

4— } o) V{,
|
Rp 1, l Ry

|||—o+o° |

Figure 4.33 Small-signal equivalent circuit of common-gate amplifier

The small-signal equivalent circuit is shown in Figure 4.33. The small-signal
transistor resistance r, is assumed to be infinite. Since the source is the input termi-
nal, the small-signal equivalent circuit shown in Figure 4.33 may appear to be
different from those considered previously. However, to sketch the equivalent circuit,
we can use the same technique as used previously. Sketch in the three terminals of the
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transistor with the source at the input for this case. Then draw in the transistor equiv-
alent circuit between the three terminals and then sketch in the remaining circuit el-
ements around the transistor.

The output voltage is

Vo = _(gmvg's)(RD”RL) (4-38)

Writing the KVL equation around the input, we find

Vi=1IiRgsi — Vg (4.39)
where I; = —g,,V,,. The gate-to-source voltage can then be written as
—V
Vo = ————— (4.40)
’ 1 + ngSi

The small-signal voltage gain is found to be

A, = Yo _ sn(RollRL) 41)
Vi L+ gnRs;
Also, since the voltage gain is positive, the output and input signals are in phase.
In many cases, the signal input to a common-gate circuit is a current. Figure 4.34
shows the small-signal equivalent common-gate circuit with a Norton equivalent
circuit as the signal source. We can calculate a current gain. The output current /, can

be written

I, = Rp (—gmVes) (4.42)
o — RD +RL 8mVgs o
At the input we have
Vs
Ii + gm Vgs + £ = 0 (4.43)
Rsi
or
R,
Vg's = -1 (7> (4.44)
) 1 + 8m RSi
The small-signal current gain is then
[0 R 7mRA i
A,-::( D )(é s ) (4.45)
I; Rp + Ry 1+ gmRsi

We may note that if Rp > R, and g, Rs; > 1, then the current gain is essentially
unity.

8mVys

-

I; (f) Ryi Ves Rp % 101 Ry,

|||—<

Flgure 4.34 Small-signal equivalent circuit of common-gate amplifier with a Norton
equivalent signal source
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452 Input and Output Impedance

In contrast to the common-source and source-follower amplifiers, the common-gate
circuit has a low input resistance because of the transistor. However, if the input
signal is a current, a low input resistance is an advantage. The input resistance is
defined, using Figure 4.33, as

—V,
R, = 8 (4.46)
I;
Since I; = —gmn Vs, the input resistance is
1
Ri = — (4.47)
g}']l

This result has been obtained previously.

We can find the output resistance by setting the input signal voltage equal to
zero. From Figure 4.33, we see that Vs = —g,, Vs Rg;, which means that V,, = 0.
Consequently, g, V,; = 0. The output resistance, looking back from the load resis-
tance, is therefore

R, =Rp (4.48)

EXAMPLE 4.10 B ]

Objective: For the common-gate circuit, determine the output voltage for a given
input current.

For the circuits shown in Figures 4.32 and 4.34, the circuit parameters are:
Ip=1mA, VT =5V, V- =—-5V,R; = 100k, Rp =4k, and R, = 10 kQ.
The transistor parameters are: Vyy =1V, K, = 1 mA/V 2, and A = 0. Assume the
input current in Figure 4.34 is 100 sin wf A and assume Rg; = 50 k2.

Solution: The quiescent gate-to-source voltage is determined from
Io =1Ipo = K,(VGso — Vin)*
or
1=1(Vgsg —1)°
which yields
Veso =2V
The small-signal transconductance is
gm =2K,(Vosg — Vrn) =2(1)(2 — 1) =2mA/V

From Equation (4.45), we can write the output current as

b =1A< RD ) ( ngSi )
" "\Rp+R, I+ gmRsi

The output voltage is V, = I,R; , so we find

v _[A< RLRp )( gmRsi )
" "\Rp+RL 1+ gmRsi




Chapter 4 Basic FET Amplifiers 237

[(10)(4)] . |: @69 i| -(0.1) sin wt
4+ 10 14+ (2)(50)

or

V, = 0.283 sin wt V

Comment: The MOSFET common-gate amplifier is useful if the input signal is a
current.

-!l EXERCISE PROBLEM

Ex 4.10: Consider the circuit shown in Figure 4.35 with circuit parameters
V=5V, V- =-5V,Rs =4kQ, Rp =2kQ, R, =4 kQ and Rz = 50 k.
The transistor parameters are: K, = 1 mA/V2, Vyp = —0.8 V, and A = 0. Draw
the small-signal equivalent circuit, determine the small-signal voltage gain A, =
V,/ Vi, and find the input resistance R;. (Ans. A, = 2.41, R; = 0.485 kQ2)

R;
—

|
Cer | Cea
|
\

Flgure 4.35 Figure for Exercise Ex 4.10

Test Your Understanding

TYU 4.10 For the circuit shown in Figure 4.32, the circuit parameters are: V™ = 5V,
V= =-5V,Rs =100k, R;, =4k, and Ip = 0.5 mA. The transistor parame-
ters are Vyy = 1 V and A = 0. The circuit is driven by a signal current source /;.
Redesign Rp and g, such that the transfer function V,/I; is 2.4 kQ2 and the input
resistance is R; = 350 Q. Determine Vs and show that the transistor is biased in
the saturation region. (Ans. g, = 2.86 mA/V, Rp = 6 kQ, Vgsp = 1.35V)

7146  THE THREE BASIC
AMPLIFIER CONFIGURATIONS:
SUMMARY AND COMPARISON

Objective: ¢ Compare the general characteristics of the three basic
amplifier configurations.
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Table 4.2 Characteristics of the three MOSFET amplifier
configurations
Voltage  Current  Input Output
Configuration gain gain resistance resistance
Common source A, > 1 — Rry Moderate to high
Source follower A, =1 — Ry Low
Common gate Ay, >1 A =1 Low Moderate to high

Table 4.2 is a summary of the small-signal characteristics of the three amplifier
configurations.

The common-source amplifier voltage gain magnitude is generally greater than 1.
The voltage gain of the source follower is slightly less than 1, and that of the
common-gate circuit is generally greater than 1.

The input resistance looking directly into the gate of the common-source and
source-follower circuits is essentially infinite at low to moderate signal frequencies.
However, the input resistance of these discrete amplifiers is the Thevenin equivalent
resistance Ryy of the bias resistors. In contrast, the input resistance to the common-
gate circuit is generally in the range of only a few hundred ohms.

The output resistance of the source follower is generally in the range of a few
hundred ohms or less. The output resistance of the common-source and common-
gate configurations is dominated by the resistance Rp. In Chapters 10 and 11, we will
see that the output resistance of these configurations is dominated by the resistance
r, when transistors are used as load devices in ICs.

The specific characteristics of these single-stage amplifiers are used in the
design of multistage amplifiers.

)70 47  SINGLE-STAGE INTEGRATED

CIRCUIT MOSFET AMPLIFIERS

Objective: ® Analyze all-MOS transistor circuits that become the
foundation of integrated circuits.

In the last chapter, we considered three all-MOSFET inverters and plotted the voltage
transfer characteristics. All three inverters use an n-channel enhancement-mode driver
transistor. The three types of load devices are an n-channel enhancement-mode
device, an n-channel depletion-mode device, and a p-channel enhancement-mode de-
vice. The MOS transistor used as a load device is referred to as an active load. We
mentioned that these three circuits can be used as amplifiers.

In this section, we revisit these three circuits and consider their amplifier char-
acteristics. We will emphasize the small-signal equivalent circuits. This section
serves as an introduction to more advanced MOS integrated circuit amplifier designs
considered in Part 2 of the text.



Chapter 4 Basic FET Amplifiers

471 Load Line Revisited

In dealing with all-transistor circuits, it will be instructive to consider the equivalent
load lines that we have considered previously in circuits with resistive loads. Before
we deal with the nonlinear load lines or load curves, it may be worthwhile to revisit
the load line concept of a single transistor with a resistive load.

Figure 4.36 shows a single MOSFET with a resistive load. The current—voltage
characteristic of the resistive load device is given by Ohm’s law, or Vg = Ip Rp. This
curve is plotted in the top portion of Figure 4.37. The load line is given by the KVL
equation around the drain-source loop, or Vps = Vpp — IpRp, and is superimposed
on the transistor characteristics in the lower portion of Figure 4.37. We may note that
the last term in the load line equation, /p Rp, is the voltage across the load device.

~

//
Ip ~
PN

AN

~

Vesa
Load line )\\

0 Vop  Vbs

Figure 4.37 The [-V curve for the resistor load device (top) and the load line superimposed
on the transistor characteristics (bottom)

We may compare two points on the load device characteristic to the load line.
When Ip =0, Vi = 0 on the load characteristic curve denoted by point A. On the
load line, the Ip = 0 point corresponds to Vps = Vpp, denoted by the point A’. The
maximum current on the load characteristic curve occurs when Vg = Vpp and is
denoted by point B. On the load line, the maximum current point corresponds to
Vps = 0, denoted by point B’. The load line can be created by taking the mirror
image of the load characteristic curve and superimposing this curve on the plot of
transistor characteristics. We will see this same effect in the following sections.

4.7.2 NMOS Amplifiers with Enhancement Load

The characteristics of an n-channel enhancement load device were presented in the last
chapter. Figure 4.38(a) shows an NMOS enhancement load transistor, and Fig-
ure 4.38(b) shows the current—voltage characteristics. The threshold voltage is V.

Figure 4.36 Single
MOSEFET circuit with
resistive load
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Vps (sat) = Vs = Viwr,/
/
li T .
/ ransistor
, characteristics
ip(max) |- ——————————,
o
+
|
| Ups
’
- 7’
l ’/
Vv UDD Ups
(a) (b)

Figure 4.38 (a) NMOS enhancement-mode transistor with gate and drain connected in a
load device configuration and (b) current—voltage characteristics of NMOS enhancement
load transistor

Figure 4.39(a) shows an NMOS amplifier with enhancement load. The driver
transistor is Mp and the load transistor is M;. The characteristics of transistor Mp and
the load curve are shown in Figure 4.39(b). The load curve is essentially the mirror
image of the i—v characteristic of the load device, as we discussed in the last section.
Since the i—v characteristics of the load device are nonlinear, the load curve is also
nonlinear. The load curve intersects the voltage axis at Vpp — Vryr, which is the
point where the current in the enhancement load device goes to zero. The transition
point is also shown on the curve.

The voltage transfer characteristic is also useful in visualizing the operation of
the amplifier. This curve is shown in Figure 4.39(c). When the enhancement-mode
driver first begins to conduct, it is biased in the saturation region. For use as an
amplifier, the circuit Q-point should be in this region, as shown in both Fig-
ures 4.39(b) and (c).

We can now apply the small-signal equivalent circuits to find the voltage gain. In
the discussion of the source follower, we found that the equivalent resistance looking
into the source terminal (with Rg = oo0) was R, = (1/g,)||r,. The small-signal
equivalent circuit of the inverter is given in Figure 4.40, where the subscripts D and
L refer to the driver and load transistors, respectively. We are again neglecting the
body effect of the load transistor.

The small-signal voltage gain is then

1

Vo )
Ay = — = —gup|Top
8mL

Vi
Since, generally, 1/g,. <r,. and 1/g,p < r1,p, the voltage gain, to a good
approximation is given by

Av _ —8mD _ KnD _ M (4.50)
8mL KnL (W/L)L

The voltage gain, then, is related to the size of the two transistors.

oL > (4.49)
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— + Q-point
" Mp vpsp —~
Vs —> - Load curve
! VGsD
+ _— !
Ves = =
- ‘ Vpp  Vpsp=Yvo
= = Vi,
(a) (b)
Yo
| Mp Mp in Mpin )
cutoff saturation nonsaturation
Voo = Viwe ~—— Cutoff point
7777777777 \
I
I
I
I
I
I
} L Transition point
I
I I
I I
I I
1 | 1
0 Vinp VGsD

()

Figure 4.39 (a) NMOS amplifier with enhancement load device; (b) driver transistor

characteristics and enhancement load curve with transition point; and (c) voltage transfer
characteristics of NMOS amplifier with enhancement load device
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Figure 4.40 Small-signal equivalent circuit of NMOS inverter with enhancement load
device
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DESIGN EXAMPLE 4.11 T ——

Objective: Design an NMOS amplifier with an enhancement load to meet a set of
specifications.

Specifications: An NMOS amplifier with the configuration shown in Figure
4.39(a) is to be designed to provide a small-signal voltage gain of |A,| = 10. The
Q-point is to be in the center of the saturation region. The circuit is to be biased at
Vop=5V.

Choices: NMOS transistors with parameters Vyy = 1 V, k, = 60 nA/V 2 andA =0
are available. The minimum width-to-length ratio is (W /L)min = 1. Tolerances of
=£5 percent in the &/, and Vyy parameters must be considered.

Solution (ac design): From Equation (4.50), we have
W/L
|A,] = 10 = W/L)p
(W/L)L

which can be written as

14
(7),= (%)
L D L L
If we set (W/L),, = 1, then (W/L)p = 100.

Solution (dc design): Setting the currents in the two transistors equal to each other
(both transistors biased in saturation region), we have

ipp = Kup(vgsp — Vinp)? = ipr = Kur (vosL — Vrae)?
From Figure 4.39(a), we see that vgs;, = Vpp — vo. Substituting, we have
Kup(esp — Vrnp)* = Ku (Vpp — vo — Vrye)?

Solving for vy, we have

KnD
vo = (Vpp — Vrnr) — X (vgsp — Vrnp)
nL

At the transition point,

vo; = Upsp(sat) = vgsp: — Vrap

where vggp, i the gate-to-source voltage of the driver at the transition point. Then

nD
(vgspr — Vrap)
KnL

vgspr — Vrnp = Vpp — Vrwr) —

Solving for vgsp;, we obtain

KnD
Vop = Vrne) +Vrenp| 1+
KnL

VGSDpr =
KnD

KnL

1+

Noting that

Ko |W/Lp _
Kn (W/L)L
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we find

G-+ MA+10)
VGspr = 1410 =136V

and
Vor = Upsptr = VGSDt — VTND =136—-1=036V

Considering the transfer characteristics shown in Figure 4.41, we see that the
center of the saturation region is halfway between the cutoff point (vgsp =
Vrnp = 1 V) and the transition point (vgsqs; = 1.36 V), or

1.36 - 1.0

Veso = — +1.0=1.18V
Also
4 —0.36
Vpspo = — +0.36=2.18V

Trade-offs: Considering the tolerances in the &, parameter, we find the range in the
small-signal voltage gain to be

kip W/L)p _ [1.05

|Av|max = 7 = . (100) =10.5
K, W/Ly. V0095
k! L 0.95
|Av|min = r,lD : M = —9 . (100) =9.51
K, (W/L). 1.05
vo (V)
5 —

Cutoff point

Transition point

|
0 1.0 1.2 |14 16 vgsp (V)

Veso=118V 136V

Figure 4.41 Voltage transfer characteristics and Q-point of NMOS amplifier with
enhancement load, for Example 4.11
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The tolerances in the &/, and Vry parameters will also affect the Q-point. This analy-
sis is left as an end-of-chapter problem.

Comment: These results show that a very large difference is required in the sizes of
the two transistors to produce a gain of 10. In fact, a gain of 10 is about the largest
practical gain that can be produced by an enhancement load device. A larger small-
signal gain can be obtained by using a depletion-mode MOSFET as a load device, as
shown in the next section.

Design Pointer: The body effect of the load transistor was neglected in this analy-
sis. The body effect will actually lower the small-signal voltage gain from that deter-
mined in the example.

(T — EXERCISE PROBLEM

Ex 4.11: The bias voltage for the enhancement-load amplifier shown in Figure
4.39(a) is Vpp = 3.3 V. The transistor parameters are Vyyp = Veyr =04V,
k;, =100 wA/V?, (W/L);, =12, and A = 0. (a) Design the circuit such that
the small-signal voltage gain is |A,| = 8. (b) Determine Vgspo such that the
Q-point is in the center of the saturation region. (Ans. (a) (W/L)p = 76.8,
(b) Vgspp = 0.561 V).

47.3 NMOS Amplifier with Depletion Load

Figure 4.42(a) shows the NMOS depletion-mode transistor connected as a load device
and Figure 4.42(b) shows the current—voltage characteristics. The transition point is
also indicated. The threshold voltage V. of this device is negative, which means that
the vpg value at the transition point is positive. Also, the slope of the curve in the
saturation region is not zero; therefore, a finite resistance r, exists in this region.

Figure 4.43(a) shows an NMOS depletion load amplifier. The transistor char-
acteristics of Mp and the load curve for the circuit are shown in Figure 4.43(b). The
load curve, again, is the mirror image of the i—v characteristic of the load device.
Since the i—v characteristics of the load device are nonlinear, the load curve is also
nonlinear. The transition points for both M and M, are also indicated. Point A is the
transition point for Mp, and point B is the transition point for M;. The Q-point should
be approximately midway between the two transition points.

o ip
l ip upg(sat) = =Vyyy,
. =0
ip(max) |———————— J‘ ———————— T, vGs
+ Slopel= —
—| Vps \ P I To
Transition :
- point |
|
1
[} Ypp Ups
(a) (b)

Flgure 4.42 (a) NMOS depletion-mode transistor with gate and source connected in a load
device configuration and (b) current—voltage characteristic of NMOS depletion load transistor
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T B . vV
-point GSD
Load curve op

1 4 ip(max)

= Voo Vpsp

(a) (b)

Yo

Vop

Von—| Vrwe|

Q-point

VGSD

()

Figure 4.43 (a) NMOS amplifier with depletion load device; (b) driver transistor
characteristics and depletion load curve, with transition points between saturation and
nonsaturation regions; (c) voltage transfer characteristics

The dc voltage Vspg biases transistor M in the saturation region at the Q-point.
The signal voltage v; superimposes a time-varying gate-to-source voltage on the dc
value, and the bias point moves along the load curve about the Q-point. Again, both
Mp and M} must be biased in their saturation regions at all times.

The voltage transfer characteristic of this circuit is shown in Figure 4.43(c).
Region III corresponds to the condition in which both transistors are biased in the
saturation region. The desired Q-point is indicated.

We can again apply the small-signal equivalent circuit to find the small-signal
voltage gain. Since the gate-to-source voltage of the depletion-load device is held
at zero, the equivalent resistance looking into the source terminal is R, =r,.
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o——o oV,
+ +
Vi Vs ¥ § ToD § oL
ngVgs )
S _
« -~ J -
Mp My,

Figure 4.44 Small-signal equivalent circuit of NMOS inverter with depletion load device

The small-signal equivalent circuit of the inverter is given in Figure 4.44, where
the subscripts D and L refer to the driver and load transistors, respectively. We are
again neglecting the body effect of the load device.
The small-signal voltage gain is then
Vo
Ay =— = 7ng(raD||rr)L) (4°51)
Vi
In this circuit, the voltage gain is directly proportional to the output resistances of the
two transistors.

EXAMPLE 4.12 T ———

Objective: Determine the small-signal voltage gain of the NMOS amplifier with
depletion load.

For the circuit shown in Figure 4.43(a), assume transistor parameters of
Vrnp =408V, Vry, = —1.5V, K,p = 1 mA/V?, K, = 0.2 mA/V?, and Ap =
Az = 0.01 V™. Assume the transistors are biased at Ipp = 0.2 mA.

Solution: The transconductance of the driver is

gmp = 2/Kuplpg = 2¢/(1)(0.2) = 0.894 mA/V

Since Ap = A, the output resistances are

1 1

= = 500k
Apo  (0.01)(0.2)

oD =ToL =

The small-signal voltage gain is then

Ay = —gup(ropllrer) = —(0.894)(500(500) = —224

Comment: The voltage gain of the NMOS amplifier with depletion load is, in
general, significantly larger than that with the enhancement load device. The body
effect will lower the ideal gain factor.

Discussion: One aspect of this circuit design that we have not emphasized is the
dc biasing. We mentioned that both transistors need to be biased in their saturation
regions. From Figure 4.43(a), this dc biasing is accomplished with the dc source
Vespo. However, because of the steep slope of the transfer characteristics (Fig-
ure 4.43(c)), applying the “correct” voltage becomes difficult. As we will see in the
next section, dc biasing is generally accomplished with current source biasing.
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! ,! i ,I“ EXERCISE PROBLEM

Ex 4.12: Assume the depletion-load amplifier in Figure 4.43(a) is biased at
Ipp =0.1mA. The transistor parameters are K,p = 250 uA/N?, K, =
25 /LA/VZ, Veinp =04V, Vrye = —0.8V,and Ay = X, = 0.02 V~!L. Determine
the small-signal voltage gain. (Ans. A, = —79.1)

4.7.4 NMOS Amplifier with Active Loads

CMOS Common-Source Amplifier
An amplifier using an n-channel enhancement-mode driver and a p-channel
enhancement mode active load is shown in Figure 4.45(a) in a common-source
configuration. The p-channel active load transistor M, is biased from M3 and Igjqs.
This configuration is similar to the MOSFET current source shown in Figure 3.49 in
Chapter 3. With both n- and p-channel transistors in the same circuit, this circuit is
now referred to as a CMOS amplifier. The CMOS configuration is used almost
exclusively rather than the NMOS enhancement load or depletion load devices.

The i—v characteristic curve for M, is shown in Figure 4.45(b). The source-to-
gate voltage is a constant and is established by M3. The driver transistor characteris-
tics and the load curve are shown in Figure 4.45(c). The transition points of both M;

VDD

Yo
=i = =i VDD
(a) } 5
i
-point
Gpomt —e < (-point
A
I
B Load L
"~ curve h
|
|
Upsi Vbp vy
(c) (d)

Figure 4.45 (a) CMOS common-source amplifier; (b) PMOS active load i—v characteristic,
(c) driver transistor characteristics with load curve, (d) voltage transfer characteristics
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+ +
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gmnvgs
; _
C ~ J | —
M, M,

Figure 4.46 Small-signal equivalent circuit of the CMOS common-source amplifier

and M, are shown. Point A is the transition point for M and point B is the transition
point for M,. The Q-point, to establish an amplifier, should be approximately
halfway between points A and B, so that both transistors are biased in their saturation
regions. The voltage transfer characteristics are shown in Figure 4.45(d). Shown on
the curve are the same transition points A and B and the desired Q-point.

We again apply the small-signal equivalent circuits to find the small-signal volt-
age gain. With vgg; held constant, the equivalent resistance looking into the drain of
M3 s just R, = rop. The small-signal equivalent circuit of the inverter is then as given
in Figure 4.46. The subscripts n and p refer to the n-channel and p-channel transis-
tors, respectively. We may note that the body terminal of M; will be tied to ground,
which is the same as the source of M|, and the body terminal of M, will be tied to
Vpp, which is the same as the source of M,. Hence, there is no body effect in this
circuit.

The small-signal voltage gain is

o

V,
Ay = v = _gmn(ron“rop) (4°52)

Again for this circuit, the small-signal voltage gain is directly proportional to the
output resistances of the two transistors.

EXAMPLE 4.13 T ———

Objective: Determine the small-signal voltage gain of the CMOS amplifier.

For the circuit shown in Figure 4.45(a), assume transistor parameters of
Vin =408 V, Vrp = —0.8 V, k;, = 80 uA/V?, k), = 40 uA/V?, (W/L), = 15,
(W/L), =30,and A, = A, = 0.01 V~!. Also, assume Igjs = 0.2 mA.

Solution: The transconductance of the NMOS driver is

k! w
8mn = 2\/ K,Ipg = 2\/(3/1) (f) Igias
n

= 2\/(?) (15)(0.2) = 0.693 mA/V

Since A, = X,, the output resistances are

1 1

- = 500k
Mpo  (0.01)(0.2)

TFon = T'op =
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The small-signal voltage gain is then

Ay = —gn(Fonllrop) = —(0.693)(500]|500) = —173

Comment: The voltage gain of the CMOS amplifier is on the same order of magni-
tude as the NMOS amplifier with depletion load. However, the CMOS amplifier does
not suffer from the body effect.

Discussion: In the circuit configuration shown in Figure 4.45(a), we must again
apply a dc voltage to the gate of M| to achieve the “proper” Q-point. We will show in
later chapters using more sophisticated circuits how the Q-point is more easily
established with current-source biasing. However, this circuit demonstrates the basic
principles of the CMOS common-source amplifier.

T — EXERCISE PROBLEM

Ex 4.13: For the circuit shown in Figure 4.45(a), assume transistor para-
meters of Vry =405V, Vrp = —0.5V, k, = 80 uA/V2, ki, = 40 wA/V?, and
Ap = A, =0.015 V1. Assume Igj;s = 0.1 mA. Assume M, and M5 are matched.
Find the width-to-length ratio of M such that the small-signal voltage gain is
A, = —250. (Ans. (W/L), = 35.2)

CMOS Source-Follower Amplifier
The same basic CMOS circuit configuration can be used to form a CMOS source-
follower amplifier. Figure 4.47(a) shows a source-follower circuit. We see that for
this source-follower circuit, the active load, which is M», is an n-channel rather than
a p-channel device. The input signal is applied to the gate of M and the output is at
the source of M.

The small-signal equivalent circuit of this source-follower is shown in
Figure 4.47(b). This circuit, with two signal grounds, is redrawn as shown in
Figure 4.47(c) to combine the signal grounds.

EXAMPLE 4.14 T ——————

Objective: Determine the small-signal voltage gain and output resistance of the
source-follower amplifier shown in Figure 4.47(a).

Assume the reference bias current is /Ipj,s = 0.20 mA and the bias voltage is
Vpp = 3.3 V. Assume that all transistors are matched (identical) with parameters
Vry =04V, K, =0.20mA/V?, and > = 0.01 V71,

We may note that since M3 and M, are matched transistors and have the same
gate-to-source voltages, the drain current in My is Ip; = Ijss = 0.2 mA.

Solution (voltage gain): From Figure 4.47(c), we find the small-signal output volt-
age to be

Vo = &gmi Vgs (rol ||r02)
A KVL equation around the outside loop produces
Vi= Vgs +V, = Vgs + gmlvgs(rol lro2)
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Figure 4.47 (a) All NMOS source-follower circuit, (b) small-signal equivalent circuit,
(c) reconfiguration of small-signal equivalent circuit, and (d) small-signal equivalent

circuit for determining the output resistance

or
Vi

Vs =
I+ gml(rol ||r02)
Substituting this equation for V, into the output voltage expression, we obtain the

small-signal voltage gain as
A = E _ gml(rol ”702)

’ Vi 1T+ gmi1(rotllren)
The small-signal equivalent circuit parameters are determined to be

gm = 2V K, Ip, = 2/(0.20)(0.20) = 0.40 mA/V

and
1 1
=— =———=500kQ
Mp (0.01)(0.20)

ol = T2
The small-signal voltage gain is then

_(0.40)(500]500)
~ 1+ (0.40)(500]/500)

v
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or

A, =0.990

Solution (output resistance): The output resistance can be determined from the
equivalent circuit shown in Figure 4.47(d). The independent source V; is set equal to
zero and a test voltage V, is applied to the output.

Summing currents at the output node, we find

Vy Vy
I, +gmlvgs =—+ —
T2 To1

From the circuit, we see that Vo, = —V,. We then have
1 1
Ixzvx 1+ — + —
T'o2 Tol

The output resistance is then given as

Ro = 5 = ||}"02|| I'o1

Ix 8ml

We find

1
R, = —— [500]| 500
0.40

or
R, = 2.48kQ2

Comment: A voltage gain of A, = 0.99 is typical of a source-follower circuit. An
output resistance of R, = 2.48 kQ is relatively small for a MOSFET circuit and is
also a characteristic of a source-follower circuit.

P — EXERCISE PROBLEM

Ex 4.14: The transconductance g, of the transistor in the circuit of Figure 4.47
is to be changed by changing the bias current such that the output resistance of
the circuit is R, = 2 k2. Assume all other parameters are as given in Exam-
ple 4.14. (a) What are the required values of g,, and Ig;,s? (b) Using the results
of part (a), what is the small-signal voltage gain? (Ans. (a) Ip = 0.3125 mA;
(b) A, =0.988)

R — COMPUTER ANALYSIS EXERCISE

PS 4.1: Using a PSpice analysis, investigate the small-signal voltage gain and
output resistance of the source-follower circuit shown in Figure 4.47 taking into
account the body effect.

CMOS Common-Gate Amplifier

Figure 4.48(a) shows a common-gate circuit. We see that in this common-gate
circuit, the active load is the PMOS device M,. The input signal is applied to the
source of M and the output is at the drain of M.
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Figure 4.48 (a) CMOS common-gate amplifier, (b) small-signal equivalent circuit, and
(c) small-signal equivalent circuit for determining the output resistance

The small-signal equivalent circuit of the common-gate circuit is shown in
Figure 4.48(b).

EXAMPLE 4.15 A‘I, S v !, ’

Objective: Determine the small-signal voltage gain and output resistance of the
common-gate circuit shown in Figure 4.48(a).

Assume the reference bias current is Ipj,s = 0.20 mA and the bias voltage is
Vpp = 3.3 V. Assume that the transistor parameters are Vyy = 404 V, Vrp =
—0.4V, K, =0.20 mA/V?, K, =020 mA/V2 and A, = Ap =0.01 v-L

We may note that, since M, and M 3 are matched transistors and have the same
source-to-gate voltage, the bias current in M is Ip; = Ipijs = 0.20 mA.

Solution (voltage gain): From Figure 4.48(b), we can sum currents at the output
node and obtain

Vo Vo_ _VS
— 4 g1 Vs + M -0

T'o2 Tol

1 1 1
Vo — + — +Vgs gm1+_ =0
T2 Tol To1

or
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From the circuit, we see that V,; = —V;. We then find the small-signal voltage gain
to be

1
gm1+r_
A =N Tol/
(o)
— 4 —
T2 Tol

We find the small-signal equivalent circuit parameters to be

gm = 2V K, Ipy = 2/(0.20)(0.20) = 0.40 mA/V

and
1 1
Fol =Tp2 = = =500k
Mp (0.01)(0.20)
‘We then find
0.40 + !
A — ’ 500
v 1 n 1
500 500
or
A, =101

Solution (output resistance): The output resistance can be found from Figure 4.48(c).
Summing currents at the output node, we find
V. Ve — (—Vgs
I, = ‘_ +gmlvgs + #

) To1

X

However, Vy; = 0 so that g,,1 Vs = 0. We then find

v,
R, = — =ry1llroo = 500(|500
I,

or

R, =250k

Comment: A voltage gain of A, = +101 is typical of a common-gate amplifier. The
output signal is in phase with respect to the input signal and the gain is relatively
large. Also, a large output resistance of R, = 250 k<2 is typical of a common-gate
amplifier in that the circuit acts like a current source.

! ., v I,_ EXERCISE PROBLEM

Ex 4.15: The transconductance g, of the transistor in the circuit of Figure 4.48 is
to be changed by changing the bias current such that the small-signal voltage gain
is A, = 120. Assume all other parameters are as given in Example 4.15. (a) What
are the required values of g,, and Ig;,5? (b) Using the results of part (a), what is the
output resistance? (Ans. (a) Ip = 0.14 mA, g,, = 0.335 mA/V; (b) R, = 357 k2)
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T — COMPUTER ANALYSIS EXERCISE

PS 4.2: Using a PSpice analysis, investigate the small-signal voltage gain and
output resistance of the common-gate amplifier shown in Figure 4.48 taking into
account the body effect.

Test Your Understanding

TYU 4.11 For the enhancement load amplifier shown in Figure 4.39(a), the parame-
ters are: Vyyp = Vrye = 0.8V, k), = 40 wWA/N?, (W/L)p =80, (W/L); =1, and
Vpp =5 V. Determine the small-signal voltage gain. Determine Vg such that the
Q-point is in the middle of the saturation region. (Ans. A, = —8.94, V55 = 1.01 V)

F 4.8 MULTISTAGE AMPLIFIERS

Objective: ¢ Analyze multitransistor or multistage amplifiers and
understand the advantages of these circuits over single-transistor
amplifiers.

In most applications, a single-transistor amplifier will not be able to meet the
combined specifications of a given amplification factor, input resistance, and output
resistance. For example, the required voltage gain may exceed that which can be
obtained in a single-transistor circuit. We will consider, here, the ac analysis of the
two multitransistor circuits investigated in Chapter 3.

4.8.1 Multistage Amplifier: Cascade Circuit

The circuit shown in Figure 4.49 is a cascade of a common-source amplifier followed by
a source-follower amplifier. As shown previously, the common-source amplifier

Vt=5V

R
—_—

Rg; = |
4ka Co
|

Figure 4.49 Common-source amplifier in cascade with source follower
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provides a small-signal voltage gain and the source follower has a low output impedance
and provides the required output current. The resistor values are those determined in
Section 3.5.1 of the previous chapter.

The midband small-signal voltage gain of the multistage amplifier is determined
by assuming that all external coupling capacitors act as short circuits and inserting
the small-signal equivalent circuits for the transistors.

EXAMPLE 4.16 ,‘I, i ”_ I

Objective: Determine the small-signal voltage gain of a multistage cascade circuit.

Consider the circuit shown in Figure 4.49. The transistor parameters are
K, =05mA/V2, Kpp =02mA/V?, Veyr = Vena = 1.2V, and Ay = A, = 0. The
quiescent drain currents are /p; = 0.2 mA and Ip; = 0.5 mA.

Solution: The small-signal equivalent circuit is shown in Figure 4.50. The small-
signal transconductance parameters are

gm1 =2y KnuiIp) = 2,/(0.5)(0.2) = 0.632 mA/V

and

gm2 = 2y Kalps = 2,/(0.2)(0.5) = 0.632 mA/V
The output voltage is
Vo = gm2Vgs2(Rs2||RL)
Also,
Ves2 + Vo = —gm1Ves1 Rp1

where

R;
Vgsl = (7) : Vt
R; + Ry;

Then

R;
Voo = —gm1 R — ) Vi=V
2s2 8mi D1<Ri+RSi> o

Therefore

R4
V, = gm2|:_gm1RDl (R,—i-—le,> -Vi— V0:| (Rs2lIRL)

—
RSz }
I

o o+ -

+ Vgxz
Vi Rill Ry Vg Rp,

# gmlvgsl

Figure 4.50 Small-signal equivalent circuit of NMOS cascade circuit
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The small-signal voltage gain is then

Vo _ —8migmRpi(Rss|[RL) ( R; )

A = — =
YW 1+ gm2(Rs2l|RL) R; + Rs;

or

A ~ —(0.632)(0.632)(16.1)(8]|4) 100 P
v 1+ (0.632)(814) ‘\1wo+4) "

Comment: Since the small-signal voltage gain of the source follower is slightly
less than 1, the overall gain is due essentially to the common-source input stage.
Also, as shown previously, the output resistance of the source follower is small,
which is desirable in many applications.

(R — EXERCISE PROBLEM

Ex 4.16: For the cascade circuit shown in Figure 4.49, the transistor and circuit
parameters are given in Example 4.16. Calculate the small-signal output resis-
tance R,. (The small-signal equivalent circuit is shown in Figure 4.50.) (Ans.
R, = 1.32kQ)

4.8.2 Multistage Amplifier: Cascode Circuit

Figure 4.51 shows a cascode circuit with n-channel MOSFETs. Transistor M is
connected in a common-source configuration and M, is connected in a common-gate
configuration. The advantage of this type of circuit is a higher frequency response,
which will be discussed in Chapter 7. The resistor values are those determined in
Section 3.5.2 of the previous chapter.

We will consider additional multistage and multitransistor circuits in Chapters 11
and 13.

vt=5V

Figure 4.51 NMOS cascode circuit
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EXAMPLE 4.17 S —

Objective: Determine the small-signal voltage gain of a cascode circuit.

Consider the cascode circuit shown in Figure 4.51. The transistor parameters are
K, =K, =08 mA/V2, Viyy = Viya =12V, and Ay = A, = 0. The quiescent
drain current is /p = 0.4 mA in each transistor. The input signal to the circuit is
assumed to be an ideal voltage source.

Solution: Since the transistors are identical and since the current in the two transis-
tors is the same, the small-signal transconductance parameters are

gmt = gm2 = 2/ K, Ip = 2/(0.8)(0.4) = 1.13 mA/V

The small-signal equivalent circuit is shown in Figure 4.52. Transistor M; supplies
the source current of M, with the signal current (g, V;). Transistor M, acts as a
current follower and passes this current on to its drain terminal. The output voltage is
therefore

Vo = —8mi VgisD

ngVgA'Z = gmlvgsl

- OVO

O
+
Vi R3llRy Vg %?gmlvgsl Rp

Figure 4.52 Small-signal equivalent circuit of NMOS cascode circuit

Since Vg5 = V;, the small-signal voltage gain is

A—V"— R
U—Vi—gmlD

or

A, = —(1.13)(2.5) = —2.83

Comment: The small-signal voltage gain is essentially the same as that of a single
common-source amplifier stage. The addition of a common-gate transistor will
increase the frequency bandwidth, as we will see in a later chapter.

!m !" EXERCISE PROBLEM

Ex 4.17: The transistor parameters of the NMOS cascode circuit in Figure 4.51
are Vi1 = Vrn2 =08V, K, = K,p = 3mA/V2, and Ay = A, = 0. (a) Deter-
mine Ipg, Vpsoi, and Vpsgp2. (b) Determine the small-signal voltage gain. (Ans.
(a) IDQ = 0471 mA, VDSQI = 2.3 V, VDSQZ =1.61 V; (b) Av = —594)
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Figure 4.53 JFET common-
source circuit with time-
varying signal source in
series with gate dc source

*Test Your Understanding

TYU 4.12 The transistor parameters of the circuit in Figure 4.49 are Vry; =
Vina =0.6V, K, = 1.5mA/V?, K,» = 2mA/V?, and A; = A, = 0. (a) Find Ipoi,
Ipg2, Vpsor, and Vpgpo. (b) Determine the small-signal voltage gain. (c) Find the
output resistance R,. (Ans. (a) Ipp1 = 0.3845mA, Ipgr =0.349mA, Vpso1 =
231V, Vpspr =7.21V; (b) A, = —=20.3; (c) R, =402 Q)

Ef 4.9 BASIC JFET AMPLIFIERS

Objective:  Develop the small-signal model of JFET devices and
analyze basic JFET amplifiers.

Like MOSFETs, JFETs can be used to amplify small time-varying signals. Initially,
we will develop the small-signal model and equivalent circuit of the JFET. We will
then use the model in the analysis of JFET amplifiers.

4.9.1 Small-Signal Equivalent Circuit

Figure 4.53 shows a JFET circuit with a time-varying signal applied to the gate. The
instantaneous gate-to-source voltage is

vgs = Vas +vi = Vs + Vg (4.53)

where vy is the small-signal gate-to-source voltage. Assuming the transistor is biased
in the saturation region, the instantaneous drain current is

2
i = 1,353(1 - ”GS) (4.54)

Vp

where Ipgs is the saturation current and Vp is the pinchoff voltage. Substituting
Equation (4.53) into (4.54), we obtain

=] 1 VGS Ugs ’ 4.55
o=t (1-52) - () e

If we expand the squared term, we have

Ves\’ Vis\ ([ Vgs Ve \
ip = 1055(1 - V—p> - 21DSS<1 — V—P> (V—i:) + IDSS<V‘—Q;> (4.56)

The first term in Equation (4.56) is the dc or quiescent drain current I, the second
term is the time-varying drain current component, which is linearly related to the signal
voltage vy, and the third term is proportional to the square of the signal voltage. As in
the case of the MOSFET, the third term produces a nonlinear distortion in the output
current. To minimize this distortion, we will usually impose the following condition:

V‘ .
<2 (1 . “) (4.57)
Ve

Vgs

P
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Equation (4.57) represents the small-signal condition that must be satisfied for JFET
amplifiers to be linear.
Neglecting the term vgs in Equation (4.56), we can write

ip=1po+ig (4.58)
where the time-varying signal current is
. 2Ipss ( VGS)
i =+ 1— 55, (4.59)
(—Vp) Ve )¢

The constant relating the small-signal drain current and small-signal gate-to-source
voltage is the transconductance g,,. We can write

iqg = 8mVgs (4.60)
where
2Ipss ( VGS)
m = + 1 I (4.61)
Sm =T e Vr

Since Vp is negative for n-channel JFETSs, the transconductance is positive. A rela-
tionship that applies to both n-channel and p-channel JFETSs is

2Ipss ( VGS)
&m = 1 — — (4.62)
Vel Vp
We can also obtain the transconductance from
0l
8m = —D (4.63)
dvgs v6s=VGso

Since the transconductance is directly proportional to the saturation current
Ipss, the transconductance is also a function of the width-to-length ratio of the
transistor.

Since we are looking into a reverse-biased pn junction, we assume that the input
gate current i, is zero, which means that the small-signal input resistance is infinite.
Equation (4.54) can be expanded to take into account the finite output resistance of a
JFET biased in the saturation region. The equation becomes

2
v
ip = IDSS(I - ﬂ) (1+ Avps) (4.64)
Vp
The small-signal output resistance is

dip \
Fo =
8UDS

Using Equation (4.64), we obtain
571
Vs
rog = )‘-IDSS 1— (4.66(3))
Vp

1
ro = [Mpol™' = v (4.66(b))

(4.65)

vGs=const.

or
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o——o

Vle &nV, T

N

Figure 4.54 Small-signal
equivalent circuit of
n-channel JFET

gs 0

The small-signal equivalent circuit of the n-channel JFET, shown in Figure 4.54,
is exactly the same as that of the n-channel MOSFET. The small-signal equivalent
circuit of the p-channel JFET is also the same as that of the p-channel MOSFET.
However, the polarity of the controlling gate-to-source voltage and the direction of
the dependent current source are reversed from those of the n-channel device.

4.9.2 Small-Signal Analysis

Since the small-signal equivalent circuit of the JFET is the same as that of the MOS-
FET, the small-signal analyses of the two types of circuits are identical. For illustra-
tion purposes, we will analyze two JFET circuits.

EXAMPLE 4.18 B ]

Objective: Determine the small-signal voltage gain of a JFET amplifier.

Consider the circuit shown in Figure 4.55 with transistor parameters Ipsg =
12 mA, Vp = —4 V, and A = 0.008 V™', Determine the small-signal voltage gain
Ay = v,/0;.

Solution: The dc quiescent gate-to-source voltage is determined from

R,
V. =|—|Vpp —IpoR
GSQ (R1+R2> DD DO Ks
where

v 2
Ipg = IDSS<1 - GSQ)
Vp

Combining these two equations produces

_ (180 N\ o _ Veso\?
Veso = <180+420>(20) (12)(2.7)<1 (_4)>

which reduces to

2.025Vsp + 17.25Ves0 +26.4 =0

Vpp=20V

I

Rp=27kQ
§ R, =420kQ

p

Cfl | R, =4kQ

v; §R2=180k§2‘% Rg=27kQ c
S

.||—|

Figure 4.55 Common-source JFET circuit with source resistor and source bypass capacitor
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The appropriate solution is

Veso = —2.0V
The quiescent drain current is
Veso \ —-2.0)\"
Ipo = Ipss <1 - GSQ) = (12) (1 - (( 4))> =3.00mA
» _

The small-signal parameters are then

o 2 (1 Vo) 200 C20)
(=Vp) Vp 4 (—4)
and
1 1
r, 41.7k2

~ Mpo  (0.008)(3.00)

The small-signal equivalent circuit is shown in Figure 4.56.
Since V,; = V;, the small-signal voltage gain is

Vo
Ay = — =—gu(lIRplIRL)
Vi
or
A, = —(3.0)(41.7)]2.7]|4) = —4.66
o oV,
+
v R IRy Ves 8nVes r, R, <R,

T

Figure 4.56 Small-signal equivalent circuit of common-source JFET, assuming bypass
capacitor acts as a short circuit

Comment: The voltage gain of JFET amplifiers is the same order of magnitude as
that of MOSFET amplifiers.

m.nl EXERCISE PROBLEM

Ex 4.18: For the JFET amplifier shown in Figure 4.55, the transistor parame-
ters are: Ipss =4 mA, Vp = =3V, and A = 0.005V~'. Let R, =4 kQ, Rs =
2.7k, and R| 4+ R, = 500 k2. Redesign the circuit such that /pp = 1.2 mA and
Vpso = 12 V. Calculate the small-signal voltage gain. (Ans. Rp = 3.97 k<,
Ry =453 kQ, R, =47kQ, A, = —2.87)

DESIGN EXAMPLE 4.19 S——

Objective: Design a JFET source-follower circuit with a specified small-signal volt-
age gain.

For the source-follower circuit shown in Figure 4.57, the transistor parameters
are: Ipgs = 12mA, Vp = —4V,and A = 0.01 V™. Determine R and Ipg such that
the small-signal voltage gain is at least A, = v,/v; = 0.90.
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+10V
nggS L
Cai
Cea
| | . o+ Vg — oV,
o
\% R Ry R
v; R =50kQ Ry R, =10kQ i G $ L
-10V . . .
Figure 4.58 Small-signal equivalent
Figure 4.57 JFET source-follower circuit circuit of JEET source-follower circuit

Solution: The small-signal equivalent circuit is shown in Figure 4.58. The output

voltage is

Vo = gmVes(RslIRL75)
Also

Vi=Ve+V,
or

Ves=Vi—=V,

Therefore, the output voltage is
Vo =8 (Vi = Vo)(RslIRLIr,)
The small-signal voltage gain becomes
Vo gu(RsIRLIr)
Vi T4 gu(RslRLIr)

As a first approximation, assume r, is sufficiently large for the effect of r, to be
neglected.
The transconductance is

g = 2Ipss (1 _ @) _ 2(12) (l _ Ves )
" (=Vp) Ve 4 (=4

If we pick a nominal transconductance value of g,, = 2 mA/V, then Vg5 = —2.67V
and the quiescent drain current is

3 Vos\® (261
IDQ = [Dsg(l — V—p> = (12)(1 — (_4) > = 1.335mA

The value of Rg is then determined from

Vs — (=10) _ 2.67+10

Rg = = =9.49kQ
Ipg 1.335
Also, the value of r, is
1 1
Ty =74.9kQ

~ lpg  (0.01)(1.335)
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The small-signal voltage gain, including the effect of r,, is

_ _&nRslRLlro)  _  (2)(O-49]10]|74.9) 0,90
T 14 gm(RslIRLIr,) 14 (2)(9.49]10174.9) —

Comment: This particular design meets the design criteria, but the solution is not
unique.

'\ T EXERCISE PROBLEM

Ex 4.19: Reconsider the source-follower circuit shown in Figure 4.57 with tran-
sistor parameters Ipss = 8 mA, Vp = —3.5V, and A = 0.01 V-1 (a) Design the
circuit such that /pp =2 mA. (b) Calculate the small-signal voltage gain if R;
approaches infinity. (c) Determine the value of R; at which the small-signal
gain is reduced by 20 percent from its value for (b). (Ans. (a) Rg = 5.88 k€2,
(b) A, =0.923, R, = 1.61 k)

In Example 4.19, we chose a value of transconductance and continued through the
design. A more detailed examination shows that both g, and Rg depend upon the drain
current /pg in such a way that the product g,,Rs is approximately a constant. This means
the small-signal voltage gain is insensitive to the initial value of the transconductance.

Test Your Understanding

TYU 4.13 Reconsider the JFET amplifier shown in Figure 4.55 with transistor para-
meters given in Example 4.18. Determine the small-signal voltage gain if a 20 k<2
resistor is in series with the signal source v;. (Ans. A, = —3.98)

*TYU 4.14 For the circuit shown in Figure 4.59, the transistor parameters are:
Ipss = 6 mA, |Vp| =2V, and A = 0. (a) Calculate the quiescent drain current and
drain-to-source voltage of each transistor. (b) Determine the overall small-signal
voltage gain A, = v,/v;. (Ans. (a) Ipg1 = 1 mA, Vspo1 =12V, Ipgr = 1.27 mA,
VDSQQ =149 V; (b) Av = —205)

Vpp=20V

| |7Q-1 T IT)
= 2 Co
v, <j> § R, =430 kQ — Yo

<

Rp =4kQ RSZ=4kQ% R, =2kQ

1

Figure 4.59 Figure for Exercise TYU 4.14
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F 410 DESIGN APPLICATION:
A TWO-STAGE AMPLIFIER

Objective: ® Design a two-stage MOSFET circuit to amplify the
output of a sensor.

Specifications: Assume the resistance R; in the voltage divider circuit in Figure 4.60
varies linearly as a function of temperature, pressure, or some other variable. The
output of the amplifier is to be zero volts when § = 0.

Design Approach: The amplifier configuration to be designed is shown in Fig-
ure 4.60. A resistor R will be chosen such that the voltage divider between R and R,
will produce a dc voltage v, that is negative. A negative gate voltage to M| then means
that the resistance Rg; does not need to be so large.

Choices: Assume NMOS and PMOS transistors are available with parameters
Vin =1V, Vrp=—1V,K, =K, =2mA/V% and 4, = A, = 0.

Solution (voltage divider analysis): The voltage v; can be written as

[ R(1+9) (1+46)(10)
Vv = = —

R(1+8)+3R}(10)_5_ 446 >

or

_ (1+6)(10)—5(4+68) —10+58

vy =
446 446

Assuming that § < 4, we then have
vy =—2.5+1.256

V- =0—5 \% l

Figure 4.60 Two-stage MOSFET amplifier for design application
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Solution (DC Design): We will choose Ip; = 0.5 mA and Ip, = 1 mA. The gate-
to-source voltages are determined to be:

0.5=2(Vgs1i — 1)> = Vgg1 = 1.5V
and
1 =2(Vsga — 1)? = Vggo = 1.707V
We find Vg1 = V; — Vg1 = —2.5 — 1.5 = —4 V. The resistor Rg; is then

_Va =V —4-—(=5)

st Ip: 0.5

Letting Vp; = 1.5V, we find the resistor Rp; to be
Vt—Vp 5-1.5

P! Ipi 0.5
We have Vg, = Vpi 4+ Vsgo = 1.5 4+ 1.707 = 3.207 V. Then
VTt -V 5—3.207
Rs» = 2 _ = 1.79kS2
Ip> 1

For Vo = 0, we find

Vo—V~ 0—(=5)
Ip, 1

= 5kQ

Rp> =

Solution (ac Analysis): The small-signal equivalent circuit is shown in Figure 4.61.
We find Vo = —g,1VesiRp1 and Vg =V;/(1 + g1 Rs1). We also find V, =
8&m2Vsg2Rps and Vo = —V5 /(1 + g2 Rs2). Combining terms, we find

o gmlgm2RD1RD2 :
(1 + gmRs)(1 4 gmaRs2) '
The ac input signal is V; = 1.256, so we have

_ (1.25)gmi1gmRp1Rp2
(14 gmRs)( + gmaRs2)

VO

V2
) o oV
+ + - ¢
Vi 8ml Vgsl Em2 ng2
_ Vst Rp1 Vsg2 Rpo
1 ‘
Rgy R,

Figure 4.61 Small-signal equivalent circuit of two-stage MOSFET amplifier for design
application
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We find that

g1 = 2K, Ip1 = 2/(2)(0.5) = 2 mA/V

and

gm2 = 2\/K,,1D2 = 2\/(2)(1) = 2.828 mA/V
We then find

. (1.25)(2)(2.828)(7)(5)
L+ @)@ + (2.828)(1.79)]

o

or

V, = 8.166

Comment: Since the low-frequency input impedance to the gate of the NMOS is
essentially infinite, there is no loading effect on the voltage divider circuit.

Design Pointer: As mentioned previously, by choosing the value of R; to be larger
than R5, the dc voltage to the gate of M is negative. A negative gate voltage implies
that the required value of Ry is reduced and can still establish the required current.
Since the drain voltage at M is positive, then by using a PMOS transistor in the
second stage, the source resistor value of Rg, is also reduced. Smaller source
resistances generate larger voltage gains.

/;E?v 411 SUMMARY

e The application of MOSFET transistors in linear amplifiers was emphasized in
this chapter. The basic process by which a transistor circuit can amplify a small
time-varying input signal was discussed.

« A small-signal equivalent circuit for the MOSFET transistor, which is used in
the analysis and design of linear amplifiers, was developed.

» The three basic amplifier configurations were considered: the common-source,
source-follower, and common-gate. These three circuits form the basic building
blocks for more complex integrated circuits.

e The common-source circuit amplifies a time-varying voltage.

e The small-signal voltage gain of a source-follower circuit is approximately
unity, but has a low output resistance.

e The common-gate circuit amplifies a time-varying voltage, and has a low input
resistance and a large output resistance.

* Analysis of n-channel circuits with enhancement-load or depletion-load devices
was performed. In addition, the analysis of CMOS circuits was carried out.
These circuits are examples of all MOSFET circuits, which are developed
throughout the remainder of the text.

e The small-signal equivalent circuit of a JFET was developed and used in the
analysis of several configurations of JFET amplifiers.

e As an application, MOS transistors were incorporated in the design of a two-
stage amplifier.
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g}v CHECKPOINT

After studying this chapter, the reader should have the ability to:

v Explain graphically the amplification process in a simple MOSFET amplifier
circuit.

v Describe the small-signal equivalent circuit of the MOSFET and to determine
the values of the small-signal parameters.

v Apply the small-signal equivalent circuit to various MOSFET amplifier circuits
to obtain the time-varying circuit characteristics.

v Characterize the small-signal voltage gain and output resistance of the common-
source, source-follower, and common-gate amplifiers.

v Describe the operation of an NMOS amplifier with either an enhancement load,
a depletion load, or a PMOS load.

v Apply the MOSFET small-signal equivalent circuit in the analysis of multistage
amplifier circuits.

v Describe the operation and analyze basic JFET amplifier circuits.

g},v REVIEW QUESTIONS

1. Discuss, using the concept of a load line, how a simple common-source circuit
can amplify a time-varying signal.

2. How does the transistor width-to-length ratio affect the small-signal voltage gain
of a common-source amplifier?

3. Discuss the physical meaning of the small-signal circuit parameter .

4. How does the body effect change the small-signal equivalent circuit of the
MOSFET?

5. Sketch a simple common-source amplifier circuit and discuss the general ac
circuit characteristics (voltage gain and output resistance).

6. Discuss the general conditions under which a common-source amplifier would
be used.

7. Why, in general, is the magnitude of the voltage gain of a common-source
amplifier relatively small?

8. What are the changes in dc and ac characteristics of a common-source amplifier
when a source resistor and a source bypass capacitor are incorporated in the
design?

9. Sketch a simple source-follower amplifier circuit and discuss the general ac
circuit characteristics (voltage gain and output resistance).

10. Sketch a simple common-gate amplifier circuit and discuss the general ac circuit
characteristics (voltage gain and output resistance).

11. Discuss the general conditions under which a source-follower or a common-gate
amplifier would be used.

12. Compare the ac circuit characteristics of the common-source, source-follower,
and common-gate circuits.

13. State the advantage of using transistors in place of resistors in MOSFET inte-
grated circuits.

14. State at least two reasons why a multistage amplifier circuit would be required in
a design compared to using a single-stage circuit.
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/57 PROBLEMS
Section 4.1 The MOSFET Amplifier

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

An NMOS transistor has parameters Vry = 0.4V, k, = 100 WA/V?, and
A =0.02V~!. (a) (i) Determine the width-to-length ratio W/L such that
gm = 0.5 mA/V at Ipp = 0.5mA when biased in the saturation region.
(ii) Calculate the required value of Vgsp. (b) Repeat part (a) for
1 DO = 0.15mA.

A PMOS transistor has parameters Vyp = —0.6'V, k;, =40 wA/V?, and
A =0.015 V™!, (a) (i) Determine the width-to-length ratio (W /L) such that
gm =12 mA/V at Ipp = 0.15mA. (i) What is the required value of
Vsco? (b) Repeat part (a) for Ipp = 0.50 mA.

An NMOS transistor is biased in the saturation region at a constant V.
The drain current is Ip =3 mA at Vpg =5V and Ip = 3.4 mA at Vpg =
10 V. Determine A and r,.

The minimum value of small-signal resistance of a PMOS transistor is to
be r, = 100 kQ. If A = 0.012 V!, calculate the maximum allowed value
of I D-

An n-channel MOSFET is biased in the saturation region at a constant V.
(a) The drain currentis Ip = 0.250mA at Vps = 1.5 Vand Ip = 0.258 mA
at Vpg = 3.3 V. Determine the value of A and r,. (b) Using the results of
part (a), determine Ip at Vpg =5 V.

The value of A for a MOSFET is 0.02V~!. (a) What is the value of r, at
(1) Ip = 50 uA and at (ii) Ip = 500 nA? (b) If Vg increases by 1V, what
is the percentage increase in /I for the conditions given in part (a)?

A MOSFET with A = 0.01 V~lis biased in the saturation region at I, =
0.5 mA. If Vs and Vpg remain constant, what are the new values of /p and
r, if the channel length L is doubled?

The parameters of the circuit in Figure 4.1 are Vpp =33V and
Rp = 5kQ. The transistor parameters are k;, = 100 WA/V?, W/L = 40,
Vey = 0.4V, and & = 0.025V~!. (a) Find Ipo and Vggp such that
Vpso = 1.5 V. (b) Determine the small-signal voltage gain.

The circuit shown in Figure 4.1 has parameters Vpp =2.5V and
Rp = 10k€. The transistor is biased at /pp = 0.12 mA. The transistor pa-
rameters are Vry = 0.3V, &k, = 100 wA/V?, and A = 0. (a) Design the
W/L ratio of the transistor such that the small-signal voltage gain is
A, = —3.8. (b) Repeat part (a) for A, = —5.0.

4.10 For the circuit shown in Figure 4.1, the transistor parameters are

*4.11

4.12

Viy =0.6V, k, = 80 uA/V?, and A = 0.015V~!. Let Vpp = 5 V. (a) De-
sign the transistor width-to-length ratio W /L and the resistance R, such that
Ipp =0.5mA, Vgsp = 1.2V, and Vpsp = 3 V. (b) Determine g, and r,.
(c) Determine the small-signal voltage gain A, = v, /v;.

In our analyses, we assumed the small-signal condition given by Equa-
tion (4.4). Now consider Equation (4.3(b)) and let vy, =V, sinwt. Show
that the ratio of the signal at frequency 2w to the signal at frequency w is
given by Vi /[4(Vgs — Vrn)]. This ratio, expressed in a percentage, is
called the second-harmonic distortion. [Hint: Use the trigonometric iden-
tity sin? 0 = % — %cos 26.]

Using the results of Problem 4.11, find the peak amplitude V,, that produces
a second-harmonic distortion of 1 percent if Vgg =3 Vand Vyy =1 V.
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Section 4.3 The Common-Source Amplifier

4.13 Consider the circuit in Figure 4.14 in the text. The circuit parameters are
Vop =3.3V, Rp =8k, Ry =240k2, R, =60k, and Rg; = 2kSQ.
The transistor parameters are Vyy = 0.4V, &/, = 100 WA/V?, W/L = 80,
and A =0.02V~'. (a) Determine the quiescent values Ipp and Vpgo.
(b) Find the small-signal parameters g,, and r,. (c) Determine the small-signal
voltage gain.

4.14 A common-source amplifier, such as shown in Figure 4.14 in the text, has
parameters r, = 100 k€2 and Rp = 5 k2. Determine the transconductance of
the transistor if the small-signal voltage gain is A, = —10. Assume Rg; = 0.

4.15 For the NMOS common-source amplifier in Figure P4.15, the transistor
parameters are: Vry = 0.8V, K, =1 mA/V2, and A = 0. The circuit para-
meters are Vpp =5V, Rg=1kQ, Rp =4kQ, R, =225k, and
R, = 175kQ. (a) Calculate the quiescent values Ipp and Vpgg. (b) Deter-
mine the small-signal voltage gain for R; = o0. (c) Determine the value of
R that will reduce the small-signal voltage gain to 75 percent of the value
found in part (b).

Vbp
Rp
Riy | % R, c2
—_— <
| F——ov
Cer ¢
=L L
L

C,
Ul- % R2 R <
N

L

Figure P4.15

4.16 The parameters of the circuit shown in Figure P4.15 are Vpp = 12V,
Rs = 0.5k, R;,, = 250kS2, and R; = 10k€2. The transistor parameters are
Ven = 1.2V, K, = 1.5mA/V2, and A = 0. (a) Design the circuit such that
Ipp =2mA and Vpgp = 5 V. (b) Determine the small-signal voltage gain.

4.17 Repeat Problem 4.15 if the source resistor is bypassed by a source capacitor
Cs.

4.18 The ac equivalent circuit of a common-source amplifier is shown in Fig-
ure P4.18. The small-signal parameters of the transistor are g,, = 2 mA/V
and r, = oo. (a) The voltage gain is found to be A, =V, /V; = —15 with
Rg = 0. What is the value of Rp? (b) A source resistor Rg is inserted.
Assuming the transistor parameters do not change, what is the value of Rg
if the voltage gain is reduced to A, = —35. Figure P4.18

4.19 Consider the ac equivalent circuit shown in Figure P4.18. Assume r, = 00
for the transistor. The small-signal voltage gain is A, = —8 for the case
when Rg = 1 k2. (a) When Ry is shorted (Rs = 0), the magnitude of the
voltage gain doubles. Assuming the small-signal transistor parameters do
not change, what are the values of g, and Rp? (b) A new value of Ry is
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4.20

Figure P4.20

4.21

4.22

*4.23

inserted into the circuit and the voltage gain becomes A, = —10. Using the
results of part (a), determine the value of Rg.

The transistor in the common-source amplifier in Figure P4.20 has parame-
ters Vry =08V, k, = 100 wA/V?, W/L =50, and 1 = 0.02 V-1, The
circuit parameters are VT =35V, V== -5V, Iop =0.5mA, and
Rp = 6kQ. (a) Determine V5o and Vpgg. (b) Find the small-signal volt-
age gain for R; = o0. (c) Repeat part (b) for R;, = 20k<. (d) Repeat part
(b) for R, = 6kS2.

vt +5V

%RD %RD
< <
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Ce i Yo ]
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Figure P4.21

The parameters of the MOSFET in the circuit shown in Figure P4.21 are
Vrn = 0.8V, K, = 0.85mA/V2, and A = 0.02 V~'. (a) Determine R and
Rp such that Ipp = 0.1mA and Vpgsp = 5.5 V. (b) Find the small-signal
transistor parameters. (c¢) Determine the small-signal voltage gain.

For the common-source amplifier in Figure P4.22, the transistor parameters
are Vry = —0.8V, K, = 2mA/V?, and A = 0. The circuit parameters are
Vpp =33V and R; =10kQ. (a) Design the circuit such that
Ipp = 0.5mA and Vpsp = 2 V. (b) Determine the small-signal voltage gain.

Vbp
Rp
Cea
UO
Ce
Ry

v; Rg=1MQ =

Rg
Figure P4.22

The transistor in the common-source circuit in Figure P4.22 has the same
parameters as given in Problem 4.22. The circuit parameters are Vpp =5V
and Rp = R; =2 kQ. (a) Find Ry for Vpspo = 2.5 V. (b) Determine the
small-signal voltage gain.
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*4.24  Consider the PMOS common-source circuit in Figure P4.24 with transistor
parameters Vrp = —2 V and A = 0, and circuit parameters Rp = R; =
10 k2. (a) Determine the values of K, and Rg such that Vspp =6 V.
(b) Determine the resulting value of /p and the small-signal voltage gain.
(c) Can the values of K, and Rg from part (a) be changed to achieve a larger
voltage gain, while still meeting the requirements of part (a)?

+5V

Figure P4.24

D4.25 For the common-source circuit in Figure P4.24, the bias voltages are
changed to V™ =3 V and V~ = —3 V. The PMOS transistor parameters
are: Vrp =—-05V,K, =0.8 mA/V2, and A = 0. The load resistor is R; =
2 k2. (a) Design the circuit such that /pp = 0.25 mA and Vspp = 1.5 V.
(b) Determine the small-signal voltage gain A, = v, /v;.

*D4.26 Design the common-source circuit in Figure P4.26 using an n-channel
MOSFET with A =0. The quiescent values are to be Ipp =6 mA,
Veso = 2.8V, and Vpsp = 10 V. The transconductance is g, = 2.2 mA/V.
Let Ry =1 kR, A, = —1, and R;, = 100 k2. Find R;, Ry, Rs, Rp, K,
and VTN .

Vpp=18V

Figure P4.26 Figure P4.27

4.27 For the common-source amplifier shown in Figure P4.27, the transistor
parameters are V7p =—12V, K, = 2mA/V2, and A = 0.03V~!. The
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Figure P4.31

Figure P4.33
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drain resistor is Rp = 4 k2. (a) Determine / such that Vspp = 5 V. (b) Find
the small-signal voltage gain for R, = oco. (c) Repeat part (b) for R, =
8 k.

D4.28 For the circuit shown in Figure P4.28, the transistor parameters are:
Vrp =08V,K, =0.25 mA/VZ, and A = 0. (a) Design the circuit such that
Ipp = 0.5 mA and Vspp =3 V. (b) Determine the small-signal voltage
gain A, = v, /v;.
+10V Vop=20V
R
% S Rp
) Ry | % R
i I} o v,
Cc Cg Cel | c
1 [«
v; RG=200kQ | vo N % R, § Ry
% RD 9 RS T CS
-0V JT—
Figure P4.28 Figure P4.29

*D4.29 Design a common-source amplifier, such as that in Figure P4.29, to achieve

a small-signal voltage gain of at least A, = v,/v; = —10 for Ry = 20kQ
and R;, = 200 k2. Assume the Q-point is chosen at Ipp =1 mA and
VDSQ =10V.Let Voy =2 V,and A = 0.

Section 4.4 The Source-Follower Amplifier

4.30

4.31

4.32

4.33

The small-signal parameters of an enhancement-mode MOSFET source
follower are g,, = SmA/V and r, = 100kS2. (a) Determine the no-load
small-signal voltage gain and the output resistance. (b) Find the small-
signal voltage gain when a load resistance Ry = 5 k€2 is connected.

The open-circuit (R; = oo) voltage gain of the ac equivalent source-
follower circuit shown in Figure P4.31is A, = 0.98. When Ry is set to 1 k€2,
the voltage gain is reduced to A, = 0.49. What are the values of g, and r,?
Consider the source-follower circuit in Figure P4.31. The small-signal
parameters of the transistor are g,, =2 mA/V and r, = 25 kQ. (a) Deter-
mine the open-circuit (R; = 00) voltage gain and output resistance. (b) If
R; =2k and the small-signal transistor parameters remain constant,
determine the voltage gain.

The source follower amplifier in Figure P4.33 is biased at V™ =15V
and V™ =—15V. The transistor parameters are Vry =04V,
k;, = 100 WA/V?, W/L = 80, and A = 0.02V~'. (a) The dc value of vy is
to be zero volts. What is the current /p and the required value of Viggo?
(b) Determine the small-signal voltage gain. (c) Find the output resistance R,,.
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4.34 Consider the circuit in Figure P4.34. The transistor parameters are
Vry =0.6V, k, = 100 ;LA/VZ, and A = 0. The circuit is to be designed
such that Vpgso = 1.25V and such that the small-signal voltage gain is
A, = 0.85. (a) Find Ip¢. (b) Determine the width-to-length ratio of the tran-
sistor. (c) What is the required dc value of the input voltage?

Vop=25V Vpp=25V

vy O—l | RO
|

Figure P4.34 Figure P4.35

4.35 The quiescent power dissipation in the circuit in Figure P4.35 is to be lim-
itedto 2.5 mW. The parameters of the transistor are Vyy = 0.6V,
k;, =100 wA/V? and & = 0.02V~!. (a) Determine Io. (b) Determine W/L
such that the output resistance is R, = 0.5 k2. (c) Using the results of parts
(a) and (b), determine the small-signal voltage gain. (d) Determine the out-
put resistance if the transistor width-to-length ratio is W /L = 100.

4.36 The parameters of the circuit in Figure P4.36 are Rg = 4k, R} = 850k€2,
R, =350k, and R; = 4k<2. The transistor parameters are Vyp = —1.2'V,
k;, =40 uA/V?, W/L =80, and A =0.05V~!. (a) Determine Ipo and
Vspo. (b) Find the small-signal voltage gain A, = v,/v;. (¢) Determine the
small-signal circuit transconductance gain A, = i,/v;. (d) Find the small-
signal output resistance R,.

Vpp=10V

+5V
Cer
C,
cl Cer LR_O
R = I
— v; G v
; ' 500 kQ ! ’
v R2 R; =
l % = = lo 4k
SV =
Figure P4.36 Figure P4.37

4.37 Consider the source follower circuit in Figure P4.37 with transistor parame-
ters Vyy = 0.8V, k, = 100 WAV, W/L =20, and A = 0.02V~'. (a) Let
I = 5mA. (i) Determine the small-signal voltage gain. (ii) Find the output
resistance R,. (b) Repeat part (a) for /o = 2 mA.
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4.38

*D4.39

4.40

D4.41

4.42

For the source-follower circuit shown in Figure P4.37, the transistor parame-
ters are: Vyy =1V, k), = 60 ,uA/VZ, and A = 0. The small-signal voltage
gainistobe A, = v,/v; = 0.95. (a) Determine the required width-to-length
ratio (W/L) for Ip = 4 mA. (b) Determine the required /y if (W /L) = 60.
In the source-follower circuit in Figure P4.39 with a depletion NMOS tran-
sistor, the device parameters are: Vpy =—2 V, K, =5 mA/V 2 and
A =0.01 V~'. Design the circuit such that /pp = 5 mA. Find the small-
signal voltage gain A, = v,/v; and the output resistance R,.

+5V
Ce
R
CC2 <L
v; Rg= v,
200 kQ
R, =
R L
= = $ 2kQ
5V -
Figure P4.39

For the circuit in Figure P4.39, Ry = 1k and the quiescent drain current
is Ipp =5mA. The transistor parameters are Vry = -2V,
k, = 100 nA/V 2 and A = 0.01 V™. (a) Determine the transistor width-to-
length ratio. (b) Using the results of part (a), find the small-signal voltage
gain for R; = o0. (¢) Find the small-signal output resistance R,. (d) Using
the results of part (a), find A, for R, = 2k€2.

For the source-follower circuit in Figure P4.39, the transistor parameters
are: Voy = =2V, K, = 4 mA/V?, and 1 = 0. Design the circuit such that
R, <200 2. Determine the resulting small-signal voltage gain.

The current source in the source-follower circuit in Figure P4.42 is
I = 10 mA and the transistor parameters are Vyp = =2V, K, = SmA/V 2,
and A = 0.01 V™', (a) Find the open circuit (R; = 0o) small-signal voltage
gain. (b) Determine the small-signal output resistance R,. (¢) What value of
R; will reduce the small-signal voltage gain to A, = 0.90?

Vt=5V
1
[¢]
| R,
|
v
Cei ¢
Cea
Ry
v; Rg =
200 kQ =
= = Vo=-5V

Figure P4.42
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4.43 Consider the source-follower circuit shown in Figure P4.43. The most neg-
ative output signal voltage occurs when the transistor just cuts off. Show
that this output voltage v,(min) is given by

—IpoRy

144
Show that the corresponding input voltage is given by

v, (min) =

1
v; (min) = —gLQ(l + gn(RslIRL))

m

Vop

VDD

Cei
Cea
v; R Yo
Rg Ry

Figure P4.43 Figure P4.44

4.44 The transistor in the circuit in Figure P4.44 has parameters Vyy = 0.4V,
K, = 0.5 mA/V2, and A = 0. The circuit parameters are Vpp =3 V and
R; =300kS2. (a) Design the circuit such that Ipp =0.25 mA and
Vpso = 1.5 V. (b) Determine the small-signal voltage gain and the output
resistance R,.

Section 4.5 The Common-Gate Configuration

4.45 Figure P4.45 is the ac equivalent circuit of a common-gate amplifier. The
transistor parameters are Vry = 0.4 V, k, = 100 wA/V?, and A = 0. The
quiescent drain current is /pgp = 0.25 mA. Determine the transistor W /L
ratio and the value of Rp such that the small-signal voltage gain is
A, = V,/V; = 20 and the input resistance is R; = 500 2.

4.46 The transistor in the common-gate circuit in Figure P4.46 has the same
parameters that are given in Problem 4.45. The output resistance R, is to

R; R,
_ 5 <
| |
Ri | Ru V.o ‘ ‘ oV
— -~ t | | 0
| | \
Vi o—+
|

Figure P4.45 Figure P4.46
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be 500 2 and the drain-to-source quiescent voltage is to be
Vpso = Vps(sat) +0.3 V. (a) What is the value of Rp? (b) What is the
quiescent drain current /po? (c) Find the input resistance R;. (d) Deter-
mine the small-signal voltage gain A, =V, /V;.

4.47 The small-signal parameters of the NMOS transistor in the ac equivalent com-
mon-gate circuit shown in Figure P4.47 are Vyy = 0.4V, k), = 100 nA/V 2
W/L = 80, and A = 0. The quiescent drain current is /pp = 0.5 mA. Deter-
mine the small-signal voltage gain and the input resistance.

Ri | CCZ
—> I} o,
-T—[ % Rg=10kQ Rp=5kQ R, =4kQ
v, 10kQ I
= = Vt=45V )
Figure P4.47 Figure P4.48

4.48 For the common-gate circuit in Figure P4.48, the NMOS transistor parameters
are: Vry = 1V, K, =3 mA/V?, and A = 0. (a) Determine Ipo and Vpsop.
(b) Calculate g, and r,. (c) Find the small-signal voltage gain A, = v,/v;.

4.49 Consider the PMOS common-gate circuit in Figure P4.49. The transistor
parameters are: Vyrp = —1V, K, = 0.5 mA/V 2 and A = 0. (a) Determine
Rg and Rp such that Ipp = 0.75 mA and Vgpp = 6 V. (b) Determine the
input impedance R; and the output impedance R,. (c¢) Determine the load
current i, and the output voltage v,, if i; = 5 sin wt HA.

R()
Ri | ~<—

N : = 1 ? ' oy
100kQ S Rg Ry 101 Izeig_z j_l_ 0

L c V. Q R
i 50 kQ G 1 ! 2 mA D
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Figure P4.49 Figure P4.50

4.50 The transistor parameters of the NMOS device in the common-gate ampli-
fier in Figure P4.50 are Vry = 0.4V, k, = 100 wA/V?, and A = 0. (a) Find
Rp such that Vpgp = Vpg (sat) + 0.25 V. (b) Determine the transistor W /L
ratio such that the small-signal voltage gain is A, = 6. (c) What is the value

of VGSQ?
4.51 The parameters of the circuit shown in Figure 4.32 are VT =33V,
V= =-=-33V, Rg =50k, R, =4kQ, Rsi =0, and /o =2mA. The

transistor parameters are Vyy = 0.6 V, K, = 4 mA/V 2 and A = 0. (a) Find
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Rp such that Vpgp = 3.5 V. (b) Determine the small-signal parameters g,
and R;. (c) Find the small-signal voltage gain A,.

For the common-gate amplifier in Figure 4.35 in the text, the PMOS tran-
sistor parameters are Vrp = —0.8V, K, = 2.5 mA/VZ2, and A = 0. The cir-
cuit parameters are VT =33V, V- =-33, R; =100k, and
R; =4kQ. (a) Determine Rg and Rp such that Ipp =1.2mA and
Vspo = 3 V. (b) Determine the small-signal voltage gain A, = v,/v;.

Section 4.7 Amplifiers with MOSFET Load Devices

4.53

4.54

4.55

4.56

4.57

Consider the NMOS amplifier with saturated load in Figure 4.39(a). The
transistor parameters are Vryp = Vryr = 0.6V, k), = 100 WA/N?, L =0,
and (W/L); = 1. Let Vpp = 3.3 V. (a) Design the circuit such that the
small-signal voltage gain is |A,| = 5 and the Q-point is in the center of the
saturation region. (b) Determine /pg and Vpspop.

For the NMOS amplifier with depletion load in Figure 4.43(a), the transis-
tor parameters are Vyyp =0.6V,Vyy, =—08V, K,p =1.2 mA/V2,
K, =02mA/V2, and Ap = A, = 0.02 V' Let Vpp =5 V. (a) Deter-
mine the transistor voltages at the transition points A and B. (b) Find Vgspo
and Vpspo such that the Q-point is in the middle of the saturation region.
(c) Determine /p¢. (d) Find the small-signal voltage gain.

Consider a saturated load device in which the gate and drain of an
enhancement-mode MOSFET are connected together. The transistor drain
current becomes zero when Vpg = 0.6 V. (a) At Vpg = 1.5V, the drain
current is 0.5 mA. Determine the small-signal resistance at this operating
point. (b) What is the drain current and small-signal resistance at Vg = 3 V?
The parameters of the transistors in the circuit in Figure P4.56 are Vyyp =
—1V, K,p =0.5 mA/V? for transistor Mp, and Vyy, = +1V, K, =
30 wA/V? for transistor M;. Assume A = 0 for both transistors. (a) Calcu-
late the quiescent drain current /pp and the dc value of the output voltage.
(b) Determine the small-signal voltage gain A, = v, /v; about the Q-point.
A source-follower circuit with a saturated load is shown in Figure P4.57.
The transistor parameters are Vyyp =1V, K,p = 1 mA/V 2 for Mp, and
Vene = 1V, K, = 0.1 mA/V? for M;. Assume A = 0 for both transistors.
Let Vpp = 9 V. (a) Determine V¢ such that the quiescent value of vpgy is
4 V. (b) Show that the small-signal open-circuit (R; = 0o) voltage gain
about this Q-point is given by A, = 1/[1 + /K, /K,p]. (c) Calculate the
small-signal voltage gain for R; = 4 k2.
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4.58

4.59

4.60

4.61

For the source-follower circuit with a saturated load as shown in Fig-
ure P4.57, assume the same transistor parameters as given in Problem 4.57.
(a) Determine the small-signal voltage gain if R; = 10 k2. (b) Determine
the small-signal output resistance R,,.

The transistor parameters for the common-source circuit in Figure P4.59
are Vryp =04V, Vrpr =-04YV, (W/L)L =50, Ap= O.OZV_I,
AL =0.04V~ k=100 1A/V?, and k, =40 WA/V2. At the Q-point,
Ipo = 0.5mA. (a) Determine (W /L), such that the small-signal voltage
gainis A, =V, /V; = —40. (b) What is the required value of V3? (c) What
is the value of Vspo?

Vvt=25V vt=25V
o [}
| |
VB°—| My, Vi°—| My
——oV, ——o V,

o

My My,
1 1
Figure P4.59 Figure P4.60

Consider the circuit in Figure P4.60. The transistor parameters are
VTPD = —0.6V, VTNL =04V, k;, = IOOILA/VZ, k/p =4O//LA/V2,
A =002V Ap =0.04V~! and (W/L), = 10. (a) At the Q-point, the
quiescent drain current is /pp = 0.25 mA. (i) Determine (W /L), such that
the small-signal voltage gain is A, = V,/V; = —25. (ii) What is the re-
quired value of V? (iii) What is the value of Vsgpo? (b) Repeat part (a) for
Ipp = 0.1 mA.

The ac equivalent circuit of a CMOS common-source amplifier is shown in
Figure P4.61. The transistor parameters for M, are Vyy =0.5V, &k, =
85 wA/V2, (W/L); =50, and A =0.05V~!, and for M, and M; are

l_—|7—

o A

—O U,

Figure P4.61
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Vrp=—0.5V, k, =40 uA/N?, (W/L)23 =50, and A=0.075V~L
Determine the small-signal voltage gain.

Consider the ac equivalent circuit of a CMOS common-source amplifier shown
in Figure P4.62. The parameters of the NMOS and PMOS transistors are the
same as given in Problem 4.61. Determine the small-signal voltage gain.

The parameters of the transistors in the circuit in Figure P4.63 are Vyyp =
Vrne =04V, K,p =2mA/V?, K, =0.5mA/V%, and Ap =21, =0.
(a) Plot V,, versus V; over the range 0.8 < V; < 2.5 V. (b) Plot Ip versus V;
over the same voltage range as part (a). (c) At Ipp = 0.20mA, find the small-
signal voltage gain A, = V,,/V; =dVp /dV;.
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Figure P4.63 Figure P4.64

Consider the source-follower circuit in Figure P4.64. The transistor para-
meters are Vrp = —0.4V, k, =40 uA/V?, (W/L), =5, (W/L)p =50,
and Ap = Az = 0.025 V™. Assume Vz = 1 V. (a) What is the maximum
value of V,, such that M remains biased in the saturation region? (b) For
M biased in the saturation region, determine /p. (c) Using the results of
parts (a) and (b), find Vssp. (d) Determine the small-signal voltage gain
when the dc value of V; = 0.2 V.

Figure P4.65 shows a common-gate amplifier. The transistor parameters
are Vry = 0.6V, Vrp = —0.6V, K, =2mA/V?, K, = 0.5mA/V2, and
A = )Lp = 0. (a) Find the values of VSGLQ, VGSDQ, and VDSDQ- (b) Derive
the expression for the small-signal voltage gain in terms of K, and K,,.
(c) Calculate the value of the small-signal voltage gain A, =V, /V;.

R; |
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; 3} My °v,
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Figure P4.65

The ac equivalent circuit of a CMOS common-gate circuit is shown in Fig-
ure P4.66. The parameters of the NMOS and PMOS transistors are the same
as given in Problem 4.61. Determine the (a) small-signal parameters of the
transistors, (b) small-signal voltage gain A, = v,/v;, (c) input resistance R;,
and (d) output resistance R,.

| 3=
Igp= T
100 1A —o U,
] A
Figure P4.62
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4.67 The circuit in Figure P4.67 is a simplified ac equivalent circuit of a folded-
cascode amplifier. The transistor parameters are |Vry| = |[Vrp| =05V,
K,=K,=2 mA/V?, and A, = Ap=0.1 V1. Assume the current source
21p =200 pA is ideal and the resistance looking into the current
source /p = 100 nA is 50 k€2. Determine the (a) small-signal parameters of
each transistor, (b) small-signal voltage gain, and (c) output resistance R,,.

Section 4.8 Multistage Amplifiers

4.68 The transistor parameters in the circuit in Figure P4.68 are Vyy; = 0.6V,
VTp2 =-0.6 V, Knl =02 IIlA/Vz, sz =1.0 mA/VZ, and )»1 = )»2 =0.
The circuit parameters are Vpp = 5V and R;, = 400 k2. (a) Design the
circuit such that Ipg; =0.2 mA, Ipgr =0.5mA, Vpspr =2V, and
Vspo2 = 3 V. The voltage across Rg; is to be 0.6 V. (b) Determine the
small-signal voltage gain A, = v,/v;.
% Rgy

2 g
e ol
—— Ez "I
Ce ]
Ry
R

Rpy
M,
——O UO
s1 T Cq, % Rpy
JT_ !

v;

Figure P4.68
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4.69 The transistor parameters in the circuit in Figure P4.68 are the same as those
given in Problem 4.68. The circuit parameters are Vpp =3.3YV,
Rgy =1k, and Rj, =250kS2. (a) Design the circuit such that
IDQl =0.1 mA, IDQ2 =0.25 mA, VDSQ] =12 V, and VSDQZ =18V
(b) Determine the small-signal voltage gain A, = v, /v;.

470 Consider the circuit shown in Figure P4.70. The transistor parameters
are VTP] =-04 V, VTN2 =04 V, (W/L)l = 20, (W/L)2 = 80,
k, =40 wA/N?, K, = 100 uA/V?, and A1 = A, = 0. Let Ry, = 200k. (a)
Design the circuit such that Ipp; =0.1mA, Ipgr =0.3mA,
Vspo1 = 1.0V, and Vpgpo = 2.0 V. The voltage across Rg; is to be 0.6 V.
(b) Determine the small-signal voltage gain A, = v, /v;. (c) Find the small-
signal output resistance R,.

Figure P4.70

471 For the circuit in Figure P4.71, the transistor parameters are: K, =
Kp =4 mA/V% Viyy=Vena =2V, and A; = Ay = 0. (a) Determine
Ipot, Ipg2, Vbsoi, and Vpgpo. (b) Determine g, and g,». (c) Deter-
mine the overall small-signal voltage gain A, = v,/v;.

10V
Ceci
M,
v; RG = Yo
! 400 kQ
Rg = Ry =
= = 10 kQ 2 kQ

-10V -10V

Figure P4.71
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D4.72

D4.73

For the cascode circuit in Figure 4.51 in the text, the transistor parameters
are: Veyi = Vrva =1V, K, =K, =2 mANz, and A; = A, = 0. (a) Let
Rs =12 k2 and R; + R, + R3 = 500 k2. Design the circuit such that
Ipo =3 mA and Vpsp1 = Vpsgz = 2.5 V. (b) Determine the small-signal
voltage gain A, = v,/v;.

The supply voltages to the cascode circuit in Figure 4.51 in the text are
changed to V' =10 V and V~ = —10V. The transistor parameters are:
Knl = an =4 mANz, VTNl = VTNZ =15 V, and )\.] = )\.2 =0. (a) Let
Rs = 2 k€2, and assume the current in the bias resistors is 0.1 mA. Design
the circuit such that Ipp =5 mA and Vpso1 = Vpsp> = 3.5 V. (b) Deter-
mine the resulting small-signal voltage gain.

Section 4.9 Basic JFET Amplifiers

4.74

4.75

Consider the JFET amplifier in Figure 4.53 with transistor parameters
Ipss =6mA, Vp = —3V,and A = 0.01 V™!, Let Vpp = 10 V. (a) Deter-
mine Rp and Vg such that Ipp =4 mA and Vpgsp = 6 V. (b) Determine g,
and r, at the Q-point. (c) Determine the small-signal voltage gain
A, = v,/v; where v, is the time-varying portion of the output voltage v .
For the JFET amplifier in Figure P4.75, the transistor parameters are:
Ipss =2 mA, Vp = -2V, and A = 0. Determine g,, A, = v,/v;, and
A =1i,/i;.

VDD

Figure P4.75 Figure P4.76

D4.76

*D4.77

The parameters of the transistor in the JFET common-source amplifier
shown in Figure P4.76 are: Ipss =8 mA, Vp = —4.2V, and A = 0. Let
Vpp =20 V and R; = 16 k2. Design the circuit such that Vg =2 V,
R + R, =100 k€2, and the Q-point is at ]DQ = Ipss/2 and VDSQ =
Vop/2.

Consider the source-follower JFET amplifier in Figure P4.77 with transistor
parameters Ipss = 10mA, Vp = =5V, and A = 0.01 V™' . Let Vpp = 12V
and R; = 0.5 k. (a) Design the circuit such that R;, = 100 k€2, and the
Q-pointis at Ipp = Ipss/2 and Vpso = Vpp/2. (b) Determine the result-
ing small-signal voltage gain A, = v, /v; and the output resistance R,.
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Vop Vpp=10V

Figure P4.77 Figure P4.78

4.78 For the p-channel JFET source-follower circuit in Figure P4.78, the transis-
tor parameters are: Ipgs = 2 mA, Vp = +1.75V,and A = 0. (a) Determine
Ipo and Vgpo. (b) Determine the small-signal gains A, = v,/v; and A; =
i,/ 1. (c) Determine the maximum symmetrical swing in the output voltage.
D4.79 The p-channel JFET common-source amplifier in Figure P4.79 has transis-
tor parameters Ipss =8 mA, Vp =4 V, and A = 0. Design the circuit
such that Ipg =4 mA, Vspo =75V, A, =v,/v; = =3,and R; + R, =
400 kS2.

Vpp=20V

Figure P4.79

@ COMPUTER SIMULATION PROBLEMS

4.80 Consider the common-source circuit described in Example 4.5. (a) Using a
computer simulation, verify the results obtained in Example 4.5. (b) Deter-
mine the change in the results when the body effect is taken into account.

4.81 Using a computer simulation, verify the results of Example 4.7 for the
source-follower amplifier.

4.82 Using a computer simulation, verify the results of Example 4.10 for the
common-gate amplifier.

4.83 Using a computer simulation, verify the results of Example 4.17 for the cas-
code amplifier.
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g'av DESIGN PROBLEMS

[Note: Each design should be correlated with a computer analysis. ]

*D4.84

*D4.85

*D4.86

*D4.87

A discrete common-source circuit with the configuration shown in Figure
4.17 is to be designed to provide a voltage gain of 18 and a symmetrical out-
put voltage swing. The bias voltage is Vpp = 3.3V, the output resistance of
the signal source is 500 €2, and the transistor parameters are: Vyy = 0.4V,
k=100 uA/V?, and » = 0.01 V. Assume a quiescent drain current of
1 DO = 100 ,bLA.

Consider the common-gate amplifier shown in Figure 4.35. The power supply
voltages are +5 V, the output resistance of the signal source is 500 €2, and the
input resistance of the amplifier is to be 200 €2. The transistor parameters are
k;, =40 uA/V?, Vrp = —0.6V, and A = 0. The output load resistance is
R; = 10k<2. Design the circuit such that the output voltage has a peak-
to-peak symmetrical swing of at least 4 V.

A source-follower amplifier with the configuration shown in Figure 4.31 is
to be designed. The power supplies are to be £12 V. The transistor parame-
ters are Vry = 1.2V, k), = 100 wA/V?, and A = 0. The load resistance is
R; =200 . Design the circuit, as well as a constant-current source, to de-
liver 250 mW of signal power to the load.

Consider the multitransistor circuit in Figure 4.49. Assume transistor para-
meters of Vyy = 0.6V, k), = 100 WA/V?, and A = 0. Design the transistors
such that the small-signal voltage gain of the first stage is A,; = —10 and
the small-signal voltage gain of the second stage is A, = 0.9.



The Bipolar
Junction Transistor

In Chapter 2, we saw that the rectifying current—voltage characteristics of the diode
are useful in electronic switching and waveshaping circuits. However, diodes are not
capable of amplifying currents or voltages. As was shown in Chapter 4, the electronic
device that is capable of current and voltage amplification, or gain, in conjunction
with other circuit elements, is the transistor. The development of the transistor by
Bardeen, Brattain, and Schockley at Bell Telephone Laboratories in the late 1940s
started the first electronics revolution of the 1950s and 1960s. This invention led to
the development of the first integrated circuit in 1958 and to the transistor operational
amplifier (op-amp), which is one of the most widely used electronic circuits.

The bipolar transistor, which is introduced in this chapter, is one of the two
major types of transistors. The second type of transistor, the field-effect transistor
(FET), was introduced in Chapter 3. These two device types are the basis of modern
microelectronics. Each device type is equally important and each has particular ad-
vantages for specific applications.

PREVIEW

In this chapter, we will:

» Discuss the physical structure and operation of the bipolar junction transistor.
* Understand and become familiar with the dc analysis and design techniques
of bipolar transistor circuits.
Examine three basic applications of bipolar transistor circuits.
Investigate various dc biasing schemes of bipolar transistor circuits, includ-
ing integrated circuit biasing.
Consider the dc biasing of multistage or multi-transistor circuits.
As an application, incorporate the bipolar transistor in a circuit design that
enhances the simple diode electronic thermometer discussed in Chapter 1.
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7. 51  BASIC BIPOLAR JUNCTION TRANSISTOR |

Emitter D—| n | p | n I—o Collector Emitter O—i P

Objective: ® Understand the physical structure, operation, and char-
acteristics of the bipolar junction transistors (BJT), including the npn
and pnp devices.

The bipolar junction transistor (BJT) has three separately doped regions and con-
tains two pn junctions. A single pn junction has two modes of operation—forward bias
and reverse bias. The bipolar transistor, with two pn junctions, therefore has four pos-
sible modes of operation, depending on the bias condition of each pn junction, which
is one reason for the versatility of the device. With three separately doped regions, the
bipolar transistor is a three-terminal device. The basic transistor principle is that
the voltage between two terminals controls the current through the third terminal.

Our discussion of the bipolar transistor starts with a description of the basic tran-
sistor structure and a qualitative description of its operation. To describe its operation,
we use the pn junction concepts presented in Chapter 1. However, the two pn junctions
are sufficiently close together to be called interacting pn junctions. The operation of
the transistor is therefore totally different from that of two back-to-back diodes.

Current in the transistor is due to the flow of both electrons and holes, hence the
name bipolar. Our discussion covers the relationship between the three terminal cur-
rents. In addition, we present the circuit symbols and conventions used in bipolar
circuits, the bipolar transistor current—voltage characteristics, and finally, some non-
ideal current—voltage characteristics.

5.1.1 Transistor Structures

Figure 5.1 shows simplified block diagrams of the basic structure of the two types of
bipolar transistor: npn and pnp. The npn bipolar transistor contains a thin p-region
between two n-regions. In contrast, the pnp bipolar transistor contains a thin n-
region sandwiched between two p-regions. The three regions and their terminal
connections are called the emitter, base, and collector.! The operation of the device
depends on the two pn junctions being in close proximity, so the width of the base
must be very narrow, normally in the range of tenths of a micrometer (107°m).

The actual structure of the bipolar transistor is considerably more complicated
than the block diagrams of Figure 5.1. For example, Figure 5.2 is the cross section of

P }—o Collector

n

}

Base Base
(a) (b)

Figure 5.1 Simple geometry of bipolar transistors: (a) npn and (b) pnp

!The reason for the names emitter and collector for the terminals will become obvious as we go through
the operation of the transistor. The term base refers to the structure of the original transistor.
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Figure 5.2 Cross section of a conventional integrated circuit npn bipolar transistor

a classic npn bipolar transistor fabricated in an integrated circuit. One important
point is that the device is not symmetrical electrically. This asymmetry occurs
because the geometries of the emitter and collector regions are not the same, and the
impurity doping concentrations in the three regions are substantially different. For
example, the impurity doping concentrations in the emitter, base, and collector may
be on the order of 10'°, 10'7, and 10'> cm™3, respectively. Therefore, even though
both ends are either p-type or n-type on a given transistor, switching the two ends
makes the device act in drastically different ways.

Although the block diagrams in Figure 5.1 are highly simplified, they are still
useful for presenting the basic transistor characteristics.

5.1.2 npn Transistor: Forward-Active Mode Operation

Since the transistor has two pn junctions, four possible bias combinations may be ap-
plied to the device, depending on whether a forward or reverse bias is applied to each
junction. For example, if the transistor is used as an amplifying device, the base—emitter
(B-E) junction is forward biased and the base—collector (B—C) junction is reverse
biased, in a configuration called the forward-active operating mode, or simply the
active region. The reason for this bias combination will be illustrated as we look at
the operation of such transistors and the characteristics of circuits that use them.

Transistor Currents
Figure 5.3 shows an idealized npn bipolar transistor biased in the forward-active mode.
Since the B—E junction is forward biased, electrons from the emitter are injected across

Base-emitter ~ Base-collector
(B-E) junction (B—C) junction

~ —~
i n Il p 1|1 n ;
E 11 11 C
-~ Electron -~
A 11
E injection |J|_> 11 C
Il 1]

R L 111 R
E _ Ve + %B c
i 1 i
— + = - +
Vs Vee

Figure 5.3 An npn bipolar transistor biased in the forward-active mode; base—emitter
junction forward biased and base—collector junction reverse biased
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Figure 5.4 Minority carrier electron concentration across the base region of an npn bipolar
transistor biased in the forward-active mode. Minority carrier concentration is a linear
function versus distance for an ideal transistor (no carrier recombination), and is a nonlinear
function versus distance for a real device (with carrier recombination).

the B—E junction into the base, creating an excess minority carrier concentration in the
base. Since the B—C junction is reverse biased, the electron concentration at the edge
of that junction is approximately zero.

The base region is very narrow so that, in the ideal case, the injected electrons
will not recombine with any of the majority carrier holes in the base. In this case, the
electron distribution versus distance through the base is a straight line as shown in
Figure 5.4. Because of the large gradient in this concentration, electrons that are in-
jected, or emitted, from the emitter region diffuse across the base, are swept across
the base—collector space-charge region by the electric field, and are collected in the
collector region creating the collector current. However, if some carrier recombina-
tion does occur in the base, the electron concentration will deviate from the ideal linear
curve, as shown in the figure. To minimize recombination effects, the width of the
neutral base region must be small compared to the minority carrier diffusion length.

Emitter Current: Since the B-E junction is forward biased, we expect the current
through this junction to be an exponential function of B-E voltage, just as we saw
that the current through a pn junction diode was an exponential function of the forward-
biased diode voltage. We can then write the current at the emitter terminal as

ir = Igole" /"7 — 1] = Iggese/Vr (5.1)

where the approximation of neglecting the (—1) term is usually valid since vgg > Vr
in most cases.? The parameter V7 is the usual thermal voltage. The emission coeffi-
cient n that multiplies V7 is assumed to be 1, as we discussed in Chapter 1 in consid-
ering the ideal diode equation. The flow of the negatively charged electrons is
through the emitter into the base and is opposite to the conventional current direction.
The conventional emitter current direction is therefore out of the emitter terminal.

>The voltage notation vgg, with the dual subscript, denotes the voltage between the B (base) and E
(emitter) terminals. Implicit in the notation is that the first subscript (the base terminal) is positive with
respect to the second subscript (the emitter terminal).

We will assume that the ideality factor n in this diode equation is unity (see Chapter 1).
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The multiplying constant, /ro, contains electrical parameters of the junction, but
in addition is directly proportional to the active B-E cross-sectional area. Therefore,
if two transistors are identical except that one has twice the area of the other, then the
emitter currents will differ by a factor of two for the same applied B-E voltage.
Typical values of I are in the range of 10~'% to 107! A, but may, for special tran-
sistors, vary outside of this range.

Collector Current: Since the doping concentration in the emitter is much larger
than that in the base region, the vast majority of emitter current is due to the injection
of electrons into the base. The number of these injected electrons reaching the col-
lector is the major component of collector current.

The number of electrons reaching the collector per unit time is proportional to
the number of electrons injected into the base, which in turn is a function of the B-E
voltage. To a first approximation, the collector current is proportional to e*##/"7 and
is independent of the reverse-biased B—C voltage. The device therefore looks like a
constant-current source. The collector current is controlled by the B-E voltage; in
other words, the current at one terminal (the collector) is controlled by the voltage
across the other two terminals. This control is the basic transistor action.

We can write the collector current as

iC = l‘gev’”“/v' (5.2)

The collector current is slightly smaller than the emitter current, as we will show. The
emitter and collector currents are related by ic = «aig. We can also relate the coeffi-
cients by Is = algp. The parameter « is called the common-base current gain
whose value is always slightly less than unity. The reason for this name will become
clearer as we proceed through the chapter.

Base Current: Since the B-E junction is forward biased, holes from the base are in-
jected across the B—E junction into the emitter. However, because these holes do not con-
tribute to the collector current, they are not part of the transistor action. Instead, the flow
of holes forms one component of the base current. This component is also an exponential
function of the B-E voltage, because of the forward-biased B-E junction. We can write

iy oc eV (5.3(2))

A few electrons recombine with majority carrier holes in the base. The holes that
are lost must be replaced through the base terminal. The flow of such holes is a sec-
ond component of the base current. This “recombination current” is directly propor-
tional to the number of electrons being injected from the emitter, which in turn is an
exponential function of the B-E voltage. We can write

ipy o eVBE/VT (5.3(b))

The total base current is the sum of the two components from Equations (5.3(a))
and (5.3(b)):

i oc eV (5.4)

Figure 5.5 shows the flow of electrons and holes in an npn bipolar transistor, as
well as the terminal currents.’ (Reminder: the conventional current direction is the

3A more thorough study of the physics of the bipolar transistor shows that there are other current compo-
nents, in addition to the ones mentioned. However, these additional currents do not change the basic prop-
erties of the transistor and can be neglected for our purposes.
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Figure 5.5 Electron and hole currents in an npn bipolar transistor biased in the forward-
active mode. Emitter, base, and collector currents are proportional to evse/Vr

same as the flow of positively charged holes and opposite to the flow of negatively
charged electrons.)

If the concentration of electrons in the n-type emitter is much larger than the
concentration of holes in the p-type base, then the number of electrons injected into
the base will be much larger than the number of holes injected into the emitter. This
means that the iz; component of the base current will be much smaller than the col-
lector current. In addition, if the base width is small, then the number of electrons
that recombine in the base will be small, and the iz, component of the base current
will also be much smaller than the collector current.

Common-Emitter Current Gain

In the transistor, the rate of flow of electrons and the resulting collector current are an ex-
ponential function of the B—E voltage, as is the resulting base current. This means that
the collector current and the base current are linearly related. Therefore, we can write

ic
<=8 (5.5)
B
or
. e s,
ig = Ipoe™/"1 = % = Esew/‘“ (5.6)

The parameter f is the common-emitter current gain* and is a key parameter
of the bipolar transistor. In this idealized situation, B is considered to be a constant
for any given transistor. The value of B is usually in the range of 50 < 8 < 300, but
it can be smaller or larger for special devices.

The value of g is highly dependent upon transistor fabrication techniques and
process tolerances. Therefore, the value of B varies between transistor types and also
between transistors of a given type, such as the discrete 2N2222. In any example or
problem, we generally assume that 8 is a constant. However, it is important to real-
ize that B can and does vary.

Figure 5.6 shows an npn bipolar transistor in a circuit. Because the emitter is the
common connection, this circuit is referred to as a common-emitter configuration.
When the transistor is biased in the forward-active mode, the B—E junction is forward

4Since we are considering the case of a transistor biased in the forward-active mode, the common—base
current gain and common-emitter current gain parameters are often denoted as ar and fr, respectively.
For ease of notation, we will simply define these parameters as « and .
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Figure 5.6 An npn transistor circuit in the common-emitter configuration. Shown are the
current directions and voltage polarities for the transistor biased in the forward-active mode.

biased and the B—C junction is reverse biased. Using the piecewise linear model of a
pn junction, we assume that the B—E voltage is equal to Vg (on), the junction turn-
on voltage. Since Ve = veg + ic Re, the power supply voltage must be sufficiently
large to keep the B—C junction reverse biased. The base current is established by V5
and Rp, and the resulting collector current is ic = Bip.

If we set Vpp = 0, the B-E junction will have zero applied volts; therefore,
ip = 0, which implies that ic = 0. This condition is called cutoff.

Current Relationships
If we treat the bipolar transistor as a single node, then, by Kirchhoff’s current law, we
have

ip=ic+ip (5.7)
If the transistor is biased in the forward-active mode, then
ic = Bip (5.8

Substituting Equation (5.8) into (5.7), we obtain the following relationship between
the emitter and base currents:

ir =04 pB)ip (5.9)

Solving for iz in Equation (5.8) and substituting into Equation (5.9), we obtain a
relationship between the collector and emitter currents, as follows:

. B .
_ . A1
ic (1—&—,3)”: (5.10)
We can write ic = aifg SO
B
= — 5.11
“Tivp G-10

The parameter « is called the common-base current gain and is always slightly
less than 1. We may note that if 8 = 100, then « = 0.99, so « is indeed close to 1.
From Equation (5.11), we can state the common-emitter current gain in terms of the
common-base current gain:

IB:

o

(5.12)
l —«o

Summary of Transistor Operation
We have presented a first-order model of the operation of the npn bipolar transistor
biased in the forward-active region. The forward-biased B-E voltage, vg, causes an
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exponentially related flow of electrons from the emitter into the base where they dif-
fuse across the base region and are collected in the collector region. The collector
current, i¢, is independent of the B—C voltage as long as the B—C junction is reverse
biased. The collector, then, behaves as an ideal current source. The collector current
is a fraction « of the emitter current, and the base current is a fraction 1/8 of the col-
lector current. If 8 > 1,theno = 1 and ic = ig.

EXAMPLE 5.1 T

Objective: Calculate the collector and emitter currents, given the base current and
current gain.

Assume a common-emitter current gain of § = 150 and a base current of
ip = 15 nA. Also assume that the transistor is biased in the forward-active mode.

Solution: The relation between collector and base currents gives
ic = Bip = (150)(15 nA) = 2.25mA

and the relation between emitter and base currents yields
ir=0+4pB)ipg={A5D)(15u¢A) = 2.27mA

From Equation (5.11), the common-base current gain is

B 150
€=-—— = =0.9934
1+ 151

Comment: For reasonable values of g, the collector and emitter currents are nearly
equal, and the common-base current gain is nearly 1.

!\ ; ) . EXERCISE PROBLEM

Ex 5.1: Annpn transistor is biased in the forward-active mode. The base current is
Ip = 8.50 £ A and the emitter current is /p = 1.20 mA. Determine 8, «, and /.
(Ans. B = 140.2, ¢ = 0.9929, Ic = 1.1915mA)

5.1.3 pnp Transistor: Forward-Active Mode Operation

We have discussed the basic operation of the npn bipolar transistor. The complemen-
tary device is the pnp transistor. Figure 5.7 shows the flow of holes and electrons in
a pnp device biased in the forward-active mode. Since the B—E junction is forward
biased, the p-type emitter is positive with respect to the n-type base, holes flow from
the emitter into the base, the holes diffuse across the base, and they are swept into the
collector. The collector current is a result of this flow of holes.

Again, since the B—E junction is forward biased, the emitter current is an expo-
nential function of the B—E voltage. Noting the direction of emitter current and the
polarity of the foward-biased B—E voltage, we can write

ig = Igpes®/ VT (5.13)

where vgp is the voltage between the emitter and base, and now implies that the
emitter is positive with respect to the base. We are again assuming the —1 term in the
ideal diode equation is negligible.
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Figure 5.7 Electron and hole currents in a pnp bipolar transistor biased in the forward-active
mode. Emitter, base, and collector currents are proportional to eves/Vr,

The collector current is an exponential function of the E-B voltage, and the di-
rection is out of the collector terminal, which is opposite to that in the npn device. We
can now write

ic =aip = Ise"8/'T (5.14)

where « is again the common-base current gain.

The base current in a pnp device is the sum of two components. The first com-
ponent, iz;, comes from electrons flowing from the base into the emitter as a result of
the forward-biased E-B junction. We can then write i