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Preface

Since the mid-20th Century the electronics industry has enjoyed phenomenal growth
and is now the largest industry in the world. The foundation of the electronics
industry is the semiconductor device. To meet the tremendous demand of this
industry, the semiconductor-device field has also grown rapidly. Coincident with this
growth, the semiconductor-device literature has expanded and diversified. For access
to this massive amount of information, there is a need for a book giving a comprehen-
sive introductory account of device physics and operational principles.

With the intention of meeting such a need, the First Edition and the Second
Edition of Physics of Semiconductor Devices were published in 1969 and 1981,
respectively. It is perhaps somewhat surprising that the book has so long held its place
as one of the main textbooks for advanced undergraduate and graduate students in
applied physics, electrical and electronics engineering, and materials science.
Because the book includes much useful information on material parameters and
device physics, it is also a major reference for engineers and scientists in semicon-
ductor-device research and development. To date, the book is one of the most, if not
the most, cited works in contemporary engineering and applied science with over
15,000 citations (ISI, Thomson Scientific).

Since 1981, more than 250,000 papers on semiconductor devices have been pub-
lished, with numerous breakthroughs in device concepts and performances. The book
clearly needed another major revision if it were to continue to serve its purpose. In
this Third Edition of Physics of Semiconductor Devices, over 50% of the material has
been revised or updated, and the material has been totally reorganized. We have
retained the basic physics of classic devices and added many sections that are of con-
temporary interest such as the three-dimensional MOSFETs, nonvolatile memory,
modulation-doped field-effect transistor, single-electron transistor, resonant-tun-
neling diode, insulated-gate bipolar transistor, quantum cascade laser, semiconductor
sensors, and so on. On the other hand, we have omitted or reduced sections of less-
important topics to maintain the overall book length.

We have added a problem set at the end of each chapter. The problem set forms an
integral part of the development of the topics, and some problems can be used as
worked examples in the classroom. A complete set of detailed solutions to all end-of-
chapter problems has been prepared. The solution manuals are available free to all
adopting faculties. The figures and tables used in the text are also available, in elec-
tronic format, to instructors from the publisher. Instructors can find out more informa-
tion at the publisher’s website at Attp.//www.wiley.com/interscience/sze.



vi PREFACE

In the course of writing this text, we had the fortune of help and support of many
people. First we express our gratitude to the management of our academic and indus-
trial institutions, the National Chiao Tung University, the National Nano Device Lab-
oratories, Agere Systems, and MVC, without whose support this book could not have
been written. We wish to thank the Spring Foundation of the National Chiao Tung
University for the financial support. One of us (K. Ng) would like to thank J. Hwang
and B. Leung for their continued encouragement and personal help.

We have benefited greatly from suggestions made by our reviewers who took
their time from their busy schedule. Credits are due to the following scholars:
A. Alam, W. Anderson, S. Banerjee, J. Brews, H. C. Casey, Jr., P. Chow, N. de Rooij,
H. Eisele, E. Kasper, S. Luryi, D. Monroe, P. Panayotatos, S. Pearton, E. F. Schubert,
A. Seabaugh, M. Shur, Y. Taur, M. Teich, Y. Tsividis, R. Tung, E. Yang, and
A. Zaslavsky. We also appreciate the permission granted to us from the respective
journals and authors to reproduce their original figures cited in this work.

It is our pleasure to acknowledge the help of many family members in preparing
the manuscript in electronic format; Kyle Eng and Valerie Eng in scanning and
importing text from the Second Edition, Vivian Eng in typing the equations, and Jen-
nifer Tao in preparing the figures which have all been redrawn. We are further
thankful to Norman Erdos for technical editing of the entire manuscript, and to Iris
Lin and Nai-Hua Chang for preparing the problem sets and solution manual. At John
Wiley and Sons, we wish to thank George Telecki who encouraged us to undertake
the project. Finally, we are grateful to our wives, Therese Sze and Linda Ng, for their
support and assistance during the course of the book project.

S. M. Sze
Hsinchu, Taiwan

Kwok K. Ng
San Jose, California
July 2006



Contents

Introduction

Part I Semiconductor Physics

Chapter 1 Physics and Properties of Semiconductors—A Review

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

Introduction, 7

Crystal Structure, 8

Energy Bands and Energy Gap, 12

Carrier Concentration at Thermal Equilibrium, 16
Carrier-Transport Phenomena, 28

Phonon, Optical, and Thermal Properties, 50
Heterojunctions and Nanostructures, 56

Basic Equations and Examples, 62

Part I Device Building Blocks

Chapter 2 p-n Junctions

2.1
22
23
24
2.5
2.6
2.7

Introduction, 79

Depletion Region, 80
Current-Voltage Characteristics, 90
Junction Breakdown, 102
Transient Behavior and Noise, 114
Terminal Functions, 118
Heterojunctions, 124

Chapter 3 Metal-Semiconductor Contacts

3.1
32
33
34
3.5
3.6

Introduction, 134

Formation of Barrier, 135

Current Transport Processes, 153
Measurement of Barrier Height, 170
Device Structures, 181

Ohmic Contact, 187

79

134

vii



viii CONTENTS

Chapter 4 Metal-Insulator-Semiconductor Capacitors 197

4.1
4.2
4.3

Introduction, 197
Ideal MIS Capacitor, 198
Silicon MOS Capacitor, 213

Part Il Transistors

Chapter 5 Bipolar Transistors 243

5.1
52
5.3
5.4
5.5

Introduction, 243

Static Characteristics, 244

Microwave Characteristics, 262
Related Device Structures, 275
Heterojunction Bipolar Transistor, 282

Chapter 6 MOSFETs 293

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

Introduction, 293

Basic Device Characteristics, 297

Nonuniform Doping and Buried-Channel Device, 320
Device Scaling and Short-Channel Effects, 328
MOSFET Structures, 339

Circuit Applications, 347

Nonvolatile Memory Devices, 350

Single-Electron Transistor, 360

Chapter 7 JFETs, MESFETs, and MODFETSs 374

7.1
7.2
7.3

Introduction, 374
JFET and MESFET, 375
MODFET, 401

Part IV Negative-Resistance and Power Devices

Chapter 8 Tunnel Devices 417

8.1
8.2
8.3
8.4

Introduction, 417

Tunnel Diode, 418

Related Tunnel Devices, 435
Resonant-Tunneling Diode, 454

Chapter 9 IMPATT Diodes 466

9.1

Introduction, 466



CONTENTS ix

9.2 Static Characteristics, 467

9.3 Dynamic Characteristics, 474

9.4 Power and Efficiency, 482

9.5 Noise Behavior, 489

9.6 Device Design and Performance, 493
9.7 BARITT Diode, 497

9.8 TUNNETT Diode, 504

Chapter 10 Transferred-Electron and Real-Space-Transfer Devices 510
10.1 Introduction, 510

10.2 Transferred-Electron Device, 511
10.3 Real-Space-Transfer Devices, 536

Chapter 11 Thyristors and Power Devices 548
11.1 Introduction, 548
11.2 Thyristor Characteristics, 549
11.3 Thyristor Variations, 574
11.4 Other Power Devices, 582

Part V. Photonic Devices and Sensors

Chapter 12 LEDs and Lasers 601

12.1 Introduction, 601

12.2 Radiative Transitions, 603

12.3 Light-Emitting Diode (LED), 608
12.4 Laser Physics, 621

12.5 Laser Operating Characteristics, 630
12.6 Specialty Lasers, 651

Chapter 13 Photodetectors and Solar Cells 663

13.1 Introduction, 663

13.2 Photoconductor, 667

13.3 Photodiodes, 671

13.4 Avalanche Photodiode, 683

13.5 Phototransistor, 694

13.6 Charge-Coupled Device (CCD), 697

13.7 Metal-Semiconductor-Metal Photodetector, 712
13.8 Quantum-Well Infrared Photodetector, 716

13.9 Solar Cell, 719



X  CONTENTS

Chapter 14 Sensors 743

14.1 Introduction, 743

14.2 Thermal Sensors, 744
14.3 Mechanical Sensors, 750
14.4 Magnetic Sensors, 758
14.5 Chemical Sensors, 765

Appendixes 773

List of Symbols, 775

International System of Units, 785

Unit Prefixes, 786

Greek Alphabet, 787

Physical Constants, 788

Properties of Important Semiconductors, 789
Properties of Si and GaAs, 790

Properties of Si0, and Si;N,, 791

mEemMHDOWR

Index 793



Physics of Semiconductor Devices, 3rd Edition
by S. M. Sze and Kwok K. Ng
Copyright © 2007 John Wiley & Sons, Inc.

Introduction

The book is organized into five parts:

PartI:  Semiconductor Physics

Part [I: Device Building Blocks

Part III: Transistors

Part IV: Negative-Resistance and Power Devices
Part V:  Photonic Devices and Sensors

Part I, Chapter 1, is a summary of semiconductor properties that are used
throughout the book as a basis for understanding and calculating device characteris-
tics. Energy band, carrier concentration, and transport properties are briefly surveyed,
with emphasis on the two most-important semiconductors: silicon (Si) and gallium
arsenide (GaAs). A compilation of the recommended or most-accurate values for
these semiconductors is given in the illustrations of Chapter 1 and in the Appendixes
for convenient reference.

Part I1, Chapters 2 through 4, treats the basic device building blocks from which
all semiconductor devices can be constructed. Chapter 2 considers the p-n junction
characteristics. Because the p-» junction is the building block of most semiconductor
devices, p-n junction theory serves as the foundation of the physics of semiconductor
devices. Chapter 2 also considers the heterojunction, that is a junction formed
between two dissimilar semiconductors. For example, we can use gallium arsenide
(GaAs) and aluminum arsenide (AlAs) to form a heterojunction. The heterojunction
is a key building block for high-speed and photonic devices. Chapter 3 treats the
metal-semiconductor contact, which is an intimate contact between a metal and a
semiconductor. The contact can be rectifying similar to a p-» junction if the semicon-
ductor is moderately doped and becomes ohmic if the semiconductor is very heavily
doped. An ochmic contact can pass current in either direction with a negligible voltage
drop and can provide the necessary connections between devices and the outside
world. Chapter 4 considers the metal-insulator-semiconductor (MIS) capacitor of
which the Si-based metal-oxide-semiconductor (MOS) structure is the dominant
member. Knowledge of the surface physics associated with the MOS capacitor is
important, not only for understanding MOS-related devices such as the MOSFET and
the floating-gate nonvolatile memory but also because of its relevance to the stability
and reliability of all other semiconductor devices in their surface and isolation areas.
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Part III, Chapters 5 through 7, deals with the transistor family. Chapter 5 treats the
bipolar transistor, that is, the interaction between two closely coupled p-» junctions.
The bipolar transistor is one of the most-important original semiconductor devices.
The invention of the bipolar transistor in 1947 ushered in the modern electronic era.
Chapter 6 considers the MOSFET (MOS field-effect transistor). The distinction
between a field-effect transistor and a potential-effect transistor (such as the bipolar
transistor) is that in the former, the channel is modulated by the gate through a capac-
itor whereas in the latter, the channel is controlled by a direct contact to the channel
region.! The MOSFET is the most-important device for advanced integrated circuits,
and is used extensively in microprocessors and DRAMs (dynamic random access
memories). Chapter 6 also treats the nonvolatile semiconductor memory which is the
dominant memory for portable electronic systems such as the cellular phone, note-
book computer, digital camera, audio and video players, and global positioning
system (GPS). Chapter 7 considers three other field-effect transistors; the JFET
(junction field-effect-transistor), MESFET (metal-semiconductor field-effect tran-
sistor), and MODFET (modulation-doped field-effect transistor). The JFET is an
older member and now used mainly as power devices, whereas the MESFET and
MODFET are used in high-speed, high-input-impedance amplifiers and monolithic
microwave integrated circuits.

Part IV, Chapters 8 through 11, considers negative-resistance and power devices.
In Chapter 8, we discuss the tunnel diode (a heavily doped p-# junction) and the res-
onant-tunneling diode (a double-barrier structure formed by multiple heterojunc-
tions). These devices show negative differential resistances due to quantum-
mechanical tunneling. They can generate microwaves or serve as functional devices,
that is, they can perform a given circuit function with a greatly reduced number of
components. Chapter 9 discusses the transit-time devices. When a p-# junction or a
metal-semiconductor junction is operated in avalanche breakdown, under proper con-
ditions we have an IMPATT diode that can generate the highest CW (continuous
wave) power output of all solid-state devices at millimeter-wave frequencies (i.e.,
above 30 GHz). The operational characteristics of the related BARITT and
TUNNETT diodes are also presented. The transferred-electron device (TED) is con-
sidered in Chapter 10. Microwave oscillation can be generated by the mechanism of
electron transfer from a high-mobility lower-energy valley in the conduction band to
a low-mobility higher-energy valley (in momentum space), the transferred-electron
effect. Also presented are the real-space-transfer devices which are similar to TED
but the electron transfer occurs between a narrow-bandgap material to an adjacent
wide-bandgap material in real space as opposed to momentum space. The thyristor,
which is basically three closely coupled p-n junctions in the form of a p-n-p-n struc-
ture, is discussed in Chapter 11. Also considered are the MOS-controlled thyristor (a
combination of MOSFET with a conventional thyristor) and the insulated-gate
bipolar transistor (IGBT, a combination of MOSFET with a conventional bipolar
transistor). These devices have a wide range of power-handling and switching capa-
bility; they can handle currents from a few milliamperes to thousands of amperes and
voltages above 5000 V.
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Part V, Chapters 12 through 14, treats photonic devices and sensors. Photonic
devices can detect, generate, and convert optical energy to electric energy, or vice
versa. The semiconductor light sources—light-emitting diode (LED) and laser, are
discussed in Chapter 12. The LEDs have a multitude of applications as display
devices such as in electronic equipment and traffic lights, and as illuminating devices
such as flashlights and automobile headlights. Semiconductor lasers are used in
optical-fiber communication, video players, and high-speed laser printing. Various
photodetectors with high quantum efficiency and high response speed are discussed
in Chapter 13. The chapter also considers the solar cell which converts optical energy
to electrical energy similar to a photodetector but with different emphasis and device
configuration. As the worldwide energy demand increases and the fossil-fuel supply
will be exhausted soon, there is an urgent need to develop alternative energy sources.
The solar cell is considered a major candidate because it can convert sunlight directly
to electricity with good conversion efficiency, can provide practically everlasting
power at low operating cost, and is virtually nonpolluting. Chapter 14 considers
important semiconductor sensors. A sensor is defined as a device that can detect or
measure an external signal. There are basically six types of signals: electrical, optical,
thermal, mechanical, magnetic, and chemical. The sensors can provide us with infor-
mations about these signals which could not otherwise be directly perceived by our
senses. Based on the definition of sensors, all traditional semiconductor devices are
sensors since they have inputs and outputs and both are in electrical forms. We have
considered the sensors for electrical signals in Chapters 2 through 11, and the sensors
for optical signals in Chapters 12 and 13. In Chapter 14, we are concerned with
sensors for the remaining four types of signals, i.e., thermal, mechanical, magnetic,
and chemical.

We recommend that readers first study semiconductor physics (Part I) and the
device building blocks (Part II) before moving to subsequent parts of the book. Each
chapter in Parts III through V deals with a major device or a related device family, and
is more or less independent of the other chapters. So, readers can use the book as a
reference and instructors can select chapters appropriate for their classes and in their
order of preference. We have a vast literature on semiconductor devices. To date,
more than 300,000 papers have been published in this field, and the grand total may
reach one million in the next decade. In this book, each chapter is presented in a clear
and coherent fashion without heavy reliance on the original literature. However, we
have an extensive listing of key papers at the end of each chapter for reference and for
further reading.

REFERENCE

1. K. K. Ng, Complete Guide to Semiconductor Devices, 2nd Ed., Wiley, New York, 2002.
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—A Review
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1

Physics and Properties
of Semiconductors—A Review

1.1 INTRODUCTION
1.2 CRYSTAL STRUCTURE
1.3 ENERGY BANDS AND ENERGY GAP
1.4 CARRIER CONCENTRATION AT THERMAL EQUILIBRIUM
1.5 CARRIER-TRANSPORT PHENOMENA
1.6 PHONON, OPTICAL, AND THERMAL PROPERTIES
1.7 HETEROJUNCTIONS AND NANOSTRUCTURES
1.8 BASIC EQUATIONS AND EXAMPLES

1.1 INTRODUCTION

The physics of semiconductor devices is naturally dependent on the physics of semi-
conductor materials themselves. This chapter presents a summary and review of the
basic physics and properties of semiconductors. It represents only a small cross
section of the vast literature on semiconductors; only those subjects pertinent to
device operations are included here. For detailed consideration of semiconductor
physics, the reader should consult the standard textbooks or reference works by
Dunlap,! Madelung,2 Moll,> Moss,* Smith.> Boer,® Seeger,” and Wang,® to name a
few.

To condense a large amount of information into a single chapter, four tables (some
in appendixes) and over 30 illustrations drawn from experimental data are compiled
and presented here. This chapter emphasizes the two most-important semiconductors:
silicon (Si) and gallium arsenide (GaAs). Silicon has been studied extensively and
widely used in commercial electronics products. Gallium arsenide has been inten-
sively investigated in recent years. Particular properties studied are its direct bandgap
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for photonic applications and its intervalley-carrier transport and higher mobility for
generating microwaves.

1.2 CRYSTAL STRUCTURE

1.2.1 Primitive Cell and Crystal Plane

A crystal is characterized by having a well-structured periodic placement of atoms.
The smallest assembly of atoms that can be repeated to form the entire crystal is
called a primitive cell, with a dimension of lattice constant a. Figure 1 shows some
important primitive cells.

Many important semiconductors have diamond or zincblende lattice structures
which belong to the tetrahedral phases; that is, each atom is surrounded by four equi-
distant nearest neighbors which lie at the corners of a tetrahedron. The bond between
two nearest neighbors is formed by two electrons with opposite spins. The diamond
and the zincblende lattices can be considered as two interpenetrating face-centered
cubic (fcc) lattices. For the diamond lattice, such as silicon (Fig. 1d), all the atoms are
the same; whereas in a zincblende lattice, such as gallium arsenide (Fig. 1e), one sub-
lattice is gallium and the other is arsenic. Gallium arsenide is a [II-V compound, since
it is formed from elements of groups III and V of the periodic table.

Most III-V compounds crystallize in the zincblende structure;?° however, many
semiconductors (including some III-V compounds) crystallize in the rock-salt or
wurtzite structures. Figure 1f shows the rock-salt lattice, which again can be consid-
ered as two interpenetrating face-centered cubic lattices. In this rock-salt structure,
each atom has six nearest neighbors. Figure 1g shows the wurtzite lattice, which can
be considered as two interpenetrating hexagonal close-packed lattices (e.g., the sub-
lattices of cadmium and sulfur). In this picture, for each sublattice (Cd or S), the two
planes of adjacent layers are displaced horizontally such that the distance between
these two planes are at a minimum (for a fixed distance between centers of two
atoms), hence the name close-packed. The wurtzite structure has a tetrahedral
arrangement of four equidistant nearest neighbors, similar to a zincblende structure.

Appendix F gives a summary of the lattice constants of important semiconduc-
tors, together with their crystal structures.!%!! Note that some compounds, such as
zinc sulfide and cadmium sulfide, can crystallize in either zincblende or wurtzite
structures.

Since semiconductor devices are built on or near the semiconductor surface, the
orientations and properties of the surface crystal planes are important. A convenient
method of defining the various planes in a crystal is to use Miller indices. These
indices are determined by first finding the intercepts of the plane with the three basis
axes in terms of the lattice constants (or primitive cells), and then taking the recipro-
cals of these numbers and reducing them to the smallest three integers having the
same ratio. The result is enclosed in parentheses (4k/) called the Miller indices for a
single plane or a set of parallel planes {#k/}. Figure 2 shows the Miller indices of
important planes in a cubic crystal. Some other conventions are given in Table 1. For



!
|

Simple cubic Body-centered cubic Face-centered cubic
(Po) (Na, W, etc.) (Al, Au, etc.)
(a) (b) (c)

Tetrahedron Diamond Tetrahedron Zincblende
(Si, Ge, C, etc.) (GaAs, GaP, etc.)
(d) (e)

Rock-salt Wurtzite
(PbS, PhTe, etc.) (CdS, ZnS, etc.)
4] (2)

Fig. 1 Some important primitive cells (direct lattices) and their representative elements; a is
the lattice constant.



10 CHAPTER 1. PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEW

* (100) * (110)

Fig. 2 Miller indices of some important planes in a cubic crystal.

silicon, a single-element semiconductor, the easiest breakage or cleavage planes are
the {111} planes. In contrast, gallium arsenide, which has a similar lattice structure
but also has a slight ionic component in the bonds, cleaves on {110} planes.

Three primitive basis vectors, a, b, and c of a primitive cell, describe a crystalline
solid such that the crystal structure remains invariant under translation through any
vector that is the sum of integral multiples of these basis vectors. In other words, the
direct lattice sites can be defined by the set!?

R = ma+nb+pc (O

where m, n, and p are integers.

1.2.2 Reciprocal Lattice

For a given set of the direct basis vectors, a set of reciprocal lattice basis vectors a*,
b*, ¢* can be defined as

. bxc
4 _2”a-bxc’ (22)
. e cxa
br=27- 220 (2b)

Table 1 Miller Indices and Their Represented Plane or Direction of a Crystal Surface

Miller

. Description of plane or direction
Indices P P

(hkl)  Foraplane that intercepts 1/h, 1/k, 1/1 on the x-, y-, and z-axis, respectively.
(hkl)  For a plane that intercepts the negative x-axis.
{hkl}  For a full set of planes of equivalent symmetry, such as {100} for (100), (010),
(001), (100), (010), and (001 ) in cubic symmetry.
[#kl]  For a direction of a crystal such as [100] for the x-axis.
(hkly  For a full set of equivalent directions.
[#kim]  For a plane in a hexagonal lattice (such as wurtzite) that intercepts 1/4, 1/k, 1/1,
1/m on the a,-, a,-, a;-, and z-axis, respectively (Fig. 1g).
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axb
*=9
¢ ”a -bxc (2¢)
such that @ - @* =27, @ * * = 0, and so on. The denominators are identical due to the
equality that @+ b < ¢ = b+ ¢ x @ = ¢ * @ x b which is the volume enclosed by these

vectors. The general reciprocal lattice vector is given by

G = ha* +kb* +Ic* 3)
where A, k, and [ are integers. It follows that one important relationship between the
direct lattice and the reciprocal lattice is

G'R = 2r xInteger, 4

and therefore each vector of the reciprocal lattice is normal to a set of planes in the
direct lattice. The volume V* of a primitive cell of the reciprocal lattice is inversely
proportional to that (¥,) of the direct lattice; that is, V) =(27)*/V,, where
V,=a-bxc.

The primitive cell of a reciprocal lattice can be represented by a Wigner-Seitz cell.
The Wigner-Seitz cell is constructed by drawing perpendicular bisector planes in the
reciprocal lattice from the chosen center to the nearest equivalent reciprocal lattice
sites. This technique can also be applied to a direct lattice. The Wigner-Seitz cell in
the reciprocal lattice is called the first Brillouin zone. Figure 3a shows a typical
example for a body-centered cubic (bce) reciprocal lattice.!® If one first draws lines
from the center point (I') to the eight corners of the cube, then forms the bisector

(a)

Fig. 3 Brillouin zones for (a) fcc, diamond, and zincblende lattices, (b) bec lattice, and (c)
wurtzite lattice.
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planes, the result is the truncated octahedron within the cube—a Wigner-Seitz cell. It
can be shown that!* a face-centered cubic (fcc) direct lattice with lattice constant a
has a bce reciprocal lattice with spacing 47/a. Thus the Wigner-Seitz cell shown in
Fig. 3a is the primitive cell of the reciprocal (bcc) lattice for an fcc direct lattice. The
Wigner-Seitz cells for bec and hexagonal direct lattices can be similarly constructed
and shown in Figs. 3b and 3¢.1° It will be shown that the reciprocal lattice is useful to
visualize the E-k relationship when the coordinates of the wave vectors k (k| = k =
271 Z) are mapped into the coordinates of the reciprocal lattice. In particular, the Bril-
louin zone for the fce lattice is important because it is relevant to most semiconductor
materials of interest here. The symbols used in Fig. 3a will be discussed in more
details.

1.3 ENERGY BANDS AND ENERGY GAP

The energy-momentum (£-k) relationship for carriers in a lattice is important, for
example, in the interactions with photons and phonons where energy and momentum
have to be conserved, and with each other (electrons and holes) which leads to the
concept of energy gap. This relationship also characterizes the effective mass and the
group velocity, as will be discussed later.

The band structure of a crystalline solid, that is, the energy-momentum (E£-k) rela-
tionship, is usually obtained by solving the Schrédinger equation of an approximate
one-electron problem. The Bloch theorem, one of the most-important theorems basic
to band structure, states that if a potential energy V(r) is periodic in the direct lattice
space, then the solutions for the wavefunction y(r,k) of the Schrédinger equation!#.16

[- ARV V(r)}(//(r, k) = E(k)y(r, k) (5)
2m
are of the form of a Bloch function
w(r, k) = exp(jk-ryUy(r, k). (6)

Here b is the band index, y(r,k) and U,(rk) are periodic in R of the direct lattice.
Since

w(r+R, k)

exp[jk-(r+R)]U,(r+R, k)
exp(jk - ryexp(jk - R)U,(r, k), N

and is equal to y(rk), it is necessary that k - R is a multiple of 2. It is the property of
Eq. 4 that the reciprocal lattice can be used when G is replaced with k for visualizing
the E-k relationship.

From the Bloch theorem one can also show that the energy E(k) is periodic in the
reciprocal lattice, that is, E(k) = E(k+G), where G is given by Eq. 3. For a given band
index, to label the energy uniquely, it is sufficient to use only &’s in a primitive cell of
the reciprocal lattice. The standard convention is to use the Wigner-Seitz cell in the
reciprocal lattice (Fig. 3). This cell is the Brillouin zone or the first Brillouin zone.!3
It is thus evident that we can reduce any momentum k& in the reciprocal space to a
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point inside the Brillouin zone, where any energy state can be given a label in the
reduced zone schemes.

The Brillouin zone for the diamond and the zincblende lattices is the same as that
of the fcc and is shown in Fig. 3a. Table 2 summarizes its most-important symmetry
points and symmetry lines, such as the center of the zone, the zone edges and their
corresponding k axes.

The energy bands of solids have been studied theoretically using a variety of
numerical methods. For semiconductors the three methods most frequently used are
the orthogonalized plane-wave method,!”-!® the pseudopotential method,'® and the
k - p method. Figure 4 shows results of studies of the energy-band structures of Si
and GaAs. Notice that for any semiconductor there is a forbidden energy range in
which allowed states cannot exist. Energy regions or energy bands are permitted
above and below this energy gap. The upper bands are called the conduction bands;
the lower bands, the valence bands. The separation between the energy of the lowest
conduction band and that of the highest valence band is called the bandgap or energy
gap E,, which is one of the most-important parameters in semiconductor physics. In
this figure the bottom of the conduction band is designated £, and the top of the
valence band E: Within the bands, the electron energy is conventionally defined to be
positive when measured upward from E-, and the hole energy is positive when mea-
sured downward from E,.. The bandgaps of some important semiconductors are listed
in Appendix F.

The valence band in the zincblende structure, such as that for GaAs in Fig. 4b,
consists of four subbands when spin is neglected in the Schrodinger equation, and
each band is doubled when spin is taken into account. Three of the four bands are
degenerate at k= 0 (I" point) and form the upper edge of the band, and the fourth band
forms the bottom (not shown). Furthermore, the spin-orbit interaction causes a split-
ting of the band at £ = 0.

Near the band edges, i.e., bottom of E- and top of E|s the E-k relationship can be
approximated by a quadratic equation

E(h) = BE (®)

2m*
where m* is the associated effective mass. But as shown in Fig. 4, along a given direc-
tion, the two top valence bands can be approximated by two parabolic bands with dif-
ferent curvatures: the heavy-hole band (the wider band in k-axis with smaller 62E/ok?)

Table 2 Brillouin Zone of fcc, Diamond, and Zincblende Lattices: Zone Edges and Their
Corresponding Axes (I" is the Center)

Point Degeneracy Axis

I, (0,0,0) 1

X, 27a(+1,0,0), 27/a(0,+1,0), 24/a(0,0,£1) 6 A, (1,0,0)
L, 27a(x1/2,£1/2,£1/2) 8 A, (L L1Y

K, 27 a(3/4,£3/4,0), 2 7a(0,23/4,£3/4), 2 1la(+3/4,0,+3/4) 12 %, (1,1,0)
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Fig. 4 Energy-band structures of (a) Si and (b) GaAs, where E, is the energy bandgap. Plus
signs (+) indicate holes in the valence bands and minus signs () indicate electrons in the con-
duction bands. (After Ref. 20.)

and the light-hole band (the narrower band with larger 82E/0k?). The effective mass in
general is tensorial with components m;; defined as

1 _ 182E(K) ©)
m? 12 kok;

The effective masses are listed in Appendix F for important semiconductors.
Carriers in motion are also characterized by a group velocity

1dE
Ug = %E (10)
and with momentum
p = hk. (1D

The conduction band consists of a number of subbands (Fig. 4). The bottom of the
conduction band can appear at the center £k =0 (I') or off center along different & axes.
Symmetry considerations alone do not determine the location of the bottom of the
conduction band. Experimental results show, however, that in Si it is off center and
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along the [100] axis (A), and in GaAs the bottom is at £ = 0 (I"). Considering that the
valence-band maximum (E,) occurs at I, the conduction-band minimum can be
aligned or misaligned in k-space in determining the bandgap. This results in direct
bandgap for GaAs and indirect bandgap for Si. This bears significant consequences
when carriers transfer between this minimum gap in that momentum (or k) is con-
served for direct bandgap but changed for indirect bandgap.

Figure 5 shows the shapes of the constant-energy surfaces. For Si there are six
ellipsoids along the (100)-axes, with the centers of the ellipsoids located at about
three-fourths of the distance from the Brillouin zone center. For GaAs the constant
energy surface is a sphere at the zone center. By fitting experimental results to para-
bolic bands, we obtain the electron effective masses; one for GaAs and two for Si, m;
along the symmetry axes and m; transverse to the symmetry axes. Appendix G also
includes these values.

At room temperature and under normal atmospheric pressure, the values of the
bandgap are 1.12 eV for Si and 1.42 eV for GaAs. These values are for high-purity
materials. For highly doped materials the bandgaps become smaller. Experimental
results show that the bandgaps of most semiconductors decrease with increasing tem-
perature. Figure 6 shows variations of bandgaps as a function of temperature for Si
and GaAs. The bandgap approaches 1.17 and 1.52 eV respectively for these two
semiconductors at 0 K. The variation of bandgaps with temperature can be expressed
approximately by a universal function

aT?

E(T)~E,0) T+ 5 (12)
where E(0), «, and S are given in the inset of Fig. 6. The temperature coefficient
dE/dT is negative for both semiconductors. Some semiconductors have positive
dE,/dT; for example, the bandgap of PbS (Appendix F) increases from 0.286 eV at
0 K to 0.41 eV at 300 K. Near room temperature, the bandgap of GaAs increases with
pressure P24 and dE /dP is about 12.6x10-6 eV-cm?/N, while the Si bandgap
decreases with pressure, with dE /dP = — 2.4 106 eV-cm?/N.

[001] [001]
010 010
: [100] 99 }: [100]
— D x—-:| —
L P
Si GaAs

Fig. 5 Shapes of constant-energy surfaces for electrons in Si and GaAs. For Si there are six
ellipsoids along the (100)-axes with the centers of the ellipsoids located at about three-fourths
of the distance from the Brillouin zone center. For GaAs the constant-energy surface is a
sphere at zone center. (After Ref. 21.)
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Energy bandgaps of Si and GaAs as a function of temperature. (After Refs. 22-23.)

1.4 CARRIER CONCENTRATION AT THERMAL EQUILIBRIUM

One of the most-important properties of a semiconductor is that it can be doped with
different types and concentrations of impurities to vary its resistivity. Also, when
these impurities are ionized and the carriers are depleted, they leave behind a charge
density that results in an electric field and sometimes a potential barrier inside the
semiconductor. Such properties are absent in a metal or an insulator.

Figure 7 shows three basic bond representations of a semiconductor. Figure 7a
shows intrinsic silicon, which is very pure and contains a negligibly small amount of
impurities. Each silicon atom shares its four valence electrons with the four neigh-

@@@
@@@

(a)

:@:f‘?@z

Qs :
@@@ @@@

(b) ()

Fig. 7 Three basic bond pictures of a semiconductor. (a) Intrinsic Si with no impurity. (b)
n-type Si with donor (phosphorus). (¢) p-type Si with acceptor (boron).
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boring atoms, forming four covalent bonds (also see Fig. 1). Figure 7b shows an
n-type silicon, where a substitutional phosphorous atom with five valence electrons
has replaced a silicon atom, and a negative-charged electron is donated to the lattice
in the conduction band. The phosphorous atom is called a donor. Figure 7¢c similarly
shows that when a boron atom with three valence electrons substitutes for a silicon
atom, a positive-charged hole is created in the valence band, and an additional elec-
tron will be accepted to form four covalent bonds around the boron. This is p-type,
and the boron is an acceptor.

These names of »n- and p-type had been coined when it was observed that if a
metal whisker was pressed against a p-type material, forming a Schottky barrier diode
(see Chapter 3), a positive bias was required on the semiconductor to produce a
noticeable current.?526 Also, when exposed to light, a positive potential was gener-
ated with respect to the metal whisker. Conversely, a negative bias was required on an
n-type material to produce a large current.

1.4.1 Carrier Concentration and Fermi Level

We first consider the intrinsic case without impurities added to the semiconductor.
The number of electrons (occupied conduction-band levels) is given by the total
number of states N(E)) multiplied by the occupancy F(E), integrated over the conduc-
tion band,

n = J " ME)F(E)E. (13)
Ec

The density of states N(E) can be approximated by the density near the bottom of the
conduction band for low-enough carrier densities and temperatures:?

LmPE-EQ"
P PE :
M_. is the number of equivalent minima in the conduction band and m_, is the density-
of-state effective mass for electrons:?

N(E) = M. (14)

Mg = (mim3m3)'? (15)
where m{, m3, m; are the effective masses along the principal axes of the ellip-
soidal energy surface. For example, in silicon m,, = (m;m}?)!” . The occupancy is a
strong function of temperature and energy, and is represented by the Fermi-Dirac dis-
tribution function

_ 1
F(E) = 1+ exp[(E - Ep)/kT] (16)

where E is the Fermi energy level which can be determined from the charge neu-
trality condition (see Section 1.4.3).
The integral of Eq. 13 can be evaluated to be
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E.-E
n = NCLFl/z(F—C) (17

where N is the effective density of states in the conduction band and is given by

27rmdek7)3/2

NC_2 (18)

The Fermi-Dirac integral, changing variables with = (E - E)/kT and ny=
(Er— Eo)/kT, is given by

Ep-E ®  [(E-EQ)/kT]V2
F1/2( - C)EFl/z(ﬂF) = f [« c)/kT] <2

1+ exp[(E-Ep)/kT1kT

___’Z_______
. 1+ exp(n- nF) (19)

whose values are plotted in Fig. 8. Note that for 77z < -1, the integral can be approxi-
mated by an exponential function. At 77z = 0 when the Fermi level coincides with the
band edge, the integral has a value of = 0.6 such that n ~ 0.7N..

Nondegenerate Semiconductors. By definition, in nondegenerate semiconductors,
the doping concentrations are smaller than N, and the Fermi levels are more than
several kT below E (negative 7z), the Fermi-Dirac integral approaches

FI/Z(EF"EC) - ﬁexp( e EF) 20)
kT 2 kT
10 ——F—F— =
(/12) exp (1F) ~
—— |/
,//
= /
5 7
~ 74
= A
g
£
£ 10 ,,/
3 /
E Vi
(3]
- /
172
WY LY
10 #= Fip(ng) = f T+ exp(n-70)
7 0 Fig. 8 Fermi-Dirac integral
/ Fy;, as a function of Fermi
/ energy. (After Ref. 27.) Dashed
103 ¢ -4 — 5 5 ; ¢ line is approximation of Boltz-

(Ep—E)kT = ng mann statistics.
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and Boltzmann statistics apply. Equation 17 becomes

Eo—E N
n=Neexp(- — 7 or EC—EF=kT1n(7C). @1

Similarly, for p-type semiconductors we can obtain the hole density and its Fermi
level near the top of the valence band,;

2 Ey-Ep
p =N, ~—F ( ) (22
VA/;_- 12 kT )
which can be simplified to
N ( Er EV) E.-E, = kT! (NV) (23)
= Nyexp| - or —-Ey,=kTln| —],
p 14 5T F—Ey P
where N, is the effective density of states in the valence band and is given by
2 7m g kTN 32
N,= (T . (24)
Here m,, is the density-of-state effective mass of the valence band:’
My = (M2 4 mjy 32 25)

where the subscripts refer to light and heavy hole masses previously referenced in
Eq. 9.

Degenerate Semiconductors. As shown in Fig. 8, for degenerate levels where n- or
p-concentrations are near or beyond the effective density of states (N or Ny), the
value of Fermi-Dirac integral has to be used instead of the simplified Boltzmann sta-
tistics. For 7> —1, the integral has weaker dependence on the carrier concentration.
Note that also the Fermi levels are outside the energy gap. A useful estimate of the
Fermi level as a function of carrier concentration is given by, for n-type
semiconductor?®

Ep-Eo~ kT[ln(Ni) + 2—3/2(1\]1)] , (26a)
C
and for p-type
Ey~Ep~ kT[ln(A-/fL) " 2—3/2(14\/”—)} . 26b)
14 14

Intrinsic Concentration. For intrinsic semiconductors at finite temperatures,
thermal agitation occurs which results in continuous excitation of electrons from the
valence band to the conduction band, and leaving an equal number of holes in the
valence band. This process is balanced by recombination of the electrons in the con-
duction band with holes in the valence band. At steady state, the net result is
n = p =n, where n, is the intrinsic carrier density.

The Fermi level for an intrinsic semiconductor (which by definition is nondegen-
erate) is obtained by equating Egs. 21 and 23:
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E N
Ep=E = F<Z "+"—T1n(]79

H 2 2
Ec+EV 3kT Uz
- @

Hence the Fermi level E; of an intrinsic semiconductor generally lies very close to,
but not exactly at, the middle of the bandgap. The intrinsic carrier density », can be
obtained from Eq. 21 or 23:

Eq—E; E-E E
n; = Nce"p(‘ T ) = NV"’XP(‘ iT V) = VNCNVCXP(‘ 2_1:'})

mam Y4 E
4_9x1015(%) Mlc/ZTG/Zexp(— __8_)
0

2kT (28)

Figure 9 shows the temperature dependence of »; for Si and GaAs. As expected, the
larger the bandgap is, the smaller the intrinsic carrier density will be.30

It also follows that for nondegenerate semiconductors, the product of the majority
and minority carrier concentrations is fixed to be

1500 T (0
11000 500 200 100 27 0 =20
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1018 =2
X
AW
o 16 AN ‘\\
T, 10 %
LE, ANGEAN
~— N\ AN
& ay N~
=}
S 101 . .
=1 X N
g . -
8 N % Si
2 \;
g 102 —x
& \; a
§ 0 AN ™~
é 10 GaAs N \!\‘
8= N\, AN
o N N
= \, -
108 A\
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oom
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Fig. 9 Intrinsic carrier concentrations of Si and GaAs as a function of reciprocal temperature.
(After Refs. 22 and 29.)
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E
NcNyexp (— ];‘75',)

= pn?

i s

pn
(29)

which is known as the mass-action law. But for degenerate semiconductors, pn < n? .
Also using Eq. 28 and E, as the reference energy, we have the alternate equations for
n-type materials;

E.-E;
n= niexp( FkT ') or E.—-E, = len(ni) , (30a)
and for p-type materials;
E.-E
p=mexp( = 5 or E-Ep= len(f) . (30b)

1.4.2 Donors and Acceptors

When a semiconductor is doped with donor or acceptor impurities, impurity energy
levels are introduced that usually lie within the energy gap. A donor impurity has a
donor level which is defined as being neutral if filled by an electron, and positive if
empty. Conversely, an acceptor level is neutral if empty and negative if filled by an
electron. These energy levels are important in calculating the fraction of dopants
being ionized, or electrically active, as discussed in Section 1.4.3.

To get a feeling of the magnitude of the impurity ionization energy, we use the
simplest calculation based on the hydrogen-atom model. The ionization energy for
the hydrogen atom in vacuum is

moq*
Ev = Soam
3272%&5h

The ionization energy for a donor (E-— Ep) in a lattice can be obtained by replacing
my by the conductivity effective mass of electrons’

= 13.6 eV. (31)

-1
m,, = 3(—1- Ly i) (32)
my my mj

and by replacing g by the permittivity of the semiconductor &, in Eq. 31:
) 2 me,
Fety = (3™, .
o = () (55)En (33)
The ionization energy for donors as calculated from Eq. 33 is 0.025 eV for Si and
0.007 eV for GaAs. The hydrogen-atom calculation for the ionization level for the
acceptors is similar to that for the donors. The calculated acceptor ionization energy
(measured from the valence-band edge, £, = (E, — E}) is 0.05 eV for Si and GaAs.
Although this simple hydrogen-atom model given above certainly cannot account
for the details of ionization energy, particularly the deep levels in semiconduc-

tors,1-33 the calculated values do predict the correct order of magnitude of the true
ionization energies for shallow impurities. These calculated values are shown to be
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much smaller than the energy gap, and often are referred to as shallow impurities if
they are close to the band edges. Also, since these small ionization energies are com-
parable to the thermal energy &7, ionization is usually complete at room temperature.
Figure 10 shows the measured ionization energies for various impurities in Si and
GaAs. Note that it is possible for a single atom to have many levels; for example, gold
in silicon has both an acceptor level and a donor level in the forbidden energy gap.

1.4.3 Calculation of Fermi Level

The Fermi level for the intrinsic semiconductor (Eq. 27) lies very close to the middle
of the bandgap. Figure 11a depicts this situation, showing schematically from left to
right the simplified band diagram, the density of states N(E), the Fermi-Dirac distri-
bution function F(E), and the carrier concentrations. The shaded areas in the conduc-
tion band and the valence band represent electrons and holes, and their numbers are
the same; i.e., n = p = p, for the intrinsic case.

When impurities are introduced to the semiconductor crystals, depending on the
impurity energy level and the lattice temperature, not all dopants are necessarily ion-
ized. The ionized concentration for donors is given by6

N} = Mo
1+gpexp[(Ep—Ep)/kT]

where g, is the ground-state degeneracy of the donor impurity level and equal to 2
because a donor level can accept one electron with either spin (or can have no elec-
tron). When acceptor impurities of concentration N, are added to a semiconductor
crystal, a similar expression can be written for the ionized acceptors

_ Ny
Ny =
1 +g,exp[(E,—Ep)/kT]

where the ground-state degeneracy factor g, is 4 for acceptor levels. The vatue is 4
because in most semiconductors each acceptor impurity level can accept one hole of
either spin and the impurity level is doubly degenerate as a result of the two degen-
erate valence bands at k= 0.

When impurity atoms are introduced, the total negative charges (electrons and
ionized acceptors) must equal the total positive charges (holes and ionized donors),
represented by the charge neutrality

n+N; = p+Nj. (36)

(34)

(35)

With impurities added, the mass-action law (pn = n?) in Eq. 29 still applies (until

degeneracy), and the pn product is always independent of the added impurities.
Consider the case shown in Fig. 11b, where donor impurities with the concentra-

tion N}, (cm™) are added to the crystal. The charge neutrality condition becomes

n=NL+p
=~ N} . 37
With substitution, we obtain
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Fig. 11 Schematic band diagram, density of states, Fermi-Dirac distribution, and carrier con-
centrations for (a) intrinsic, (b) #-type, and (c) p-type semiconductors at thermal equilibrium.
Note that pn = n? for all three cases.

(3%

EC_EF ND
N, exp(— )z .
¢ kT 1+ 2exp[(Ep—Ep)/kT]

Thus for a set of given Ny, Ep, N, and T, the Fermi level E. can be uniquely deter-
mined implicitly. Knowing E, the carrier concentrations » can be calculated.
Equation 38 can also be solved graphically. In Fig. 12, the values of n and Nj; are
plotted as a function of E. Where the two curves meet determines the position of E.
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Without solving for Eq. 38, it can be shown that for N, » VaN exp[«E—~Ep)/kT]
» N, the electron concentration can be approximated by>

_ [NpNe (Ec-Ep)
nx | . expl:—w—:l. 39)

For compensated n-type material (N, > N,) with nonnegligible acceptor concentra-
tion, when N, >> YoN exp[H E — Ep)/kT), the approximate expression for the electron
density is then

"= (Ng;[jvf‘) Neexp [— (ﬁc—k—_TED—)J . (40)

Figure 13 shows a typical example, where # is plotted as a function of the reciprocal
temperature. At high temperatures we have the intrinsic range since n = p = n, > Ny,
At medium temperatures, n = Nj,. At very low temperatures most impurities are
frozen out and the slope is given by either Eq. 39 or Eq. 40, depending on the com-
pensation conditions. The electron density, however, remains essentially constant
over a wide range of temperatures (=100 to 500 K).

Figure 14 shows the Fermi level for Si and GaAs as a function of temperature and
impurity concentration, as well as the dependence of the bandgap on temperature (see
Fig. 6).

At relatively high temperatures, most donors and acceptors are ionized, so the
neutrality condition can be approximated by

n+N,=p+Np. 41

Equations 29 and 41 can be combined to give the concentrations of electrons and
holes. In an #-type semiconductor where N > N ;:

Mo = SI(Np =N+ JON, ~ N2+ 4nf)

~Np if |ND_NA‘ »n; or Np»N,, 42)
Do = n—’zzn—‘z (43)
"o nno ND

The Fermi level can be obtained from

E.-Ep Ep-E;
n,, = Np = Ncexp(— T ) = niexp( T ) (44)

Similarly, the carrier concentrations in a p-type semiconductor (N, > Np) are
given by

1
Ppo = AU, = Np)+ N, NP+ 4]
~N, if |Nj—Np|»n, or Ny»Np, (45)

n, = 2L (46)
ppo NA
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Fig. 12 Graphical method to determine the Fermi energy level E and electron concentration

n, when ionization is not complete. Examples with two different values of impurity levels £,
are shown.
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Fig. 13 Electron density as a function of temperature for a Si sample with donor impurity
concentration of 10'5 cm3. (After Ref. 5.)
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Fig. 14 Fermi level for (a) Si and (b) GaAs as a function of temperature and impurity concen-
tration. The dependence of the bandgap on temperature is also shown. (After Ref. 37.)

and

ppo = NA = NVCXp(— T

EF_EV)
kT

E.-FE
= niexp( lkT F). “@n

In the formulas above, the subscripts # and p refer to the type of semiconductors,
and the subscript “o” refers to the thermal equilibrium condition. For n-type semicon-
ductors the electron is referred to as the majority carrier and the hole as the minority
carrier, since the electron concentration is the larger of the two. The roles are reversed
for p-type semiconductors.
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1.5 CARRIER-TRANSPORT PHENOMENA

1.5.1 Drift and Mobility

At low electric fields, the drift velocity v, is proportional to the electric field strength
% and the proportionality constant is defined as the mobility u in cm?/V-s, or

vy = UE. (48)
For nonpolar semiconductors, such as Ge and Si, the presence of acoustic phonons
(see Section 1.6.1) and ionized impurities results in carrier scattering that signifi-

cantly affects the mobility. The mobility from interaction with acoustic phonon of the
lattice, 14, is given by3?

«/8_7; q h4C1 1
" 3ELm*R(kT)" * m? 5232
where C, is the average longitudinal elastic constant of the semiconductor, E  the dis-
placement of the band edge per unit dilation of the lattice, and m} the conductivity
effective mass. From Eq. 49 mobility decreases with the temperature and with the
effective mass.
The mobility from ionized impurities z; can be described by3’

64ﬁ£§(2k7)3/2{ 1276kT\27) " 7902
SRy (e

Hy (49)

= €« — 50
4 Ng3m*\2 ¢>N}3 Nm*172 (50)

where N, is the ionized impurity density. The mobility is expected to decrease with
the effective mass but to increase with the temperature because carriers with higher
thermal velocity are less deflected by Coulomb scattering. Note the common depen-
dence of the two scattering events on the effective mass but opposite dependence on
temperature. The combined mobility, which includes the two mechanisms above, is
given by the Matthiessen rule

y=(1+l)1. (51)

1

M H

In addition to the scattering mechanisms discussed above, other mechanisms also
affect the actual mobility. For example, (1) the intravalley scattering in which an elec-
tron is scattered within an energy ellipsoid (Fig. 5) and only long-wavelength
phonons (acoustic phonons) are involved; and (2) the intervalley scattering in which
an electron is scattered from the vicinity of one minimum to another minimum and an
energetic phonon (optical phonon) is involved. For polar semiconductors such as
GaAs, polar-optical-phonon scattering is significant.

Qualitatively, since mobility is controlled by scattering, it can also be related to
the mean free time z,, or mean free path 4,, by

(52)

The last term uses the relationship
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]’m = U tn (53)
where vy, is the thermal velocity given by
3kT
vth = Pt (54)
m

For multiple scattering mechanisms, the effective mean free time is derived from
the individual mean free times of scattering events by

LR (55)

Tm Tl Tm2

It can be seen that Eqgs. 51 and 55 are equivalent.

Figure 15 shows the measured mobilities of Si and GaAs versus impurity concen-
trations at room temperature. As the impurity concentration increases (at room tem-
perature most shallow impurities are ionized) the mobility decreases, as predicted by
Eq. 50. Also for larger m*, i decreases; thus for a given impurity concentration the
electron mobilities for these semiconductors are larger than the hole mobilities
(Appendixes F and G list the effective masses).

Figure 16 shows the temperature effect on mobility for n-type and p-type silicon
samples. For lower impurity concentrations the mobility is limited by phonon scat-
tering and it decreases with temperature as predicted by Eq. 49. The measured slopes,
however, are different from —3/2 because of other scattering mechanisms. For these
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Fig. 15 Drift mobility of (a) Si (After Ref. 40.) and (b) GaAs at 300 K vs. impurity concen-
tration (after Ref. 11).
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Fig. 16 Mobility of electrons and holes in Si as a function of temperature. (After Ref. 41.)

pure materials, near room temperature, the mobility varies as 7->4? and 77220 for n-
and p-type Si, respectively; and as 710 and 7-2! for n- and p-type GaAs (not shown),
respectively.

The mobilities discussed above are the conductivity mobilities, which have been
shown to be equal to the drift mobilities.3* They are, however, different from but
related to the Hall mobilities considered in the next section.

1.5.2 Resistivity and Hall Effect

For semiconductors with both electrons and holes as carriers, the drift current under
an applied field is given by

J

where o is the conductance

o=

=

c&
q(p.n + p,p) €

= q(u,n+ p,p)

and p is the resistivity. If » > p, as in n-type semiconductors,

and

p:

Q
1

1
qH.n

G

(56)

(57)

(58)

(39)
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The most-common method for measuring resistivity is the four-point probe
method (insert, Fig. 17),4>43 A small constant current is passed through the outer two
probes and the voltage is measured between the inner two probes. For a thin wafer
with thickness W much smaller than either a or d, the sheet resistance R is given by

R, = 7V CF Q/o (60)

o

where CF is the correction factor shown in Fig. 17. The resistivity is then
p=RW Q-cm. (61)

In the limit when d > S, where S is the probe spacing, the correction factor becomes
ln 2 (= 4.54).

Figure 18a shows the measured resistivity (at 300 K) as a function of the impurity
concentration (n-type phosphorus and p-type boron) for silicon. Resistivity is not a
linear function of concentration because mobility is not constant and usually
decreases with increasing concentration. Figure 18b shows the measured resistivities
for GaAs. We can obtain the impurity concentration of a semiconductor if its resis-
tivity is known and vice versa. Note that the impurity concentration may be different
from the carrier concentration because of incomplete ionization. For example, in a
p-type silicon with 1017 cm=3 gallium acceptor impurities, unionized acceptors at
room temperature make up about 23% (from Eq. 35, Figs. 10 and 14); in other words,
the carrier concentration is only 7.7x10'6 cm™3.

20

% N
% 10 / i
L / | — d —
5 = i |4
L C%/ B Rg= -I—CF (Q/o)
B ald :17/’/ - p=RW (Q-cm)
[ —taa=3) A

LU} | W O o 1111 ) T I T Y |

1
0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Correction factor CF

Fig. 17 Correction factor for measurement of resistivity using a four-point probe. (After
Ref. 42.)
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Hall Effect. Measurement of the resistivity only gives the product of the mobility
and carrier concentration. To measure each parameter directly, the most-common
method uses the Hall effect. The Hall effect is named after the scientist who made the
discovery in 1879.4 Even today it remains one of the most fascinating phenomena
and is both fundamentally interesting and practical. Examples include the recent
study of the fractional quantum Hall effect and the applications as magnetic-field sen-
sors. The Hall effect is used in common practice to measure certain properties of
semiconductors: namely, the carrier concentration (even down to a low level of
1012 cm™3), the mobility, and the type (n or p). It is an important analytical tool since
a simple conductance measurement can only give the product of concentration and
mobility, and the type remains unknown.

Figure 19 shows the basic setup where an electric field is applied along the x-axis
and a magnetic field is applied along the z-axis.*> Consider a p-type sample. The
Lorentz force exerts an average downward force on the holes

Lorentz force = qu, x %,, (62)

and the downward-directed current causes a piling up of holes at the bottom side of
the sample, which in turn gives rise to an electric field &, Since there is no net current
along the y-direction in the steady state, the electric field along the y-axis (Hall field)
balances exactly the Lorentz force such that the carriers travel in a path parallel to the
applied field Z,. (For n-type material, electrons also pile up at the bottom surface,
setting up a voltage of opposite polarity.)

The carrier velocity v is related to the current density by

Jy=qup. (63)

Since for each carrier the Lorentz force must be equal to the force exerted by the Hall
field,

q€, = qu. B, (64)

1

0= o-

? g’, -—

L/

Fig. 19 Basic setup to measure carrier concentration using the Hall effect.
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this Hall voltage can be measured externally and is given by
J BW

Vg = W = . (65)
qp
When scattering is taken into account, the Hall voltage becomes
Vy = Ry B,W (66)
where Ry, is the Hall coefficient and is given by
Tu
Ry = q_p p>»n, (67a)
i
Ry, = T n>p, (67b)
with a Hall factor
(7
H= ()% (68)

Thus, the carrier concentration and carrier type (electrons or holes from the polarity
of the Hall voltage) can be obtained directly from the Hall measurement, provided
that one type of carrier dominates and ry; is known.

Equation 67a or b also assumes conduction by a single type of carrier. A more-
general solution is described by?

_ tu MIp—pin
yo= T (69)

q (4,0 + p,n)
It can be seen in Eq. 69 that the sign of R;; and thus ¥V, reveals the majority type of
the semiconductor sample.

The Hall mobility z, is defined as the product of the Hall coefficient and conduc-
tivity:

Ha = |Relo. (70)

The Hall mobility should be distinguished from the drift mobility 4, (or 1,) as given
in Eq. 59 which does not contain the Hall factor #4. Their relationship is given by

Hy = TH. (71)
The parameter 7, for the Hall factor is the mean free time between carrier colli-
sions, which depends on the carrier energy. For example, for semiconductors with

spherical constant-energy surfaces, z,, oc E-/2 for phonon scattering and z,, oc E32 for
ionized impurity scattering. In general,

7, = C,E™, (72)

where C, and s are constants. From Boltzmann distribution for nondegenerate semi-
conductors, the average value of the nth power of 7, is
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w e [ [ el )
ny = 372 _ = 372 _=
() JO mE exp( T dE/J E’Zexp T dE, 73)
0

so that using the general form of 7,,, we obtain

C%(kT)—hr(g -2s)

() = - (74)
')
and
C,(kT)~T( -5)
(T = *—52 (75)
ré)
where ['(n) is the gamma function defined as
r'(n) Ef x"~le~dx. (76)
0

[[(1/2) = J/7.] From the expression above we obtain ry=37/8 = 1.18 for phonon
scattering and ry; = 3154/512 = 1.93 for ionized-impurity scattering. In general r,; lies
in the range of 1-2. At very high magnetic fields, it approaches a value slightly below
unity.

In the preceding discussion the applied magnetic field is assumed to be small
enough that there is no change in the resistivity of the sample. However, under strong
magnetic fields, a significant increase in the resistivity is observed, the so-called mag-
netoresistance effect, resulting from carriers travelling in a path that deviates from the
applied electric field. For spherical-energy surfaces the ratio of the incremental resis-
tivity to the bulk resistivity at zero magnetic field is given by>

HEN S\eéoas) |
Ap _ E(5)I(G-3) (#3" + ﬂﬁp)_ TG (G-2s) (#3”-#3P)2 32
pO r3(§—s) /’lnn+:upp I"2(§_S) /unn+/upp i
2 2
. (N
The ratio is proportional to the square of the magnetic field component perpendicular

to the direction of the current flow. For n > p, (Ap/py) < pu298?% . A similar result can
be obtained for the case p >» n.

1.5.3 High-Field Properties

In the preceding sections we considered the effect of low electric field on the trans-
port of carriers in semiconductors. In this section we briefly consider some special
effects and properties of semiconductors when the electric field is increased to mod-
erate and high levels.

As discussed in Section 1.5.1, at low electric fields the drift velocity in a semicon-
ductor is proportional to the field and the proportionality constant is the mobility that
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is independent of the electric field. When the fields are sufficiently large, however,
nonlinearities in mobility and, in some cases, saturation of drift velocity are observed.
At still larger fields, impact ionization occurs. First, we consider the nonlinear
mobility.

At thermal equilibrium the carriers both emit and absorb phonons and the net rate
of exchange of energy is zero. The energy distribution at thermal equilibrium is Max-
wellian. In the presence of an electric field the carriers acquire energy from the field
and lose it to phonons by emitting more phonons than are absorbed. At moderately
high fields, the most frequent scattering events involve in the emission of acoustic
phonons. Thus, the carriers on average acquire more energy than they have at thermal
equilibrium. As the field increases, the average energy of the carriers also increases
and they acquire an effective temperature 7, that is higher than the lattice
temperature 7. Balancing the rate at which energy is transferred from the field to the
carriers by an equal rate of energy loss to the lattice, we obtain from the rate equation,
for Ge and Si (semiconductors without transferred-electron effect):3

T, 1 3;r(uo%°)2
7-2{1+ 1+8 e (78)
and
T
= 0% [= 79
Ud IUO T ( )

e

where g, is the low-field mobility, and ¢, the velocity of sound. For moderate field
strength when 24, & is comparable to c,, the carrier velocity v, starts to deviate from
being linearly dependent on the applied field, by a factor of m Finally at suffi-
ciently high fields, carriers start to interact with optical phonons and Eq. 78 is no
longer accurate. The drift velocities for Ge and Si become less and less dependent on
the applied field and approach a saturation velocity

8E
v, = |—£ =107 cm/s (80)
A}3ﬂ'm0

where E, is the optical-phonon energy (listed in Appendix G).

To eliminate the discontinuity between the regimes covered by Egs. 78-80, a
single empirical formula is often used to describe the whole range, from low-field
drift velocity to velocity saturation:46

_ Ho&
v, = c
[T+ (u&/v) ]
The constant C, has a value near two for electrons and one for holes, and it is a func-
tion of temperature.
The velocity-field relationship is more complicated for GaAs, and we must con-

sider its band structure (Fig. 4). A high-mobility valley (x4~ 4,000 to 8,000 cm?/V-s)
is located at the Brillouin zone center, and a low-mobility satellite valley (u =

e (81)
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100 cm?/V-s) along the {111)-axes,*” about 0.3 eV higher in energy. The difference in
mobility is due to the different electron effective masses (Eq. 52): 0.063m, in the
lower valley and about 0.55m; in the upper valley. As the field increases, the electrons
in the lower valley can be excited to the normally unoccupied upper valley, resulting
in a differential negative resistance in GaAs. The intervalley transfer mechanism,
called transferred-electron effect, and the velocity-field relationship are considered in
more detail in Chapter 10,

Figure 20a shows the measured room-temperature drift velocities versus electric
field for high-purity (low impurity concentration) Si and GaAs. For high-level impu-
rity dopings, the drift velocity or mobility at low fields is decreased due to impurity
scattering. However, the velocity at high fields is essentially independent of impurity
dopings, and it approaches a saturation value.’? For Si the saturation velocities v, for
electrons and holes are about 1x107 cm/s. For GaAs a wide range of negative differ-
ential mobility exists for fields above 3x103 V/cm, and the high-field saturation
velocity approaches 6x10° cm/s. Figure 20b shows the temperature dependence of
electron saturation velocity. As the temperature increases, the saturation velocities for
both Si and GaAs decrease.

Up to now, the drift velocities discussed are for steady-state condition where car-
riers go through enough scattering events to get to their equilibrium values. In modern
devices, the critical dimension where carriers transit across becomes smaller and
smaller. When this dimension becomes comparable to or shorter than the mean free
path, ballistic transport is said to occur before carriers start to be scattered. Figure 21
shows the drift velocity as a function of distance. Without scattering, the velocity
increases with time (and distance) according to ~ g&#/m*. At high fields, drift velocity
can attain a higher value momentarily than that at steady state, within a short space
(of the order of mean free path) and time (of the order of mean free time). This phe-
nomenon is called velocity overshoot. (In literature, confusion might arise when the
peak velocity of GaAs shown in Fig. 20a—the transferred-electron effect, is also
called velocity overshoot.) At low fields, the acceleration of velocity is lower and
when scattering starts to occur, the attained velocity is not that high and so velocity
overshoot does not occur. Note that this shape of velocity overshoot is similar to that
in the transferred-electron effect but the abscissa here is distance (or time) while that
in the latter is electric field.

We next consider impact ionization. When the electric field in a semiconductor is
increased above a certain value, the carriers gain enough energy to excite electron-
hole pairs by a process called impact ionization. The threshold energy obviously has
to be larger than the bandgap. This multiplication process is characterized by an ion-
ization rate « defined as the number of electron-hole pairs generated by a carrier per
unit distance traveled (Fig. 22). So for a primary carrier of electron traveling with a
velocity v,,

L _ldn _ 1dn
" nd(w,)  nv,dt’

(82)
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Considering both electrons and holes, the generation rate at any fixed location is
given by
dn _ dp
dt dt

a,nv, + Q,pu,

- e %y (83)
g q
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!

Conversely, at any given time, the carrier density or current varies with distance and
can be shown to be:

dJ
d_xn = ad,+a,, (84a)
dJ,
gxﬂ = -a,J,~a,J,. (84b)

The total current (J, +.J,) remains constant over distance and dJ,/dx = — dJ /dx.
The ionization rates a, and @, are strongly dependent on the electric field. A
physical expression for the ionization rate is given by>*

_ 9% : &
a(®) =5 e"p{ [ +(%/gp)]+%T} (85)

Fig. 22 Multiplication of electrons and holes from
impact ionization, due to electrons (¢,) in this
example (a, = 0).
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where E, is the high-field effective ionization threshold energy, and &5, %, and &, are
threshold fields for carriers to overcome the decelerating effects of thermal, optical-
phonon, and ionization scattering, respectively. For Si, the value of E, is found to be
3.6 eV for electrons and 5.0 eV for holes. Over a limited field range, Equation 85 can
be reduced to

& &; .
(%) = 9E—Iexp(- g)’ if  %,>%>%, (86)
or
%) = 18 (—%’—%ﬂ) if >% and &> [Z @ 87
a( )_ Elexp - %2 s 1 P an p=°T: ( )

Figure 23a shows the experimental results of the ionization rates for Ge, Si, SiC,
and GaN. Figure 23b shows the measured ionization rates of GaAs and a few other
binary and ternary compounds. These results are obtained by using photomultiplica-
tion measurements on p-»n junctions. Note that for certain semiconductors, such as
GaAs, the ionization rate is a function of crystal orientation. There is also a general
trend that the ionization rate decreases with increasing bandgap. It is for this reason
that materials of higher bandgaps generally yield higher breakdown voltage. Note
that Eq. 86 is applicable to most semiconductors shown in Fig. 23, except GaAs and
GaP, for which Eq. 87 is applicable.

At a given electric field, the ionization rate decreases with increasing temperature.
Figure 24 shows the theoretical predicted electron ionization rates in silicon as an
example, together with the experimental results at three different temperatures.

1.5.4 Recombination, Generation, and Carrier Lifetimes

Whenever the thermal-equilibrium condition of a semiconductor system is disturbed
(i.e., pn# n}), processes exist to restore the system to equilibrium (i.e., pn = n?).
These processes are recombination when prn > n? and thermal generation when
pn < n}. Figure 25a illustrates the band-to-band electron-hole recombination. The
energy of an electron in transition from the conduction band to the valence band is
conserved by emission of a photon (radiative process) or by transfer of the energy to
another free electron or hole (Auger process). The former process is the inverse of
direct optical absorption, and the latter is the inverse of impact ionization.

Band-to-band transitions are more probable for direct-bandgap semiconductors
which are more common among III-V compounds. For this type of transition, the
recombination rate is proportional to the product of electron and hole concentrations,
given by

R, = R, pn. (88)

The term R,, called the recombination coefficient, is related to the thermal generation
rate G,;, by
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R, = _n,? (89)
R, is a function of temperature and is also dependent on the band structure of the
semiconductor. A direct-bandgap semiconductor, being more efficient in band-to-
band transitions, has a much larger R (= 10-'% cm?/s) than an indirect-bandgap semi-
conductor (= 10-13 cm?/s). In thermal equilibrium, since pn = n?, R, = G, and the net
transition rate U (= R, — G,;,) equals zero. Under low-level injection, defined as the
case where the excess carriers Ap = An are fewer than the majority carriers, for an
n-type material p, = p,, + Ap and n, = N, the net transition rate is given by

U= Re_Gth = Rec(pn_niz)
A
~ RecApND = _z.E (90)
P
where the carrier lifetime for holes

1
7, = , 91
i RecND ( a)
and in p-type material,
1
7, = . 91b
" RecNA ( )

However, in indirect-bandgap semiconductors such as Si and Ge, the dominant
transitions are indirect recombination/generation via bulk traps, of density N, and
energy E, present within the bandgap (Fig. 25b). The single-level recombination can
be described by two processes—electron capture and hole capture. The net transition
rate can be described by the Shockley-Read-Hall statisticst7-%9 as
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U = O-no-pvthNt(pn — nzz) (92)

E,—E; E,—E,
on[n+niexp( T )J+0p[p+n[exp( T )]

where o, and g, are the electron and hole capture cross sections, respectively.
Without deriving this equation, some qualitative observations can be made on the
final form. First, the net transition rate is proportional to pn — n?, similar to Eq. 90,
and the sign determines whether there is net recombination or generation. Second, U
is maximized when E, = E,, indicating for an energy spectrum of bulk traps, only
those near the mid-gap are effective recombination/generation centers. Considering
only these traps, Eq. 92 is reduced to

N —n?
U = Uno—pvlh t(pn n; ) ) (93)
o,(n+n)+o,(p+n)

Again for low-level injection in n-type semiconductors, the net recombination rate
becomes

Oy O-pvthNt[(pno + Ap)n - nzz]

U =
o,n
Y
~ O-pvth AP = T (94)
P
where
1
T, = . (95a)
o'pv,hN,

Similarly for a p-type semiconductor, the electron lifetime is given by

1
= . 95b
O-nvthNt ( )

n

As expected, the lifetime arising from indirect transitions is inversely proportional to
the trap density N,, while in the previous case, the lifetime from direct transitions is
inversely proportional to the doping concentration (Egs. 91a and 91b).

For multiple-level traps, the recombination processes have gross qualitative fea-
tures that are similar to those of the single-level case. However, the behavioral details
are different, particularly in the high-level injection condition (i.e., where An = Ap
approaches the majority-carrier concentration), where the asymptotic lifetime is an
average of the lifetimes associated with all the positively charged, negatively
charged, and neutral trapping levels.

For high-level injection (An = Ap > n and p), the carrier lifetime for band-to-band
recombination becomes

1
- = , 96
=% T RoAn (%6)

The lifetime resulting from traps can be derived from Eq. 93 to be
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r =7 = %*% (97)

7 .

S . 4 o, VN,
Comparing Eq. 97 to Eqs. 95a and 95b, the lifetime is actually higher with high-level
injection. It is interesting to note that the lifetime due to band-to-band recombination
decreases with injection level, while that due to trap recombination increases with
injection level.

Equations 95a and 95b have been verified experimentally by using solid-state dif-
fusion and high-energy radiation. Many impurities have energy levels close to the
middle of the bandgap (Fig. 10). These impurities are efficient recombination centers.
A typical example is gold in silicon;® the minority-carrier lifetime decreases linearly
with the gold concentration over the range of 10'* to 1017 cm3, where 7 decreases
from about 2x106 s to 2x10-% s, This effect is sometimes advantageous, as in some
high-speed applications when a short lifetime to reduce the charge storage time is a
desirable feature. Another method of shortening the minority-carrier lifetime is high-
energy-particle irradiation, which causes displacement of host atoms and damage to
the lattice. These, in turn, introduce energy levels in the bandgap. For example, elec-
tron irradiation in Si gives rise to an acceptor level at 0.4 eV above the valence band
and a donor level at 0.36 eV below the conduction band. Also neutron irradiation
creates an acceptor level at 0.56 eV; and deuteron irradiation gives rise to an intersti-
tial state with an energy level 0.25 eV above the valence band. Similar results are
obtained for Ge, GaAs, and other semiconductors. Unlike the solid-state diffusion,
the radiation-induced trapping centers may be annealed out at relatively low temper-
atures.

When carriers are below their thermal-equilibrium values, i.e., pn < n?, genera-
tion of carriers rather than recombination of excess carriers will occur. The generation
rate can be found by starting with Eq. 93,

o,0,V, Nn, n,
U= - Rl =G (98)
o,[1+(p/n)] + o [l +(n/in)] " 1,
where the generation carrier lifetime 7, is equal to
1+ (n/n) 1+(p/n;
o L) 1+ n)
O-pvthNt o-nvth]\ft
= 1+—n—)r +(1+E)r
( A rALE 99)

Depending on the electron and hole concentrations, the generation lifetime can be
much longer than the recombination lifetime and has a minimum value of roughly
twice that of the recombination lifetime, when both » and p are much smaller than »,.

The minority-carrier lifetime 7 has generally been measured using the photocon-
ductive (PC) effect’! or the photoelectromagnetic (PEM) effect’2. The basic equation
for the PC effect is given by
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Jpc = q(p, + 1,)AnE
Ge
= q(ﬂn+up)7% (100)

where Jp is the incremental current density as a result of illumination with genera-
tion rate G,, and & is the applied electric field along the sample. The quantity Axn is
the incremental carrier density or the number of electron-hole pairs per volume
created by the illumination, which equals the product of the generation rate G, and the
lifetime 7, or An = 7G,. For the PEM effect we measure the short-circuit current,
which appears when a constant magnetic field 3, is applied perpendicular to the
direction of incoming radiation. The current density is given by

D
Jpem = 9ty + 1) B~ 76,
d

q(p, + 1,)%B,NDT G, (101)

where D and L, [= (D17)'?] are the diffusion coefficient and the diffusion length, to be
discussed in the next section. Another approach to measure the carrier lifetime will be
discussed in Section 1.8.2.

1.5.5 Diffusion

In the preceding section the excess carriers are uniform in space. In this section, we
discuss the situations where excess carriers are introduced locally, causing a condi-
tion of nonuniform carriers. Examples are local injection of carriers from a junction,
and nonuniform illumination. Whenever there exists a gradient of carrier concentra-
tion, a process of diffusion occurs by which the carriers migrate from the region of
high concentration toward the region of low concentration, to drive the system toward
a state of uniformity. This flow or flux of carriers, taking electrons as an example, is
governed by the Fick’s law,

dAn D dAn

din| _ _p dan 102
i et (102)
and is proportional to the concentration gradient. The proportionality constant is
called the diffusion coefficient or diffusivity D,. This flux of carriers constitutes a dif-

fusion current, given by

Iy = andﬁf, (103a)
and
dA
J, = - quEE. (103b)

Physically, diffusion is due to random thermal motion of carriers as well as scat-
tering. Because of this, we have

D =v,t,. (104)
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One also expects certain relationship between the diffusion coefficient and mobility.
To derive such a relationship, we consider an n-type semiconductor with nonuniform
doping concentration but without an external applied field. The zero net current
necessitates that the drift current exactly balances the diffusion current,

dn
gnu,®& = — ana. (105)
In this case, the electric field is created by the nonuniform doping (% = dE J/gdx, and
Eis constant for equilibrium). Using Eq. 21 for #, we obtain

dn _ 9% (_ Ec- EF)
dx = kT NeP\T g7
- 4%
T (106)
Substituting this into Eq. 105 will give the relationship
D, = (k—T)yn. (107a)
q
Similarly for p-type semiconductor, one can derive
b, = (&1 o7
Ny 3 (107b)

These are known as the Einstein relation (valid for nondegenerate semiconductors).
At 300 K, kT/g = 0.0259 V, and values of D are readily obtainable from the mobility
results shown in Fig. 15.

Another parameter closely related to diffusion is the diffusion length,

L, = JDr. (108)

In common diffusion problems arising from some fixed injection source as a
boundary condition, the resultant concentration profile is exponential in nature with
distance, with a characteristic length of L. This diffusion length can also be viewed
as the distance carriers can diffuse in a carrier lifetime before they are annihilated.

1.5.6 Thermionic Emission

Another current conduction mechanism is thermionic emission. It is a majority-
carrier current and is always associated with a potential barrier. Note that the critical
parameter is the barrier height, not the shape of the barrier. The most-common device
is the Schottky-barrier diode or metal-semiconductor junction (see Chapter 3). Refer-
ring to Fig. 26, for the thermionic emission to be the controlling mechanism, the cri-
terion is that collision or the drift-diffusion process within the barrier layer to be
negligible. Equivalently, the barrier width has to be narrower than the mean free path,
or in the case of a triangular barrier, the slope of the barrier be reasonably steep such
that a drop in £T in energy is within the mean free path. In addition, after the carriers
are injected over the barrier, the diffusion current in that region must not be the lim-
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a¢s Fig. 26 Energy-band diagram
l showing thermionic emission of
electrons over the barrier. Note that
. Barrier Metal or the shape of the barrier (shown as
n-Semiconductor .
n-Semiconductor rectangular) does not matter.

iting factor. Therefore, the region behind the barrier must be another #-type semicon-
ductor or a metal layer.

Due to Fermi-Dirac statistics, the density of electrons (for n-type substrate)
decreases exponentially as a function of their energy above the conduction band edge.
At any finite (nonzero) temperature, the carrier density at any finite energy is not
zero. Of special interest here is the integrated number of carriers above the barrier
height. This portion of the thermally generated carriers are no longer confined by the
barrier so they contribute to the thermionic-emission current. The total electron
current over the barrier is given by (see Chapter 3)

e ‘iﬂf)
J=4 Tzexp( ) (109)
where ¢ is the barrier height, and
*J2
A*= 4—”‘1}”’3’—" (110)

is called the effective Richardson constant and is a function of the effective mass. The
A?* can be further modified by quantum-mechanical tunneling and reflection.

1.5.7 Tunneling

Tunneling is a quantum-mechanical phenomenon. In classical mechanics, carriers are
completely confined by the potential walls. Only those carriers with excess energy
higher than the barriers can escape, as in the case of thermionic emission discussed
above. In quantum mechanics, an electron can be represented by its wavefunction.
The wavefunction does not terminate abruptly on a wall of finite potential height and
it can penetrate into and through the barrier (Fig. 27). The probability of electron tun-
neling through a barrier of finite height and width is thus not zero.

To calculate the tunneling probability, the wavefunction  has to be determined
from the Schrédinger equation

Ly 2mo _
L+ STIE- Uy = 0. (111)
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. Fig. 27 Wavefunctions showing electron
X X, x  tunneling through a rectangular barrier.

In the case of a simple rectangular barrier of height U, and width W, y has a general
form of exp(+ikx) where k = ,/2m*(E — U,)/% . Note that for tunneling, the energy
E is below the barrier U, so that the term within the square root is negative and £ is
imaginary. The solution of the wavefunctions and the tunneling probability are calcu-
lated to be

vy Gy
I7E 4E(U,-E)

16E(U, - E) 2m*(U,~E)
NTQXP(—z T VV) . (112)

For more complicated barrier shapes, simplification of the Schrédinger equation is
made by the WKB (Wentzel-Kramers-Brillouin) approximation if the potential U(x)
does not vary rapidly. The wavefunction now has a general form of exp [ik(x)dx. The
tunneling probability can be calculated by

2
Tt = —lWBlzzeXp{— 2J.
L
X
& 2m*
~exps— 2 7[U(x)—E] dx ;. (113)
*1

Together with known tunneling probability, the tunneling current J, can be calcu-
lated from the product of the number of available carriers in the originating Region-A
(Fig. 27), and the number of empty states in the destination Region-B,

t

X

ko) dx}

J, =17 J F,N,T(1~Fp)Ny dE (114)

REYTE

where F;, Fj3, N, and Ny represent the Fermi-Dirac distributions and densities of
states in the corresponding regions.
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1.5.8 Space-Charge Effect

The space charge in a semiconductor is determined by both the doping concentrations
and the free-carrier concentrations,

p=@-n+Np-Nygq . (115)

In the neutral region of a semiconductor, n = N, and p = N, so that the space-charge
density is zero. In the vicinity of a junction formed by different materials, dopant
types, or doping concentrations, »n and p could be smaller or larger than N, and N,
respectively. In the depletion approximation, » and p are assumed zero so that the
space charge is equal to the majority-carrier doping level. Under bias, the carrier con-
centrations » and p can be increased beyond their values in equilibrium. When the
injected # or p is larger than its equilibrium value as well as the doping concentration,
the space-charge effect is said to occur. The injected carriers thus control the space
charge and the electric-field profile. This results in a feedback mechanism where the
field drives the current, which in turn sets up the field. The space-charge effect is
more common in lightly doped materials, and it can occur outside the depletion
region.

In the presence of a space-charge effect, if the current is dominated by the drift
component of the injected carriers, it is called the space-charge-limited current. Since
it is a drift current, it is given by, in the case of electron injection,

J = gnv. (116)

The space charge again is determined by the injected carriers giving rise to the
Poisson equation of the form

Ly _gn (117)

dx? &

The carrier velocity v is related to the electric field by different functions, depending
on the field strength. In the low-field mobility regime,

v=ué . (118)

In the velocity-saturation regime, velocity v, is independent of the field. In the limit
of ultra-short sample or time scale, we have the ballistic regime where there is no
scattering, and

v= [P0 (119)
m
From Eqgs. 116-119, the space-charge-limited current in the mobility regime (the
Mott-Gurney law) can be solved to be (see Vol. 4 of Ref. 4)

e uV?
J==2 , 120
VE (120)
in the velocity-saturation regime
2¢v V
J = &’ (121)

L2
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and in the ballistic regime (the Child-Langmuir law)

4,12\ 12
- 9L2(ﬁ) yar2, (122)

Here L is the length of the sample in the direction of the current flow. Note that the
voltage dependence is different in these regimes.

1.6 PHONON, OPTICAL, AND THERMAL PROPERTIES

In the preceding section we considered different carrier transport mechanisms in
semiconductors. In this section we briefly consider other effects and properties of
semiconductors that are important to the operation of semiconductor devices.

1.6.1 Phonon Spectra

Phonons are quanta of lattice vibrations, mainly resulting from the lattice thermal
energy. Similar to photons and electrons, they have characteristic frequencies (or
energy) and wave numbers (momentum or wavelengths). It is known that, as a dem-
onstration in a one-dimensional lattice, with only nearest-neighbor coupling and two
different masses m; and m, placed alternately, the frequencies of oscillation are given

by?
- ﬁ{(L+ 1 A/ ) Asin”(ky,a12) ha/z)J (123)
m, m m, mym,

where afis the force constant of the Hooke’s law, kph the phonon wave number, and
a the lattice spacing. The frequency v._ is proportional to k,, near k,, = 0. This branch
is the acoustic branch, because it is the long-wavelength vibration of the lattice and
the velocity w/k is near that of sound in such a medium. The frequency v, tends to be
a constant ~ [2a(1/m, + 1/my)]? as k,, approaches zero. This branch, separated con-
siderably from the acoustic mode, is the optical branch, because the frequency v, is
generally in the optical range. For the acoustic mode the two sublattices of the atoms
with different masses move in the same direction, whereas for the optical mode they
move in opposite directions.

The total number of acoustic modes is equal to the dimension times the number of
atoms per cell. For a realistic three-dimensional lattice with one atom per primitive
cell, such as a simple cubic, body-centered, or face-centered cubic lattice, only three
acoustic modes exist. For a three-dimensional lattice with two atoms per primitive
cell, such as Si and GaAs, three acoustic modes and three optical modes exist. Longi-
tudinally polarized modes are modes with the displacement vectors of each atom
along the direction of the wave vector; thus we have one longitudinal acoustic mode
(LA) and one longitudinal optical mode (LO). Modes with atoms moving in the
planes normal to the wave vector are called transversely polarized modes. We have
two transverse acoustic modes (TA) and two transverse optical modes (TO).
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Figure 28 shows the measured results for Si and GaAs in one of the crystal direc-
tions. The range of k,;, = £7/a defines the Brillouin zone outside which the frequency-
k,, relationship repeats itself. Note that at small values of k,, for both LA and TA
modes, the energies (or frequencies) are proportional to k. The longitudinal optical
phonon energy at k,;, = 0 is the first-order Raman scattering energy. Their values are
0.063 eV for Si and 0.035 eV for GaAs. Appendix G lists these results, together with
other important properties.

1.6.2 Optical Properties

Optical measurement constitutes the most-important means of determining the band
structures of semiconductors. Photon-induced electronic transitions can occur
between different bands, which lead to the determination of the energy bandgap, or
within a single band such as the free-carrier absorption. Optical measurements can
also be used to study lattice vibrations (phonons). The optical properties of semicon-
ductor are characterized by the complex refractive index,

—ik,. (124)
The real part of the refractive index n, determines the propagation velocity (v and
wavelength 4) in the medium (assuming ambient is a vacuum having wavelength 4,)

n=mn,

A

4 0

n o= — = 2, 125
P57 (125)
The imaginary part k,, called the extinction coefficient, determines the absorption
coefficient
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Fig. 28 Measured phonon spectra in (a) Si (After Ref. 73.) and (b) GaAs (After Ref. 74.). TO
and LO stand for transverse and longitudinal optical modes, and TA and LA for transverse and
longitudinal acoustic modes.
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_ Ark,
T
In semiconductors, the absorption coefficient is a strong function of the wave-

length or photon energy. Near the absorption edge, the absorption coefficient can be
expressed as’

(126)

acx (hv-E,) (127)

where A v is the photon energy and yis a constant. There exist two types of band-to-
band transitions: allowed and forbidden. (Forbidden transitions take into account the
small but finite momentum of photons and are much less probable.) For direct-
bandgap materials, transitions mostly occur between two bands of the same £ value,
as transitions (a) and (b) in Fig. 29. While allowed direct transitions can occur in all
k values, forbidden direct transitions can only occur at £ # 0. In the one-electron
approximation, y equals 1/2 and 3/2 for allowed and forbidden direct transitions,
respectively. Note that for £ = 0 at which the bandgap is defined, only allowed transi-
tion (y= 1/2) occurs and thus it is used in determining the bandgap experimentally.
For indirect transitions [transition (c) in Fig. 29], phonons are involved in order to
conserve momentum. In these transitions, phonons (with energy E,) are either
absorbed or emitted, and the absorption coefficient is modified to

ac(hv-Eg&E,) . (128)

Here the constant y equals 2 and 3 for allowed and forbidden indirect transitions,
respectively.

In addition, increased absorption peaks and steps can be due to formation of exci-
tons, which are bound electron-hole pairs with energy levels within the bands that
move through the crystal lattice as a unit. Near the absorption edge, where the values
of (E, — hv) become comparable with the binding energy of an exciton, the Coulomb
interaction between the free electron and hole must be taken into account. The photon
energy required for absorption is lowered by this binding energy. For v % E, the

E
Ec
A E
e,
Eg)) @ © (indirect)
. &

(direct) Fig. 29 Optical transitions: (a) allowed

and (b) forbidden direct transitions; (c¢)

E, indirect transition involving phonon emis-
sion (upper arrow) and phonon absorption

0 >k (lower arrow).
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absorption merges continuously into the fundamental absorption. When hv> E,
higher energy bands participate in the transition processes, and complicated band
structures are reflected in the absorption coefficient.

Figure 30 plots the experimental absorption coefficients & near and above the fun-
damental absorption edge (band-to-band transition) for Si and GaAs. The shift of the
curves toward higher photon energies at lower temperature is associated with the tem-
perature dependence of the bandgap (Fig. 6). An a of 10* cm™' means that 63% of
light will be absorbed in one micron of semiconductor.

When light passes through a semiconductor, absorption of light and generation of
electron-hole pairs (G,) occur, and the light intensity P,, diminishes with distance
according to

dP, (x)

—2 - =—qP, (x) = Ghv. (129)
dx P
Solution of the above gives an exponential decay of intensity
Poy(x) = Po(1-R)exp(- ax) (130)

where P, is the external incident light intensity and R is the reflection of the ambient-
semiconductor interface at normal incidence,
_ ( 1- nr)2 + ke2

= . 131
(1+n)+k?2 (30
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Fig. 30 Measured absorption coefficients near and above the fundamental absorption edge for
Si and GaAs. (After Refs. 75-78.)
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In a semiconductor sample of thickness W where the product o is not large, mul-
tiple reflections will occur between the two interfaces. Summing up all the light com-
ponents in the backward direction, the total reflection coefficient is calculated to be

_R)2
Ry = R[l + (I=R)*exp(= 2‘”W)1 (132)
1~R2exp(- 2aW)

and the total transmission coefficient is given by

= (L-R)’exp(- al¥) (133)
1 - R2exp(- 2aW)

The transmission coefficient Ty and the reflection coefficient Ry are two important
quantities generally measured. By analyzing the 75-4 or Rx-A data at normal inci-

dence, or by making observations on Ry or Ty, for different angles of incidence, both
n, and &, can be obtained and related to the transition energy between bands.

Z

1.6.3 Thermal Properties

When a temperature gradient exists in a semiconductor in addition to an applied elec-
tric field, the total current density (in one dimension) is>

1dE
J=o (5‘1—;- dzj (134)

where % is the thermoelectric power, so named to indicate that for an open-circuit
condition the net current is zero and an electric field is generated by the temperature
gradient. For a nondegenerate semiconductor with a mean free time between colli-
sions 7,, o« E~ as discussed previously, the thermoelectric power is given by

k (-s+In(Ne/m)lnp, - B-s - n(Ny/p)lps,
P = —
q nﬂn+pﬂp

(k is Boltzmann constant). This equation indicates that the thermoelectric power is
negative for n-type semiconductors and positive for p-type semiconductors, a fact
often used to determine the conduction type of a semiconductor. The thermoelectric
power can also be used to determine the resistivity and the position of the Fermi level
relative to the band edges. At room temperature the thermoelectric power % of p-type
silicon increases with resistivity: 1 mV/K for a 0.1 Q-cm sample and 1.7 mV/K for a
100 Q-cm sample. Similar results (except a change of the sign for.%?) can be obtained
for n-type silicon samples.

Another important thermal effect is thermal conduction. It is a diffusion type of
process where the heat flow Q is driven by the temperature gradient

ar
0=-« T (136)
The thermal conductivity x has the major components of phonon (lattice) conduction

x; and mixed free-carrier conduction k;,of electrons and holes,

(135)

K = K+ Ky. (137)
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The lattice contribution is carried out by diffusion and scattering of phonons. These
scattering events include many types, such as phonon-to-phonon, phonon-to-defects,
phonon-to-carriers, boundaries and surfaces, and so on. The overall effect can be
interpreted as

1
k1 = 30 (138)

where C, is the specific heat, v,, the phonon velocity, and 4, the phonon mean free
path. The contribution due to mixed carriers, if z,, o« £~ holds for both electron and
hole scattering, is given by

3= 0T 2575 - 25 + (EJRT)Prpp,u,
q° q° (n, +pu,)?
Figure 31 shows the measured thermal conductivity as a function of lattice tem-

perature for Si and GaAs. Appendix G lists the room-temperature values. The contri-
butions of conduction carriers to the thermal conductivity are in general quite small,

Ky =

(139)
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Fig. 31 Measured thermal conductivity versus temperature for pure Si, GaAs, SiC, GaN, Cu,
and diamond (Type II). (After Refs. 79-83.)
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50 the general temperature dependence follows that of x; and has a inverted V-shape.
At low temperatures, the specific heat has a T3 dependence and x goes up sharply. At
high temperatures, phonon-phonon scattering dominates and 4, (and «;) drops
according to 1/T. Figure 31 also shows the thermal conductivities for Cu, diamond,
SiC, and GaN. Copper is the most commonly used metal for thermal conduction in
p-n junction devices; diamond has the highest room-temperature thermal conduc-
tivity known to date and is useful as the thermal sink for semiconductor lasers and
IMPATT oscillators. SiC and GaN are important semiconductors for power devices.

1.7 HETEROJUNCTIONS AND NANOSTRUCTURES

A heterojunction is a junction formed between two dissimilar semiconductors. For
semiconductor-device applications, the difference in energy gap provides another
degree of freedom that produces many interesting phenomena. The successful appli-
cations of heterojunctions in various devices is due to the capability of epitaxy tech-
nology to grow lattice-matched semiconductor materials on top of one another with
virtually no interface traps. Heterojunctions have been widely used in various device
applications. The underlying physics of epitaxial heterojunction is matching of the
lattice constants. This is a physical requirement in atom placement. Severe lattice
mismatch will cause dislocations at the interface and results in electrical defects such
as interface traps. The lattice constants of some common semiconductors are shown
in Fig. 32, together with their energy gaps. A good combination for heterojunction
devices is two materials of similar lattice constants but different Eg. As can be seen,
GaAs/AlGaAs (or /AlAs) is a good example.

It turns out that if the lattice constants are not severely mismatched, good-quality
heteroepitaxy can still be grown, provided that the epitaxial-layer thickness is small
enough. The amount of lattice mismatch and the maximum allowed epitaxial layer
are directly related. This can be explained with the help of Fig. 33. For a relaxed,
thick heteroepitaxial layer, dislocations at the interface are inevitable due to the phys-

i
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Fig. 33 Two materials with slightly mismatched lattice constants a, and a,. (a) In isolation.
(b) Heteroepitaxy with thick, relaxed epitaxial layer having dislocations at the interface. (c)
With thin, strained epitaxial layer without dislocations. Epitaxial lattice constant a, is strained
to follow that of the substrate a,.
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ical mismatch of terminating bonds at the interface. However, if the heteroepitaxial
layer is thin enough, the layer can be physically strained to the degree that its lattice
constant becomes the same as the substrate (Fig. 33c). When that happens, disloca-
tions can be eliminated.

To estimate the critical thickness of this strained layer, we visualize the heteroepi-
taxial process from the beginning. At the start, the epitaxial layer follows the lattice
of the substrate, but the strain energy builds up as the film becomes thicker. Eventu-
ally the film has built up too much strain to sustain and it transforms to a relaxed state,
i.e. going from Figs. 33c to 33b. The lattice mismatch is defined as

la,—a

A= , (140)

a.

where g, and a; are the lattice constants of the epitaxial layer and substrate respec-
tively. The critical thickness has been found to follow an empirical formula given by

R ——— (141)

A typical number for the critical thickness, from a mismatch of 2% and an a, of § A,
is about 10 nm. This technique of growing strained heteroepitaxy has bough an extra
degree of freedom and permits the use of a wider range of materials. Tt has had great
impacts on expanding the applications of heterostructures, for making novel devices
as well as improving their performances.
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Fig.32 Energy gap vs. lattice constant for some common elementary and binary semiconduc-
tors.
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In addition to having different energy gaps, the electron affinities of these semi-
conductors are also different and need to be considered in device applications. This
leads to different combinations of E- and E alignment at the interface. According to
their band alignment, heterojunctions can be classified into three groups as shown in
Fig. 34: (1) Type-I or straddling heterojunction, (2) Type-1I or staggered heterojunc-
tion, and (3) Type-1Il or broken-gap heterojunction. In a Type-I (straddling) hetero-
junction, one material has both lower E- and higher E}; and naturally it must have a
smaller energy gap. In a Type-1I (staggered) heterojunction, the locations of lower E
and higher E, are displaced, so electrons being collected at lower £ and holes being
collected at higher E}, are confined in different spaces. A Type-1II (broken-gap) het-
erojunction is a special case of Type-II, but the E, of one side is lower than the E, of
the other. The conduction band thus overlaps the valence band at the interface, hence
the name broken gap.

Quantum Well and Superlattice. One important application of heterojunction is to
use AE and AE}, to form barriers for carriers. A quantum well is formed by two het-
erojunctions or three layers of materials such that the middle layer has the lowest E
for an electron well or the highest £, for a hole well. A quantum well thus confines
electrons or holes in a two-dimensional (2-D) system. When electrons are free to
move in a bulk semiconductor in all directions (3-D), their energy above the conduc-
tion-band edge is continuous, given by the relationship to their momentum (Eq. 8):

H2
2m

E-E. = S(k2+ k2 +k2). (142)
e
In a quantum well, carriers are confined in one direction, say in the x-coordinate such
that £, = 0. It will be shown that the energy within this well is no longer continuous
with respect to the x-direction, but becomes quantized in subbands.

The most-important parameters for a quantum well are the well width L, and well
height ¢,. The energy-band diagram in Fig. 35a shows that the potential barrier is
obtained from the conduction-band and valence-band offsets (AE- and AE}). The

solution for the wavefunction of the Schrodinger equation inside the well is

EC
E,
E. ¢
E
] - Ey
- § | Ey
EV

(@ (b) ()

Fig. 34 Classification of heterojunctions. (a) Type-I or straddling heterojunction. (b) Type-II
or staggered heterojunction. (c) Type-III or broken-gap heterojunction.
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Fig. 35 Energy-band diagrams for (a) heterostructure (composition) multiple quantum wells
and (b) heterostructure superlattice.

w(x) = sin(iLix) (143)

X

where / is an integer. It should be noted that at the well boundaries, i is truly zero
only when ¢, is infinite. With finite ¢@,, carriers can “leak” out (by tunneling) of the
well with finite probability. This is important for the formation of a superlattice, dis-
cussed later. The pinning of nodes at the well boundaries leads to the quantization of
subbands, each has a bottom energy of (with respect to the band edges)

i

= 144
= el (144)

These solutions do not take into account a finite barrier height. With L, as a variable,
a quantum well can only be loosely defined. The minimum requirements should be
that the quantized energy #%72/2m*L?2 is much larger than k7, and L, is smaller than
the mean free path and the de Broglie wavelength. (Notice that the de Broglie wave-
length A =A/(2m*E)? has a form similar to L, of Eq. 144.) Also, it is interesting to
note that since the continuous conduction band is now divided into subbands, carriers
no longer reside on the band edges E or £}, but on these subbands only. In effect, the
effective energy gap for interband transitions inside the quantum well becomes larger
than the bulk E,.

When quantum wells are separated from one another by thick barrier layers, there
is no communication between them and this system can only be described as multiple
quantum wells. However, when the barrier layers between them become thinner, to
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the extent that wavefunctions start to overlap, a heterostructure (composition) super-
lattice is formed. The superlattice has two major differences from a multiple-
quantum-well system: (1) the energy levels are continuous in space across the barrier,
and (2) the discrete bands widen into minibands (Fig. 35b). The transition from mul-
tiple quantum wells into a superlattice is analogous to the formation of a regular
lattice by pulling atoms together. The isolated atoms have discrete levels, whereas a
lattice transforms these discrete levels into the continuous conduction band and
valance band.

Another approach to form quantum wells and superlattices is by spatial variation
in doping,® where the potential barriers are formed by space-charge fields (Fig. 36a).
The barrier shape in this case is parabolic rather than rectangular. There are two inter-
esting features in this doping (or #-i-p-i) multiple-quantum-well structure. First, the
conduction-band minimum and the valence-band maximum are displaced from each
other, meaning that electrons and holes accumulate at different locations. This leads
to minimal electron-hole recombination and very long carrier lifetime, many orders
of magnitude higher than that of the regular material. This is similar to a Type-II het-
erojunction. Second, the effective energy gap, which is now between the first quan-
tized levels for the electrons and holes, is reduced from the fundamental material.
This tunable effective energy gap enables light emission and absorption of longer
wavelengths. This structure is unique in that it has an indirect energy gap in “real
space”, as opposed to k-space. When the doping quantum wells are close together, a
doping (n-i-p-i) superlattice is again formed (Fig. 36b).

Quantum Wire and Quantum Dot. The physical dimensions of a semiconductor
have significant implications on the electronic properties, as these dimensions are

E, (Effective) (a)

w X
E2

Ec

Minibands (b)

S

Fig. 36 Energy-band diagrams for (a) doping (n-i-p-i) multiple quantum wells, and (b) doping
superlattice.
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reduced to the order of the de Broglie wavelength. The confinement of carriers can be
further extended to one- and zero-dimension, resulting in what are known as quantum
wire and quantum dot. One of the major effects is on the density of states N(E).
Depending on the degree of confinement, N(E) has very different shapes as a function
of energy. The qualitative shapes of N(E) for bulk semiconductor, quantum well,
quantum wire, and quantum dot are shown in Fig. 37. For a 3-D system, the density
of states has been given earlier (Eq. 14) and is repeated here

*N2m*E
N(E) = B2l = 145
(E) = P22k (145)
The density of states in a 2-D system (quantum well) has a step function of
NE) = 2L (146)

7h?L

X

The density of states in a 1-D system (quantum wire) has an inverse energy relation-
ship of

_E. )12
N(E) = LI Izj(E E, )2, (147)
where
E = h_zﬂz(ﬁ;ﬁ). (148)
YT 2m'\[2 12

The density of states in a 0-D system (quantum dot) is continuous and independent of
energy,

1L
Tl EE

ME) ME) ME)
(a) (b) (© (d)

Fig. 37 Density of states N(E) for (a) bulk semiconductor (3-D), (b) quantum well (2-D), (¢)
quantum wire (1-D), and (d) quantum dot (0-D).
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2
N(E) = TLL ZkS(E—E"’f”‘)’ (149)
l’j,
where
_ w22 2 kZ)
Eou = z_w(fg+Lyz+ﬁ . (150)

Since the carrier concentration and its distribution in energy is given by the density of
states multiplied by the Fermi-Dirac distribution, these density-of-state functions are
important for the device operation as their physical dimensions are scaled to near the
de Broglie wavelength (= 20 nm).

1.8 BASIC EQUATIONS AND EXAMPLES

1.8.1 Basic Equations

The basic equations for semiconductor-device operation describe the static and
dynamic behavior of carriers in semiconductors under external influences, such as
applied field or optical excitation, that cause deviation from the thermal-equilibrium
conditions.? The basic equations can be classified in three groups; electrostatic equa-
tions, current-density equations, and continuity equations.

Electrostatic Equations. There are two important equations relating charge to elec-
tric field (= @/, where @ is electric displacement). The first is from one of Maxwell
equations,

V9= px,3,2), (151)
also known as Gauss’ law or Poisson equation. For a one-dimensional problem, this
reduces to a more useful form of

dz_‘//i __dg __L _ q(n-p+N,—Np)

dx? dx & £,

(152)

(w,=—E/qg). This is commonly used, for example, to determine the potential and field
distribution caused by a charge density p within the depletion layer. The second equa-
tion deals with charge density along an interface, instead of bulk charge. The
boundary conditions across an interface of charge sheet Q is given by

%,(0M)e = &,(0M)e - 0. (153)

Current-Density Equations. The most-common current conduction consists of the
drift component, caused by the electric field, and the diffusion component, caused by
the carrier-concentration gradient. The current-density equations are:

J, = qun&+qD,Vn, (154a)
J, = qu,p€-qD,Vp, (154b)
Jcond = Jn+Jp' (155)
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where J, and J,, are the electron and hole current densities, respectively. The values
of the electron and hole mobilities (4, and 1,) have been given in Section 1.5.1. For
nondegenerate semiconductors the carrier diffusion constants (D, and D,) and the
mobilities are given by the Einstein relation [D, = (kT/q)u,, etc.].

For a one-dimensional case, Egs. 154a and 154b reduce to

3 B _ g (i KT 8

J, = qu.n€+4qD, = Ak né&+ pre u.n et (156a)
_ _p 9 ( _’_fZé@ I

Jp = aHpE—qD o = )\ P % g dv - P (156b)

where Ep, and E, are quasi Fermi levels for electrons and holes, respectively. These
equations are valid for low electric fields. At sufficiently high fields the term 4,% or
4, & should be replaced by the saturation velocity v, (and the last equalities about Ep,
and Eg, do not hold any more). These equations do not include the effect from an
externally applied magnetic field where the magneto-resistive effect reduces the cur-
rent.

Continuity Equations. While the above current-density equations are for steady-
state conditions, the continuity equations deal with time-dependent phenomena such
as low-level injection, generation and recombination. Qualitatively, the net change of
carrier concentration is the difference between generation and recombination, plus
the net current flowing in and out of the region of interest. The continuity equations
are:

on.g-u+lv.g, (157a)
ot q

P-g_-vu-lv.g (157b)
ot PPy P

where G, and G, are the electron and hole generation rate (cm3-s71), respectively,
caused by external influences such as the optical excitation with photons or impact
ionization under large electric fields. The recombination rates, U, = An/7, and
U, = Ap/t,, have been discussed in Section 1.5.4.

For the one-dimensional case under a low-injection condition, Egs. 157a and
157b reduce to

on n, —n 0E on 0%n
ks R s s 1 e ' il 1
P G, + o +4,&E o +D, Ewe (158a)
apn Pn—Puo 0% apn 62 n
= G- =" — pp, = — p, &=~ : 1
o G, - Puty o yp%ax +D, ) (158b)

1.8.2 Examples

In this section, we demonstrate the use of the continuity equations for studying the
time dependence and space dependence of excess carriers. Excess carriers can be
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created by optical excitation or injection from a nearby junction. In these examples
we use optical excitation for simplicity.

Decay of Excess Carriers with Time. Consider an n-type sample, as shown in
Fig. 38a, that is illuminated with light in which the electron-hole pairs are generated
uniformly throughout the sample with a uniform generation rate G,. In this example
the sample thickness is much smaller than 1/a, and the space dependence is absent
here. The boundary conditions are € = 9&/0x = 0 and Op,/0x = 0. We have from
Eq. 158b:

dp Pn—P
= =G 159
dt p 7, ( )
At steady state, Op,/0f = 0 and
Pn—Pno = T,G, = constant. (160)

If at an arbitrary time, say 7 = 0, the light is suddenly turned off, the differential equa-
tion is now

SRR

R EERERE
§20]
T PA0)
7,G ()
I A
0 ;_u t

Light pulse

ﬁSSSSSS @

;?333323 - ©
T e

Fig. 38 Decay of photo-excited carriers. (a) n-type sample under constant illumination. (b)
Decay of minority carriers (holes) with time. (c) Schematic experimental setup to measure
minority carrier lifetime. (After Ref. 71.)
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dt 7,

With the boundary conditions p,(¢=0) = p,, + 7,G,, as given in Eq. 160, and
p{©)=p,,, the solution is

@ _ _pn_pno (161)

Put) = Dot 3,6, exp(~ L) (162)
44
Figure 38b shows the variation of p, with time.

The example above presents the main idea of the Stevenson-Keyes method for
measuring minority-carrier lifetime.”! Figure 38c shows a schematic setup. The
excess carriers generated uniformly throughout the sample by the light pulses cause a
momentary increase in the conductivity and current. During the periods when the
light pulses are off, the decay of this photoconductivity can be observed on an oscil-
loscope which monitors the voltage drop across a resistor load R;, and is a measure of
the lifetime.

Decay of Excess Carriers with Distance. Figure 39a shows another simple example
where excess carriers are injected from one side (e.g., by high-energy photons that
create electron-hole pairs at the surface only). Referring to Fig. 30, note that for
hv=13.5 eV, the absorption coefficient is about 106 cm™!, in other words, the light
intensity decreases by a factor of e in a distance of 10 nm,

At steady state there is a concentration gradient near the surface. The differential
equation for an »-type sample without bias is, from Eq. 158b,

Py Pu=P o*p
2o (= tn fnoyp —tn (163)
ot 7, P px?
Injecting — Injecting:
surface surface
h/\/\/\':"...' L - . All excess
v T . .. . carriers
i eeo e . . . extracted
0 X x
0 w x

(b)
Fig. 39 Steady-state carrier injection from one side. (a) Semiinfinite sample. (b) Sample with
length W.
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The boundary conditions are p,(x = 0) = constant, depending on the injection level,
and p,(«) = p,,. The solution of p,(x) is

Pu(X) = Do+ [0,(0) - prolexp(~ £ (164)
4
where the diffusion length is L, = (D, 7,)! (Fig. 392). The maximum values of L, and
L, are of the order of 1 cm in silicon, but only of the order of 102 cm in gallium ars-
enide.
Of special interest is the case where the second boundary condition is changed so
that all excess carriers at the back surface (x = W) are extracted or p, (W) = p,,, then
we obtain from Eq. 163 a new solution,

B 0 sinh[(W —x)/L ] 165
pn(x) - pn0+ [pn( )_pno] smh(W/Lp) . ( )
This result is shown in Fig. 39b. The current density at x = W is given by Eq. 156b:
D -
Jp = —quL_iE = q_M (166)
dx|w L,sinh(W/L,)

It will be shown later that Eq. 166 is related to the current gain in bipolar transistors
(Chapter 5).

Decay of Excess Carriers with Time and Distance. When localized light pulses
generate excess carriers in a semiconductor (Fig. 40a), the transport equation after the
pulse without bias is given by Eq. 158b by setting G, = &€ = 0&/0x = 0:

apn Prn—Pno 62pn
il _—Tp “+D, PR (167)
The solution is given by
N x2 ¢
p,(x, 1) = exp(— —_— —) +p (168)
" ’4 ﬂDpt 4Dpt z.p "

where N’ is the number of electrons or holes generated initially per unit area.
Figure 40b shows this solution as the carriers diffuse away from the point of injection,
and they also recombine (area under curve is decreased).

If an electric field is applied along the sample, the solution is in the same form but
with x replaced by (x — 14,7) (Fig. 40c); thus the whole package of excess carrier
moves toward the negative end of the sample with a drift velocity 4,€. At the same
time, the carriers diffuse outward and recombine as in the field-free case.

The example above is similar to the celebrated Haynes-Shockley experiment for
the measurement of carrier drift mobility in semiconductors.®> With known sample
length, applied field, and the time delay between the applied signals (bias on and light
off) and the detected signal at the sample end (both displayed on the oscilloscope), the
drift mobility g = x/&? can be calculated.
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Fig. 40 Transient and steady-state carrier diffusion after a localized light pulse. (a) Experi-
mental setup. (b) Without applied field. (c) With applied field.

Surface Recombination. When surface recombination is introduced at one end of a
semiconductor sample (Fig. 41), the boundary condition at x = 0 is governed by

4D, = 45,15,(0)~po] (169)
d x=0

which states that the minority carriers that reach the surface recombine there. The

constant S, with units cm/s is defined as the surface recombination velocity for holes.

The boundary condition at x = o is given by Eq. 160. The differential equation,

without bias and at steady state, is

Pn—P d*p
0=G,-~ - "0 4D, dx;‘ (170)
P

The solution of the equation subject to the boundary conditions above is

7,5, exp(—x/L )}

(171)
Lp+ rpSp

Pa(x) = P, + rpGp[l -
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Fig. 41 Surface recombination at x = 0. The minority-carrier distribution near the surface is
affected by the surface recombination velocity.

which is plotted in Fig. 41 for a finite S,. When S, — 0, then p,(x) - p,,+ 7,G,,
which was obtained previously (Eq. 160). When S, — oo, then p,(x) = p,,+
7,G,[1 — exp(-x/L,)], and the minority carrier density at the surface approaches its
thermal equilibrium value p,,. Analogous to the low-injection bulk-recombination
process, in which the reciprocal of the minority-carrier lifetime (1/7) is equal to

ovyN, (Eq. 952), the surface recombination velocity is given by

S, = GuuN,, (172)

where N, is the number of surface trapping centers per unit area at the boundary
region.
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PROBLEMS

1. (a) Find the maximum fraction of a conventional unit-cell volume which can be filled by

identical hard spheres in a diamond lattice.
(b) Find the number of atoms per square centimeter in silicon in (111) plane at 300 K.

. Calculate the tetrahedral bond angle, i.e., the angle between any pair of the four bonds.

(Hint: Represent the 4 bonds as vectors of equal lengths. What must be the sum of the 4
vectors equal? Take components of this vector equation along the direction of one of these
Vectors. )

. For a face centered cubic, the volume of a conventional unit cell is a®. Find the volume of

a fce primitive unit cell with three basis vectors: (0,0,0—a/2,0,4/2), (0,0,0—4/2,a/2,0), and
(0,0,0->0,a/2,a/2).

. (a) Derive an expression for the bond length d in the diamond lattice in terms of the lattice

constant a.
(b) In a silicon crystal, if a plane has intercepts at 10.86 A, 16.29 A, and 21.72 A along the
three Cartesian coordinates, find the Miller indices of the plane.

. Show (a) that each vector of the reciprocal lattice is normal to a set of planes in the direct

lattice, and (b) the volume of a unit cell of the reciprocal lattice is inversely proportional to
the volume of a unit cell of the direct lattice.

. Show that the reciprocal lattice of a body-centered cubic (bec) lattice with a lattice con-

stant a is a face-centered cubic (fcc) lattice with the side of the cubic cell to be 47/a.
[Hint: Use a symmetric set of vectors for bec:

a a Gty
a—2(y+z—x), b—2(z+x—y), c—2(x+y 7)

where a is the lattice constant of a conventional primitive cell, and x, y, z are unity vectors
of a Cartesian coordinate. For fcc;
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a= §@+z), b=‘2—’(z+x), c=§(x+y).]

. Near the conduction band minima the energy can be expressed as

2 2 2 2
E = ;L(k_x + _]EL’. + k_z) .
2\my my m}
In Si there are six cigar-shaped minima along [100]. If the ratio of the axes of constant
energy ellipsoid is 5:1, find the ratio of longitudinal effective mass m; to the transverse

effective mass m; .

. In the conduction band of a semiconductor, it has a lower valley at the center of the Bril-

louin zone, and six upper valleys at the zone boundary along [100]. If the effective mass
for the lower valley is 0.1m, and that for the upper valleys is 1.0m,, find the ratio of the
effective density of states in the upper valieys to that in the lower valley.

. Derive the density of states in the conduction band as given by Eq. 14.

(Hint: The wavelength A of a standing wave is related to the length of the semiconductor L
by L/A = n, where n, is an integer. The wavelength can be expressed by de Broglie hypoth-
esis A = h/p,. Consider a three-dimensional cube of side L.)

Calculate the average kinetic energy of electrons in the conduction band of an n-type non-
degenerate semiconductor. The density of states is given by Eq. 14.
Show that

Ep—EpNT!
N} = ND[I +2exp(Fk—TDﬂ .

[Hint: The probability of occupancy is

_ h (E - EF) -
F(E) = [1 + e }
where / is the number of electrons that can physically occupy the level E, and g is the

number of electrons that can be accepted by the level, also called the ground-state degen-
eracy of the donor impurity level (g =2).]

If a silicon sample is doped with 10!6 phosphorous impurities/cm?, find the ionized donor
density at 77 K. Assume that the ionization energy for phosphorous donor impurities and
the electron effective mass are independent of temperature. (Hint: First select a N}, value
to calculate the Fermi level, then find the corresponding N3, . If they don’t agree, select
another N}, value and repeat the process until a consistent N}, is obtained.)

Using graphic method to determine the Fermi level for a boron-doped silicon sample with
an impurity concentration of 1015 cm™> at 300 K (note n; = 9.65x10° cm™).

1
1+ exp[(E - Ep)/kT]’
differentiation of F(E) with respect to energy is F'(E). Find the width of F'(E), i.e.,

2 [E(at Friax) — E(at %F;nax):| where |F},,,| is the maximum value of F(E).
Find the position of the Fermi level with respect to the bottom of the conduction band
(Ec— Ey) for a silicon sample at 300 K, which is doped with 2x101° cm=3 fully ionized
donors.

The

The Fermi-Dirac distribution function is given by F(E) =
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Gold in Si has two energy levels in the bandgap: E.— E,=0.54¢V, E,— E,=0.29 V.
Assume the third level £, — E, = 0.35 eV is inactive. (a) What will be the state of charge
of the gold levels in Si doped with high concentration of boron atoms? Why? (b) What is
the effect of gold on electron and hole concentrations?

From Fig. 13, evaluate and determine what kind of impurity atoms is used to dope the Si
sample?

For an n-type silicon sample doped with 2.86x10!6 cm3 phosphorous atoms, find the ratio
of the neutral to ionized donors at 300 K. (E.— Ep) = 0.045 eV.

(a) Assume the mobility ratio g,/4, = b in Si is a constant independent of impurity concen-
tration. Find the maximum resistivity p,, in terms of the intrinsic resistivity p; at 300 K.
If b = 3 and the hole mobility of intrinsic Si is 450 cm?/V-s, calculate g, and p,,.

(b) Find the electron and hole concentration, mobility, and resistivity of a GaAs sample at
300 K with 5x10'5 zinc atoms/cm3, 10!7 sulfur atoms/cm?, and 107 carbon atoms/cm?.

The Gamma Function is defined as T'(n) = f x"=lexp(—x)dx .

(a) Find T(1/2), and (b) show that T'(n) = (n — D['(n — 1).

Consider a compensated r-type silicon at 7= 300 K, with a conductivity of o= 16 S/cm
and an acceptor doping concentration of 1017 ¢m. Determine the donor concentration and
the electron mobility. (A compensated semiconductor is one that contains both donor and
acceptor impurity atoms in the same region.)

Find the resistivity at 300 K for a silicon sample doped with 1.0x10* ¢cm= of phosphorous
atoms, 8.5%10!2 cm™ of arsenic atoms, and 1.2x10!3 cm— of boron atoms. Assume that
the impurities are completely ionized and the mobilities are 4, = 1500 cm?/V-s, p, =
500 cm?/V-s, independent of impurity concentrations.

A semiconductor has a resistivity of 1.0 Q-cm, and a Hall coefficient of —1250 cm?/Coul.
Calculate the carrier density and mobility, assuming that only one type of carrier is present
and the mean free time is proportional to the carrier energy, i.e., 7€ E.

Derive the recombination rate for indirect recombination as given by Eq. 92.
(Hint: Refer to Fig. 25b, the capture rate of an electron by a recombination center is pro-
portional to R, «c nN(1 — F) where n is the density of electrons in the conduction band, N,
is the density of recombination centers, F is the Fermi distribution, and N(1 — F) is the
density of unoccupied recombination centers available for electron capture.)

The recombination rate is given by Eq.92. Under low injection condition, U can be
expressed as (p, — p,,,)/ 7,, where 7, is the recombination lifetime. If 0,= o, = 7,, 1,
1015 em™, and 7,,, = (v,,0,N,)™, find the values of (E, - E;) at which the recombination llfe-
time 7, becomes 27,,,.

For single-level recombination with identical electron and hole capture cross sections, find
the number of trap centers per unit volume per generation rate under the condition of com-
plete depletion of carriers. Assume that the trap centers are located at mid bandgap,
6=2x10"16 cm?, and v, = 107 cm/s.

In a region of semiconductor which is completely depleted of carriers (i.e., n < n;,, p < n)),
electron-hole pairs are generated by alternate emission of electrons and of holes by the
centers. Derive the average time that takes place between such emission process (assume
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o, = 6, = 0); also find the average time for o= 2x10"1% cm?, v, = 107 cr/s, and E, = E..
(T=300K).

For a single-level recombination process, find the average time that takes place between
each recombination process in a region of a silicon sample where n=p = 10'3 cm, o, =
o, =2x10"16 cm?, v,, = 107 cm/s, N, = 10'6 cm™3, and (E, - E;) = 5kT.

(a). Derive Eq. 123.

(Hint: Assume a linear chain of atoms and the atoms interact only with nearest neighbors.
The even-numbered atoms have mass m, and the odd-numbered atoms have mass m,.)
(b) For a silicon crystal with m; = m, and Ja,/m; =7.63x1 0'2 Hz, find the optical phonon
energy at the boundary of the Brillouin zone. The force constant is a;

Assume Ga, sIng sAs is lattice matched with InP substrate at 500°C. When the sample is
cooled to 27°C, find the lattice mismatch between the layers.

Find the ratio of the conduction-band discontinuity of the heterojunction
Al ,Ga, ¢As/GaAs to the Al, ,Ga, As bandgap.

In a Haynes-Shockley experiment, the maximum amplitudes of the minority carriers at
t; =25 ps and #, = 100 ps differ by a factor of 10. Find the minority carrier lifetime.

From the expression which describes the drift and diffusion of carriers in the Haynes-
Shockley experiment, find the half-width of the pulse of carriers at t = 1 s. Assume the dif-
fusion coefficient is 10 cm?/s.

Excess carriers are injected on one surface (x = 0) of a thin slide of #-type (3x10'7 cm3)
silicon with length W = 0.05 mm and extracted at the opposite surface where p (W) =p,,.
If the carrier lifetime is 50 ps, find the portion of injected current which reaches the oppo-
site surface by diffusion.

A GaAs n-type sample with N = 5x10'5 cm™3 is illuminated. The uniformly absorbed
light creates 1017 electron-hole pairs/cm3-s. The lifetime 7, is 1077, L,= 1.93x10% c¢m,
the surface recombination velocity S, is 10> cm/s. Find the number of holes recombining
at the surface per unit surface area in unit time.

An n-type semiconductor has excess carrier holes 1014 cm3, a minority carrier lifetime
10-% s in the bulk material, and a minority carrier lifetime 10-7 s at the surface. Assume
zero applied electric field and let D, = 10 cm?/s. Determine the steady-state excess carrier
concentration as a function of distance from the surface (x = 0) of the semiconductor.
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p-n Junctions

2.1 INTRODUCTION

2.2 DEPLETION REGION

2.3 CURRENT-VOLTAGE CHARACTERISTICS
2.4 JUNCTION BREAKDOWN

2.5 TRANSIENT BEHAVIOR AND NOISE

2.6 TERMINAL FUNCTIONS

2.7 HETEROJUNCTIONS

2.1 INTRODUCTION

p-r junctions are of great importance both in modern electronic applications and in
understanding other semiconductor devices. The p-# junction theory serves as the
foundation of the physics of semiconductor devices. The basic theory of current-
voltage characteristics of p-n junctions was established by Shockley.?:2 This theory
was then extended by Sah, Noyce, and Shockley?, and by Moll.#4

The basic equations presented in Chapter 1 are used to develop the ideal static and
dynamic characteristics of p-n junctions. Departures from the ideal characteristics
due to generation and recombination in the depletion layer, to high injection, and to
series resistance effects are then discussed. Junction breakdown, especially that due
to avalanche multiplication, is considered in detail, after which transient behavior and
noise performance in p-# junctions are presented.

A p-n junction is a two-terminal device. Depending on the doping profile, device
geometry, and biasing condition, a p-n junction can perform various terminal func-
tions which are considered briefly in Section 2.6. The chapter closes with a discus-
sion of an important group of devices—the heterojunctions, which are junctions
formed between dissimilar semiconductors (e.g., #n-type GaAs on p-type AlGaAs).

79
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2.2 DEPLETION REGION

2.2.1 Abrupt Junction

Built-in Potential and Depletion-Layer Width. When the impurity concentration
in a semiconductor changes abruptly from acceptor impurities N, to donor impurities
Np, as shown in Fig. 1a, one obtains an abrupt junction. In particular, if N, > N, (or
vice versa), one obtains a one-sided abrupt p*-» (or n*-p) junction.

«— p-region n-region —=

}4— Depletion region —-f

Depletion charge
(Np—Ny)

-
@/ Donor
® density (Np)
@

* (a)

Acceptor 000
density W) | o6
=

&
x
(b)
Area = built-in
potential 5,
——
Vi ©

M

bi

Ejommmpmm = _

Ep_ 9%y fq Vi \i\q% @

Fig. 1 Abrupt p-» junction in thermal equilibrium. (a) Space-charge distribution. Dashed
lines indicate corrections to depletion approximation. (b) Electric-field distribution. (c) Poten-
tial distribution where y; is the built-in potential. (c) Energy-band diagram.
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We first consider the thermal equilibrium condition, that is, one without applied
voltage and current flow. From the current equation of drift and diffusion (Eq. 156a
in Chapter 1),

J =0 = (n% quZ”) - nn%’ (1)
or
dE
—=0. ()
Similarly,
J,=0= ,uppdEF. 3)
dx

Thus the condition of zero net electron and hole currents requires that the Fermi level
must be constant throughout the sample. The built-in patential y;,, or diffusion poten-
tial, as shown in Fig. 1b, ¢, and d, is equal to

¥ = Eg—(90,+q9,) = q¥p,+qVp,. “4
For nondegenerate semiconductors,

kT ( o) kT (P o)
= kI (Pro
Vi q i n; q ! n;

kT (N N A)
~—1 .
7 n n? (%)
Since at equilibrium 7,0, = 1,0, = ni2 ,
Vo =) T M) ©)

po
This gives the relationship between carrier densities on either side of the junction.

If one or both sides of the junction are degenerate, care has to be taken in calcu-
lating the Fermi-levels and built-in potential. Equation 4 has to be used since Boltz-
mann statistics cannot be used to simplify the Fermi-Dirac integral. Furthermore,
incomplete ionization has to be considered, i.e., n,,, # N, and/or p,,, # N, (Eqs. 34 and
35 of Chapter 1).

Next, we proceed to calculate the field and potential distribution inside the deple-
tion region. To simplify the analysis, the depletion approximation is used which
assumes that the depleted charge has a box profile. Since in thermal equilibrium the
electric field in the neutral regions (far from the junction at either side) of the semi-
conductor must be zero, the total negative charge per unit area in the p-side must be
precisely equal to the total positive charge per unit area in the #-side:

Ny WDp = NpWp,- @)

From the Poisson equation we obtain
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_EY_dE () - 4 - () - Ny () + ()], ®)

dx*  dx &, &

Inside the depletion region, #(x) ~ p(x) = 0, and assuming complete ionization,

Ly, qN,

= s T —Wpsas0, (%a)
d*y, qNp

— W ~ gs fOr 0<x< WDn . (9b)

The electric field is then obtained by integrating the above equations, as shown in
Fig. 1b:

N (x+ W,
Z(x) = - M for — WDprSO, (10)
S
N
£(x) = - &, + 0%
8S
gNp
=-= (Wp,—x) for 0<x<W,, an
s

where &, is the maximum field that exists at x = 0 and is given by
gNpWp, _ gN, WDp

& &

€] =

(12)

Integrating Eqs. 10 and 11 once again gives the potential distribution (x) (Fig. 1c)
gN,

wix) = P (x+ Wp,)? for - Wp,<x<0, (13)
S5
qNp x
w(x) = y/i(0)+—g— WD”_E x for 0<x<W,,. (14)
s
With these, the potentials across different regions can be found as:
N W3
v, = 104" hp (15a)
2¢,
qND W%Jn
= 1L Dn 15b
|w 2 (15b)
(y, is relative to the n-type bulk and is thus negative. See definition in Appendix A)
_ - _ %l

Vpi = '//p + I l//n| = '//I( WDn) = T(WDP + WDn) (16)

where &,, can also be expressed as:

2gN 2gN

& &
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From Eqgs. 16 and 7, the depletion widths are calculated to be:

2 Es Wi ND
Wp, = , 18a
bp ’\/ g N4N;+Np) (1%2)
28, Wyi Ny
Wp, = 2 , 18b
br ’\/ q Np(Ny+Np) (180)
W W = ZES(NA+ND) 19
Dp Dn = 7 \ NN, Vi - (19)
The following relationships can be further deduced:
ol o W _ Ny (20a)
Yoi Wpp+Wp, Ny+Np
Yoo _Wop _ _Np (20b)

Woi  Wpp+ Wp, T Ng+Np

For a one-sided abrupt junction (p*-n or n*-p), Eq. 4 is used to calculate the built-
in potential. In this case, the majority of the potential variation and depletion region
will be inside the lightly doped side. Equation 19 reduces to

26 ¥y
w, = [ 21
b= oy @1

where N is N, or N, depending on whether N, > N, or vice versa, and

2
wi) = (%= 55-). 22)

This discussion uses box profiles for the depletion charges, i.e., depletion approx-
imation. A more accurate result for the depletion-layer properties can be obtained by
considering the majority-carrier contribution in addition to the impurity concentration
in the Poisson equation, that is, p = — g[N, — p(x)] on the p-side and p = g[N — n(x)]
on the n-side. The depletion width is essentially the same as given by Eq. 19, except
that ,, is replaced by (,, — 2kT/q).” The correction factor 2k7/g comes about
because of the two majority-carrier distribution tails>® (electrons in n-side and holes
in p-side, as shown by the dashed lines in Fig. 1a) near the edges of the depletion
region. Each contributes a correction factor £7/q. The depletion-layer width at
thermal equilibrium for a one-sided abrupt junction becomes

2¢, 2kT)
W, = [ A 2
D qN(Wbt q ( 3)

Furthermore, when a voltage V is applied to the junction, the total electrostatic
potential variation across the junction is given by (y;,;,— V) where V is positive for
forward bias (positive voltage on p-region with respect to n-region) and negative for
reverse bias. Substituting (y;,; — V) for y;,; in Eq. 23 yields the depletion-layer width
as a function of the applied voltage. The results for one-sided abrupt junctions in
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Depletion capacitance Cp, (pF/cm?)

Fig. 2 Depletion-layer width and depletion-layer capacitance per unit area as a function of net
potential (y;, — V - 2kT/q) for one-sided abrupt junctions in Si. Doping ¥ is from the lightly
doped side. Dashed lines represent breakdown conditions.

silicon are shown in Fig. 2. The net potential at zero bias is near 0.8 V for Si and
1.3 V for GaAs. This net potential will be decreased under forward bias and increased
under reverse bias. These results can also be used for GaAs since both Si and GaAs
have approximately the same static dielectric constants. To obtain the depletion-layer
width for other semiconductors such as Ge, one must multiply the results of Si by the
factor ,/£,(Ge)/g,(Si) (= 1.16). The simple model above can give adequate predic-
tions for most abrupt p-n junctions.

*

In the p-type region, the Poisson equation including the hole concentration is

N,
AL - exp (-]

s

y,;
dx?
Integrating both sides by di;, and using di/dx=— &,

= 1 — =
L[N, - p(x)]

" ag gN, ("

f 22 Gy, = —;—’*f [1 - exp(=Bay)]d;,

0 4]

&2 gNy qNA( kT)
> —ﬂthgs[ﬂ,hwp+exr>(—ﬂ,hwp)—1]~ s W,— s

Comparing this to Eq. 17, the potential is decreased by £7/q per side of the junction.
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Depletion-Layer Capacitance. The depletion-layer capacitance per unit area is
defined as Cp, = dQp/dV = /W, where dQ), is the incremental depletion charge on
each side of the junction (total charge is zero) upon an incremental change of the
applied voltage dV. For one-sided abrupt junctions, the capacitance per unit area is

given by
£ qeN, 2k /2
Cp = 7= = [y -v- 2T 24)
D q

where V is positive/negative for forward/reverse bias. The results of the depletion-
layer capacitance are also shown in Fig. 2. Rearrange the above equation leads to:

1 2 ( 2k
— = =y, - V-], 25
C% qu Vi q ( )
d(1/C3%) 2
= — : 26
av qeN (26)

It is clear from Eqgs. 25 and 26 that by plotting 1/C? versus ¥, a straight line should
result from a one-sided abrupt junction (Fig. 3). The slope gives the impurity concen-
tration of the substrate (N), and the extrapolation to 1/C% = 0 gives (y,; — 2kT/q). Note
that, for the forward bias, a diffusion capacitance exists in addition to the depletion
capacitance mentioned previously. The diffusion capacitance will be discussed in
Section 2.3.4.

Note that the semiconductor potential and the capacitance-voltage data are insen-
sitive to changes in the doping profiles that occur in a distance less than a Debye
length.” The Debye length L, is a characteristic length for semiconductors and is

defined as
T
LI 27)
qu qNﬂth

This Debye length gives an idea of the limit of the potential change in response to an
abrupt change in the doping profile. Consider a case where the doping has a small

Lp

1/C?

Slope « 1/N

NS
\ .~ Fig.3 A 1/C%-V plot can yield

N - the built-in potential and doping

Wi~ 2kTlg v density N.
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increase of AN}, in the background of Np, the change of potential A y(x) near the step
is given by

Au/iq)
= 2
n NDexp( T ) (28)
Ay, g gNp[ . AN (A%q)
W = - 8S(ND+AND—YI) = - es |:1+N—D—-exp iT }

__GNp[ AN, ( Aw,-q) _4*Np

T [“ N, Ut } kY (29)

whose solution has a decay length given by Eq. 27. This implies that if the doping
profile changes abruptly in a scale less than the Debye length, this variation has no
effect and cannot be resolved, and that if the depletion width is smaller than the
Debye length, the analysis using the Poisson equation is no longer valid. At thermal
equilibrium the depletion-layer widths of abrupt junctions are about 8L, for Si, and
10L, for GaAs. The Debye length as a function of doping density is shown in Fig. 4
for silicon at room temperature. For a doping density of 1016 cm=3, the Debye length
is 40 nm; for other dopings, L, will vary as 1/J/N, that is, a reduction by a factor of
3.16 per decade.

2.2.2 Linearly Graded Junction

In practical devices, the doping profiles are not abrupt, especially near the metallur-
gical junction where the two types meet and they compensate each other. When the
depletion widths terminate within this transition region, the doping profile can be
approximated by a linear function. Consider the thermal-equilibrium case first. The
impurity distribution for a linearly graded junction is shown in Fig. 5a. The Poisson
equation for this case is

103
N
e N e kT
2 — Ly =
E 10 D 7N
i)
=]
2
S N
g 10! ™
=
\~~.~
11014 1015 1016 1017 1018 1019

Doping density N (cm™)

Fig. 4 Debye length in Si at room temperature as a function of doping density N.
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Py, 4z _px) _ g
“ae @ s =g
ax ” ”
zﬂ_gs ——2DSxS—2D (30)

where a is the doping gradient in cm™. By integrating Eq. 30 once, we obtain the field
distribution shown in Fig. 5b:

E(x) = _%[(%})2_)61 —%)st% 3D

with the maximum field €, atx =0,

87
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14,
%, = 1220, (32)
8¢,
Integrating Eq. 30 once again gives the potential distribution shown in Fig. 5c
W3 Wp\? W, 74
0 S (0] Toeese
w(x) 635[2 L) +3(R) x-x L<xs= (33)
from which the built-in potential can be related to the depletion width
gaWyp
;= 34
Wbi 126‘s ( )
or
12 Es V/bt) 13
Wp = ( p : (35)

Since the values of the impurity concentrations at the edges of the depletion
region (— Wp/2 and W;y/2) are the same and equal to al¥ /2, the built-in potential for
a linearly graded junction can be approximated by an expression similar to Eq. 5:

k—Tln [(a Wpi2)(a WD/2)}
q n?

LWL

~= In ) - (36)
Equations 35 and 36 can thus be used to solve for W, and y;,.

Based on an accurate numerical technique,® the built-in potential can be calcu-
lated explicitly by an expression as a gradient voltage V,:

2
Ve = 2ﬂwln(a 2l X
3 \8nj}q?
The gradient voltages for Si and GaAs as a function of impurity gradient are shown
in Fig. 6. These voltages are smaller than the y,; calculated from Eq. 36, using the
depletion approximation, by more than 100 mV. The depletion-layer width and the
corresponding capacitance for silicon using this ¥, as the built-in potential are plotted
in Fig. 7 as a function of net potential (¥, — V).
The depletion-layer capacitance for a linearly graded junction is given by

& qa€2 1/3
Ch= -2 = [—S] 38
= 3, = 120w, - 1) 38)

where V is positive/negative for forward/reverse bias.

Ypi ™

37

2.2.3 Arbitrary Doping Profile

In this section we consider the doping near the junction to be of any arbitrary shape.
Limiting the discussion to the n-side of a p*-n junction, the net potential change at the
junction is given by integrating the total field across the depletion region;
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Fig. 6 Gradient voltages for linearly graded junctions in Si and GaAs.

Wp

B )
Vo = V-V = —f E(x)ds = —xE(x)
0

WD
+ f xd¥, (39)
0

Z(0)

where 4 is y, at zero bias. The first term becomes zero since the field at the deple-
tion edge &(W ) is zero. The interface potential becomes

102 — 102
a=1x108c¢m™ {Z
\ -
3x1018em™ et =
10! 1x10!% e \/)’/"’——— =103 QE\
G 3x10' cm == —— 2
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| et ¥ - — — A
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E /: /’——_ ,C///——_‘__;/’ - 1= . g
g 1 % - — 10 S
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Fig. 7 Depletion-layer width and depletion-layer capacitance per unit area as a function of net
potential (¥, — V) for different impurity gradients in linearly graded junctions in Si. Dashed
lines represent breakdown conditions.
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B(W,) iz q Wy
= Zdx = ) 40
v, f X dx gsf XNp(x)dx (40)
%(0)
Meanwhile, the total depletion-layer charge is given by

¥p
00 =4 f Np(x)ds. (a1)
0
Differentiating the above quantities with respect to the depletion width gives
d Np(Wp)W
av _ _ v, _ 1 »(Wp) D (42)
dw, awy &
dQp
—— = gN(W,). 43
aw, gNp(Wp) (43)
From these we obtain the depletion-layer capacitance,
/4
Cp = |92 - |, Pl _ & (44)
av aw, dv Wy

Again the general expression of &/}, is obtained and is applicable to any arbitrary
doping profile. From this we can derive Eq. 26 for a general nonuniform profile;
d(1/C3) d(1/C3)dwW, B 2WhdW,
av aw, dv =~ g dv
2
- qeNp(Wp) (45)

This C-V technique can be used to measure nonuniform doping profile. The 1/C3 -V
plot (like that shown in Fig. 3) would deviate from a straight line if the doping is not
constant.

2.3 CURRENT-VOLTAGE CHARACTERISTICS

2.3.1 Ideal Case—Shockley Equation!?

The ideal current-voltage characteristics are based on the following four assumptions:
(1) the abrupt depletion-layer approximation; that is, the built-in potential and applied
voltages are supported by a dipole layer with abrupt boundaries, and outside the
boundaries the semiconductor is assumed to be neutral; (2) the Boltzmann approxi-
mation, similar to Eqgs. 21 and 23 of Chapter 1, is valid; (3) the low-injection assump-
tion; that is, the injected minority carrier densities are small compared with the
majority-carrier densities; and (4) no generation-recombination current exists inside
the depletion layer, and the electron and hole currents are constant throughout the
depletion layer.
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We first consider the Boltzmann relation. At thermal equilibrium this relation is
given by

EpE;

n = nexp( L) (46)
E,~ Ey

p = niexp( T ) (46b)

Obviously, at thermal equilibrium, the pn product from the above equations is equal
to n? . When voltage is applied, the minority-carrier densities on both sides of the
junction are changed, and the pn product is no longer equal to n?. We shall now
define the quasi-Fermi (imref) levels as follows:

EFn B Ei

n=nexp(-2), @7a)
E -E

p=mexp( =), (47b)

where Ep, and Ef, are the quasi-Fermi levels for electrons and holes, respectively.
From Egs. 47a and 47b we obtain

Ep,=E;+ len(ni) , (48a)
Epy=E-kTin( L), (48b)
The pn product becomes
Ep,—E
pn = ni2 exp (%ﬂ) . (49

For a forward bias, (E, — E,) > 0 and pn > n?; on the other hand, for a reversed
bias, (E, — Ep,) <0 and pn < n?.
From Eq. 156a of Chapter 1, Eq. 47a, and the fact that € = VE /g, we obtain

J, qyn(n% + %Tvn) = unVE, + ynkr[le(VEFn - VE,.)]

unVEg, . (50)

Similarly, we obtain,
J, = w,pVEg,. (51)

Thus, the electron and hole current densities are proportional to the gradients of the
electron and hole quasi-Fermi levels, respectively. If £, = Ej, = constant (at thermal
equilibrium), then J, =J, = 0.

The idealized potential distributions and the carrier concentrations in a p-» junc-
tion under forward-bias and reverse-bias conditions are shown in Fig. 8. The varia-
tions of Ep, and E, with distance are related to the carrier concentrations as given in
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p-type n-type p-type n-type

Carrier concentration
Carrier concentration

|
W0 Wp,

(b)
Fig. 8 Energy-band diagram, with quasi-Fermi levels for electrons and holes, and carrier dis-
tributions under (a) forward bias and (b) reverse bias.

Eqs. 48a and 48b, and to the current as given by Eqgs. 50 and 51. Inside the depletion
region, Er, and Ep, remain relatively constant. This comes about because the carrier
concentrations are relatively much higher inside the depletion region, but since the
currents remain fairly constant, the gradients of the quasi-Fermi levels have to be
small. In addition, the depletion width is typically much shorter than the diffusion
length, so the total drop of quasi-Fermi levels inside the depletion width is not signif-
icant. With these arguments, it follows that within the depletion region,

qV = EFn_EFp‘ (52)

Equations 49 and 52 can be combined to give the electron density at the boundary of
the depletion-layer region on the p-side (x = - Wp,):
n?

n,(-Wp,) = p—;exp(% znpoexp(i—T (53a)

where p, = p,,, for low-level injection, and n,,, is the equilibrium electron density on
the p-side. Similarly,

PaW ) = proexo( L (53b)
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at x = Wp,, for the n-type boundary. The preceding equations are the most-important
boundary conditions for the ideal current-voltage equation.

From the continuity equations we obtain for the steady-state condition in the
n-side of the junction:

dn, de d?n,
-U+ H, %E + ﬂnnng +Dng2' =0, (543)
dp, ~ de . dp,
—U—,up% dx —,Uppn'a +Dp dx2 =0. (54b)

In these equations, U is the net recombination rate. Note that due to charge neutrality,
majority carriers need to adjust their concentrations such that (n, — n,,) = (9, — p,,,). It
also follows that dn,/dx = dp,/dx. Multiplying Eq. 54a by u,p, and Eq. 54b by u,n,,
and combining with the Einstein relation D = (kT/q)u, we obtain

Py—Puo n,—py %dpn dzpn

- _ + = 0 (55)
7, (n,/ 1) + (p,/ 1) dx @ dx?
where
n,+p
D = —n_trn 56
* n,/D,+p,/D, (56)
is the ambipolar diffusion coefficient, and
_ Prn—Pno
LE—7 (57)

From the low-injection assumption [e.g., p, « (n, = n,,) in the n-type semicon-
ductor], Eq. 55 reduces to

Pn=Pno dp n dzp n
-2y Eq—+D— =0 58
7, P TP A (58)
which is Eq. 54b except that the term u,p,d&/dx is ignored under the low-injection
assumption.

In the neutral region where there is no electric field, Eq. 58 further reduces to

LDy _Pn=Pro _ g (59)
dx?  D,z,

The solution of Eq. 59, with the boundary conditions of Eq. 53b and p,(x =) =p,,
gives

P8 =Pa = puo] exp(LF) -1 ]ex(- x_LV:D”) (60)

where

L,=JD,z,. (61)

At x = Wp,, the hole diffusion current is
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_.1 9Py — ‘]_LE P [ (EZ_ ]
J, = —qD,—* el P L exp T (62a)
Similarly, we obtain the electron diffusion current in the p-side
dn qgD,n,, (q
= 11 po -
J, = 4D, _Ex I [exp T 1:' (62b)

The minority-carrier densities and the current densities for the forward-bias and
reverse-bias conditions are shown in Fig. 9. It is interesting to note that the hole
current is due to injection of holes from the p-side to the n-side, but the magnitude is
determined by the properties in the n-side only (D,, L, p,,,). The analogy holds for the
electron current.

The total current is given by the sum of Egs. 62a and 62b:

J=J 4+, = Jo[exp(q— - 1] (63)

Ll 1
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l I
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Fig. 9 Carrier distributions and current densities (both linear plots) for (a) forward-biased
conditions and (b) reverse-biased conditions.
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qD,p,, . qD,n,, _ quni2 N gD, n}
L, L, LN, LN,
Equation 63 is the celebrated Shockley equation,!> which is the ideal diode law. The
ideal current-voltage relation is shown in Figs. 10a and b in the linear and semilog
plots, respectively. In the forward direction (positive bias on the p-side) for
V> 3kTl/q, the rate of current rise is constant (Fig. 10b); at 300 K for every decade
change of current, the voltage changes by 59.5 mV (= 2.3k7/g). In the reverse direc-

tion, the current density saturates at —J,.

We shall now briefly consider the temperature effect on the saturation current
density J,. We shall consider only the first term in Eq. 64, since the second term will
behave similarly to the first one. For the one-sided p*-n abrupt junction (with donor
concentration Np), p,, > #,,, the second term can also be neglected. The quantities n,,
Dy, pye» and L, (= /D, 7,) are all temperature-dependent. If D)/, is proportional to

P
T7, where yis a constant, then

_4DpPy, Dy} [ 3 (Egﬂ
Jo~ i qu\/:pNDOCTy[ exp| - 7

E
« T(3+7/2)exp(_ ]f}) . 65)
The temperature dependence of the term 73*72) is not important compared with the
exponential term. The slope of a plot J,, versus I/T is determined mainly by the energy
gap E,. It is expected that in the reverse direction, where | /4| = Jj, the current will
increase approximately as exp(—E,/kT) with temperature; and in the forward direc-
tion, where Jp = Jyexp(qV/kT), the current will increase approximately as

exp[—(E, — qVVKT].

Jo= (64)
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Fig. 10 Ideal current-voltage characteristics. (a) Linear plot. (b) Semilog plot.
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The Shockley equation adequately predicts the current-voltage characteristics of
germanium p-» junctions at low current densities. For Si and GaAs p-n junctions,
however, the ideal equation can only give qualitative agreement. The departures from
the ideal are mainly due to: (1) the generation and recombination of carriers in the
depletion layer, (2) the high-injection condition that may occur even at relatively
small forward bias, (3) the parasitic /R drop due to series resistance, (4) the tunneling
of carriers between states in the bandgap, and (5) the surface effects. In addition,
under sufficiently larger field in the reverse direction, the junction will breakdown as
a result, for example, of avalanche multiplication. The junction breakdown will be
discussed in Section 2.4.

The surface effects on p-n junctions are primarily due to ionic charges on or
outside the semiconductor surface that induce image charges in the semiconductor,
and thereby cause the formation of the so-called surface channels or surface deple-
tion-layer regions. Once a channel is formed, it modifies the junction depletion region
and gives rise to surface leakage current. For Si planar p-n junctions, the surface
leakage current is generally much smaller than the generation-recombination current
in the depletion region.

2.3.2 Generation-Recombination Process’

Consider first the generation current under the reverse-bias condition. Because of the
reduction in carrier concentration under reverse bias (pn «< n? ), the dominant gener-
ation processes, as discussed in Section 1.5.4, are those of emission. The rate of gen-
eration of electron-hole pairs can be obtained from Eq. 92 of Chapter 1 with the
condition p < n; and n < n;:

O-p O-nvthNt n;
U=- n;=—— (66)
0,exp[(E, - E)IkT] + 0,exp[(E, - E,)/kT] 7,

where 7, is the generation lifetime and is defined as the reciprocal of the expression
in brackets (see Eq. 98 of Chapter 1 and the discussion following). The current due to
generation in the depletion region is thus given by

14

D
qgnWp
Jge = J< ‘I|U1d7C'*'Q]U]WDz
0

(67)
g

where W, is the depletion-layer width. If the generation lifetime is a slowly varying
function of temperature, the generation current will then have the same temperature
dependence as n,. At a given temperature, J,, is proportional to the depletion-layer
width, which in turn is dependent on the applied reverse bias. It is thus expected that

172
Jge o ('//bi + V)

(68)
for abrupt junctions, and

1/3

Jge € (W + V) (69)

for linearly graded junctions.
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The total reverse current (for p,,, > n,, and [V] > 3kT/q) can be approximated by
the sum of the diffusion component in the neutral region and the generation current in

the depletion region:
D, n? W,
JR=qf R Liud- 3 (70)
’l'p ND T,

For semiconductors with large values of »; (such as Ge), the diffusion component will
dominate at room temperature and the reverse current will follow the Shockley equa-
tion; but if », is small (such as for Si), the generation current may dominate. A typical
result for Si is shown in Fig. 11, curve (e). At sufficiently high temperatures, how-
ever, the diffusion current will dominate.

At forward bias, where the major recombination-generation processes in the
depletion region are the capture processes, we have a recombination current J,, in
addition to the diffusion current. Substituting Eq. 49 in Eq. 92 of Chapter 1 yields

— O'pUnUrhNt”,Z[exp(q V/kT) - 1]
o,{n+nexp[(E,— E)/kT1} + o,{p + n;exp[(E; - E)/kT]} '
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Fig. 11 Current-voltage characteristics of a practical Si diode. (a) Generation-recombination
current region. (b) Diffusion-current region. (c) High-injection region. (d) Series-resistance
effect. (¢) Reverse leakage current due to generation-recombination and surface effects.
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Under the assumptions that E, = E; and ¢, = o,
ov,, N[ exp(qVIkT) - 1]
n+p+2n,
_ ov,Nniexp(qVIkT) - 1] o)
" n{exp[(Ep,— E)/KT] + exp[(E; - Eg,)/kT] + 2}

The maximum value of U exists in the depletion region where E; is halfway between
Ef, and Ep,, and so the denominator of Eq. 72 becomes 2n,[exp(qV/2kT) + 1]. We
obtain for V> kT/q,

= ¢, Eq. 71 reduces to

U=

1 v
Ux Eov,hN,niexp(iqﬁ,) (73)
and
WD
qwy Y\ _qWpn, 4
Je = f qUdx = av,hNn eXp(iqk_T) = %exp(iqﬁ,) . (74)
0

The above approximation assumes that most part of the depletion layer has this
maximum recombination rate, and J,,, is thus somewhat an overestimate. A more rig-
orous derivation gives’

J. = Uds = kT" V 75
re — J;) q ZkT ( )

where &, is the electric field at the location of maximum recombination, and it is
equal to

g, = M . (76)

&

Similar to the generation current in reverse bias, the recombination current in forward
bias is also proportional to »,. The total forward current can be approximated by the
sum of Eqgs. 63 and 75. For a p*-n junction (p,, > n,,) and V' » kT/q:

D_n? kT i
=g [2—
Jr=4q / N exr> [2 2 kT (77
The experimental results in general can be represented by the empirical form,
|4
Jp o exp(-gﬁ,) (78)

where the ideality factor 77 equals 2 when the recombination current dominates
[Fig. 11, curve (a)] and 7 equals 1 when the diffusion current dominates [Fig. 11,
curve (b)]. When both currents are comparable, 7 has a value between 1 and 2.
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2.3.3 High-Injection Condition

At high current densities (under the forward-bias condition) such that the injected
minority-carrier density is comparable to the majority concentration, both drift and
diffusion current components must be considered. The individual conduction current
densities can always be given by Eqs. 50 and 51. Since J,, g, 4,, and p are positive,
the quasi-Fermi level for holes Ej, increases monotonically to the right as shown in
Fig. 8a. Similarly, the quasi-Fermi level for electrons E, decreases monotonically to
the left. Thus, everywhere the separation of the two quasi-Fermi levels must be equal
to or less than the applied voltage, and therefore!?

pn < n} exp(%—IT/) 79

even under the high-injection condition. Note also that the foregoing argument does
not depend on recombination in the depletion region.

To illustrate the high-injection case, we present in Fig. 12 plots of numerical sim-
ulation results for carrier concentrations and energy-band diagram with quasi-Fermi
levels for a silicon p*-n step junction. The current densities in Figs. 12a, b, and ¢ are
10, 103, and 10* A/cm?, respectively. At 10 A/cm? the diode is in the low-injection
regime. Almost all of the potential drop occurs across the junction. The hole concen-
tration in the n-side is small compared to the electron concentration. At 103 A/cm? the
electron concentration near the junction exceeds the donor concentration appreciably
(bear in mind that from charge neutrality, injected carriers Ap = An). An ohmic poten-
tial drop appears on the n-side. At 10* A/cm? we have very high injection; the poten-

p-side n-side p-side n-side p-side n-side
510 7
g 10
S8 10121
og 1010k P
g n
g 108
Q
Il eV E.
3 E,
£ _——C———\_—/
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Egy (A Ep, Epy £,
—\——-—_ —_—_—\—/
| B 5 | |
10 200 10 20 10 2
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@ (b) (c)

Fig. 12 Carrier concentrations and energy-band diagrams for a Si p*-» junction operated at
different current densities. (a) 10 A/cm?. (b) 103 A/cm?. (¢) 10* A/cm?. Device parameters:
N =10"%cm?, Ny =10 em3, 7,=3x10710s, and 7, = 8.4x1071 5. (After Ref. 10.)
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tial drop across the junction is insignificant compared to ohmic drops on both sides of
the neutral regions. Even though only the center region of the diode is shown in
Fig. 12, it is apparent that the separation of the quasi-Fermi levels is equal to or less
than the applied voltage (¢V).

From Fig. 12b and c, the carrier densities at the #-side of the junction are compa-
rable (n = p). Substituting this condition in Eq. 79, we obtain p,(x = Wp,) =
nexp(qV/2kT). The current then becomes roughly proportional to exp(gV/2kT), as
shown in Fig. 11, curve (c).

At high-current levels we should consider another effect associated with the finite
resistivity in the quasi-neutral regions. This resistance absorbs an appreciable amount
of the applied voltage between the diode terminals. This is shown in Fig. 11 as
curve-(d). One can estimate the series resistance from comparing the experimental
curve to the ideal curve (AV = IR). The series resistance effect can be substantially
reduced by the use of epitaxial materials (p*-n-n*).

2.3.4 Diffusion Capacitance

The depletion-layer capacitance considered previously accounts for most of the junc-
tion capacitance when the junction is reverse-biased. When forward-biased, there is,
in addition, a significant contribution to junction capacitance from the rearrangement
of minority carrier density, the so-called diffusion capacitance. In other words, the
latter is due to the injected charge, while the former to the depletion-layer charge.
When a small ac signal is applied to a junction that is forward-biased at a dc
voltage ¥, and current density J;, the total voltage and current are defined by

V(t) = Vy+ Viexp(jot), (80)
J(t) = Jy+Jexp(jwr) 81)

where V| and J, are the small-signal voltage and current density, respectively. The
imaginary part of the admittance J;/V, will give the diffusion conductance and diffu-
sion capacitance:

J
YEVIEGd+ja)Cd. (82)
1

The electron and hole densities at the depletion region boundaries can be obtained
from Eqs. 53a and 53b by using [V, + V,exp(jof)] instead of V. We obtain for the
n-side of the junction and ¥, « ¥,

qlVo+ V1exp(fwt)]}

pn(WDn) = pnoexp{ kT

qu) PnodV, (qu) (V)
~pnoexp( kT +— kT xp kT exp(]a”) pnoexp kT pn( ) (83)

A similar expression can be obtained for the electron density in the p-side. The first
term in Eq. 83 is the dc component, and the second term is the small-signal ac com-
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ponent. Substituting p,, into the continuity equation (Eq. 158b of Chapter 1 with
G, = &=d%/dx = 0) yields

. ~ l;n dzﬁn
=ty p "
joby = =2+ Dy (89)
or
25 -
pzn P (85)
dx? D,7,/(1+jor,)
Equation 85 is identical to Eq. 59 if the carrier lifetime is expressed as
P (86)
P l+jor,

We can then obtain the alternating current density from Eq. 63 by making the appro-
priate substitutions:

<o oo { ot
[qpm)’\/- po\/7] exp kT 1+ T exp(;wt)] (87)

with the ac component being

[quan/lﬂm qgD,n,, “*jmn][ex (q_n))]q_V_l (88)

2 PeT) 1T

From J,/V}, both G, and C;, can be found and they are frequency dependent.
For relatively low frequencies (@7,, @7, « 1), the diffusion conductance G is
given by
gD qD,n 9V 2
Gy = l}qf( e+ _LL) exp(ﬁ> mho/em (89)

which has exactly the same value obtained by differentiating Eq. 63. The low-fre-
quency diffusion capacitance Cy can be obtained by using the approximation

J1+jor =(1+0.5w07)
2 qV; )
Cao = S=(Lypnn +Ly)enp( ) Fem” (90)
This diffusion capacitance is proportional to the forward current. For an n*-p one-

sided junction, it can shown that

c 9L, _, 91
do — 2kTDn Fe ( )

The frequency dependence of the diffusion conductance and capacitance is shown
in Fig. 13 as a function of the normalized frequency wrwhere only one term in Eq. 88
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Fig. 13 Normalized diffusion conductance and diffusion capacitance versus wr. Inset shows
the equivalent circuit of a p-n junction under forward bias.

is considered (e.g., the term contains p,,, if p,, » n,,). The inset shows the equivalent
circuit of the ac admittance. It is clear from Fig. 13 that the diffusion capacitance
decreases with increasing frequency. For high frequencies, C; is approximately pro-
portional to w2, The diffusion capacitance is also proportional to the dc current
level [ exp(qV/kT)]. For this reason, C; is especially important at low frequencies
and under forward-bias conditions.

2.4 JUNCTION BREAKDOWN

When a sufficiently high field is applied to a p-» junction, the junction breaks down
and conducts a very large current.!! Breakdown occurs only in the reverse-bias
regime because high voltage can be applied resulting in high field. There are basically
three breakdown mechanisms: (1) thermal instability, (2) tunneling, and (3) ava-
lanche multiplication. We consider the first two mechanisms briefly, and discuss ava-
lanche multiplication in more detail.

2.4.1 Thermal Instability

Breakdown due to thermal instability is responsible for the maximum dielectric
strength in most insulators at room temperature, and is also a major effect in semicon-
ductors with relatively small bandgaps (e.g., Ge). Because of the heat dissipation
caused by the reverse current at high reverse voltage, the junction temperature
increases. This temperature increase, in turn, increases the reverse current in compar-
ison with its value at lower voltages. This positive feedback is responsible for break-
down. The temperature effect on the reverse current-voltage characteristics is
explained in Fig. 14. In this figure the reverse currents J;, are represented by a family
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Fig. 14 Reverse current-voltage characteristics of thermal breakdown, where V7, is the turn-
over voltage. (Note decreasing values of coordinates.) (After Ref. 12.)

of horizontal lines. Each line represents the current at a constant junction temperature,
and the current varies as T3*72exp(~ E,/kT), as discussed previously. The heat dissi-
pation hyperbolas which are proportional to the power, given by the I-V product, are
shown as sloped straight lines in the log-log plot. These lines also have to satisfy the
curves of constant junction temperature. So the reverse current-voltage characteris-
tics are obtained by the intersection points of these two sets of curves. Because of the
heat dissipation at high reverse voltage, the characteristics show a negative differen-
tial resistance. In this condition, the diode will be destroyed unless some special
measure such as a large series-limiting resistor is used. This effect is called thermal
instability or thermal runaway. The voltage ¥V, is called the turnover voltage. For p-n
junctions with relatively large saturation currents (e.g., in Ge), the thermal instability
is important at room temperature, but at very low temperatures it becomes less impor-
tant compared with other mechanisms.

2.4.2 Tunneling

We next consider the tunneling effect (see Section 1.5.7) when the junction is under a
large reverse bias. It is well known that carriers can tunnel through a potential barrier
if this barrier is sufficiently thin, induced by a large field as shown in Fig. 15a. In this
particular case, the barrier has a triangular shape with the maximum height given by
the energy gap. The derivation of the tunneling current of a p-» junction (tunnel
diode) is considered in details in Chapter 8§, and the result is given here as:

N2m*q3EV, ( 4A/2m*E§/2)
= €Xp| — .
4n2n? JE, 3g&h

Since the field is not constant, & is some average field inside the junction.

92)
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Fig. 15 Energy band diagrams showing breakdown mechanisms of (a) tunneling and (b) ava-
lanche multiplication (example initiated by hole current ,,)).

When the field approaches 10¢ V/cm in Si, significant current begins to flow by
means of this band-to-band tunneling process. To obtain such a high field, the junc-
tion must have relatively high impurity concentrations on both the p- and »-side. The
mechanism of breakdown for p-n junctions with breakdown voltages less than about
4E,/q is due to the tunneling effect. For junctions with breakdown voltages in excess
of 6E,/q, the mechanism is caused by avalanche multiplication. At voltages between
4 and 6 E//q, the breakdown is due to a mixture of both avalanche and tunneling.
Since the energy bandgaps E, in Si and GaAs decrease with increasing temperature
(refer to Chapter 1), the breakdown voltage in these semiconductors due to the tun-
neling effect has a negative temperature coefficient; that is, the breakdown voltage
decreases with increasing temperature. This is because a given breakdown current J,
can be reached at smaller reverse voltages (or fields) at higher temperatures (Eq. 92).
This temperature effect is generally used to distinguish the tunneling mechanism
from the avalanche mechanism, which has a positive temperature coefficient; that is,
the breakdown voltage increases with increasing temperature.

2.4.3 Avalanche Multiplication

Avalanche multiplication, or impact ionization, is the most-important mechanism in
junction breakdown. The avalanche breakdown voltage imposes an upper limit on the
reverse bias for most diodes, on the collector voltage of bipolar transistors, and on the
drain voltages of MESFETs and MOSFETSs. In addition, the impact ionization mech-
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anism can be used to generaté microwave power, as in IMPATT devices, and to
amplify optical signals, as in avalanche photodetectors.

We first derive the basic ionization integral which determines the breakdown con-
dition. Assume that a current /,, is incident at the left-hand side of the depletion
region with width W, (Fig. 15b). If the electric field in the depletion region is high
enough that electron-hole pairs are generated by the impact ionization process, the
hole current /, will increase with distance through the depletion region and reach a
value M,[,, at x = Wp,,. Similarly, the electron current /, will increase from
L,Wp,) = 0t01,(0) =1-1,, where the total current / (= I, + ,)) is constant at steady
state. The incremental hole current is equal to the number of electron-hole pairs gen-
erated per second in the distance dx,

dl, = I,a,dx +1,a,dx (93)
or

dil

?b-f —(a,-a)l, = a,l. (94)

The electron and hole ionization rates (&, and a,) have been considered in Chapter 1.
The solution of Eq. 94 with the boundary condition of /= [,(Wpy,,) = M,1,, is
given by*

I (x) = 1{4( anexp{—f (a —an)dx':|dx+L} exp{—f (a —an)dx'] (95)
» . P M, / . P

0
where M, is the multiplication factor of holes and is defined as

o) _

1
b=t < (96)

With a relationship?

W WD n

J. (a,- an)exp[—f (a,- an)dx'}dx = - exp{—j (a,- an)dx':l
0 0 0 0
"p
ol
0

Equation 95 can be evaluated at x = W, and be rewritten as

m

(o, - an)dx'} + 1}} (97)

* Equation 94 has the form y’+ Py = Q, where y = I,. The standard solution is

y= U: Q(expfxpdx']dx + C:|/epr:pdxv

0
where C is the constant of integration.
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¥ om X
1 _ZIL = apexp[—f (a,- an)dx':ldx. (98)
P 0 0

Note that M, is a function of a, in addition to a,. The avalanche breakdown voltage
is defined as the voltage where M, approaches infinity. Hence the breakdown condi-
tion is given by the ionization integral

w

J. o apexp[—fx(ap—an)dx}dx =1. (99a)
0

0
If the avalanche process is initiated by electrons instead of holes, the ionization inte-

J ! [ j
0 X

Equations 99a and 99b are equivalent;'3 that is, the breakdown condition depends
only on what is happening within the depletion region and not on the carriers (or
primary current) that initiate the avalanche process. The situation does not change
when a mixed primary current initiates the breakdown, so either Eq. 99a or Eq. 99b
gives the breakdown condition. For semiconductors with equal ionization rates
(a, = @, = @) such as GaP, Eq. 99a or 99b reduces to the simple expression

"p "p

m

(a,- ap)dx'}dx =1. (99b)

WDm
J ady = 1. (100)
0

From the breakdown conditions described above and the field dependence of the
ionization rates, the breakdown voltage, maximum electric field, and depletion-layer
width can be calculated. As discussed previously, the electric field and potential in the
depletion layer are determined from the solutions of the Poisson equation. Depletion-
layer boundaries that satisfy Eq. 99a or 99b can be obtained numerically using an iter-
ation method. With known boundaries we obtain the breakdown voltage

14 = %m WDm = & Cgrzn
BD 2 2gN
for one-sided abrupt junctions, and

(101)

t Let

* d
U=fydx', Wy, Jpev=ev
0

The integral can be simplified to

X X
f }’(exp f ydx']dx - f yeUdx = f eVdU = eV = exp f v
0

0
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VBD _ zngDm _ 4%;/2(%) 1/2
3 3 ga

for linearly graded junctions, where N is the ionized background impurity concentra-

tion of the lightly doped side, a the impurity gradient, and &, the maximum field.

Figure 16a shows the calculated breakdown voltage as a function of N for abrupt
junctions in Si, (100)-oriented GaAs, and GaP. The experimental results are generally
in good agreement with the calculated values.!> The dashed line in the figure indi-
cates the upper limit of N for which the avalanche breakdown calculation is valid.
This limitation is based on the criterion of 6E /9. Above these corresponding values
of N, the tunneling mechanism will contribute to the breakdown process and eventu-
ally dominates.

In GaAs, the ionization rates and thus breakdown voltage depend on crystal ori-
entations, besides doping concentration (refer to Chapter 1).16 At a doping concentra-
tion of around 10'6 ¢cm=3, the breakdown voltages are essentially independent of
orientations. At lower dopings, Vy, in (111) becomes the largest whereas at higher
dopings, ¥p in (100} is the largest.

Figure 16b shows the calculated breakdown voltage versus the impurity gradient
for linearly graded junctions. The dashed line indicates the upper limit of a for which
the avalanche breakdown calculation is valid.

The calculated values of the maximum field ,, and the depletion-layer width at
breakdown for the three semiconductors above are shown in Fig. 17a for the abrupt
junctions, and in Fig. 17b for the linearly graded junctions. For the Si abrupt junc-
tions, the maximum field at breakdown can be expressed as!’

(102)

4x10°

En = 16
1 - (1/3)log((N/10" cm3)

V/em (103)

where N is in ¢cm™,

Because of the strong dependence of the ionization rates on the field, the
maximum field at breakdown, sometimes called the critical field, varies very slowly
with either N or a (within a factor of 4 over many orders of magnitude in N and a).
Thus, as a first approximation, we can assume that for a given semiconductor, &,, has
a fixed value. Then from Egs. 101 and 102 we obtain V5, oc N0 for abrupt junctions
and Vyp, oc a0 for linearly graded junctions. Figure 16 shows that the foregoing pat-
terns are generally followed (within a factor of 3). Also as expected, for a given N or
a, the breakdown voltage increases with the energy bandgap of the material, since the
avalanche process requires band-to-band excitations. It should be cautioned that the
critical field is only a rough guide line but not a fundamental material property. It
assumes a uniform field over a large distance. For example, if there is a high field but
only occurring over a small distance, breakdown would not happen since Eq. 100
cannot be satisfied. Also, the total voltage (field times distance) needs to be larger
than the bandgap for band-to-band carrier multiplication. An example is the high field
but small voltage drop in an accumulation layer.
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An approximate universal expression can be given as follows for the results above
comprising all semiconductors studied:

v 60( By )3/2( Ny 104
BD™ TP\l eV 10160m‘) (104)

for abrupt junctions where E, is the room-temperature bandgap in eV, and N is the
background doping in cm=3; and

14 60( Ee )6/5( a )_2/5 % 105
BTN eV 3,10 em- (109)

for linearly graded junctions where a is the impurity gradient in cm™.

For diffused junctions with a linear gradient near the junction and a constant
doping on one side (Fig. 18 inset), the breakdown voltage lies between the two lim-
iting cases considered previously!® (Fig. 16). As shown in Fig. 18, for large a, the
breakdown voltage of these junctions is given by the abrupt junction results (bottom
line); on the other hand, for small 4, V,, will be given by the linearly graded junction
results (parallel lines) and is independent of Np.

In Figs. 16 and 17, it is assumed that the semiconductor layer is thick enough to
support the maximum depletion-layer width W, at breakdown. If, however, the
semiconductor layer W is smaller than W, (shown in Fig. 19, inset), the device will
be punched through (i.e., the depletion layer reaches the n* substrate) prior to break-
down. As the reverse bias increases further, the depletion width cannot continue to
expand and the device will break down prematurely. The maximum electric field &,
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Fig. 18 Breakdown voltage for Si diffused junctions at 300 K. The inset shows the space-
charge distribution. (After Ref. 18.)
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Fig. 19 Breakdown voltage for Si p*-7n* and p™-v-n* junctions, where 7z stands for lightly
doped p-type and v for lightly doped n-type. W is the thickness of the 7~ or v -region.

is essentially the same as for the nonpunched-through diode. Therefore, the reduced
breakdown voltage Vj,, for the punched-through diode, compared to a regular
device with ¥, for the same doping, can be given by

@ _ Shaded area in figure insert

Vap (€, Wp,)/2
- (7)) - (106)

Punch-through usually occurs when the doping concentration N becomes suffi-
ciently low as in a p*-7-n"* or p*-v-n" diode, where 7 stands for a lightly doped p-type
and v for a lightly doped n-type semiconductor. The breakdown voltages for such
diodes as calculated from Eq. 106 are shown in Fig. 19 as a function of the back-
ground doping for Si one-sided abrupt junction formed on epitaxial substrates (e.g., v
on 1" with the epitaxial-layer thickness W as a parameter). For a given thickness, the
breakdown voltage approaches a constant value as the doping decreases, corre-
sponding to the punch-through of the epitaxial layer.

The results shown so far are for avalanche breakdowns at room temperature. At
higher temperatures the breakdown voltage increases. A qualitative explanation of
this increase is that hot carriers passing through the depletion layer under a high field
lose part of their energy to optical phonons via scattering, resulting in a smaller ion-
ization rate (see Fig. 24 of Chapter 1). Therefore, the carriers lose more energy to the
crystal lattice along a given distance at a constant field. Hence, the carriers must pass
through a greater potential difference (or higher voltage) before they can acquire suf-
ficient energy to generate an electron-hole pair. The predicted values of ¥, normal-
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ized to the room-temperature value are shown in Fig. 20 for silicon. Note that there
are substantial increases of the breakdown voltage, especially for lower dopings (or
small gradient) at higher temperatures.20

Edge Effects. For junctions formed by a planar process, a very important junction
curvature effect at the perimeter should be considered. A schematic diagram of a
planar junction is shown in Fig. 21a. Note that at the perimeter, the depletion region
is narrower and the field is higher. Since the cylindrical and/or spherical regions of
the junction have a higher field intensity, the avalanche breakdown voltage is deter-
mined by these regions. The potential y(r) and the electric field &(#) in a cylindrical
or spherical p-n junction can be calculated from Poisson equation:

i = &) (107)

where n equals 1 for the cylindrical junction, and 2 for the spherical junction. The
solution for &(7) can be obtained from this equation and is given by

&) = EF

s

1 "J rp(r)dr + % (108)
"

where 7, is the radius of curvature of the metallurgical junction, and the constant C;

must be adjusted so that the integration of the field is equal to the built-in potential.
The calculated results for Si one-sided abrupt junctions at 300 K can be expressed

by a simple equation:13

IIj_CY - E( 74 2757) In(1 + 277787y - n“} (109)
BD

for cylindrical junctions, and

@ = [ +2.14 757 — (1 + 313/7)2/3] (110)
Vap

for spherical junctions, where ¥y and Vg, are the breakdown voltages of cylindrical
and spherical junctions, respectively, V5, and W, are the breakdown voltage and
maximum depletion width of a plane junction having the same background doping,
and n=r/Wp,,. Figure 21b illustrates the numerical results as a function of 7.
Clearly, as the radius of curvature becomes smaller, so does the breakdown voltage.
However, for linearly graded cylindrical or spherical junctions, the calculated results
show that the breakdown voltage is relatively independent of its radius of curvature 2!

Another edge effect that causes premature breakdown is due to an MOS (metal-
oxide semiconductor) structure over the junction at the surface. Such a configuration
is often called a gated diode. At certain gate biases, the field near the gate edge is
higher than in the planar portion of the junction and breakdown changes location
from the surface area of the metallurgical junction to the edge of the gate. This gate-
voltage dependence of breakdown is shown in Fig. 22. At high positive gate bias on
a p*-n junction, the p*-surface is depleted while the n-surface is accumulated. Break-
down occurs near the metallurgical junction at the surface. As the gate bias is swept
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more negatively, the location of breakdown moves toward the #n-side (to the right). In
the middle gate-bias range, the breakdown voltage has a linear dependence on the
gate bias, with?

Vgp = mV + constant (11

and m < 1. At some high negative gate bias, the field directly under the gate edge is
high enough to cause breakdown, and the breakdown voltage collapses. This gated-
diode breakdown phenomenon is reversible and the measurement can be repeated. To
minimize this edge effect, the oxide thickness should be above a critical value.2? This
mechanism is also responsible for the gate-induced drain leakage (GIDL) of the
MOSFET (see Section 6.4.5).

2.5 TRANSIENT BEHAVIOR AND NOISE

2.5.1 Transient Behavior

For switching applications the transitions from forward bias to reverse bias and vice
versa must be nearly abrupt and the transient time short. For a p-» junction, while the
latter is reasonably fast, the response from forward to reverse is limited by minority-
carrier charge storage. Figure 23a shows a simple circuit in which a forward current
I flows in the p-» junction; at time ¢ = 0, the switch S is suddenly thrown to the right,
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and an initial reverse current /p = (Vz — V)/R flows. The transient time is defined as
the time in which the current drops to 10% of the initial reverse current I, and is
equal to the sum of 1, and #, as shown in Fig. 23b, where £ and #, are the time intervals
for the constant-current phase and the decay phase, respectively.

Consider the constant-current phase (also called storage phase) first. The conti-
nuity equation as given in Chapter 1 can be written for the n-type side of a p*-n junc-
tion (p,,, > n,,) as

op,(x, 1) -D 0%p,(x, 1) WA (112)
ot Pooox? % '

The boundary conditions are that at # = 0 the initial distribution of holes is a steady-
state solution to the diffusion equation, and that under forward bias the voltage across
the junction is given from Eq. 53b as

0,¢
Vo) = Hln[p"(—)]. (113)
q no

The distribution of the minority-carrier density p,, with time is shown in Fig. 23c.
From Eq. 113 it can be calculated that, as long as p,(0,7) is greater than p,, (in the
interval 0 <7<1,), the junction voltage V; remains of the order of kT/g, as shown in
Fig. 23d. In this time interval the reverse current is approximately constant and we



116 CHAPTER 2. p-n JUNCTIONS

have the constant-current phase. The solution of the time-dependent continuity equa-
tion gives #; by the transcendental equations?*

! 1
fll= —— 114
N T T+l (114

However, an explicit expression for #, can be obtained, using a charge-control
model which can also provide some insight into the problem. The stored minority-
carrier charge in the lightly doped side is given by the integral

g, = qAJApndx. (115)

Integration of the continuity equation, after the current is switched to the reversed
mode, becomes

gp= 9,2 (116)
dt 7,

With the initial condition given by the forward current Q,(0) = I7,, the solution is
given by

-t
0.(t) = rp[—IR + (]F+IR)exp(?H. (117)
?
By setting O, =0, ; can be obtained as
1
t = rpln(l +I—Q. (118)

A comparison of Eq. 118 to the exact solution of Eq. 114 shows that this estimate
gives higher values by a factor of = 2 for I/, = 0.1 and = 20 for I/I, = 10.

After ¢, the hole density starts to decrease below its equilibrium value p,,.. The
junction voltage tends to reach — V' and a new boundary condition now holds. This
phase is the decay phase with the initial boundary condition p,(0,,) = p,,. The solu-
tion for ¢, is given by another transcendental equation

erfF+M - 1+0.1({f). (119)
% NEL 2/ % 1

The total results for ¢, and ¢, are shown in Fig. 24 where the solid lines are for the
plane junction with the length of the n-type material # much greater than the diffu-
sion length (W > L), and the dashed lines are for the narrow-base junction with
W « L, For a large I/ ratio, the transient time can be approximated by

7, (I 2
i+t~ -f(l—f) (120)

for w> L, or
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T2
’1”2“5%1(71;) (121)
for W « L. For example, if one switches a junction (of W > L,) from forward 10 mA
to reverse 10 mA (/z/f = 1), the time for the constant-current phase is 0.37,, and that
for the decay phase is about 0.67,. Total transient time is then 0.97,. A fast switch
requires that 7, be small for all cases. The lifetime 7, can be substantially reduced by
introducing impurities with deep levels in the forbidden gap, such as gold in silicon.

2.5.2 Noise

The term “noise” refers to spontaneous fluctuations in the current passing through, or
the voltage developed across, semiconductor bulk materials or devices. Since semi-
conductor devices are mainly used to amplify small signals or to measure small phys-
ical quantities, spontaneous fluctuations in current or voltage set a lower limit to these
signals. It is important to know the factors contributing to these limits, to use this
knowledge to optimize operating conditions, and to find new methods and new tech-
nologies to reduce noise.

Observed noise is generally classified into (1) thermal noise or Johnson noise, (2)
flicker noise, and (3) shot noise. Thermal noise occurs in any conductor or semicon-
ductor device and is caused by the random thermal motion of the current carriers. It
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is also called white noise because its level is the same at all frequencies. The open-
circuit mean-square voltage of thermal noise is given by?5-26

(V2) = 4kTBR (122)

where B is the bandwidth in Hz, and R the real part of the dynamic impedance (dV/dI)
between terminals. At room temperature, for a semiconductor device with 1 kQ resis-
tance, the root-mean-square voltage ,/{ ¥2) measured with a 1-Hz bandwidth is only
about 4 nV.

Flicker noise is distinguished by its peculiar spectral distribution which is propor-
tional to 1/f* with o generally close to unity (the so-called 1/fnoise). Flicker noise is
thus important at lower frequencies. For most semiconductor devices, the origin of
flicker noise is the surface effect. The 1/fnoise-power spectrum has been correlated
both qualitatively and quantitatively with the lossy part of the metal-insulator-semi-
conductor (MIS) gate impedance due to carrier recombination at the interface traps.

Shot noise is due to the discreteness of charge carriers that contribute to current
flow, and it constitutes the major noise in most semiconductor devices. It is indepen-
dent of frequency (white spectrum) at low and intermediate frequencies. At higher
frequencies the shot-noise spectrum also becomes frequency-dependent. The mean-
square noise current of shot noise for a p-n junction is given by

(i) = 2qBlI| (123)

where [ can be forward or reverse current. For low injection the total mean-square
noise current (neglecting 1/f noise) is the sum
(2) = 4kTB +2gBlI. (124)

From the Shockley equation we obtain

e le@)l ) o

Substituting Eq. 125 into Eq. 124 yields for the forward-bias condition,
(i2) = dql,B (V)sz (V)l
1 = aqg 0 eXp k T + q 0 I:exp k T :|

gV
= 6ql,B exp(ﬁ) . (126)

Experimental measurements indeed confirm that the mean-square noise current is
proportional to the saturation current /;, which can be increased by irradiation.

2.6 TERMINAL FUNCTIONS

A p-n junction is a two-terminal device that can perform various terminal functions,
depending upon its biasing condition as well as its doping profile and device geom-
etry. In this section we discuss briefly some interesting device performances based on
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its current-voltage, capacitance-voltage, and breakdown characteristics discussed in
previous sections. Many other related two-terminal devices will be considered in sub-
sequent chapters (e.g., tunnel diode in Chapter 8 and IMPATT diode in Chapter 9).

2.6.1 Rectifier

A rectifier is a two-terminal device that gives a very low resistance to current flow in
one direction and a very high resistance in the other direction, i.e., it allows current in
only one direction. The forward and reverse resistances of a rectifier can be derived
from the current-voltage relationship of a practical diode,

I= Iol:exp(-gl) - 1} (127)

where [ is the saturation current and the ideality factor 7 generally has a value
between 1 (for diffusion current) and 2 (for recombination current). The forward dc
(or static) resistance Ry and small-signal (or dynamic) resistance r are obtainable
from Eq. 127:

Rp= %”z %ex (_ngTF) , (128)
rp= (jiTV; ~ —Z’;—FT . (129)
The reverse dc resistance R and small-signal resistance r;, are given by
Rp= IV—: ~ II/—:, (130)
”RE% = %exp(%}. (131)

Comparing Eqs. 128-131 shows that the dc rectification ratio Ry/R varies with the
factor (Vi/Vi)exp(qV g/ nkT), while the ac rectification ratio rp/rp varies with
(T/1o)exp(q|Vgl/nkT).

p-n junction rectifiers generally have slow switching speeds; that is, a significant
time delay is necessary to obtain high impedance after switching from the forward-
conduction state to the reverse-blocking state. This time delay (proportional to the
minority-carrier lifetime as shown in Fig. 24) is of little consequence in rectifying
60-Hz currents. For high-frequency applications, the lifetime should be sufficiently
reduced to maintain rectification efficiency. The majority of rectifiers have power-
dissipation capabilities from 0.1 to 10 W, reverse breakdown voltages from 50 to
2500 V (for a high-voltage rectifier two or more p-» junctions are connected in
series), and switching times from 50 ns for low-power diodes to about 500 ns for
high-power diodes.

A rectifier has many circuit applications.?” It is used to transform ac signals into
different specials waveforms. Examples are half-wave and full-wave rectifiers,
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clipper and clamper circuits, peak detector (demodulator), etc. It can also be used as
a ESD (electrostatic discharge) protection device.

2.6.2 Zener Diode

A Zener diode (also called voltage regulator) has a well-controlled breakdown
voltage, called the Zener voltage, with sharp breakdown characteristics in the reverse-
bias region. Prior to breakdown, the diode has a very high resistance; after breakdown
the diode has a very small dynamic resistance. The terminal voltage is thus limited (or
regulated) by the breakdown voltage, and this is used to establish a fixed reference
voltage.

Most Zener diodes are made of Si, because of the low saturation current in Si
diodes and the advanced Si technology. They are special p-» junctions with higher
doping concentrations on both sides. As discussed in Section 2.4, for breakdown
voltage V, larger than 6E,/q (~7 V for Si), the breakdown mechanism is mainly
avalanche multiplication, and the temperature coefficient of Vy, is positive. For
Vep <A4E/q (= 5V for Si), the breakdown mechanism is band-to-band tunneling, and
the temperature coefficient of Vyp, is negative. For 4E /g < Vy;, < 6 /q, the break-
down is due to a combination of these two mechanisms. One can connect, for
example, a negative-temperature-coefficient diode in series with a positive-tempera-
ture-coefficient diode to produce a temperature-independent regulator (with a tem-
perature coefficient of the order of 0.002% per °C), which is suitable as a voltage
reference.

2.6.3 Varistor

A varistor (variable resistor) is a two-terminal device that shows nonohmic behavior,
i.e., voltage-dependent resistance.?8 Equations 128 and 129 show the nonohmic char-
acteristics of a p-n junction diode in the forward-bias region. Similar nonohmic char-
acteristics are obtainable from metal-semiconductor contacts considered in
Chapter 3. An interesting application of varistors is their use as a symmetrical frac-
tional-voltage (= 0.5 V) limiter by connecting two diodes in parallel, oppositely
poled. The two-diode unit will exhibit the forward I-¥ characteristics in either direc-
tion. A varistor, being a nonlinear device, is also useful in microwave modulation,
mixing, and detection (demodulation). Varistors based on metal-semiconductor con-
tacts are more common due to their higher speed from the absence of minority-charge
storage.

2.6.4 Varactor

The term varactor comes from variable reactor and means a device whose reactance
(or capacitance) can be varied in a controlled manner with a dc bias voltage. Varactor
diodes are widely used in parametric amplification, harmonic generation, mixing,
detection, and voltage-variable tuning.

For this application, the forward bias is to be avoided because of excessive current
which is undesirable for any capacitor. The basic capacitance-voltage relationships in
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reverse bias have already been derived in Section 2.2. We shall now extend the pre-
vious derivations of abrupt and linearly graded doping distributions to a more general
case. The one-dimensional Poisson equation is given as

Lvi_ _aN (132)

axr &
where N is the generalized doping distribution (negative sign for donors) as shown in
Fig. 25a (assuming one side is heavily doped):

N = Bxm for x20. (133)

For m = 0 we have N = B, corresponding to the uniformly doped (or one-sided abrupt
junction) case. For m = 1, the doping profile corresponds to a one-sided linearly
graded case. For m <0, the device is called a “hyper-abrupt” junction. The hyper-
abrupt doping profile can be achieved by an epitaxial process or by ion implantation.
The boundary conditions are y{x =0)=0 and y(x = Wp) = V3 + y,;, where V; is the
applied reverse voltage and i, is the built-in potential. Integrating the Poisson equa-
tion with the boundary conditions, we obtain for the depletion-layer width and the dif-
ferential capacitance per unit area?’

&(m+2) (Vg + )7V "+ 2
= 134
v, - [
P qBen+! 1(m+2)
cE_=[ J o« (Vp+ W)™, 135
=, = Ltmr e v r* v (139
s= L (136)
Tm+2’
One important parameter in characterizing the varactor is the sensitivity defined
by?0
Nocxm | log CD“ \

\ Hyper-abrupt
Junct13on
5=

Abrupt
s=1/2

Graded\ \
s=1/3

log Vy
(a) (b)

Fig. 25 (a) Various impurity distributions (normalized at x,) for varactors. (b) Log-log plot of
depletion-layer capacitance versus reverse bias. (After Refs. 29 and 30.)
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dCp Vp d(logCp) 1
_ bR _ _ = =g. (137)
CpdVy d(logVy) m+2

The larger the s, the larger will be the capacitance variation with biasing voltage. For
linearly graded junctions, m = 1 and s = /3; for abrupt junctions, m =0 and s = 1/2;
for hyper-abrupt junction with m = -1, -3/2, or —5/3, the value of s is 1,2, or 3, respec-
tively. The capacitance-voltage relationships for these junction diodes are shown in
Fig. 25b. The hyper-abrupt junction, as expected, has the highest sensitivity and gives
rise to the largest capacitance variation.

2.6.5 Fast-Recovery Diode

Fast-recovery diodes are designed to give ultrahigh switching speed. The devices can
be classified into two types: p-» junction diodes and metal-semiconductor diodes.
The general switching behavior of both types can be described by Fig. 23b. The total
recovery time (¢, + £,) for a p-n junction diode can be substantially reduced by intro-
ducing recombination centers, such as Au in Si, to reduce the carrier lifetime.
Although the recovery time is directly proportional to the lifetime z, as shown in
Fig. 24, it is not possible, unfortunately, to reduce the recovery time indefinitely by
introducing an extremely large number of recombination centers V,, because the
reverse generation current of a p-» junction is proportional to N, (Egs. 66 and 67). For
direct bandgap semiconductors, such as GaAs, the minority-carrier lifetimes are gen-
erally much smaller than that of Si. This results in ultra-high-speed GaAs p-» junction
diodes with recovery times of the order of 0.1 ns or less. For Si the practical recovery
time is in the range of 1 to 5 ns.

The metal-semiconductor diodes (Schottky diodes) fundamentally exhibit ultra-
high-speed characteristics, because they are majority-carrier devices and the
minority-carrier storage effect is negligible. We discuss metal-semiconductor con-
tacts in detail in Chapter 3.

2.6.6 Charge-Storage Diode

In contrast to fast-recovery diodes, a charge-storage diode is designed to store a
charge while conducting in the forward direction and, upon switching to the reverse
direction, to conduct a reverse current for a short period. A particularly interesting
charge-storage diode is the step-recovery diode (also called the snapback diode) that
conducts in the reverse direction for a short period and then abruptly cuts off the
current as the stored charge has been dissipated. In other words, it is desirable here to
reduce the decay phase or ¢, without shortening the storage phase or ¢,. Most charge-
storage diodes are made from Si with relatively long minority-carrier lifetimes
ranging from 0.5 to 5 ps. Note that the lifetimes are about 1000 times longer than for
fast-recovery diodes. The mechanism to reduce the decay phase is by a special doping
profile such that the injected charge is confined closer to the junction. This cutoff
occurs in the range of picoseconds and results in a fast-rising wavefront which is rich
in harmonics. Because of these characteristics, step-recovery diodes are used in har-
monic generation and pulse shaping,.
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2.6.7 p-i-n Diode

A p-i-n diode is a p-n junction with an intrinsic layer (i-region) sandwiched between
the p-layer and the n-layer. In practice, however, the idealized i-region is approxi-
mated by either a high-resistivity p-layer (referred to as z-layer) or a high-resistivity
n-layer (1-layer). The p-i-n diode has found wide applications in microwave circuits.
Its special feature is a wide intrinsic layer that provides unique properties such as low
and constant capacitance, high breakdown voltage in reverse bias, and most interest-
ingly, as a variolosser (variable attenuator) by controlling the device resistance which
varies approximately linearly with the forward bias current. The switching time is
approximately given by W/2v,, where W is the width of the i-region.3! It can modulate
signals up to the GHz range. Furthermore, the forward characteristics of a thyristor
(refer to Chapter 11) in its on-state closely resemble those of a p-i-n diode.

At near zero or low reverse bias, the lightly doped intrinsic layer starts to be fully
depleted, and the capacitance is given by

£
C ==, 138
W (138)
Once fully depleted, its capacitance is independent of reverse bias. Figure 19 gives
the breakdown voltage of a p-i-n diode under reverse bias. Since there is little net
charge within the intrinsic layer, the electric field is constant and the breakdown
voltage can be estimated by

Vep= €, W (139)

where the maximum breakdown field %, for Si at lower dopings is about
2.5x10° V/em. These two equations show that the width of the i-region ¥ controls the
trade-off between frequency response and power (from maximum voltage).

Under forward conditions, holes are injected from the p-region and electrons from
the n-region. As the injected carrier densities are nearly equal (and uniform) due to
charge neutrality, they are much higher than the i-region doping concentration, so the
p-i-n diode is generally operated in the high-injection condition, Ap = An>> n,. The
current conduction is via recombination within the i-region and is given by (see
Eq. 74)

w
_ _ g, (qVF)
e _f qUdx = 77 Pl (140)
0

For a detailed discussion of the dc I-V characteristics, the readers are referred to
Section 11.2.4.

The most interesting phenomenon for a p-i-» diode, however, is for small signals
at high frequencies (> 1/277) at which the stored carriers within the intrinsic layer are
not completely swept away by the RF signal or by recombination. At these frequen-
cies there is no rectification and the p-i-n diode behaves like a pure resistor whose
value is determined solely by the injected charge, proportional to the dc bias current.
This dynamic RF resistance is simply given by
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" qAn(u, + A
_n
Jpt(py + )4 (141)

w w
Rer = P

Here the relationship J = g WAn/ 7 has been assumed. The RF resistance is controlled
by the dc bias current, and typical characteristics are shown in Fig. 26.

2.7 HETEROJUNCTIONS

Some properties of heterojunctions have been discussed in Section 1.7. When the two
semiconductors have the same type of conductivity, the junction is called an isotype
heterojunction. When the conductivity types differ, the junction is called an anisotype
heterojunction which is a much more useful and common structure than its counter-
part. In 1951, Shockley proposed the abrupt heterojunction to be used as an efficient
emitter-base injector in a bipolar transistor.3? In the same year, Gubanov published a
theoretical paper on heterojunctions.?* Kroemer later analyzed a similar, although
graded, heterojunction as a wide-bandgap emitter.?> Since then, heterojunctions have
been extensively studied, and many important applications have been made, among
them the room-temperature injection laser, light-emitting diode (LED), photode-
tector, and solar cell, to name a few. In many of these applications, by forming peri-
odic heterojunctions with layer thickness of the order of 10 nm, we utilize the
interesting properties of quantum wells and superlattices. Additional information on
heterojunctions can be found in Refs. 36-39.

2.7.1 Anisotype Heterojunction

The energy-band model of an idealized anisotype abrupt heterojunction without inter-
face traps was proposed by Anderson*? based on the previous work of Shockley. We
consider this model next, since it can adequately explain most transport processes,
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1 \ Fig. 26 Typical RF resistance as a
103 102 10! 1 10! 102 function of dc forward current. (After

dc bias current (mA) Ref. 32.)
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and only slight modification of the model is needed to account for nonideal cases such
as interface traps. Figures 27a and ¢ show the energy-band diagrams of two isolated
semiconductors of opposite types. The two semiconductors are assumed to have dif-
ferent bandgaps E,, different permittivities &, different work functions ¢, and dif-
ferent electron affinities y. Work function and electron affinity are defined as the
energy required to remove an electron from the Fermi level £ and from the bottom
of the conduction band E, respectively, to a position just outside the material
(vacuum level). The difference in energy of the conduction-band edges in the two
semiconductors is represented by AE - and that in the valence-band edges by AEx The

Vacuum level Vacuum level
90| |99%m % 9P qx q%m 97 9P,

Eq Ec

Ee Ak Eq Ak Ep
Ep Ey Eg Ep E, Eg

Ey AE, Er Ey, AE,

Ey, E,

@) ©
Vacuum level Vacuum level

(b) (@
Fig. 27 Energy-band diagrams for (a) two isolated semiconductors of opposite types and dif-
ferent E, (of which the smaller bandgap is n-type) and (b) their idealized anisotype heterojunc-
tion at thermal equilibrium. In (¢) and (d), the smaller bandgap is p-type. In (b) and (d), the
dashed lines across the junctions represent graded composition. (After Ref. 40.)
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electron affinity rule (AE - = gAy) shown in Figure 27 may not be a valid assumption
in all cases. However, by choosing AE - as an empirical quantity, the Anderson model
remains satisfactory and unaltered.*!

When a junction is formed between these semiconductors, the energy-band
profile at equilibrium is as shown in Fig. 27b for an #-p anisotype heterojunction
where, in this example, the narrow-bandgap material is n-type. Since the Fermi level
must coincide on both sides in equilibrium and the vacuum level is everywhere par-
allel to the band edges and is continuous, the discontinuity in the conduction-band
edges (AE) and valence-band edges (AE}) is invariant with doping in those cases
where E, and y are not functions of doping (i.e., nondegenerate semiconductors). The
total built-in potential y,, is equal to the sum of the partial built-in voltages
(W + W), Where ;,; and y, are the electrostatic potentials supported at equilibrium
by semiconductors 1 and 2, respectively.” From Fig. 27, it is apparent that since at
equilibrium, E, = E,, the total built-in potential is given by

Wi = |Bu1 = Pl - (142)
The depletion widths and capacitance can be obtained by solving the Poisson equa-
tion for the step junction on either side of the interface. One boundary condition is the

continuity of electric displacement, that is, &, = 9, = ¢, %, = £,,%, at the interface.
We obtain

2N, 6. & — 172
WDI — |: A2%s1 s2('//b1 V) il ) (1433.)
gNp1(&Npy + £,N40)
2Np &, & — 172
Wy, = { p1&51E2(Wpi = V) :I , (143b)
gN 45(&1Np + £, N 45)
and
Ny N e & 1/2
Cp = [ qNp1iY 42851650 ] (144)
2(&Npi + €N o) (W= V)
The relative voltage supported in each semiconductor is
Vo1 — Vl _ NA2£S2 (145)

Wea—Vy  Npi&,
where the applied voltage is divided into the two regions V=V, + V,. It is apparent
that the foregoing expressions will reduce to the expression for the p-n junction
(homojunction) discussed in Section 2.3, when both sides of the heterojunction
become the same materials.

In considering the current flow, the example in Fig. 27b shows that the conduc-
tion-band edge E increases monotonically while the valence-band edge £, goes
through some peak near the junction. The hole current could become complicated

* The convention is to list the material with the smaller bandgap as the first symbol.
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because of the added barrier which might present a bottle-neck in thermionic emis-
sion, in series with diffusion. The analysis can be greatly simplified by assuming a
graded junction where AE - and AE, become smooth transitions inside the depletion
region. With this assumption, the diffusion currents are similar to a regular p-» junc-
tion but with the appropriate parameters in place. The electron and hole diffusion cur-
rents are:

_ qDynd (g_
J, = anNAz[ L 1] (146a)
gD, 17 qV
J, = —LLPINDI [e (kT —1J (146b)

Note that the band offsets AE - and AE}, are not in these equations, and also that each
diffusion current component depends on the properties of the receiving side only, as
in the case of a homojunction. The total current becomes

D D,
J=J+J = (q w4 ‘”'1)[exp(9— _1J (147)
i LnZNAZ L NDl kT

Of particular interest is the ratio of the two diffusion currents.

Jo _ LpDpNpinhy  LyiDyNp\NeaNyyexp(-E,,/kT)
Jp  LypDyiNonf, n2D NN\ Ny exp(-E, /kT)
Np, ( AE)
a2Dloyn[27g
NAzexP kT /- (148)

Therefore the injection ratio depends exponentially on the bandgap difference, in
addition to their doping ratio. This is critical in designing a bipolar transistor where
the injection ratio is directly related to the current gain. The heterojunction bipolar
transistor (HBT) uses a wide-bandgap emitter to suppress the base current and will be
discussed in more details in Chapter 5.

2.7.2 Isotype Heterojunction

The case of an isotype heterojunction is somewhat different. In an n-# heterojunction,
since the work function of the wide-bandgap semiconductor is smaller, the energy
bands will be bent oppositely to those for the n-p case (Fig. 28a).#? The relation
between (y,, — V) and (,, — V,) can be found from the boundary condition of con-
tinuity of electric displacement (2 = &%) at the interface. For an accumulation
(increase of carriers at the interface) in Region-1 governed by Boltzmann statistics,
the electric field at x,, is given by (for detailed derivation see footnote on p. 84)

2N _
£,(x0) = Ju{’ﬂexpw—l]—(ml—lﬂ)} (149)

£ kT

The electric field at the interface for a depletion in Region-2 is given by
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Fig. 28 Energy-band diagrams for ideal (a) n-n and (b) p-p isotype heterojunctions. (After
Refs. 40 and 42.)

%,(x,) = 2N pr(Wpr — Vz)' (150)

&2

Equating the electric displacement & = &g, of Eqs. 149 and 150 gives a relation
between (w, — V) and (w,, — V,) that is quite complicated. However, if the ratio
£, Np1/€xNp, is of the order of unity and W, (= w, + W) » kT/g, we obtain®?
(V5 — 1) .9
exp T | = Ly 1) (151)

where Vis the total applied voltage and is equal to (¥ + V). Also shown in Fig. 28b
is the idealized equilibrium energy-band diagram for p-p heterojunctions.

For the carrier transport, because of the potential barrier as shown in Fig. 28a, the
conduction mechanism is governed by thermionic emission of majority carriers, elec-
trons in this case (refer to Chapter 3 for details). The current density is given by*?

J = gNp, 4/;](_25 exp(—quw) [exp (q%-/]%) - exp(:z—;—,/—l-ﬂ . (152)

Substituting Eq. 151 into Eq. 152 yields the current-voltage relationship:

AN v —q,;
7214 D2szexp( q'//bz)(l _l)[exp(q— _ 1] (153)
[2 em3kT kT Vs kT

i

Since the current is thermionic emission as in a metal-semiconductor contact, the pre-
exponential factor is often expressed in terms of the effective Richardson constant 4*
and the barrier height ¢,. With substitution for 4* and the appropriate expression for
Np,, the current equation above becomes
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_ v A'T 4 (_qul (—q%) (q_
7= (I‘V,—M)e"p i) (=l - 1]

Jo[eXp(%—T - 1] : (154)

This expression is quite different from that for metal-semiconductor contact. The
value of J, is different [from A*T2exp(—g@y/kT)] and so is its temperature dependence.
The reverse current never saturates but increases linearly with voltage at large — V. In
the forward direction, the dependence of J on ¥ can be approximated by an exponen-
tial function J o exp(g ¥/ nkT).
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1. A silicon p-» junction of 1 cm? area consists of a two-sided step junction with an n-region
of 10!7 donors/cm? and a p-region of 2x10'7 acceptors/cm?. All donors and acceptors are
ionized. Find the built-in potential.

2. The measured depletion capacitance of a p*-n Ve
silicon junction (formed in an n-type epitaxial
layer) is shown. The device area is 10-° cm? and
the p*-layer thickness is 0.07 um. Find the thick-
ness of the epitaxial layer.

0.75x10%4 F2

"
095V

-3 -2 -1 0

3. A siticon p-n junction has a linearly graded junction on the p-side with an impurity gra-
dient of 10'° cm™, and a uniform doping of 3x10'* ¢cm on the n-side. (a) If the depletion
width of the p-side is 0.8 pum at zero bias, find the total depletion width, the built-in poten-
tial and the maximum field at thermal equilibrium. (b) Plot the impurity and field distribu-
tion of this junction.

4. Find the depletion-layer width and the maximum field at b n
1

h
thermal equilibration for the p*-n,-n, structure. 1016 :

1013

|
0 02 pm

5. (a) A silicon p*-n junction has the following parameters at 300K: 7,= 17, = 10%s,
Np= 10" em 3. Find the generation current density in the depletion region and the total
reverse current density at a bias of 5 V.

(b) Will there be any significant change of the total reverse current density if z, is reduced
by a factor of 100 while 7, remains the same?

6. A p*-n junction is formed in an n-type substrate with N, = 10! cm=3. If the junction con-
tains 1015 cm™3 generation-recombination centers located 0.02 eV above the intrinsic
Fermi level of silicon with o, = o, = 1015 cm? (v,, = 107 cm/s), calculate the generation
and recombination current at —0.5 V.

7. For a p-n junction with the p-side doped to 1x10!7 cm3, the n-side doped to 1x10'° cm3,
and a reverse bias of -2 V, calculate the generation-recombination current density,
assuming that the effective lifetime is 1x10-% s,

8. Design an abrupt Si p*-n junction diode that has a reverse breakdown voltage of 130 V and
has a forward-bias current of 2.2 mA at = 0.7 volt. Assume 7, = 107 s.

9. (a) Assume o = ¢(%/€,)" where @,, &), and m are constants. Also assume @, = @, = a.
Derive an expression for the avalanche breakdown voltage of an #*-p junction with a
uniform acceptor concentration N, and a dielectric permittivity &,.

(b) If oy = 10* em™, &, = 4x10° V/em, m = 6, N, = 2x10'¢ cm™3 and &, =10-12 F/cm, what
is the breakdown voltage?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19,
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When a silicon p*-n junction is reverse-biased to 30 V, the depletion-layer capacitance is
1.75 nF/cm?. If the maximum electric field at avalanche breakdown is 3.1x10° V/cm, find
the breakdown voltage.

A silicon junction diode has a doping profile of p*-i-n*-i-n* which contains a very narrow
n*-region sandwiched between two i-regions. This narrow region has a doping of
10!8 cm and a width of 10 nm. The first i-region has a thickness of 0.2 um, and the
second i-region is 0.8 um in thickness. Find the electric field in the second i-region (i.e., in
the n*-i-n*) when a reverse bias of 20 V is applied to the junction diode.

For asilicon one-sided p*-n-n* abrupt junction with a donor concentration of 5x10' cm3,
the maximum field at breakdown is 3x10° V/cm. If the thickness of the r-type epitaxial
layer is reduced to 5 um, find the breakdown voltage.

For a Si p*-n one-sided abrupt junction with Np=  p+ | p
2x10'6 ¢cm3, the breakdown voltage is 32 V (Fig. a). If
the doping distribution is modified to Fig. b, find the @
breakdown voltage.

2x1016 ¢m3

=y

2x1016 cm3

(b)

1x1016 cm™3

=y

|
0 05pum

Find the value of the electron multiplication factor M, for a silicon p*-i-n* diode having a
reverse bias of 200 V. The corresponding capacitance of the diode is 1.05 nF/cm?.

In an “ideal” silicon n*-p junction with N, = 10'¢ cm™3, a minority carrier lifetime of
10-8 s, and a mobility of 966 cm?/V-s, find the stored minority carriers in the neutral
p-region of 1 ym, under a forward bias of 1 V.

For an ideal abrupt silicon p*-n junction with N, = 10'5 cm™, find the stored minority car-
riers (in C/cm?) in the neutral region when a forward bias of 1 V is applied. Assume the
length of the neutral region is 1 um and the diffusion length of holes is 5 pm. The hole dis-
tribution is given by

Pn—DPro = pno[eXp(%) - l]exp [_(XT;X—)}

For a hyperabrupt p*-n junction varactor, the #-side doping profile is given by n(x) = Bx™
where B is a constant and m = —3/2. Derive the express for the differential capacitance.

Consider an ideal abrupt heterojunction with a built-in potential of 1.6 V. The impurity
concentrations in semiconductor 1 and 2 are 1x10'¢ donors/cm? and 3x10'? acceptors/cm?,
and dielectric constants are 12 and 13, respectively. Find the electrostatic potential and
depletion width in each material for applied voltages of 0.5 V and -5 V.

For an n-GaAs/p-Al;Ga,,As heterojunctlon at room-temperature, AE, = 0.21 eV. (1)
What type of heterojunction is this? (2) Based on the Anderson Model, find the total deple-
tion width at thermal equilibrium when both sides have impurity concentration of
5x10'% cm3, (3) Draw the band diagram. [Hint: For the bandgap of AlGaAs, refer to
Fig. 32 of Chapter 1. The dielectric constant is (12.9 — 3.12x) for Al Ga;_ As. Assume N
and Ny are the same for Al Ga,_ As with 0 <x <0.4.]
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20. The alignment of heterojunction between GaAs and Al 4Ga, ¢As is Type-I. The doping
concentration is 102® cm™ in Al ,Gag ¢As and 106 cm™ in GaAs, both doped with carbon.
(a) Find the total depletion width under thermal equilibrium condition, assuming the
dielectric constant is the same for both semiconductors. (b) Draw the band diagram for
V=0.
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Metal-Semiconductor
Contacts

3.1 INTRODUCTION

3.2 FORMATION OF BARRIER

3.3 CURRENT TRANSPORT PROCESSES
3.4 MEASUREMENT OF BARRIER HEIGAT
3.5 DEVICE STRUCTURES

3.6 OHMIC CONTACT

3.1 INTRODUCTION

The earliest systematic investigation on metal-semiconductor rectifying systems is
generally attributed to Braun, who in 1874 noted the dependence of the total resis-
tance of a point contact on the polarity of the applied voltage and on the detailed
surface conditions.! The point-contact rectifier in various forms found practical appli-
cations beginning in 1904.2 In 1931, Wilson formulated the transport theory of semi-
conductors based on the band theory of solids.? This theory was then applied to metal-
semiconductor contacts. In 1938, Schottky suggested that the potential barrier could
arise from stable space charges in the semiconductor alone without the presence of a
chemical layer.* The model arising from this consideration is known as the Schottky
barrier. In 1938, Mott also devised a more appropriate theoretical model for swept-out
metal-semiconductor contacts that is known as the Mott barrier.> These models were
further enhanced by Bethe in 1942 to become the thermionic-emission model which
accurately describes the electrical behavior.® The basic theory, the historical develop-
ment, and the device technology of rectifying metal-semiconductor contacts can be
found in References 7-11.

134
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Because of their importance in direct current and microwave applications and as
intricate parts of other semiconductor devices, metal-semiconductor contacts have
been studied extensively. Specifically, they have been used as photodetectors, solar
cells, as the gate electrode of the MESFET, etc. Most importantly, the metal contact
on heavily doped semiconductor forms an ohmic contact that is required for every
semiconductor device in order to pass current in and out of the device.

3.2 FORMATION OF BARRIER

When metal makes contact with a semiconductor, a barrier is formed at the metal-
semiconductor interface. This barrier is responsible for controlling the current con-
duction as well as its capacitance behavior. In this section, we consider the basic
energy-band diagrams leading to the formation of the barrier height and some effects
that can modify the value of this barrier.

3.2.1 1deal Condition

We will first consider the ideal case without surface states and other anomalies.
Figure 1a shows the electronic energy relations of a high work-function metal and an
n-type semiconductor which are not in contact and are in separate systems. If the two
are allowed to communicate with each other, for example by an external wire connec-
tion, charge will flow from the semiconductor to the metal and thermal equilibrium is
established as a single system. The Fermi levels on both sides will line up. Relative to
the Fermi level in the metal, the Fermi level in the semiconductor is lowered by an
amount equal to the difference between the two work functions.

The work function is the energy difference between the vacuum level and the
Fermi level. This quantity is denoted by g4,, for the metal, and is equal to g(y + ¢,) in
the semiconductor, where gy is the electron affinity measured from the bottom of the
conduction band E - to the vacuum level, and g ¢, is the energy difference between E-

Vacuum Gap
T _E_E T \ T qx G P800 = 9P — 2)
E )
q¢m 'q¢n— _EF q m
% l q¢Bn(z{_
V.
Ey
[— 6 —]

(@ (b) © ()]
Fig. 1 Energy-band diagrams of metal-semiconductor contacts. Metal and semiconductor (a)
in separated systems, and (b) connected into one system. As the gap d(c) is reduced and (d)
becomes zero. (After Ref. 7.)
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and the Fermi level. The potential difference between the two work functions
¢, — (x + ¢,) is called the contact potential. As the gap distance & decreases, the elec-
tric field in the gap increases and an increasing negative charge is built up at the metal
surface. An equal and opposite charge (positive) must exist in the semiconductor
depletion region. The potential variation within the depletion layer is similar to that
in one side of a p-n junction. When &'is small enough to be comparable to the inter-
atomic distances, the gap becomes transparent to electrons, and we obtain the limiting
case, as shown on the far right (Fig. 1d). It is clear that the limiting value of the barrier
height g ¢, is given by

9sn0 = (8~ 2)- (1)
The barrier height is simply the difference between the metal work function and the

electron affinity of the semiconductor. Conversely, for an ideal contact between a
metal and a p-type semiconductor, the barrier height g g, is given by

q¢Bp0 = Eg_q(¢m_l) (2)

Thus, for any given semiconductor and metal combination, the sum of the barrier
heights on n-type and p-type substrates is expected to be equal to the bandgap, or

q(¢Bn0 + ¢Bp0) = Eg' (3)

In practice, however, simple expressions for the barrier heights as given by Egs. 1
and 2 are never realized experimentally. The electron affinities of semiconductors and
the work functions of metals have been established. For metals, ¢4, is of the order of
a few electron volts (2 — 6 eV). The values of g4, are generally very sensitive to
surface contamination. The most reliable values for clean surfaces are given in Fig. 2.
The main deviations of experimental barrier heights from the ideal condition are: (1)
an unavoidable interface layer, 5= 0 as in Fig. 1c, and (2) the presence of interface
states. Furthermore, the barrier height can be modified due to image-force lowering.
These effects will be discussed in the following sections.

3.2.2 Depletion Layer

The depletion layer of a metal-semiconductor contact is similar to that of the one-
sided abrupt (e.g., p*-n) junction. It is clear from the discussion above that when a
metal is brought into intimate contact with a semiconductor, the conduction and
valence bands of the semiconductor at the surface are brought into a definite energy
relationship with the Fermi level in the metal. Once this relationship is established, it
serves as a boundary condition to the solution of the Poisson equation in the semicon-
ductor, which proceeds in exactly the same manner as in a p-» junction. The energy-
band diagrams for metals on both »-type and p-type materials are shown, under dif-
ferent biasing conditions, in Fig. 3.

For contacts on n-type semiconductors, under the abrupt approximation that
P~ gNp forx <Wp, p~ 0and & = 0 forx > W, where W), is the depletion width, we
obtain
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Fig. 2 Metal work function for a clean metal surface in a vacuum versus atomic number. Note

the periodic nature of the increase and decrease of the work functions within each group.
(After Ref. 12.)

W, = \/2‘%( y-k 0
D — qND Wb q
gN, Npx
£ = =LWp-x) = &, - L2 )
9*Np x?
Ecx) = g, 2(Wpx-T) ©

where the term k7/q arises from the contribution of the majority-carrier distribution
tail (electrons in »-side, see the footnote on p. 84) and &, is the maximum field
strength which occurs at x = 0:

gm = g(x = O) = A/quD(l//bi_ V—k— — 2[‘//[,1“‘ V— (kT/q)]

% = A SNC)

The space charge (), per unit area of the semiconductor and the depletion-layer
capacitance Cp, per unit area are given by
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n-type semiconductor p-type semiconductor

Fig. 3 Energy-band diagrams of metal on n-type (left) and on p-type (right) semiconductors
under different biasing conditions. (a) Thermal equilibrium. (b) Forward bias. (c) Reverse
bias.

Qsc = qNpWp = qugsND(Wbi_ V‘% (8
& qg&Np
o=y, = - ©)
P Wy "/Z[V/bi—V—(kT/CI)]

Equation 9 can be written in the form

L _ 20wy V- (kTI)]

—_ 10
C% qgsND ( )
or
2 1
Np = —{- T} (1)
95l d(1/C%)/d
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If N, is constant throughout the depletion region, one should obtain a straight line by
plotting 1/C3 versus voltage. If N is not a constant, the differential capacitance
method can be used to determine the doping profile from Eq. 11, similar to the case
of a one-sided p-» junction as discussed in Section 2.2.1.

The C-V measurement can also be used to study deep impurity levels. Figure 4
shows a semiconductor with one shallow donor level and one deep donor level.!?
While all the shallow donors above the Fermi level will be ionized, only deep impu-
rities near the surface are above the Fermi level and ionized, giving a higher effective
doping concentration near the interface. In a C-/ measurement where a small ac
signal is superimposed on the dc bias, there will be a frequency dependence on capac-
itance since the deep impurities can only follow slow signals, i.e. dN;/dV is absent at
high frequencies. Comparing C-¥ measurements at various frequencies can reveal the
properties of these deep-level impurities.

3.2.3 Interface States

The barrier heights of metal-semiconductor systems are, in general, determined by
both the metal work function and the interface states. A general expression of the
barrier height can be obtained on the basis of the following two assumptions:# (1)
with intimate contact between the metal and the semiconductor, and with an interfa-

Fig. 4 Semiconductor with one shallow donor level and one deep donor level. N, and Ny are
the shallow donor and deep donor concentration, respectively. (After Ref. 13.)
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cial layer of atomic dimensions, this layer will be transparent to electrons but can
withstand potential across it, and (2) the interface states per unit area per energy at the
interface are a property of the semiconductor surface and are independent of the
metal. A more detailed energy-band diagram of a practical metal-n-semiconductor
contact is shown in Fig. 5. The various quantities used in the derivation that follows
are defined in this figure. The first quantity of interest is the energy level ¢4, above
E,, at the semiconductor surface. It is called the neutral level above which the states
are of acceptor type (neutral when empty, negatively charged when full) and below
which the states are of donor type (neutral when full of electrons, positively charged
when empty). Consequently, when the Fermi level at the surface coincides with this
neutral level, the net interface-trap charge is zero.!® This energy level also tends to pin
the semiconductor Fermi level at the surface before the metal contact was formed.

|

¢, = Work function of metal

@gn0= Barrier height (without image-force lowering)
@ = Neutral level (above E}) of interface states

A Potential across interfacial layer

x = Electron affinity of semiconductor

¥,; = Built-in potential

& = Thickness of interfacial layer

Q.. = Space-charge density in semiconductor
Q,, = Interface-trap charge

Qs = Surface-charge density on metal

D, = Interface-trap density
& Permittivity of interfacial layer (vacuum)

& Permittivity of semiconductor

Fig. 5 Detailed energy-band diagram of a metal-n-semiconductor contact with an interfacial
layer (vacuum) of the order of atomic distance. (After Ref. 14.)
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The second quantity is ggg,, the barrier height of the metal-semiconductor contact;
it is this barrier that must be surmounted by electrons flowing from the metal into the
semiconductor. The interfacial layer will be assumed to have a thickness of a few ang-
stroms and will therefore be essentially transparent to electrons.

We consider a semiconductor with acceptor interface traps (since in this particular
example E is above the neutral level) whose density is D,, states/cm?-eV, and is a
constant over the energy range from g, + E), to the Fermi level. The interface-trap
charge density on the semiconductor Q,, is therefore negative and is given by

Qs = ~4D;(E,— 96y~ qP5a0) C/cm?. (12)
The quantity in parentheses is simply the energy difference between the Fermi level
at the surface and the neutral level. The interface-trap density D, times this quantity
yields the number of surface states above the neutral level that are full.
The space charge that forms in the depletion layer of the semiconductor at thermal
equilibrium is given as

k
Osc = gNpWp = qugsND(¢BnO_¢n_; . (13)

The total equivalent surface charge density on the semiconductor surface is given by
the sum of Eqgs. 12 and 13. In the absence of any space-charge effects in the interfacial
layer, an exactly equal and opposite charge, Q;, (C/cm?), develops on the metal sur-
face. For thin interfacial layers such space-charge effects are negligible and Q,, can
be written as

QM = —(st + Qsc) . (14)

The potential A across the interfacial layer can be obtained by applying Gauss’
law to the surface charge on the metal and semiconductor:

_ Bu

&

A = (15)
where & is the permittivity of the interfacial layer and & its thickness. Another rela-
tion for A can be obtained by inspection of the energy-band diagram of Fig. 5:

A=, (x+ Pgno)- (16)
This relation results from the fact that the Fermi level must be constant throughout
this system at thermal equilibrium.

If A is eliminated from Egs. 15 and 16, and Eq. 14 is used to substitute for Q,,, we
obtain

2ge N & k gD,
P X~ Pono = _‘3“2'2—( im0 — G — =) = ——(Eg =40y —q¥p,0) - (17)
& q &
Equation 17 can now be solved for ¢@g,,. We introduce the quantities
2q&, N, &
¢ = 295 (18)

2
&f
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“i (19)

Cps ———————
? £+q*oD;,

which contain all the interfacial properties. Equation 18 can be used to calculate ¢, if
values of §and ¢ are estimated. For vacuum-cleaved or well-cleaned semiconductor
substrates the interfacial layer will have a thickness of atomic dimensions (i.e., 4 or
5 A). The permittivity of such a thin layer can be well approximated by the free-space
value and since this approximation represents a lower limit for g, it leads to an over-
estimation of ¢,. For &, ~ 10g), & = &, and N, < 10'8 cm™3, ¢, is small, of the order of
0.01 V and the square-root term in Eq. 17 is estimated to be less than 0.1 V.
Neglecting this square-root term, Eq. 17 reduces to

E
bono = ex(bn=2)+ (1= 2= o) =exes. 20)

With known ¢, and ¢4 from experiments of varying ¢,,, the interfacial properties are
given by

E, c,y+c
¢0=;8_____21 03, 21
—C
_ (1-c))¢g
it = —02&12 22)

Using the previous assumptions for J and g, we obtain D;, = 1.1 x1013(1 U
states/cm?-eV.
There are two limiting cases which can be obtained directly from Eq. 20:
1. When D,, — o, then ¢, — 0 and

990 = Eg— 4. (23)
In this case the Fermi level at the interface is pinned by the surface states at the
value g ¢, above the valence band. The barrier height is independent of the metal

work function and is determined entirely by the surface properties of the semi-
conductor.

2. When D, — 0, thenc, — 1 and

990 = 9(Pn—2)- 24
This equation for the barrier height of an ideal Schottky barrier where surface-
state effects are neglected, is identical to Eq. 1.
The experimental results of the metal-n-silicon system are shown in Fig. 6a. A
least-square straight-line fit to the data yields

qég.0 = 0279¢,,—0.52. (25)

Comparing this expression with Eq. 20 (¢, = 0.27, ¢; = - 0.52) and using Eqs. 21 and
22, we obtain g@, = 0.33 eV, and D, = 4x1013 states/cm?-eV. Similar results are
obtained for GaAs, GaP, and CdS, which are shown in Fig. 6b and listed in Table 1.
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Fig. 6 Experimental barrier heights for different metals on r-type (a) silicon and (b) GaAs,
GaP, and CdS. (After Ref. 14.)

It should be pointed out that in spite of nonideal factors such as interface states,
the relationship of Eq. 3, that the sum of barrier heights on #n- and p-type substrates
equals the energy gap of the semiconductor, is still generally valid.

We note that the values of g¢, for Si, GaAs, and GaP are very close to one-third
of the bandgap. Similar results are obtained for other semiconductors.!¢ This fact
indicates that most covalent semiconductor surfaces have a high peak density of
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Table 1 Summary of Barrier Height Data and Calculations of Interface Properties for
Si, GaAs, GaP, and CdS (After Ref. 14)

Semi- D,

conductor © s (V) x V) (1013 /el\t/_cmz) qdy (V)  qo/E,
Si 0.27+0.05 -0.52+0.22 4.05 2.7+0.7 0.30+0.36 0.27
GaAs 0.07£0.05  0.51+0.24 4.07 12.5%10.0 0.53£0.33 0.38
GaP 0.27+0.03  0.02+0.13 4.0 2.7+0.4 0.66+£0.2  0.294
CdS 0.38+0.16 -1.17+0.77 4.8 1.6+1.1 1.5£1.5 0.6

surface states or defects near the neutral level and that the neutral level is about one-
third of the bandgap from the valence-band edge. The theoretical calculation by
Pugh!7 for (111) diamond indeed gives a narrow band of surface states slightly below
the center of the forbidden gap. It is thus expected that a similar situation may exist
for other semiconductors.

For III-V compounds, extensive measurements using photoemission spectros-
copy indicate that the Schottky-barrier formation is due mainly to defects generated
near the interface by deposition of the metal.!? It has been shown that on a few com-
pound semiconductors such as GaAs, GaSb, and InP, the surface Fermi-level posi-
tions obtained from a number of metals are pinned at an energy level quite
independent of the metal.!® This pinning of surface Fermi level can explain the fact
that for most I1I-V compounds, the barrier height is essentially independent of metal
work function.

For ionic semiconductors such as CdS and ZnS, the barrier height generally
depends strongly on the metal and a correlation has been found between interface
behavior and the electronegativity. The electronegativity X, is defined as the power
of an atom in a molecule to attract electrons to itself. Figure 7 shows Pauling’s elec-
tronegativity scale. Note that the periodicity is similar to that for the work function
(Fig. 2).

Figure 8a shows a plot of the barrier height versus the electronegativity of metals
deposited on Si, GaSe, and SiO,. From the plot we define the slope as an index of
interface behavior:

d¢BnO

S= X, (26)
Note the comparison of S to ¢, (= d@g,i/d¢,). We can also plot the index S as a func-
tion of the electronegativity difference (ionicity AX) of the semiconductors, shown in
Fig. 8b. The electronegativity difference is defined as the difference in the Pauling
electronegativities between the cation and the anion of the semiconductor. Note a
sharp transition from the covalent semiconductors (such as GaAs with AX = 0.4) to
ionic semiconductors (such as AIN with AX = 1.5). For semiconductors with AX < 1,
the index S is small, indicating that the barrier height is only weakly dependent on
metal electronegativity (or the work function). On the other hand, for AX > 1, the



Electronegativity X,

0 Flsfe2sfe3ofe—a4—sl 5

Period

6 -

=

Fig. 7 Pauling’s electronegativity scale. Note the trend of increasing electronegativity within
each group. (After Ref. 20.)
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Fig. 8 (a) Barrier height versus electronegativity of metals deposited on Si, GaSe, and SiO,.
(b) Index of interface behavior S as a function of the electronegativity difference of the semi-

conductors. (After Ref. 21.)

145



146 CHAPTER 3. METAL-SEMICONDUCTOR CONTACTS

index S approaches 1, and the barrier height is strongly dependent on the metal elec-
tronegativity (or the work function).

For technological applications in silicon integrated circuits, an important class of
Schottky barrier contacts has been developed in which a chemical reaction between
the metal and the underlying silicon is induced to form silicides.?? The formation of
metal silicides by solid-solid metallurgical reaction provides more reliable and repro-
ducible Schottky barriers, because the interface chemical reactions are well defined
and can be maintained under good control. It is thought that since the silicide interfa-
cial properties depends on the eutectic temperature, there should be a correlation
between the barrier height and the eutectic temperature. Figure 9 shows such an
empirical fit for the barrier heights on n-type silicon of transition-metal silicides
plotted against the eutectic temperature of the silicides. Similar correlation had been
observed when barrier heights are plotted against the heat of formation of silicides.?*

3.2.4 Image-Force Lowering

The image-force lowering, also known as the Schottky effect or Schottky-barrier low-
ering, is the image-force-induced lowering of the barrier energy for charge carrier
emission, in the presence of an electric field. Consider a metal-vacuum system first.
The minimum energy necessary for an electron to escape into vacuum from an initial
energy at the Fermi level is the work function g¢,, as shown in Fig. 10. When an elec-
tron is at a distance x from the metal, a positive charge will be induced on the metal
surface. The force of attraction between the electron and the induced positive charge
is equivalent to the force that would exist between the electron and an equal positive

Barrier height g¢g,,, (V)

Fig. 9 Correlation of barrier
height of transition-metal sili-
cides with their eutectic tem-
perature. (After Ref. 23.)

0.5 L I i L

X ]
1000 1500 1800
Eutectic temperature (K)



3.2 FORMATION OF BARRIER 147

A
Metal Vacuum
0 X
F———————————=———= - x
ISP PEEEEE
qA¢ NS .
s e Image potential energy

-q|&x

Fig. 10 Energy-band diagram between a metal surface and a vacuum. The metal work func-
tion is g¢,,. The effective barrier is lowered when an electric field is applied to the surface. The
lowering is due to the combined effects of the field and the image force.

charge located at —x. This positive charge is referred to as the image charge. The
attractive force toward the metal, called the image force, is given by

2 2
F=—49 - -9 27)
4 7ey(2x) 16 weyx
where g, is the permittivity of free space. The work done to an electron in the course
of its transfer from infinity to the point x is given by

x 2
E(x) = f Fax = —9 (28)
16 wgyx

This energy corresponds to the potential energy of an electron placed at a distance x
from the metal surface, shown in Fig. 10, and is measured downwards from the
x-axis. When an external field & is applied (in this example in the — x direction), the
total potential energy PE as a function of distance is given by the sum

2
PE(x) = - —21— _g|¥&|x. (29)

16 meyx

This equation has a maximum value. The image-force lowering A¢g and the location
of the lowering x,, (as shown in Fig. 10), are given by the condition d(PE)/dx = 0, or

Xy = |t (30)
16 &, &l
Ag = /9@ = 2|€|x,,. (31)
4 reg,
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From Egs. 30 and 31 we obtain Ag=10.12V and x,,= 6 nm for &= 10° V/cm; and
A¢=1.2V andx,, = 1 nm for &= 107 V/cm. Thus at high fields the Schottky barrier
is considerably lowered, and the effective metal work function for thermionic emis-
sion (g ¢) is reduced.

These results can be applied to metal-semiconductor systems. However, the field
should be replaced by the appropriate field at the interface, and the free-space permit-
tivity &, should be replaced by an appropriate permittivity &, characterizing the semi-
conductor medium, that is,

9. (32)
4re,

Ag =

Note that inside a device such as metal-semiconductor contact, the field is not zero
even without bias due to the built-in potential. Because of the larger values of g, in a
metal-semiconductor system, the barrier lowering is smaller than that in a corre-
sponding metal-vacuum system. For example, for g = 12¢,, A¢ as obtained from
Eq. 32 is only 0.035 V for & = 10° V/cm and even smaller for smaller fields. Also a
typical value for x,, is calculated to be less than 5 nm. Although the barrier lowering
is small, it does have a profound effect on current transport processes in metal-semi-
conductor systems. These are considered in Section 3.3.

In a practical Schottky-barrier diode, the electric field is not constant with dis-
tance, and the maximum value at the surface based on the depletion approximation

can be used,
2gN|
g, = (4] (33)

where the surface potential y, (on n-type substrate) is

| = Bono—Fut V- (34)
Substituting %, into Eq. 32 gives

Ag =

3N 1/4

dre, | 87263

Figure 11 shows the energy diagram incorporating the Schottky effect for a metal
on n-type semiconductor under different biasing conditions. Note that for forward
bias (V > 0), the field and the image force are smaller and the barrier height
qPs.0 — gAY is slightly larger than the barrier height at zero bias of

q¢Bn = Q¢Bn0_qA¢‘ (36)
For reverse bias (V' > 0), the barrier height g @z, — gAdy, is slightly smaller. In effect,
the barrier height becomes bias dependant.

The value & may also be different from the semiconductor static permittivity. If
during the emission process, the electron transit time from the metal-semiconductor
interface to the barrier maximum x,, is shorter than the dielectric relaxation time, the
semiconductor medium does not have enough time to be polarized, and smaller per-
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Fig. 11 Energy-band diagram incorporating the Schottky effect for a metal n-type semicon-
ductor contact under different biasing conditions. The intrinsic barrier height is g¢g,,. The
barrier height at thermal equilibrium is g¢p,,. The barrier lowerings under forward and reverse
bias are Adp and Ady, respectively. (After Ref. 10.)

mittivity than the static value is expected. It will be shown, however, that for Si the
appropriate permittivities are about the same as their corresponding static values.

The dielectric constant (K = &/¢,) in gold-silicon barriers has been obtained from
photoelectric measurements, which will be discussed in Section 3.4.4. The experi-
mental results are shown in Fig. 12, where the measured barrier lowering is plotted as
a function of the square root of the maximum electric field.>> From Eq. 35 the image-
force dielectric constant is determined to be 12 + 0.5. For £/¢g, = 12, the distance x,,
varies between 1 and 5 nm for the field range shown in Fig. 12. Assuming a carrier
velocity of the order of 107 cm/s, the transit time for these distances should be
between 1-5x10-14 5. The image-force dielectric constant should thus be comparable
to the value of approximately 12 for electromagnetic radiation of roughly these
periods (wavelengths between 3 and 15 pum).2¢ The dielectric constant of bulk silicon
is essentially constant (11.7) from dc to =1 um, therefore the lattice has time to
polarize while the electron is traversing the depletion layer. The photoelectric mea-
surements and data deduced from the optical constants are in excellent agreement.
For Ge and GaAs, the dependence of the optical dielectric constant on wavelength is
similar to that of Si. The image-force permittivities of these semiconductors in the
foregoing field range are thus expected to be approximately the same as the corre-
sponding static bulk values.
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Fig. 12 Measurement of barrier lowering as a function of the electric field in a Au-Si diode.
(After Ref. 25.)

3.2.5 Barrier-Height Adjustment

For an ideal Schottky barrier, the barrier height is determined primarily by the char-
acters of the metal and the metal-semiconductor interface properties and is nearly
independent of the doping. Usual Schottky barriers on a given semiconductor (e.g., n-
or p-type Si) therefore give a finite number of choices for barrier height. However, by
introducing a thin layer (= 10 nm or less) of controllable number of dopants on a
semiconductor surface (e.g., by ion implantation), the effective barrier height for a
given metal-semiconductor contact can be varied.2-2° This approach is particularly
useful in order to select a metal having the most desirable metallurgical properties
required for reliable device operation and at the same time to be able to adjust the
effective barrier height between this metal and the semiconductor in a controlled
manner.

Figure 13a shows the idealized controlled barrier contacts with a thin #*-layer or
a thin p*-layer on an n-type substrate for barrier reduction or barrier increase, respec-
tively. Consider the reduction of barrier first. The field distribution in Fig. 13b is
given by
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Fig. 13 Idealized controlled barrier contacts with a thin #*-layer or a thin p*-layer on an
n-type substrate for barrier reduction (left) or barrier increase (right), respectively. Dashed
lines indicate original barrier with uniform doping.

g = |z, + 102 for O<x<a
SS
qn,
=-= (W-x) for a<x<W 37)

5

where &, is the maximum electric field at the metal-semiconductor interface, and is
given by

&l = Lima+ my(W-a)]. (38)
The image-force lowering due to &, is given by Eq. 35. For Si and GaAs Schottky
barriers with n, of the order of 10'® cm™ or less, the zero-bias value of ny(W - a) is
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about 10! cm~2. Therefore, if ;a is made sufficiently larger than 10!! cm2, Eqgs. 38
and 35 can be reduced to

qn,a

|&,| = (39)

’
ES

o
N vt (40)

For n,a = 1012 and 10'3 cm2, the corresponding lowerings are 0.045 and 0.14 'V,
respectively.

Although the image-force lowering contributes to the barrier reduction, generally
the tunneling effect is more significant. For n,a = 10! cm2, the maximum field from
Eq. 39 is 1.6x10¢ V/cm, which is the zero-bias field of a Au-Si Schottky diode with a
doping of 10!° cm3. The increased saturation current density due to tunneling for
such a diode is about 103 A/cm?, corresponding to an effective barrier height of
0.6 V (see discussion later on current vs. barrier height), a reduction 0of 0.2 V from the
0.8 V barrier of the original Au-Si diode. The calculated effective barrier height as a
function of &,, is shown in Fig. 14 for Si and GaAs barriers. By increasing the
maximum field from 105 V/cm to 106 V/cm, one generally can reduce the effective
barrier by 0.2 V in Si and over 0.3 V in GaAs.

For a given application, the parameters #,; and a should be properly chosen so that
in the forward direction the larger Schottky-barrier lowering and the added tunneling
current will not substantially degrade the ideality factor 7. And in the reverse direc-
tion, they will not cause large leakage current in the required bias range.

If opposite doping is formed in the thin semiconductor layer at the interface, the
effective barrier can be increased. As indicated in Fig. 13a, if the n*-region is replaced

Effective barrier height (V)

Fig. 14 Calculated reduced effective

. barrier height from tunneling for Si and

TSNS U S, SN E SO S GaAs metal-semiconductor contacts.
% (10° Viem) (After Ref. 30.)
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by p*-region, it can be shown that the energy-band profile will be g¢; at x =0 and
reach a maximum at x = A, where

A = Llap, - (W-a)ny]. @1)
P

The effective barrier height occurs at x = A and is given by

gpA?
$

Equation 42 approaches (¢g + gp,a%/2¢&,) if p, > n, and ap, »> Wn,. Therefore, as the
product ap, increases, the effective barrier height will increase accordingly.

Figure 15 shows the measured results of Ni-Si diodes with shallow antimony
implantation on the surface. As the implant dose increases, the effective barrier height
decreases for n-type substrates and increases for p-type substrates.

I = g+ &0 - (42)

3.3 CURRENT TRANSPORT PROCESSES

The current transport in metal-semiconductor contacts is due mainly to majority car-
riers, in contrast to p-n junctions where the minority carriers are responsible.
Figure 16 shows five basic transport processes under forward bias (the inverse pro-
cesses occur under reverse bias).® These five processes are (1) emission of electrons
from the semiconductor over the potential barrier into the metal [the dominant
process for Schottky diodes with moderately doped semiconductors (e.g., Si with
Np <107 cm™3) operated at moderate temperatures (e.g., 300 K)], (2) quantum-
mechanical tunneling of electrons through the barrier (important for heavily doped
semiconductors and responsible for most ohmic contacts), (3) recombination in the
space-charge region [identical to the recombination process in a p-n junction (refer to

e
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Ni-Si contacts Fig. 15 Effective barrier height for
S3[ 5keV, 750°C anneal holes in p-type substrates and for
electrons in n-type substrates as a
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dose. (After Ref. 30.)
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Fig. 16 Five basic transport processes under forward bias. (1) Thermionic emission. (2) Tun-
neling. (3) Recombination. (4) Diffusion of electrons. (5) Diffusion of holes.

chapter 2)], (4) diffusion of electrons in the depletion region, and (5) holes injected
from the metal that diffuse into the semiconductor (equivalent to recombination in the
neutral region). In addition, we may have edge leakage current due to a high electric
field at the metal-contact periphery or interface current due to traps at the metal-semi-
conductor interface. Various methods have been used to improve the interface quality,
and many device structures have been proposed to reduce or eliminate the edge
leakage current (see Section 3.5).

For common high-mobility semiconductors (e.g., Si and GaAs) the transport can
be adequately described by this thermionic-emission theory. We shall also consider
the diffusion theory applicable to low-mobility semiconductors and a generalized
thermionic-emission-diffusion theory that is a synthesis of the preceding two theo-
ries.

Schottky diode behavior is to some extent electrically similar to a one-sided
abrupt p-» junction, and yet the Schottky diode can be operated as a majority-carrier
device with inherent fast response. Thus, the terminal functions of a p-» junction
diode can general be performed by a Schottky diode with one exception as a charge-
storage diode. This is because the charge-storage time in a majority-carrier device is
extremely small. Another difference is the larger current density in a Schottky diode
due to the smaller built-in potential as well as the nature of thermionic emission com-
pared to diffusion. This results in a much smaller forward voltage drop. By the same
token, the disadvantage is the larger reverse current in the Schottky diode and a lower
breakdown voltage.

3.3.1 Thermionic-Emission Theory

The thermionic-emission theory by BetheS is derived from the assumptions that (1)
the barrier height g, is much larger than £7, (2) thermal equilibrium is established
at the plane that determines emission, and (3) the existence of a net current flow does
not affect this equilibrium so that one can superimpose two current fluxes—one from
metal to semiconductor, the other from semiconductor to metal, each with a different
quasi Fermi level. If thermionic emission is the limiting mechanism, then E,, is flat
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throughout the deletion region (Fig. 16). Because of these assumptions, the shape of
the barrier profile is immaterial and the current flow depends solely on the barrier
height. The current density from the semiconductor to the metal J_,  is then given by
the concentration of electrons with energies sufficient to overcome the potential
barrier and traversing in the x-direction:

Jsom = f qu,dn (43)
EF'n+ q¢Bn

where Ef, + g, is the minimum energy required for thermionic emission into the
metal, and v, is the carrier velocity in the direction of transport. The electron density
in an incremental energy range is given by

dn = N(EYF(E)dE
47z(2m )" [E- Ecexp( w)dE (44)

where N(E) and F(E) are the density of states and the distribution function, respec-
tively.

If we postulate that all the energy of electrons in the conduction band is kinetic
energy, then

E-E, = %m*vZ (45)
dE = m*vdv (46)

FE, = UE. 47)

Substituting Egs. 45-47 into Eq. 44 gives

dn = 2('%*) 3exp( (:/;) exp( 2kT) (47w dv) . (48)

Equation 48 gives the number of electrons per unit volume that have velocities
between v and v + dv, distributed over all directions. If the velocity is resolved into its
components along the axes with the x-axis parallel to the transport direction, we have

v? = vi+vl+vl. (49)
With the transformation 4 m2dv = dvxdvydvz, we obtain from Eqs. 43, 48, and 49
3 w *
(" %) (-
Jo om = Zq( h ) exp(— T f vyexpl~ o dv,
v

Ox

o0 0 E P
f exp( m_xk T) dav f exp (— m2 kl;f) dv,
—o0 2 —0

(S ()
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The velocity v, is the minimum velocity required in the x-direction to surmount the
barrier and is given by

1 .
Sm'vd = q(Wy= 7). (51)
Substituting Eq. 51 into Eq. 50 yields

o = (M) e ) exo(
= A*Tzexp(— q]f;") exp(%—j—w , (52)
and
A* = “—”qh’;’—"kz (53)

is the effective Richardson constant for thermionic emission, neglecting the effects of
optical-phonon scattering and quantum mechanical reflection (see Section 3.3.3). For
free electrons (m* = m,) the Richardson constant 4 is 120 A/cm?-K?2. Note that when
the image-force lowering is considered, the barrier height g,, in Eq. 52 is reduced by
Ag.

For semiconductors with isotropic effective mass in the lowest minimum of the
conduction band such as n-type GaAs, 4*/4 simply is equal to m*/my. For multiple-
valley semiconductors the appropriate Richardson constant associated with a single
energy minimum is given by3!

4i = -I—A/lzm*m*+12m*m*+12m*m* 54
m, 177y ez 21z 1y 3x My

A

where /,, /5, and /; are the direction cosines of the normal to the emitting plane relative
to the principal axes of the ellipsoid, and m} , m} , and m; are the components of the
effective mass tensor.

For Si the conduction band minima occur in the {100)-directions and
m; =0.98mgy, m; = 0.19m;. The minimum value of 4* occurs for the (100)-direc-
tions:

* 2 * 4 * *
(A_) = M JINT gy (55)
47 si¢i00) My my

In the (111)-directions all minima contribute equally to the current, yielding the

maximum A*:
(ﬁ) -5 ’M =22, (56)
A7y sicn my 3

For holes in Si and GaAs the two energy maxima at k = 0 give rise to approxi-
mately isotropic cutrent flow from both the light and heavy holes. Adding the cur-
rents due to these carriers, we obtain
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({’) _ Myt mpy, . (57)
A7 p-type mg
Table 2 gives a summary of the values of 4*/4 for Si and GaAs.

Since the barrier height for electrons moving from the metal into the semicon-
ductor remains the same under bias, the current flowing into the semiconductor is
thus unaffected by the applied voltage. It must therefore be equal to the current
flowing from the semiconductor into the metal when thermal equilibrium prevails
(i.e., when V= 0). This corresponding current density is obtained from Eq. 52 by
setting V=0,

q¢s

Ty = —A*Tzexp(— k_Tn) (58)

The total current density is given by the sum of Egs. 52 and 58.

J, = [A*Fexp(— %’)}[exp(% —1]
= Jn;[exp(%/) - 1] (59
where
Jy= AT exp( - 2280) (60)

Equation 59 is similar to the transport equation for p-n junctions. However, the
expressions for the saturation current densities are quite different.

An alternative approach to derive the thermionic-emission current is the fol-
lowing.? Without decomposing the velocity components, only electrons with energy
above the barrier will contribute to the forward current. This number of electrons
above the barrier is given by

=4(#g.— V)
n = Neexp| ——— 61
coxp| | (61)
It is known that for a Maxwellian distribution of velocities, the current from random
motion of carriers across a plane is given by
v

J = nq'ije (62)

where v is the average thermal velocity,

ave

Table 2 Values of 4*/4 (After Ref. 31)

Semiconductor St GaAs
p-type 0.66 0.62
n-type (100) 2.1  0.063 (low field) 0.55 (high field)

n-type (111) 2.2 » »
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ave — M (63)
ﬂ-,n*
Substitution of Eqs. 61 and 63 into Eq. 62 gives
_ A4(kT)*q wm* —4(Pp, = V)
J =25 expl: o ] (64)

which is identical to Eq. 52.

3.3.2 Diffusion Theory

The diffusion theory by Schottky* is derived from the assumptions that (1) the barrier
height is much larger than 7, (2) the effect of electron collisions within the depletion
region, i.e., diffusion, is included, (3) the carrier concentrations at x=0 and x = W),
are unaffected by the current flow (i.e., they have their equilibrium values), and (4)
the impurity concentration of the semiconductor is nondegenerate.

Since the current in the depletion region depends on the local field and the con-
centration gradient, we must use the current density equation:

J, = J, (n,un%+D Z)

(1"16 N @)
"ET dx

Under the steady-state condition, the current density is independent of x, and Eq. 65
can be integrated using exp[E(x)/kT] as an integrating factor. We then have

WD
JanD exp[ EZ(;,C)}dx = an{n(x) exp|: Ei(;)}}
0

and the boundary conditions using Ey,, = 0 as the reference (see Fig. 16 but ignore
image force for diffusion):

(65)

(66)

0

Ec(0) = q¢g,. (67)
EdWp) = q(¢,+ V), (68)
E(0)-E.(0
n(0) = Ncexp[— —%ﬂ’()} = Ncexp(— qf;"), (69)
n(Wp) = Np = Ncexp( 3{‘;) (70

Substituting Eqs. 6770 into Eq. 66 yields

J = qNCDn[eXp (2 _1 /f EC(x) dx. 1
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For Schottky barriers, neglecting image-force effect, the potential distribution is
given by Eq. 6. Substituting this expression for E(x) into Eq. 71 and expressing W,
in terms of y;, + V leads to

I~ QZi;Nc IZqND(;/s/bi— V)exp(— ‘%1) [exp(i_T _ 1]
zqynNC%mexp(— q_f%,) [exp(i—]: - 1} = JD[CXP(%—T - 1]. (72)

The current density expressions of the diffusion and thermionic-emission theories,
Eqgs. 59 and 72, are basically very similar. However, the saturation current density for
the diffusion theory Jp, is dependent on the bias and is less sensitive to temperature
compared to the saturation current density of the thermionic-emission theory Jp.

3.3.3 Thermienic-Emission-Diffusion Theory

A synthesis of the thermionic-emission and diffusion approaches described above has
been proposed by Crowell and Sze.3? This approach is derived from the boundary
condition of a thermionic recombination velocity v, near the metal-semiconductor
interface.

Since the diffusion of carriers is strongly affected by the potential configuration in
the region through which the diffusion occurs, we consider the electron potential
energy [or E{(x)] versus distance incorporating the Schottky lowering effect as shown
in Fig. 17. We consider the case where the barrier height is large enough that the
charge density between the metal surface and x = W, is essentially that of the ionized
donors (i.e., depletion approximation). As drawn, the applied voltage ¥ between the
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Fig. 17 Energy-band diagram incorporating the Schottky effect to show the derivations of
thermionic-emission-diffusion theory and tunneling current.
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metal and the semiconductor bulk would give rise to a flow of electrons toward the
metal. The electron quasi-Fermi level Ej,, in the barrier is also shown schematically
as a function of distance. Throughout the region between x,, and Wp,

= 73
J = nu, T (73)
where the electron density at any point x is given by
Ec-Ep
n= Ncexp(— o7 "). (74)

We will assume that the region between x,, and W), is isothermal and that the electron
temperature T is equal to the lattice temperature.

If the portion of the barrier between x,, and the interface (x = 0) acts as a sink for
electrons, we can describe the current flow in terms of an effective recombination
velocity vy at the potential energy maximum x,,:

J = q(n, —ng)vg (75)
where 1, is the electron density at x,, when the current is flowing,
EFn(xm) _EC(xm) EFn(xm) —q¢Bn

T } = NceXP[""—"—kT }

ny is a quasi-equilibrium electron density at x,,, the density that would occur if it were
possible to reach equilibrium without altering the magnitude or position of the poten-
tial energy maximum, i.e., Ep(x,) = Eg,,

n, = Ncexp[ (76)

8r)

ny = Neexp(~ 22 (77)

Another boundary condition, taking Ep,, = 0 as reference, is
Eq(Wp) = qV. (78)

If n is eliminated from Egs. 73 and 74 and the resulting expression for Ep,, is inte-
grated between x,, and W},

EFn(xm) qry _ -J "> EC
exp[ T ]—exp(kT _”nNCka exp(ﬁ)dx. 9

Then from Eqs. 75 and 79, E,(x,,) can be solved as

EFn(xm):] _ vpexp(gV/kT) +vg (80)

e —————
xp[ kT Up+Ug

where

vp=D, exp(q]f’;") / f " expl: ];;;]dx (81)
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is an effective diffusion velocity associated with the transport of electrons from the
edge of the depletion layer W), to the potential energy maximum x,,. Substituting
Eq. 80 into Eq. 75 gives the end result of the thermionic-emission-diffusion theory

Jrep = I—_g—%;—l;z—l)—)exp(— qlfT)[exp(%, - IJ (82)

In this equation, the relative values of v, and v, determines the relative contribu-
tion of thermionic emission versus diffusion. The parameter v, can be evaluated as
the Dawson’s integral and can be approximated by v, = 1, %,, in this case of depletion
region.? If the electron distribution is Maxwellian for x > x,,, and if no electrons return
from the metal other than those associated with the current density gnvp, the semi-
conductor acts as a thermionic emitter. Then vy, is the thermal velocity given by

vR=f vxexp dv /J exp 2kT dv
0

KT A'T?

*. qNc

(83)

2m

where 4* is the effective Richardson constant, as shown in Table 2. At 300 K, vy is
5.2x10% and 1.0x107 ¢cm/s for {111) n-type Si and n-type GaAs respectively. It can be
seen that if v, » vy, the pre-exponential term in Eq. 82 is dominated by v, and the
thermionic-emission theory applies (Jrzp = Jyg). If, however, v, < vy, the diffusion
process is the limiting factor (Jzp = Jp).

In summary, Eq. 82 gives a result that is a synthesis of Schottky’s diffusion theory
and Bethe’s thermionic-emission theory, and it predicts currents in essential agree-
ment with the thermionic-emission theory if #&(x,,) > vg. The latter criterion is more
rigorous than Bethe’s condition #(x,) > kT/gA, where A is the carrier mean free path.

In the preceding section a recombination velocity v, associated with thermionic
emission was introduced as a boundary condition to describe the collecting action of
the metal in a Schottky barrier. In many cases an appreciable probability exists that an
electron which crosses the potential energy maximum will be back-scattered by elec-
tron optical-phonon scattering.3334 As a first approximation the probability of elec-
tron emission over the potential maximum can be given by f, = exp(-x,,/4). In
addition, the electron energy distribution can be further distorted from a Maxwellian
distribution because of quantum-mechanical reflection of electrons by the Schottky
barrier, and also because of tunneling of electrons through the barrier.353¢ The ratio f,
of the total current flow, considering the quantum-mechanical tunneling and reflec-
tion, to the current flow neglecting these effects depends strongly on the electric field
and the electron energy measured from the potential maximum.

The complete expression of the J-V characteristics taking into account f, and f, is
thus

J = A**Fexp( ]?T)[exp(% —1} (84)
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where

A *% - f?_) ;2 * .
1 +.(f,fovr/vp)

The impacts of these effects are reflected in the reduced effective Richardson constant
from A* to A**, by as much as 50%. Figure 18 shows the calculated room-temperature
values of A** for metal-Si systems with an impurity concentration of 106 cm=3. We
note that for electrons (r-type Si), A** in the field range 10* to 2x10° V/cm remains
essentially at a constant value of about 110 A/cm?-K2. For holes (p-type Si), 4** in
this field range also remains essentially constant but at a considerably lower value
(= 30 A/cm2-K2). For n-type GaAs, 4** has been calculated to be 4.4 A/em?-K2.

We conclude from the foregoing discussions that at room temperature in the elec-
tric field range of 10* to about 10° V/cm, the current transport mechanism in most Si
and GaAs Schottky-barrier diodes is mainly due to thermionic emission of majority
carriers. The spatial dependence of the electron Fermi level £, near the metal-semi-
conductor interface has been studied by substituting Eqs. 6 and 74 into Eq. 73 and
evaluating the difference, E,(Wp) — Er,(0). The E, as shown in Fig. 16 is essen-
tially flat throughout the depletion region.>® The difference Ex,(Wp) — Er,(0) for a
Au-Si diode with N, = 1.2x1015 cm™, is only 8 meV for a forward bias of 0.2 V at
300 K. At higher doping levels the difference is even smaller. These results further
confirm that for high-mobility semiconductors with moderate dopings, the thermi-
onic-emission theory is applicable.

(85)

3.3.4 Tunneling Current

For more heavily doped semiconductors and/or for operation at low temperatures, the
tunneling current may become more significant. In the extreme of an ohmic contact,
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Fig. 18 Calculated effective Richardson constant 4** versus electric field for metal-silicon
barriers. (After Ref. 37.)
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which is a metal contact on degenerate semiconductor, the tunneling current is the
dominant transport process. We will concentrate on ohmic contacts in the last section
of this chapter.

The tunneling current from semiconductor to metal J,_,,, is proportional to the
quantum transmission coefficient (tunneling probability) multiplied by the occupa-
tion probability in the semiconductor and the unoccupied probability in the metal,
that is,36

A**T'z q¢B"
Js—)m = kT

F.T(E)(1-F,)dE. (86)
EFm

F, and F,, are the Fermi-Dirac distribution functions for the semiconductor and the
metal respectively, and 7(E) is the tunneling probability which depends on the width
of the barrier at a particular energy. A similar expression can be given for the current
J.._,s Which traverses in the opposite direction. In that case F, and F,, would be inter-
changed in using the same equation. The net current density is the algebraic sum of
the two components. Further analytical expression for the above equation is difficult,
and the results can be obtained by numerical evaluation by computer.

Theoretical and experimental values of typical current-voltage characteristics for
Au-Si barriers are shown in Fig. 19. We note that the total current density, which con-

sists of both thermionic emission and tunneling, can be conveniently expressed as

102
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. Theory Fig. 19 Theoretical and experi-

mental current-voltage characteris-
| | | tics for Au-Si Schottky barriers.
0 0.1 0.2 0.3 Increased current is due to tunneling.

Forward bias (V) (After Ref. 36.)
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J = Jo[exp(;lquT) - 1] (87)

where Jj, is the saturation current density obtained by extrapolating the current density
from the log-linear plot to ¥ = 0, and 7 is the ideality factor, related to the slope. With
little or no tunneling current or depletion-layer recombination, J; is determined by
that of thermionic emission and 7 is close to unity. For higher doping and/or lower
temperature, tunneling starts to occur and both J, and 7 increase.

The saturation current density J;, and 7 are plotted in Fig. 20 for Au-Si diodes as
a function of doping concentration, with temperature as a parameter. Note that J; is
essentially a constant for low dopings but begins to increase rapidly when
Np>10'7 cm™. The ideality factor 7 is very close to unity at low dopings and high
temperatures. However, it can depart substantially from unity when the doping is
increased or the temperature is lowered.

Figure 21 shows the ratio of the tunneling current to the thermionic current of a
Au-Si barrier diode. Note that for N, < 10!7 cm™ and T > 300 K, the ratio is much
less than unity and the tunneling component can be neglected. However, for higher
dopings and lower temperatures, the ratio can become much larger than unity, indi-
cating that the tunneling current becomes dominant.

Alternatively, the tunneling current can be expressed analytically and will give
more physical insight. This formulation, based on the work of Padovani and
Stratton,? is also used to derive the ohmic contact resistance. Referring to the energy-
band diagrams in Fig. 22, we can roughly categorize the components into three types:
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Fig. 20 (a) Saturation current density versus doping concentration for Au-Si Schottky bar-

riers at three temperatures. (b) Ideality factor 7 versus doping concentration at different tem-
peratures. (After Ref. 36.)
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(1) thermionic emission (TE) over the barrier, (2) field emission (FE) near the Fermi
level, and (3) thermionic-field emission (TFE) at an energy between TE and FE.
While FE is a pure tunneling process, TFE is tunneling of thermally excited carriers
which see a thinner barrier than FE. The relative contributions of these components
depend on both temperature and doping level. A rough criterion can be set by com-
paring the thermal energy kT to Ey, which is defined as

Ep=2 | X (88)
2 \m*e,
When kT > E,, TE dominates and the original Schottky-barrier behavior prevails
without tunneling. When T « E, FE (or tunneling) dominates. When kT = E;,, TFE
is the main mechanism which is a combination of TE and FE.

<—TE —>TE
T TFE ——
Por - S
. JV_ E. g4,
@) (b) Ec

Fig. 22 Energy-band diagrams showing qualitatively tunneling currents in a Schottky diode
{(on n-type degenerate semiconductor) under (a) forward bias and (b) reverse bias. TE = ther-
mionic emission. TFE = thermionic-field emission. FE = field emission.



166 CHAPTER 3. METAL-SEMICONDUCTOR CONTACTS

Under forward bias, the current due to FE can be expressed as’

A**Tr exp[-q($p,~Vr)/Eg)
Tr = ¢,k sin(mc kT) [1-exp(-¢,qVp)]

4T exp[-q( b5~V Ego]
- ¢k sin(zc kT) (89)

where

4

1 logr(%" - VF)] (90)

- 2Ey ~,
(¢, is negative for degenerate semiconductors.) Notice the much weaker temperature

dependence here (absent in the exponential term) compared to TE which is a charac-
teristic of tunneling. The current due to TFE is given by

AT 7E0d (5= 0= VE) (=04, (s — )] (1VF
Jree = ¥ cosh (Eoy/kT) e"p[ KT E }e"f’( E ). o

EOO
EO = EOO Coth (ﬁ) . (92)

This TFE peaks roughly at an energy
= q(¢Bn - ¢n - VF)
cosh?(Ey/kT)

where E,, is measured from E. of the neutral region.
Under reverse bias, the tunneling current can be much larger because a large
voltage is possible. The currents due to FE and TFE are given by

o A*,(@)Z(czﬁw VR) exp[ 2q 432 ]
FE — - H
k 3EgnPpnt Vi

¢Bn
AT Pon } (—q ¢Bn) (‘I VR)
Jrpg = —— |ZEyq| Vi + e exp| — |, 95
TFE A \/ 009 [ R Cosh?( EokT) Xp E, XP\ (95)

93)

(94)

where
£ = Eq
(Ego/kT) — tanh(E,/kT)
These analytical expressions, although complicated, can be easily evaluated if all

the parameters are known. These equations are also used to derive the ohmic contact
resistance in the last section of this chapter.

(96)

3.3.5 Minority-Carrier Injection

The Schottky-barrier diode is mainly a majority-carrier device. The minority-carrier
injection ratio 7, which is the ratio of minority-carrier current to total current, is small
because the minority-carrier diffusion is much smaller than the majority-carrier ther-
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mionic-emission current. However, at sufficiently large forward bias, the drift com-
ponent of the minority carriers cannot be ignored anymore and the increased drift
component will increase the overall injection efficiency. Both drift and diffusion of
holes lead to the total current of

dp
Jp = 41pPn® ~ 9Dy - 7

The increased field is set up by the large majority-carrier thermionic-emission cur-
rent,

Jy = quNpE. (98)

We consider the energy-band diagram shown in Fig. 23 where x, is the boundary
of the depletion layer, and x, marks the interface between the n-type epitaxial layer
and the n*-substrate. From the junction theory discussed in Chapter 2, the minority-
carrier density at x; is

- VA4 (q_
pn(‘xl) pnaexp(kT N exp kT (99)
This quantity p,(x;) can also be expressed as a function of the forward current density,
obtained from Eqs. 84 and 99:
n? J
Palx)) = Ny, (100)

where J,, (saturation current density) and J, are representations of the thermionic-
emission current (Eq. 84) in the following form:

J, = J,,oexp[(i—T - 1] (101)
The other boundary condition for p,(x,) is also necessary to calculate the diffusion

current. We use the term transport velocity S, (or surface recombination velocity) for
the minority carriers to relate the current and concentration by

Depletion'
ayer :‘_" region |
|

Metal =—+ n-type epitaxial layer —» n*-substrate

|
0 x X,

Quasi-neutral [

Fig. 23 Energy-band diagram of an epitaxial Schottky barrier under forward bias.
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Jp(x2) = qu[pn(XZ) _pno] . (102)

We first consider the case with S, = co or equivalently p,(x,) = p,,,. Under this
boundary condition, the diffusion component has a standard form as in a p-n junction.
From Egs. 97, 98, and 100 we obtain the total hole current as (for L « L,)

_ 9D, (8- ]
J, = qup, €+ N,L exp[ T 1
Hniy | qDyn? [(g_ }
= + ex -11. 103
/unN%JnO NDL ? kT. ( )

The injection ratio is given by

oo Jo s 4Dy

JP + J" h J” N ‘unN%)JnO NDLJnO .

(104)

For Au-Si diodes, the injection ratio has been measured to be very small, of the order
of 103, in agreement with the above equation.*® Notice that y has two terms. The
second term is due to diffusion and is bias independent. This is the injection ratio for
low-level bias,

2
7o = 401 (105)
NpLJ,
The first term is due to the drift process, and is bias (or current) dependent. It can
surpass the diffusion component at high current.

It is evident that to reduce the minority-carrier injection ratio (to reduce the charge
storage time to be discussed below) one must use a metal-semiconductor system with
large N/, (corresponding to low resistivity material), large J,, (corresponding to small
barrier height), and small #; (corresponding to large bandgap). Furthermore, high-
level bias is to be avoided. As an example, a gold-»-silicon diode with N, = 1015 cm3
and J,; = 51077 A/em? would give a low-bias injection y, of » 5x10~*. But it would
be expected to have an injection ratio of about 5% at a current density of 350 A/cm?.

The above assumes that p,(x,) = p,,,. Notice that at x,, there is a barrier for holes
that causes the holes to build up. These intermediate cases have been considered by
Scharfetter using S, as a parameter.*! The computed results are shown in Fig. 24a,
where the normalization factors are given by y, and

JOOE z . (106)

Jyp 1s the majority-carrier current at which the hole drift and diffusion components
become equal, obtained by equating the two terms in Eq. 103.

Another quantity associated with the injection ratio is the minority-carrier storage
time 7,, which is defined as the minority carrier stored in the quasi-neutral region per
unit current density:
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Fig. 24 (a) Normalized minority-carrier injection ratio versus normalized current density. (b)
Normalized minority-carrier storage time versus normalized current density. L/L, = 102,
(After Ref. 41.)

qp(x)dx [J (107)

*2
= J
*
For the low-current limit, depending on p,(x,) or S,, 7 is given approximately by (for
L«L)
P

gniL
C NDJnO '

and is independent of current. For high-current biases, p,(x,) can become much
higher, even to the extent that it is larger than in the rest of the quasi-neutral region L,
i.e. a profile that increases with distance. The general results, using S, again as a
parameter, for z, versus the current density are shown in Fig. 24b. It can be seen that
for finite S, (S, # ), 7, can increase by orders of magnitude. Also, a high doping
level is critical to reduce storage time in all cases.

(108)

3.3.6 MIS Tunnel Diode

In the metal-insulator-semiconductor (MIS) tunnel diode, a thin interfacial layer such
as an oxide is intentionally (or sometimes unintentionally) introduced before metal
deposition.*2#3 This interfacial-layer thickness lies in the range of 1-3 nm. This
device differs from the MIS capacitor (to be considered in Chapter 4) in having
appreciable current and under bias the semiconductor is not in equilibrium, i.e., the
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quasi Fermi levels for electrons Ef, and holes E, split. The major differences of this
structure compared to a conventional metal-semiconductor contact are: (1) reduced
current because of the added interfacial layer, (2) lower barrier height (some potential
is developed across the interfacial layer), and (3) higher ideality factor 7. The energy-
band diagram is similar to Fig. 5.

The current equation can be written as*?

J = A*T? exp(=/C 6) exp(_Z?B) [exp(gkl;) - 1]. (109)

The derivation for this equation can be found in Section 8.3.2. For the same barrier,
the current is suppressed by the tunneling probability exp(—JZ 0) . Here £ (in eV)
and &(in A) are the effective barrier and thickness of the interfacial layer. (A constant
of [2(2m*/h?)]1"2 which has the value of 1.01 eV-12A-1 is omitted.) This added tun-
neling probability can be considered as a modification to the effective Richardson
constant, as discussed before. The ideality factor is increased to*?

_ 1+(g)(es/WD)+qD,-,s
- &/ 1+(8/6)qDyy,

(110)

where D, and D,,, are interface traps in equilibrium with the semiconductor and
metal, respectively. In general, when the oxide thickness is less than 3 nm, the inter-
face traps are in equilibrium with the metal, whereas for thicker oxides, these traps
tend to be in equilibrium with the semiconductor.

The interfacial layer reduces the majority-carrier thermionic-emission current
without affecting the minority-carrier current, which is from diffusion, and raises the
minority injection efficiency. This phenomenon is exploited in improving the injec-
tion efficiency of an electroluminescent diode and the open-circuit voltage of the
Schottky-barrier solar cell.

3.4 MEASUREMENT OF BARRIER HEIGHT

Basically, four methods are used to measure the barrier height of a metal-semicon-
ductor contact: the (1) current-voltage, (2) activation-energy, (3) capacitance-voltage,
and (4) photoelectric methods.

3.4.1 Current-Voltage Measurement

For moderately doped semiconductors, the I-V characteristics in the forward direction
with V> 3kT/q is given by Eq. 84:

J = A**Tlexp(— %))exp[ﬂél?;—lf—)]. 11)

Since both 4** and A¢ (image-force lowering) are weak functions of the applied
voltage, the forward J-V characteristic (for V> 3kT/q) is represented by
J = Jyexp(qV/nkT), as given previously in Eq. 87, where 7 is the ideality factor:
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-9_4dv_

1= kTd(nT)

_ dA$ | kTd(InA**)7!

- [T (1)

Typical examples are shown in Fig. 25, where 7= 1.02 for the W-Si diode and
7= 1.04 for the W-GaAs diode. The extrapolated value of current density at zero
voltage is the saturation current Jy, and the barrier height can be obtained from the

equation
kT Aok
. = —ln( 77) 113
#on = 50\ (113)

The value of g, is not very sensitive to the choice of 4**, since at room temperature,
a 100% increase in A** will cause an increase of only 0.018 V in @g,. The theoretical
relationship between J; and ¢ (¢, or #g,) at room temperature is plotted in Fig. 26
for A** =120 A/cm?-K2. For other values of 4**, parallel lines can be drawn on this
plot to obtain the proper relationship.

In the reverse direction, the dominant voltage dependence is due mainly to the
Schottky-barrier lowering, or

Jp=Jy (for Vi >3kT/q)
- J9& /dre
zA**Tzexp[— 4(Fp0= N9 S)} (114)
kT
where
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tT Fig. 25 Forward current density
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Vo (V) W-GaAs diodes. (After Ref. 44.)
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Fig. 26 Theoretical saturation current density at 300 K versus barrier height for an effective
Richardson constant of 120 A/cm?-K2.

3N
Z, = J L0V + - D). (115)
B q

§

If the barrier height g g, is sufficiently smaller than the bandgap so that the depletion-
layer generation-recombination current is small in comparison with the Schottky
emission current, then the reverse current will increase gradually with the reverse bias
as given by Eq. 114, due mainly to image-force lowering.

For most of the practical Schottky diodes, however, the dominant reverse current
component is the edge leakage current, which is caused by the sharp edge around the
periphery of the metal plate. This sharp-edge effect is similar to the junction-curva-
ture effect (with r; —> 0) as discussed in Chapter 2. To eliminate this effect, metal-
semiconductor diodes have been fabricated with a diffused guard ring (these struc-
tures will be discussed later). The guard ring is a deep p-type diffusion, and the
doping profile is tailored to give the p-» junction a higher breakdown voltage than
that of the metal-semiconductor contact. Because of the elimination of the sharp-edge
effect, near-ideal forward and reverse I-V characteristics have been obtained.
Figure 27 shows a comparison between experimental measurement from a PtSi-Si
diode with guard ring, and theoretical calculation based on Eq. 114. The agreement is
excellent. The sharp increase of current near 30 V is due to avalanche breakdown and
is expected for the diode with a donor concentration of 2.5%1016 cm3.

The efficacy of guard ring structures in preventing premature breakdown and
surface leakage can be ascertained by studying the reverse leakage current as a func-
tion of diode diameter at constant reverse bias. For this purpose, arrays of Schottky
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diodes with different diameters can be formed on the semiconductor. The reverse
leakage current can be measured and plotted as a function of diode diameter.*¢ If the
experimental data have a slope equal to two, the leakage currents are proportional to
the device area. If, on the other hand, the leakage currents are dominated by edge
effects, the data would be expected to lie along a straight line with a slope equal to
unity.

For some Schottky diodes, the reverse current has an additional component. This
component arises from the fact that if the metal-semiconductor interface is free from
intervening layers of oxide and other contaminants, the electrons in the metal have
wave functions that penetrate into the semiconductor energy gap. This is a quantum-
mechanical effect that results in a static dipole layer at the metal-semiconductor inter-
face. The dipole layer causes the intrinsic barrier height to vary slightly with the field,
80 dgo/d&,, # 0. To a first approximation the static lowering can be expressed as

A¢staticz a%m (]16)

or o= dggy/d¥,, Figure 28 shows good agreement between the theory and measure-
ments of the reverse current in a RhSi-Si diode, based on an empirical value of
a=1.7nm.

3.4.2 Activation-Energy Measurement

The principal advantage of Schottky-barrier determination by means of an activation
energy measurement is that no assumption of electrically active area is required. This
feature is particularly important in the investigation of novel or unusual metal-semi-
conductor interfaces because often the true value of the contacting area is not known.
In the case of poorly cleaned or incompletely reacted surfaces, the electrically active
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Fig. 28 Theory and experimental results of reverse characteristics for a RhSi-Si diode. (After
Ref. 37.)

area may be only a small fraction of the geometric area. On the other hand, a strong
metallurgical reaction could result in rough nonplanar metal-semiconductor interface
with an electrically active area that is larger than the apparent geometric area.

If Eq. 84 is multiplied by 4, the electrically active area, we obtain

IF) _ w988 —VF)
ln( T2 = In (AA ) T
where g(@g, — V) is considered the activation energy. Over a limited range of temper-
ature around room temperature, the value of 4** and ¢, are essentially temperature
independent. Thus for a fixed forward bias ¥ the slope of a plot of In(//T?) versus
VT yields the barrier height @z, and the ordinate intercept at I/T = 0 yields the product
of the electrically active area 4 and the effective Richardson constant 4**.

To illustrate the importance of the activation-energy method in the investigation
of interfacial metallurgical reactions, Fig. 29 shows the activation-energy plots of the
saturation current in Al-»-Si contacts of different barrier heights, formed simply by
annealing at various temperatures.*’ The slopes of these plots indicate a nearly linear
increase of effective Schottky barrier height from 0.71 to 0.81 V for annealing tem-
peratures between 450°C and 650°C. These observations were also confirmed with
I-V and C-V measurements. Also supposedly when the Al-Si eutectic temperature
(= 580°C) is reached, the true metallurgical nature of the metal-semiconductor inter-
face must be considerably modified. Determination of the ordinate intercepts from
the plots shown in Fig. 29 indicates that the electrically active area increases by a
factor of two, when the annealing temperature exceeds the Al-Si eutectic temperature.

(117)
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Fig. 29 Activation energy plots for determination of barrier height. (After Ref. 47.)

3.4.3 Capacitance-Voltage Measurement

The barrier height can also be determined by the capacitance measurement. When a
small ac voltage is superimposed upon a dc bias, incremental charges of one sign are
induced on the metal surface and charges of the opposite sign in the semiconductor.
The relationship between C (depletion-layer capacitance per unit area) and ¥ is given
by Eq. 10. Figure 30 shows some typical results where 1/C? is plotted against the
applied voltage. The intercept on the voltage axis gives the built-in potential i, from
which the barrier height can be determined:#448

Pon = Wpit ¢,,+%T—A¢. (118)

From the slope the carrier density can also be determined (Eq. 11) and it can be used
to calculate ¢,
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Fig. 30 1/C? versus applied voltage for W-Si and W-GaAs diodes. (After Ref. 44.)

To obtain the barrier height of semiconductor which contain both shallow-level
and deep-level impurities (Fig. 4), we need to measure the C-V curves at two different
temperatures at multiple frequencies.*

3.4.4 Photoelectric Measurement

The photoelectric measurement is an accurate and direct method of determining the
barrier height.’® When a monochromatic light is incident upon a metal surface, pho-
tocurrent may be generated. The basic setup is shown in Fig. 31. In a Schottky-barrier
diode, two kinds of carrier excitation can occur that contribute to photocurrent; exci-
tation over the barrier (process-1) and band-to-band excitation (process-2). In mea-
suring the barrier height, only process-1 is useful and the most useful wavelengths
should be in the range of g¢g, < hv< E,. Furthermore, the most critical light absorp-
tion region is at the metal-semiconductor interface. For front illumination, the metal
film should be thin so light can penetrate to that interface. There is no such restriction
in using back illumination since light is transparent in the semiconductor if Av< E_,
and the highest light intensity would be at the metal-semiconductor interface. Note
that photocurrent can be collected without bias.

The photocurrent per absorbed photon (photoresponse R) as a function of the
photon energy A, is given by the Fowler theory:3!
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Fig. 31 (a) Schematic setup for photoelectric measurement. (b) Energy-band diagram for
photoexcitation processes.

6

ws )/
5 /
4

/ d

2
0.65 eV‘/f/().S eV /
3 o
o°°° e
0 eee”

06 07 0.8 0.9 1.0 1.1 1.2 1.3
hv(eV)

(Photocurrent/incident photon)'/? (arbitrary unit)

Fig. 32 Square root of the photoresponse versus photon energy for W-Si and W-GaAs diodes.
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Ro —L— {"—2 +Z [eXp(—x) - eXp(4_2x) * exp(9_3)6) B }} for x20

[E.~hv(2 6

where E| is the sum of kv, (= barrier height g¢#z,) and the Fermi energy measured
from the bottom of the metal conduction band, and x = A(v— v;)/kT. Under the condi-
tion of E, >> hvand x> 3, Eq. 119 reduces to

Roc (hv—hvg)2. (120)

When the square root of the photoresponse is plotted as a function of photon energy,
a straight line should be obtained, and the extrapolated value on the energy axis
should give directly the barrier height. Figure 32 shows the photoresponse of W-Si
and W-GaAs diodes, and the barrier heights of 0.65 and 0.80 eV are obtained respec-
tively.

The photoelectric measurement can be used to study other device and material
parameters. It has been used to determine the image-force dielectric constant of Au-Si
diodes.?> By measuring the shift of the photothreshold under different reverse biases,
one can determine the image-force lowering A¢g. From a plot of Ag versus A/gm , the
dielectric constant (&,/&)) can be determined, as shown previously in Fig. 12. Photo-
electric measurement has been used to study the temperature dependence of the
barrier height.3? The photothreshold is measured as a function of the temperature of
Au-Si diodes. The shift of photothreshold correlates reasonably well with the temper-
ature dependence of the silicon bandgap. This result implies that the Fermi level at the
Au-Si interface is pinned in relation to the valence-band edge and this is in agreement
with our discussion in Section 3.2.3.

(119)

3.4.5 Measured Barrier Heights

The I-V, C-V, activation-energy and photoelectric methods have been used to measure
the barrier heights. For intimate contacts with a clean interface, these methods gener-
ally yield consistent barrier heights within + 0.02 V. A large discrepancy between dif-
ferent methods may result from such causes as contamination in the interface, an
intervening insulating layer, edge leakage current, or deep impurity levels.

The measured Schottky barrier heights for some elemental and compound semi-
conductors are listed in Table 3. The barrier heights are representative values for
metal-semiconductor contacts made by deposition of high-purity metals in a good
vacuum system onto cleaved or chemically cleaned semiconductor surfaces. As
expected, silicon and GaAs metal-semiconductor contacts are most extensively
studied. Among the metals, gold, aluminum, and platinum are most commonly used.
The barrier heights of metal silicides on #-type silicon and some of their properties
are listed in Table 4.

It should be pointed out that the barrier height is generally sensitive to pre-depo-
sition surface preparation and post-deposition heat treatments.53 Figure 33 shows the
barrier heights on n-type Si and GaAs measured at room temperature after annealing
at various temperatures. When an Al-Si diode is annealed above 450°C, the barrier
height begins to increase,*’ presumably due to diffusion of Si in Al (also see Fig. 29).
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Table 4 Barrier Height of Metal Silicide on n-type Si. For Each System, the
Barrier-Height Entry Represents the Highest Reported Value (After Refs. 8, 22,

56, 60-62)

Metal Forming Melting
Silicide 9p, (V) Structure Temperature (°C) Temperature (°C)
CoSi 0.68 Cubic 400 1460
CoSi, 0.64 Cubic 450 1326
CrSi, 0.57 Hexagonal 450 1475
DySi, 0.37

ErSi, 0.39

Gdsi, 0.37

HfSi 0.53 Orthorhombic 550 2200
HoSi, 0.37

IrSi 0.93 300

Ir,Si, 0.85

IrSi, 0.94

MnSi 0.76 Cubic 400 1275
Mn,;Si; 0.72 Tetragonal 8002 1145
MoSi, 0.69 Tetragonal 1000 1980
Ni,Si 0.75 Orthorhombic 200 1318
NiSi 0.75 Orthorhombic 400 992
NiSi, 0.66 Cubic 8002 993
Pd,Si 0.75 Hexagonal 200 1330
PtSi 0.87 Orthorhombic 300 1229
Pt,Si 0.78

RhSi 0.74 Cubic 300

TaSi, 0.59 Hexagonal 7502 2200
TiSi, 0.60 Orthorhombic 650 1540
VSi, 0.65

WSi, 0.86 Tetragonal 650 2150
YSi, 0.39

Z1Si, 0.55 Orthorhombic 600 1520

@ Can be £ 700°C under clean interface condition.

Also, for metals that form silicides on silicon, the barrier height changes abruptly
when the eutectic temperature is reached. The barrier height of a Pt-Si diode is 0.9 V.
After annealing at 300°C or higher temperatures, PtSi is formed at the interface and
@5, decreases to 0.85 V.54 For Pt-GaAs contact the barrier height increases from
0.84 V t0 0.87 V when PtAs, is formed at the interface.®> For a W-Si diode the barrier
height remains constant until the annealing temperature is above 1000°C, when WSi,
is formed.%6

So far in all the Schottky diodes discussed above, the metal layers are deposited
so they are polycrystalline or amorphous in structure. For certain silicide contacts on
silicon, it has been demonstrated that single-crystalline form can be grown epitaxially
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Fig. 33 Barrier heights on n-type Si and GaAs measured at room temperature after annealing
at various temperatures.

from the underlying single-crystalline silicon.®’ These epitaxial silicides include
NiSi,, CoSi,, CrSi,, Pd,Si, ErSi,_,, TbSi,_,, YSi,_,, and FeSi,. The epitaxial silicides
have the properties of high uniformity and thermal stability. They provide a unique
opportunity to study the fundamental relationship of barrier height to the microscopic
interfacial configuration. It has been demonstrated that even on the same orientation
of Si surface, different types (A and B) and interface structures (6-, 7-, or 8-folded)
can be formed and that they give a difference in barrier height of as much as 0.14 eV.
With this insight, the range of barrier heights observed on the same metal-semicon-
ductor system can be rationalized, due to the statistical spacial distribution of the
interfacial structure.

3.5 DEVICE STRUCTURES

The earliest device structure is the point-contact rectifier using a small metal wire
with a sharp point making contact with a semiconductor. The contact may be just a
simple mechanical contact or it may be formed by an electrical discharge processes
that may result in a small alloyed p-n junction.

A point-contact rectifier usually has poor forward and reverse I-V characteristics
compared to a planar Schottky diode. Its characteristics are also difficult to predict
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from theory, since the rectifiers are subject to wide variations such as the whisker
pressure, contact area, crystal structure, surface condition, whisker composition, and
heat or forming processes. The advantage of a point-contact rectifier is its small area,
which can give very small capacitance, a desirable feature for microwave application.
The disadvantages are its large spreading resistance (R, = p/27r,, where r is the
radius of the hemispheric point contact); large leakage current mainly due to the
surface effect, which gives rise to poor rectification ratio, and soft reverse-breakdown
characteristics due to a large concentrated field beneath the metal point.

Most modern metal-semiconductor diodes are made by a planar process. The
metal-semiconductor contacts are formed by various methods including thermal
evaporation (resistive or electron-beam heating), sputtering, chemical decomposi-
tion, or plating of metals. Surface preparation methods include chemical etch,
mechanical polish, vacuum cleaving, back sputtering, heat treatment, or ion bom-
bardment. Since most metal-semiconductor contacts are formed in a vacuum
system,%® an important parameter concerning vacuum deposition of metals is the
vapor pressure, which is defined as the pressure exerted when a solid or liquid is in
equilibrium with its own vapor.9® Metals with high vapor pressure can be problematic
during evaporation.

The most-common structures in integrated circuits have oxide isolation at the
metal perimeter. The small-area contact device, Fig. 34a, fabricated by a planar
process on epitaxial n on n*-substrate, is useful as a microwave mixer diode.”®’! To
achieve good performance, we have to minimize the series resistance and the diode
capacitance. The metal overlap structure,’? Fig. 34b, gives near-ideal forward I-V
characteristics and low leakage current at moderate reverse bias but the electrode
sharp-edge effect will increase the reverse current when a large reverse bias is
applied. This structure is extensively used in integrated circuits since it can be formed
as an integral part of the metallization. Another approach is to use local-oxide
isolation” to reduce the edge field, Fig. 34¢. This approach requires a special planar
process to incorporate a local oxidation step. In Fig. 34d, the diode is surrounded by
a void or moat.” In this case, reliability problems can result from burying contami-
nants in the moat.

To eliminate the electrode sharp-edge effects, many device structures have been
proposed. Figure 34e uses a diffused guard ring*® to give near-ideal forward and
reverse characteristics. This structure is useful as a tool to study static characteristics;
however, it suffers from long recovery time and large parasitic capacitance due to the
adjacent p-n junction. Figure 34f uses a double-diffused guard ring” to reduce the
recovery time but the process is relatively complicated. Another guard-ring structure
with a high resistivity layer on top of the active layer’6 is shown in Fig. 34g. Since the
dielectric constant of the semiconductor is higher than that of an insulator, the para-
sitic capacitance is generally higher than the structure shown in Fig. 34b. The metal-
overlap laterally diffused structure” is basically a double-Schottky diode (in parallel)
that does not involve a p-» junction, Fig. 34h. This structure gives nearly ideal
forward and reverse I-V characteristics with very short reverse recovery time. How-
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ever, the process involves extra oxidation and diffusion steps, and the outer n-ring
may increase the device capacitance.

The guard-ring structure, Fig. 34i, has been proposed that uses an additional metal
with higher barrier height. However, large variations in barrier height are generally
difficult to obtain for covalent semiconductors. For certain microwave power gener-
ators (e.g., IMPATT diodes) one uses the truncated-cone structure,’® Fig. 34j. The
angle between the metal overhang and the semiconductor cone must be larger than
90° so that the electric field at the contact periphery is always smaller than that in the
center. This angle ensures that the avalanche breakdown will occur uniformly inside
the metal-semiconductor contact.

One important application of Schottky diodes is the clamped bipolar transistor”
(Fig. 35). (For a detailed discussion of the bipolar transistor, see Chapter 5.) A
Schottky diode can be incorporated into the base-collector terminal to form a clamped
(composite) transistor with a very short saturation time constant (see Section 5.3.3).
Fabrication is simply achieved by allowing the base contact to extend to straddle the
surrounding collector region in the standard buried-collector technology.’* In the sat-
uration region, the base-collector junction of the original transistor is slightly
forward-biased instead of reverse-biased. If the forward voltage drop in the Schottky
diode is much lower than the base-collector on-voltage of the original transistor, most
of the excess base current flows through the Schottky diode which does not store
minority carriers. Thus, the saturation time is reduced markedly compared with that
of the original transistor.

Since a Schottky diode in general carries a larger current compared to other
diodes, the series resistance is critical to this device. To characterize the series resis-
tance, we start with a modified current equation from Eq. 87,

/= AJO{exp[%]— 1}. (121)

Collector

Base Emitter Collector

Base Schottky

Emitter

(a) (b)

Fig. 35 Composite bipolar transistor (npn) with a Schottky diode clamp connected between
the base and the n-collector. (a) Circuit representation. (b) Cross-section of structure.
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From this, the differential resistance in the forward-bias regime is dependent on the
bias or current, given by

dv _ nkT+qlR,

dl ql '
This equation shows that the differential resistance of the diode at low bias is
inversely proportional to the current (= nk7/ql). At high current when IR, >» nkT/q,
the differential resistance would saturate to the value of R,. Typical experimental
results of differential resistance versus current are shown in Fig. 36a for Au-Si and
Au-GaAs diodes. Also shown is the result for Si point contact, discussed previously.
We note that for a sufficiently high forward bias the junction resistance approaches a
constant value. This value is the series resistance R, given by

27”) +R,,, (123)

(122)

R, = %Jp(x)dx + -23775-7 tan“l(

where the first term on the right is the resistance integrated over the quasi-neutral
region (between the depletion-layer edge and the heavily doped substrate, as in
Fig. 23). The second term is the spreading resistance in the substrate of resistivity pg
and thickness 4, and a diode circular area of radius » (see last section). The last term
R, is the resistance due to the ohmic contact with the substrate. For a Schottky diode
on a bulk semiconductor substrate, the first term is absent.

Another simple method to extract the series resistance is from the semilog plot of
the /-¥ curve shown in Fig. 36b. In the region where the current deviates from the
exponential rise, the resistance is estimated by AV =IR_.

An important figure of merit for microwave application of the Schottky diodes is
the forward-bias cutoff frequency f,,, which is defined as

1
feo= 27R;Cp

where R, and C are the differential resistance and capacitance in a forward-bias
range of ~ 0.1 V to the flat-band condition.?! The value of £, is considerably smaller
than the corresponding cutoff frequency at zero bias, and can be used as a lower limit
for practical consideration. A typical result is shown in Fig. 37. Note the higher cutoff
frequency with a smaller junction diameter. Also for the same doping and junction
diameter (e.g., 10 um), the Schottky diode on n-type GaAs gives the highest cutoff
frequency, mainly because the electron mobility is considerably higher, resulting in
lower series resistance.

To improve the high-frequency performance, devices that have smaller capaci-
tance but larger contact areas are desirable. It has been shown that the Mott barrier
can meet this requirement. A Mott barrier is a metal-semiconductor contact in which
the epitaxial layer is very lightly doped so that the whole epitaxial layer is fully
depleted, resulting in low capacitance. This holds true even under forward bias so the
capacitance remains constant, independent of bias. Figure 38 shows the band diagram
of a Mott barrier. Since for a given cutoff frequency the capacitance is much lower
than that of a standard Schottky diode, the Mott diode diameter can be made much

(124)
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Fig. 36 (a) Measured differential resistance as a function of applied voltage for Au-Si,
Au-GaAs, and point-contact diodes. (After Ref. 80.) (b) Estimate of series resistance from
forward I-V curve.
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Fig. 37 Forward-bias cutoff frequency versus doping concentration in the epitaxial layer
(0.5 um thick) and with various junction diameters. (After Ref. 80.)
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Fig. 38 Band diagram for Mott
barrier at zero bias.

larger.®? The current transport in a Mott barrier is dominated by diffusion, given by
Eq. 72, due to the low majority-carrier concentration in the depletion region.

3.6 OHMIC CONTACT

An ohmic contact is defined as a metal-semiconductor contact that has a negligible
junction resistance relative to the total resistance of the semiconductor device. A sat-
isfactory ohmic contact should not significantly perturb the device performance and
can supply the required current with a voltage drop that is sufficiently small compared
with the drop across the active region of the device. The last connection to any semi-
conductor device is always an on-chip metallic layer. Thus, for every semiconductor
device there are at least two metal-semiconductor contacts to form connections. So a
good ohmic is a must for every semiconductor device.

The macroscopic parameter—specific contact resistance is defined as the recip-
rocal of the derivative of the current density with respect to the voltage across the
interface. When evaluated at zero bias, this specific contact resistance R, is an impor-
tant figure-of-merit for ohmic contacts:??

dN-!
RC=(dV . (125)
Computer numerical simulation can be performed to get the solution.3:3% Alterna-
tively, to derive this R, analytically, the /-V relationships described earlier in the
chapter can be used. Again we use the comparison of doping (£,,) to temperature (kT)
to decide which current mechanism is the dominant one.

For low to moderate doping levels and/or moderately high temperatures,
kT > E, the standard thermionic-emission expression (Eq. 84) is used to obtain

_ k (q¢Bn) (q¢3n)
R, = A**quxp =) S\ ) (126)

Since only small applied voltage is relevant, the voltage dependence of the barrier
height can be neglected. Equation 126 shows that low barrier height should be used

to obtain small R ..
For higher doping level, kT = E,

TFE dominates and R, is given by3%8

0°
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R

_ k,JE o cosh(Eyy/kT)coth(Eyy/kT) ex |: q( Pz, — 8,) N q_¢n:|
‘ 4" Tq . [79(dp, - 8,) Eqy coth(Eg/kT) = kT
q¢Bn j!

 exp [EOO coth(Eq/kT) (127)

(¢, is negative for degenerate semiconductor.) This type of tunneling occurs at an
energy above the conduction band where the product of carrier density and tunneling
probability is at a maximum, given by E,, of Eq. 93.

With even higher doping level, kT « E, FE dominates, and the specific contact
resistance is given by3%:85

_k sin(ﬁclkT)ex (q¢3,,) o ox (q¢3n>
€ A*nqT i Eo P Eg /"

(128)

Provided that the barrier height cannot be made very small, a good ohmic contact
should operate in this regime of tunneling.

Specific contact resistance is a function of the barrier height (in all regimes),
doping concentration (in TFE and FE), and temperature (more sensitive in TE and
TFE). Qualitative dependence on these parameters is shown in Fig. 39 for a fixed
semiconductor material. The trend and the regimes of operation are also indicated in
the figure. In TE, R, is independent of doping concentration and dependent only on
the barrier height ¢,. In the other extreme of FE, in addition to ¢, R, has a depen-
dence of oc exp(N-172). The results of calculated specific contact resistance on silicon
are given in Fig. 40.

It is quite obvious that to obtain low values of R, high doping concentration, low
barrier height, or both must be used. And these are exactly the approaches used for all
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Fig. 39 Dependence of specific contact resistance on doping concentration (and E), barrier
height, and temperature. Regimes of TE, TFE, and FE are indicated.
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Fig. 40 Calculated specific contact resistance R, on (a) n-type and (b) p-type (100) Si sur-
faces for various barrier heights (in €V) at room temperature. (After Ref. 86)

ohmic contacts. On wide-gap semiconductors it is difficult to make good ohmic con-
tacts. A metal does not generally exist with a low enough work function to yield a low
barrier. In such cases, the general technique for making an ohmic contact involves the
establishment of a more heavily doped surface layer. Another common technique is
to add a heterojunction with a layer of small bandgap material and with high-level
doping of the same type. For GaAs and other III-V compound semiconductors,
various technologies have been developed for the ohmic contacts.?” A summary of
contact materials on common semiconductors is listed in Table 5.

As devices are miniaturized for advanced integrated circuits, the device current
density usually increases. This demands not only smaller ohmic resistance but also a
smaller contact area. The challenge of fabricating good ohmic contacts has been
increasing with device miniaturization. The total contact resistance is given by

R = - (129)

However, this expression is valid only for uniform current density across the whole
area. We mention here two practical conditions that additional resistance components
are important. For a small contact of radius r as shown in Fig. 41a, there is a
spreading resistance in series with the ohmic contact given by®?

= 5% tan‘l(zTh) . (130)

R,
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Table 5 Metal Ohmic Contacts for Various Semiconductors (After Ref. 88)

Semiconductor Metal Semiconductor Metal

n-Ge Ag-Al-Sb, Al, Al-Au-P, p-Ge Ag, Al, Au, Cu, Ga, Ga-In,
Au, Bi, Sb, Sn, Pb-Sn In, Al-Pd, Ni, Pt, Sn

n-Si Ag, Al, Al-Au, Ni, Sn, p-Si Ag, Al, Al-Au, Au, Ni, Pt,
In, Ge-Sn, Sb, Au-Sb, Ti, TiN Sn, In, Pb, Ga, Ge, Ti, TiN

n-GaAs  Au(.88)Ge(.12)-Ni, Ag-Sn, p-GaAs  Au(.84)Zn(.16), Ag-In-Zn,
Ag(.95)In(.05)-Ge Ag-Zn

n-GaP Ag-Te-Ni, Al, Au-Si, Au-Sn, p-GaP Au-In, Au-Zn, Ga, In-Zn,
In-Sn Zn, Ag-Zn

n-GaAsP  Au-Sn p-GaAsP  Au-Zn

n-GaAlAs Au-Ge-Ni p-GaAlAs Au-Zn

n-InAs Au-Ge, Au-Sn-Ni, Sn p-InAs Al

n-InGaAs Au-Ge, Ni p-InGaAs Au-Zn, Ni

n-InP Au-Ge, In, Ni, Sn

n-InSb Au-Sn, Au-In, Ni, Sn p-InSb Au-Ge

n-CdS Ag, Al, Au, Au-In, Ga, In, Ga-In

n-CdTe In p-CdTe  Au, In-Ni, Indalloy 13, Pt, Rh

n-ZnSe In, In-Ga, Pt, InHg

n-SiC W p-SiC Al-Si, Si, Ni

This component approaches the bulk resistance of ph/A4 for large #/h ratios. In cases
where the contact is made on a horizontal diffusion layer (Fig. 41b, as in the case of
a MOSFET), the total resistance between point X (leading edge of the contact) and
the metal contact is given by*®

2r
I DU
\ :___—#L'JJ n*
h
p p

Back contact
(@) (b)
Fig. 41 (a) Current pattern for a small contact when » « A. r is the radius of the contact. (b)

Current pattern for a contact to a horizontal diffusion sheet. If the sheet resistance of the diffu-
sion layer is high, current is forced toward the leading edge of the contact.



REFERENCES 191

/R.R. R,
R = o COth(L/\/R:J (131)

where R_ is the sheet resistance (Q/m) of the diffusion layer. This equation takes into
account nonuniform current density through the contact (current crowding) and con-
tributions due to the sheet resistance itself. It can also be shown that in the limit of
R, — 0, Eq. 131 reduces to Eq. 129.
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PROBLEMS

. Draw the band diagrams of the conduction band and the Fermi level for GaAs metal-semi-

conductor contacts with n-type doping levels of (a) 101> cm3, (b) 10! cm~3, and (c)
108 ¢m~3, The barrier height (gd,,) is 0.80 eV.

. For a Au-»n-Si metal-semiconductor contact with a donor concentration of 2.8x101¢ cm™3,

what is the Schottky-barrier lowering at thermal equilibrium and the corresponding loca-
tion of the lowering. The barrier height (g4#,,) is 0.80 V.

3. Derive Eq. 72. Fill in detailed steps in the derivation.

4. Find the minority current density and the injection ratio at a low-injection condition for a

Au-Si Schottky-barrier diode with @, = 0.80 V. The silicon is 1 Q-cm, n-type with 7, =
100 ps.

. Based on the theoretical result on p. 732 in the paper by Chang/Sze [Solid-State Electron.,

13, 727 (1970)1, find the ideality factor for a Schottky contact with N = 1018 cm3 at 77 K.

6. Derive Eq. 42 and find the limiting value of ¢, for p, > n, and ap, » Wn,.

. The reverse saturation currents of a Schottky diode and a p-n junction at 300 K are

5x1078 A and 10712 A, respectively. The diodes are connected in series and are driven by a
constant current of 0.5 mA. Find the total voltage across the diodes.

. (2) Find the barrier height and donor concentration of the W-GaAs Schottky barrier shown

in Fig. 30.
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(b) Compare the barrier height with that obtained from the saturation current density of
5x10~7 A/cm? shown in Fig. 25, assume 4** = 4 A/cm?-K2,

(c) If there is a difference in barrier height, is the difference consistent with the Schottky-
barrier lowering?

. For a metal-n-Si contact, the barrier height obtained by photoelectric measurement is

0.65 V while the voltage intercept obtained from C-¥ measurement is 0.5 V. Find the
doping concentration of the uniformly doped silicon substrate.

The capacitance of a Au-n-GaAs Schottky-barrier diode is given by the relation 1/C? =
1.57x10'% — 2.12x10!5 ¥, where C is expressed in pF and V is in volts. Taking the diode
area to be 0.1 cm?, calculate the built-in potential, the barrier height, and the dopant con-
centration.

The forward-bias cutoff frequency for a Pd-GaAs contact made on an n-type epitaxial
layer of 0.5 um thick is 370 GHz. If the circular contact area is 1.96x10~7 cm?, find the
depletion width under the forward-bias condition.

An ohmic contact has an area of 105 cm? and is formed on an n-type silicon with Ny, =
3x1020 cm3. The barrier height ¢, is 0.8 V and the electron effective mass is m}, =
0.26 m,. Find the voltage drop across the contact when a forward current of 1 A flows
through it.

{Hint: The current across the contact can be expressed as I = Iyexp[—C,(#g, - V)/JNp]
where [, is a constant and C,=4,/m}&,/h .}
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Metal-Insulator-Semiconductor
Capacitors

4.1 INTRODUCTION
4.2 IDEAL MIS CAPACITOR
4.3 SILICON MOS CAPACITOR

4.1 INTRODUCTION

The metal-insulator-semiconductor (MIS) capacitor is the most useful device in the
study of semiconductor surfaces. Since most practical problems in the reliability and
stability of all semiconductor devices are intimately related to their surface condi-
tions, an understanding of the surface physics with the help of MIS capacitors is of
great importance to device operations. In this chapter we are concerned primarily
with the metal-oxide-silicon (MOS) system. This system has been extensively
studied because it is directly related to most silicon planar devices and integrated cir-
cuits.

The MIS structure was first proposed as a voltage-controlled varistor (variable
capacitor) in 1959 by Moll! and by Pfann and Garrett.? Its characteristics were then
analyzed by Frankl?® and Lindner.#* The first successful MIS structure was made of
Si0, grown thermally on silicon surface by Ligenza and Spitzer in 1960.5 This
seminal experimental success immediately led to the first report of MOSFET by
Kahng and Atalla.® Further study on this SiO,-Si system was reported by Terman,’
and Lehovec and Slobodskoy.® A comprehensive and in-depth treatment of the MOS
capacitor can be found in MOS Physics and Technology by Nicollian and Brews.? The
Si-8i0, system remains the most ideal and most practical MIS structure to date.
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¥ Metal

Insulator
d /

Semiconductor

Fig. 1 Metal-insulator-semiconductor
(MIS) capacitor, in its simplest form.

Ohmic contact

4.2 IDEAL MIS CAPACITOR

The metal-insulator-semiconductor (MIS) structure is shown in Fig. 1, where d is the
thickness of the insulator and Vis the applied voltage. Throughout this chapter we use
the convention that the voltage V is positive when the metal plate is positively biased
with respect to the semiconductor body.

The energy-band diagram of an ideal MIS structure without bias is shown in
Fig. 2, for both n-type and p-type semiconductors. An ideal MIS capacitor is defined
as follows: (1) The only charges that can exist in the structure under any biasing con-
ditions are those in the semiconductor and those, with an equal but opposite sign, on
the metal surface adjacent to the insulator, i.e., there is no interface trap nor any kind
of oxide charge; (2) There is no carrier transport through the insulator under d¢
biasing conditions or the resistivity of the insulator is infinite. Furthermore, for the
sake of simplicity we assume the metal is chosen such that the difference between the

§  Vacuum level {  Vacuum level
qaxi qax; T
T P q9x
q9x
98y qb, l E
EJ2 144, ‘ E; i ES} | y
B T Tk Tl it A T R R Wy 1% ¢
I IR
Wﬁ& 7
7.
e d o] 7 N
Metal Insulator n-semiconductor Metal Insulator p-semiconductor
(a) )

Fig. 2 Energy-band diagrams of ideal MIS capacitors at equilibrium (¥ = 0). (a) n-type semi-
conductor. (b) p-type semiconductor.
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metal work function ¢,, and the semiconductor work function is zero, or ¢, = 0. The
above conditions, with the help of Fig. 2, are equivalent to:

E
=t (2 EE- ) = =G+ 8) =0 Brmipe (o

¢msE¢m_(l+2£§+ WBp) = ¢m_(l+%_¢p) =0 forp—type (lb)
where y and y; are the electron affinities for the semiconductor and insulator respec-
tively, and yg,, ¥, &, @, are the Fermi potentials with respect to the midgap and
band edges. In other words, the band is flat (flat-band condition) when there is no
applied voltage. The ideal MIS capacitor theory to be considered in this section serves
as a foundation for understanding practical MIS structures and to exploring the
physics of semiconductor surfaces.

When an ideal MIS capacitor is biased with positive or negative voltages, basi-
cally three cases may exist at the semiconductor surface (Fig. 3). Consider the p-type
semiconductor first (top figures). When a negative voltage (V' < 0) is applied to the
metal plate, the valence-band edge E,, bends upward near the surface and is closer to
the Fermi level (Fig. 3a). For an ideal MIS capacitor, no current flows in the structure
(or dE/dx = 0), so the Fermi level remains flat in the semiconductor. Since the carrier

f’_ty.pTEC . . EC
P p-type
EF % - . LI /—gl g‘
________ 1 - EF
v<o|l K p-type g>0 mE,F, 7> 0 /?‘o—oEV
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=
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e
’,

(@ () ©

Fig. 3 Energy-band diagrams for ideal MIS capacitors under different bias, for the conditions
of: (a) accumulation, (b) depletion, and (c) inversion. Top/bottom figures are for p-type/n-type
semiconductor substrates.
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density depends exponentially on the energy difference (£, — Ey), this band bending
causes an accumulation of majority carriers (holes) near the semiconductor surface.
This is the accumulation case. When a small positive voltage (V> 0) is applied, the
bands bend downward, and the majority carriers are depleted (Fig. 3b). This is the
depletion case. When a larger positive voltage is applied, the bands bend even more
downward so that the intrinsic level E, at the surface crosses over the Fermi level E.
(Fig. 3c). At this point the number of electrons (minority carriers) at the surface is
larger than that of the holes, the surface is thus inverted and this is the inversion case.
Similar results can be obtained for the #-type semiconductor. The polarity of the
voltage, however, should be changed for the n-type semiconductor.

4.2.1 Surface Space-Charge Region

In this section we derive the relations between the surface potential, space charge, and
electric field. These relations are then used to derive the capacitance-voltage charac-
teristics of the ideal MIS structure in the following section.

Figure 4 shows a more detailed band diagram at the surface of a p-type semicon-
ductor. The potential y,(x) is defined as the potential E(x)/q with respect to the bulk
of the semiconductor;

E(x)-E (o0
y= | ,(x)q7 )] -

At the semiconductor surface, ¥,(0) = ,, and y, is called the surface potential. The
electron and hole concentrations as a function of ¥, are given by the following rela-
tions:

Insulator | Semiconductor

e

fg
L :
qy, qV/P(x)I q'//Bp E’
(3(2'__ S S A
Ey

Fig. 4 Energy-band diagram at the surface of a p-type semiconductor. The potential energy
qy, is measured with respect to the intrinsic Fermi level E; in the bulk. The surface potential
¥, is positive as shown. Accumulation occurs when ; < 0. Depletion occurs when
W, > ¥, > 0. Inversion occurs when y; > yjp,.
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mp(3) = npoexp( 2E) = exp(By,) (3a)

Po() = Ppoexp(—t) = p,,exp(-fy,) (3b)

where y, is positive when the band is bent downward (as shown in Fig. 4), n,, and p,,,
are the equilibrium densities of electrons and holes, respectively, in the bulk of the
semiconductor, and S= q/kT. At the surface the densities are

"P(O) = n,,exp(By;), (4a)

pp(o) = ppoexp(_ﬂ‘[/s).' (4b)

From previous discussions and with the help of the above equations, the following
regions of surface potential can be distinguished:

v, <0 Accumulation of holes (bands bending upward).
v, =0 Flat-band condition.
Wep, > ¥, >0 Depletion of holes (bands bending downward).
¥, = yp, Fermi-level at midgap, Ex= E(0), n,(0) =p,(0) = n,.
2yp,> ¥, > g, Weak inversion [electron enhancement, 1,(0) > p,(0)].
W, > 2y, Strong inversion [n,(0) > p,, or N].

The potential y,(x) as a function of distance can be obtained by using the one-
dimensional Poisson equation

Ly, o) )
dx? £
where p(x) is the total space-charge density given by
p(x) = g(N,-Nj+p,-n,), (6)

N}, and N3 are the densities of the ionized donors and acceptors, respectively. Now,
in the bulk of the semiconductor, far from the surface, charge neutrality must exist.
Therefore at y,(«0) = 0, we have p(x) =0 and

N+ NA = n ppo (7)
The resultant Poisson equation to be solved within the depletion region is therefore
dy
d_xZE == i(npo ~Ppo +pp - np)

- L{p, [exp(-By,) - 11-n,,[exp(By,) ~ 11} ®

Integrating Eq. 8 from the surface toward the bulk!?
/dx ¥,
f (L) (L2 - =2 f (Prolexp(~By,) - 1=, [exp(By,) - 11}dy,
*Jo &)
gives the relation between the electric field (% = — dy,/dx) and the potential y,:



202 CHAPTER 4. METAL-INSULATOR-SEMICONDUCTOR CAPACITORS

%2 (2k7) (qp ﬂ){[exp(-ﬂwpﬂﬂt//p—1]+§ﬂ’[exp(ﬂ%)_ﬂ%_1]}_(10)

po

We shall use the following abbreviations:

kT
p= |—2 (11)
ppoq qp,,o/f

F(ﬂwpazﬂ) = J[eXp(—ﬂwp) +py, - 1]+ n—’—”[exp(ﬂt//p)—ﬂl//,,— 11 20, (12)

po Ppo
where L, is the extrinsic Debye length for holes. [Note that n,,/p,, = exp(-2Sy3,).]
Thus the electric field is given by

2kT Mpo
Bx) = £ f H By 22). (13)
Ppq
with positive sign for y,> 0 and negatlve sign for y, <0. To determine the electric
field at the surface &, we let y, = y:

ﬁkT ( n )
= + Lo
€ =z oL Bv. s’ppo (14)

From this surface field, we can deduce the total space charge per unit area by applying
Gauss’ law:

Qs = _gs%s =4

ﬁng ( Moo ) (15)

By,
qLp TPy

A typical variation of the space-charge density O, as a function of the surface
potential y, is shown in Fig. 5, for a p-type silicon with N, = 4x10!5 cm= at room
temperature. Note that for negative ,, Q, is positive and it corresponds to the accu-
mulation region. The function ¥ is dominated by the first term in Eq. 12, that is,
0, « exp(q|y,|/2kT). For y, =0, we have the flat-band condition and O, =0. For
2y >y, >0, Q, is negative and we have the depletion and weak-inversion cases.
The function F' is now dominated by the second term, that is, O, o« M For
¥, > 2y, we have the strong inversion case with the function ¥ dominated by the
fourth term, that is, O, o exp(q,/2kT). Also note that this strong inversion begins at
a surface potential,

o

y,(strong inversion) ~ 2y, = %ln( " ) (16)

i

4.2.2 Ideal MIS Capacitance Curves

Figure 6a shows the band diagram of an ideal MIS structure with the band bending of
the semiconductor similar to that shown in Fig. 4 but in strong inversion. The charge
distribution is shown in Fig. 6b. For charge neutrality of the system, it is required that
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Fig. 5 Variation of space-charge density in the semiconductor as a function of the surface
potential y,, for a p-type silicon with N, = 4x1015 cm™ at room temperature.

Oy =—(Qu+qN,Wp) = - O (17)
where Q,,is charges per unit area on the metal, Q, is the electrons per unit area near
the surface of the inversion region, gN ¥, is the ionized acceptors per unit area in the
space-charge region with depletion width W), and Q, is the total charges per unit area
in the semiconductor. The electric field and the potential as obtained by first and
second integrations of the Poisson equation are shown in Figs. 6c and d, respectively.

Clearly, in the absence of any work-function difference, the applied voltage will
partly appear across the insulator and partly across the semiconductor. Thus
V="V+y, (18)
where V; is the potential across the insulator and is given (Fig. 6¢) by
d
v = za =29 _ 12 (19)
& C,

The total capacitance C of the system is a series combination of the insulator capaci-
tance
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Metal  Insulator p-Semiconductor
Ec
Ei
WSJL_/K _ 38V _ -E
:/ i Neutral region ~V @)
V>0 \TJ
) Depletion
Ep Inversion
(b)
&(x)
1O/e;
©
-d 0 Wp ¥
(d)

Fig. 6 (a) Band diagram of an ideal MIS capacitor under strong inversion. (b) Charge distri-

bution. (¢) Electric-field distribution. (d) Potential distribution (relative to the semiconductor
bulk).

L= 2 20
P= (20)
and the semiconductor depletion-layer capacitance Cy:
ccC
= =D @n
C.+Cp
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For a given insulator thickness d, the value of C, 1s constant and corresponds to the
maximum capacitance of the system. But the semiconductor capacitance Cj, not only
depends on the bias (or y,), it is also a function of the measurement frequency.
Figure 7 illustrates the vastly different characteristics of C-¥ curves measured at dif-
ferent frequencies and sweep rates. The difference mainly occurs at the inversion
regime, especially strong inversion. Figure 7 also shows the corresponding surface
potentials at different regimes. For an ideal MIS capacitor (and without work-func-
tion difference), flat-band occurs at V' = 0, where , = 0. The depletion regime corre-
sponds to a surface potential ranging from , = 0 to y, = yjp,. Weak inversion begins
at y, = yjp,, and the onset of strong inversion occurs at ¥, = 2 y/,. The minimum low-
frequency capacitance Cp;, occurs inbetween these two points.

Low-Frequency Capacitance. The capacitance of the semiconductor depletion
layer is obtained by differentiating the total static charge in the semiconductor side
(Eq. 15) with respect to the semiconductor surface potential,

C =d_Q£ - gs 1_exp(_ﬂws)+(npo/ppo)[exp(ﬂl//s)_1]
D_dl/ls "/ELD F(ﬂl//s’ npo/ppo) .

This capacitance can be visualized as the slope in Fig. 5. Combination of Eqs. 18-22
gives the complete description of the ideal low-frequency C-¥ curve as shown in
Fig. 7 curve (a).

In describing this low-frequency curve we begin at the left side (negative voltage
and y,), where we have an accumulation of holes and therefore a high differential
capacitance of the semiconductor. As a result the total capacitance is close to the insu-
lator capacitance. As the negative voltage is reduced to zero, we have the flat-band
condition, that is, y;, = 0. Since the function F approaches zero, C, has to be obtained
from Eq. 22 by expanding the exponential terms into series, and we obtain

(22)

Cp(flat-band) = < . (23)
Lp
The total capacitance at flat-band condition is given by Egs. 21 and 23,
EE, &&,
Crp(y,=0) = = — (24)

&d+&lp  gd+ g, [kTe/N g

where ¢ and ¢, are the permittivities of the insulator and the semiconductor respec-
tively, and L, is the extrinsic Debye length given by Eq. 11.

It can be shown that under depletion and weak inversion conditions, i.e.
2y, > y, > kTq, the function F (Eq. 12) can be simplified to

F~ By, 2y, > ¥, > kT/g). (25)
With this, the space-charge density (Eq. 15) can be reduced to
Qs = '\ngsqppa '//s = qWDNA (2 l//Bp> l//s>kT/q) (26)
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Fig. 7 MIS C-V curves. Voltage is applied to the metal relative to the p-semiconductor. (a)
Low frequency. (b) Intermediate frequency. (c) High frequency. (d) High frequency with fast
sweep (deep depletion). Flat-band voltage of 7= 0 is assumed.

which is the familiar depletion approximation. From Eqgs. 18, 19, and 26, we can
express the depletion width as a function of the terminal voltages. The quadratic
equation gives a solution of

Wy = /8—3+23SV-i. @7
ng qND Cox

Once W, is known, Cp, and y, are deduced. The depletion capacitance (Eq. 22) can
be estimated by

gs [ gS
Cp = /2_‘1511_ A Qyy,> v,>kTlg). (28)

With further increase in positive voltage, the depletion region widens which acts
as a dielectric at the semiconductor surface in series with the insulator, and the total
capacitance continues to decrease. The capacitance goes through a minimum and then
increases again as the inversion layer of electrons forms at the surface. The minimum
capacitance and the corresponding minimum voltage are designated C,;,, and ¥V,
respectively (Fig. 7). Since C; is fixed, C;, can be found by the minimum value of
Cp. The value of y, corresponding to the minimum Cj, can be obtained by differenti-
ation of Eq. 22 and setting it to zero, resulting in a transcendental equation®
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sinh (By, - fy) - sinh(-Byp)

A}NA/niF(ﬂ‘//sﬂ npo/ppo)
With a known y,, C,;, and V_;, can be determined from Eqs. 18-22.

Note that the increase of the capacitance depends on the ability of the electron
concentration to follow the applied ac signal. This only happens at low frequencies
where the recombination-generation rates of minority carriers (in our example, elec-
trons) can keep up with the small-signal variation and lead to charge exchange with
the inversion layer in step with the measurement signal. Unlike depletion and weak
inversion, at strong inversion the incremental charge is no longer at the edge of the
depletion region but at the semiconductor surface inversion layer, resulting in a large
capacitance. The placement of the incremental charge at the semiconductor side is
depicted in Fig. 8 for the different cases of low frequency, high frequency, and deep
depletion. Experimentally, it is found that for the metal-Si0O,-Si system the range in
which the capacitance is most frequency-dependent is between 5 Hz and 1 kHz.!112
This is related to the carrier lifetime and thermal generation rate in the silicon sub-
strate. As a consequence, MOS curves measured at higher frequencies do not show
the increase of capacitance in strong inversion, Fig. 7 curve (c).

(29)

cosh(By, - ) =

High-Frequency Capacitance. The high-frequency curve can be obtained using an
approach analogous to a one-sided abrupt p-» junction.!3:14 When the semiconductor
surface is depleted, the ionized acceptors in the depletion region are given by
—gN, Wy, where W), is the depletion width. Integrating the Poisson equation yields
the potential distribution in the depletion region:

4 p(x) b p(x) 4 plx)

wd' H’w’ ] H’;fm

m

e = e

] T — Ty ' r
INA d x JNA d & LA'A d *

(@) (b) (c)

Fig. 8 In strong inversion, capacitance is a function of the small-signal frequency and the quiescent
sweep rate. The incremental displacement charge (black area) is shown in cases of (a) low frequency,
(b) high frequency, and (c) high frequency with a fast sweep rate (deep depletion, W, > Wp,).
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¥ \2
v = w1-2 (30)
where the surface potential y, is given by
= qNA W% . (3 1)
2¢,

When the applied voltage increases, i, and W, increase. Eventually, strong inversion
will occur. As shown in Fig. 5, strong inversion begins at y; ~ 2. Once strong
inversion occurs, the depletion-layer width reaches a maximum. When the bands are
bent down far enough that y, = 2y, the semiconductor is effectively shielded from
further penetration of the electric field by the inversion layer and even a very small
increase in band bending (corresponding to a very small increase in the depletion-
layer width) results in a very large increase in the charge density within the inversion
layer. Accordingly, the maximum width W, of the depletion region under steady-
state condition can be obtained from Eq. 16,

W, ~ A/Z & y,(strong inv) N J4ESkT1n(NA/ni) .

" qN, a’N,
The relationship between W), and the impurity concentration is shown in Fig. 9 for
Si and GaAs, where N is equal to N, for p-type and N, for n-type semiconductors.

This phenomena of maximum depletion width is unique to the MIS structure, and it
does not occur in p-n junctions or Schottky barriers.

(32

10
™~
N
NN
1.0 el
g J
2 NUTHI GaAs
g NN
Q
Y N
Si \\\::\
0.1 B
S
0.01
1014 1015 1016 1017 1018

Doping concentration N (cm ™)

Fig. 9 Maximum depletion-layer width versus impurity concentration of semiconductors Si
and GaAs under a heavy-inversion condition.
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Another quantity of interest is the so-called turn-on voltage or threshold voltage,
V5, at which strong inversion occurs. From Eq. 18 and with proper substitutions, we
obtain

124

C. + Zy/Bp

[2e.gN ,(2
5‘]5( WBE)"‘Z'//B (33)

H

Vr

Note that even though the slow-varying quiescent voltage puts the additional charge
at the surface inversion layer, the high-frequency small signal is too fast for the
minority carriers and the incremental charge is put at the edge of the depletion region,
as shown in Fig. 8b. The depletion capacitance is simply given by &,/Wp,, with a
minimum value corresponding to the maximum depletion width W},
, £:&,
Coin = edr e, (34)

Complete ideal C-V curves of the metal-Si0,-Si system have been computed for
various oxide thicknesses and semiconductor doping densities.!> Figure 10a shows
typical ideal C-V curves for p-type silicon. Note that as the oxide film becomes
thinner, larger variation of the capacitance is obtained. Also the curves are sharper,
reducing the threshold voltage V. Figure 10b shows the dependence of i, on the
applied voltage for the same systems. Similarly, modulation of i, is more effective
with thinner oxides.

The critical parameters Cpp, Crins Crin » Vp and V., are calculated and plotted in
Fig. 11. These ideal MIS curves will be used in subsequent sections to compare with
experimental results and to understand practical MIS systems. The conversion to
n-type silicon is achieved simply by changing the sign of the voltage axes. Converting
to other insulators requires scaling the oxide thickness with the ratio of the permittiv-
ities of SiO, and the other insulator

£(510,)
de = digl-(insulator) (33)
where d._ is the equivalent SiO, thickness to be used in these curves, d; and &; are the
thickness and permittivity of the new insulator. For other semiconductors, the MIS
curves similar to those in Fig. 10 can be constructed by using Egs. 24 through 33.

At high frequency and with a fast sweeping ramp in the direction toward strong
inversion, the semiconductor does not have enough time to come to equilibrium even
with the large-signal variation. Deep depletion is said to occur when the depletion
width is wider than the maximum value at equilibrium. This is the condition which
CCDs are operated under when they are driven with large bias pulses, to be discussed
in Section 13.6. The depletion width and the incremental charge are shown in Fig. 8¢
for comparison. Figure 7 curve (d) shows that the capacitance will keep on decreasing
with bias, which is similar to a p-» junction or Schottky barrier. At even higher volt-
ages, impact ionization can occur in the semiconductor, to be discussed later in con-
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Fig. 10 (a) Ideal MOS C-V curves for various oxide thickness. Solid lines for low frequen-
cies. Dashed lines for high frequencies. (b) Surface potential y; vs. applied voltage. (After
Ref. 15.)

nection with the avalanche effect. Under light illumination (see Section 4.3.5),
however, extra minority carriers can be generated quickly and curve (d) will collapse
to curve (c).
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4.3 SILICON MOS CAPACITOR

Of all the MIS capacitors, the metal-oxide-silicon (MOS) capacitor is by far the most
practical and important, and is used as an example here. An appealing picture of the
interface is the chemical composition of the interfacial regions as a consequence of
thermal oxidation.” It consists of a single-crystal silicon followed by a monolayer of
Si0,, that is, incompletely oxidized silicon, then a thin strained region of SiO,, and
the remainder stoichiometric, strain-free, amorphous SiO,. (The compound SiO, is
stoichiometric when x =2 and nonstoichiometric when 2 > x > 1). For a practical
MOS capacitor, interface traps and oxide charges exist that will, in one way or
another, affect the ideal MOS characteristics.

The basic classifications of these traps and charges are shown in Fig. 12: (1) Inter-
face traps of density D, and trapped charges Q,,, which are located at the Si-Si0O,
interface with energy states within the silicon forbidden bandgap and which can
exchange charges with silicon in a short time; Q,, is also determined by the occupancy
or the Fermi level so its amount is bias dependent. Interface traps can possibly be pro-
duced by excess silicon (trivalent silicon), broken Si-H bonds, excess oxygen and
impurities. (2) Fixed oxide charges 5, which are located at or near the interface and
are immobile under an applied electric field. (3) Oxide trapped charges Q,,, which can
be created, for example, by X-ray radiation or hot-electron injection; these traps are
distributed inside the oxide layer. (4) Mobile ionic charges (,,, such as sodium ions,
which are mobile within the oxide under bias-temperature stress conditions.

4.3.1 Interface Traps

Tamm,!” Shockley,!® and others? have studied the charge Q,, in interface traps (histor-
ically also called interface states, fast states, or surface states) and have shown that 0,
exists within the forbidden gap due to the interruption of the periodic lattice structure

'

o
‘ﬂ[obile ionic charge (Q,,)
Oxide trapped charge (Q,,) Si0,

Fixed oxide charge (Q)
+ + + + +

+ o+ o+ o+ o+ o+ T+ SiO

Interface-trapped charge (Q,)

/\/\/\

Fig. 12 Terminology for charges associated with thermally oxidized silicon. (After Ref. 16.)
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at the surface of a crystal. Shockley and Pearson experimentally found the existence
of Q,, in their surface conductance measurement.'® Measurements on clean surfaces?’
in an ultra-high-vacuum system confirm that Q,, can be very high—on the order of the
density of surface atoms (~ 105 atoms/cm?). For the present MOS capacitors having
thermally grown SiO, on Si, most of the interface-trapped charge can be neutralized
by low-temperature (450°C) hydrogen annealing. The total surface traps can be as
low as 1019 em2, which amounts to about one interface trap per 10° surface atoms.

Similar to bulk impurities, an interface trap is considered a donor if it is neutral
and can become positively charged by donating (giving up) an electron. An acceptor
interface trap is neutral and becomes negatively charged by accepting an electron.
The distribution functions (occupancy) for the interface traps are similar to those for
the bulk impurity levels as discussed in Chapter 1:

1
F(E)=|1-
5ol [ 1+ (l/gD)exp[(E,—EF)/m}
- 1
1 +gpexp[(Eg—E)/(kT)] (36a)
for donor interface traps and
1
FSA(Et) = (36b)

1 +g,exp[(E, - Ep)/kT)

for acceptor interface traps, where £, is the energy of the interface trap, and the
ground-state degeneracy is 2 for donor (gp,) and 4 for acceptor (g,). Presumably every
interface has both kinds of traps. A convenient notation is to interpret the sum of these
by an equivalent D,, distribution, with an energy level called neutral level E; above
which the states are of acceptor type, and below which are of donor type, as shown in
Fig. 13. To calculate the trapped charge, it can also be assumed that at room temper-

£ Ec — E¢ J S— P

T Acceptor states -: T Acceptor

— (Neutral when empty, 1 - states

—+ — charge when full) + 4 e

T i - =k

- ——  Donor states 4 I

T 1= (Neutral when full, ————E, Donor

- —+ + charge when empty) I states
E, Lk, m— g,

Fig. 13 Any interface-trap system consisting of both acceptor states and donor states can be
interpreted by an equivalent distribution with a neutral level £ above which the states are of
acceptor type and below which of donor type. When E. is above (below) E|, net charge is

= ().
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ature, the occupancy takes on the value of 0 and 1 above and below £ With these
assumptions, the interface-trapped charge can now be easily calculated by:

Ep
0, =- qJ D, dE E above E,
)
EO
=+ qJ D, dE Ep below E,. (37
EF

The foregoing charges are the effective net charges per unit area (i.e., C/cm?).
Because interface-trap levels are distributed across the energy bandgap, they are char-
acterized by an interface-trap density distribution:

_ 199

it = q dE

This is the concept used to determine D,, experimentally—from the change of Q;, in

response to the change of E or surface potential i,. On the other hand, Eq. 38 cannot

distinguish whether the interface traps are of donor type or acceptor type but only
determine the magnitude of D,,.

When a voltage is applied, the Fermi level moves up or down with respect to the
interface-trap levels and a change of charge in the interface traps occurs. This change
of charge affects the MIS capacitance and alters the ideal MIS curve. The basic equiv-
alent circuit?! incorporating the interface-trap effect is shown in Fig. 14a. In the
figure, C; and C, are the insulator capacitance and the semiconductor depletion-layer
capacitance, respectively. C;, and R;, are the capacitance and resistance associated
with the interface traps and, thus, are also functions of energy. The product C,,R;, is
defined as the interface-trap lifetime 7, which determines the frequency behavior of
the interface traps. The parallel branch of the equivalent circuit in Fig. 14a can be
converted into a frequency-dependent capacitance C, in parallel with a frequency-
dependent conductance G, as shown in Fig. 14b, where

Number of traps/cm?2-eV . (38)

Tl G Tl o} I

I
H
O
Q

MV
il
I

$
o
]
]

Cp

@ (b) © @)

Fig. 14 (a)~(b) Equivalent circuits including interface-trap effects, C;,and R;.. (After Ref. 21.)
(¢) Low-frequency limit. (d) High-frequency limit.
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C.
C =Cp+—L 39
L P (39)
and
gE _ Citwrit (40)

o 1+a?d

Also of particular interest are the equivalent circuits in the low-frequency and
high-frequency limits, included in Fig. 14. In the low-frequency limit, R,, is set to zero
and Cp, is in parallel to C,,. In the high-frequency limit, the C,-R;, branch is ignored or
open. Physically it means that the traps are not fast enough to respond to the fast
signal. The total terminal capacitance for these two cases (low-frequency C; and
high-frequency Cj;p) are;

C(Cp+C,)

C,p= =B it 41

T C+Cpt Cy e
c,C

Cyp = ——2. 42

These equations and equivalent circuits will be useful in the measurement of interface
traps, to be discussed next.

4.3.2 Measurement of Interface Traps

Either capacitance measurement or conductance measurement can be used to eval-
uvate the interface-trap density, because both the input conductance and the input
capacitance of the equivalent circuit contain similar information about the interface
traps. It will be shown that the conductance technique can give more accurate results,
especially for MOS capacitors with relatively low interface-trap density
(=109 cm~2-¢V-1). The capacitance measurement, however, can give rapid evalua-
tion of flat-band shift and the total interface-trapped charge.

Figure 15a shows qualitatively the high-frequency and low-frequency C-¥ char-
acteristics with and without interface traps. A very noticeable effect of the interface
traps is that the curves are stretched out in the voltage direction. This is due to the fact
that extra charge has to fill the traps, so it takes more total charge or applied voltage
to accomplish the same surface potential i, (or band bending). This is demonstrated
more clearly in Fig. 15b where , is plotted against the apply voltage directly, with
and without interface traps. As shown later, this - curve can be used to determine
D,,. Another point to be noted is the gap in capacitance between the low-frequency
and high-frequency curves, before the point of ¥/ ; near strong inversion. This differ-
ence is proportional to D,,.

One other helpful point is that interface traps affect the total capacitance in two
ways. A direct impact is through the extra circuit elements C;, and R;. A second
impact is indirectly on Cp,. For a fixed bias, since some charge will be needed to fill
the interface traps, the remaining charge to be put in the depletion layer is reduced and
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Fig. 15 (a) Influence of interface traps on high-frequency and low-frequency C-V curves. (b)
The stretch out of C-¥ curves is due to a less effective modulation of surface potential y, by
the applied voltage V. Example is on p-type semiconductor.

this will reduce the surface potential y, or band bending. But since the relationship
between Cj, and y, is fixed (Eq. 22 or 28), changing w, means changing Cp, also. This
explains that for the high-frequency limit, even though the equivalent circuit of
Fig. 14d does not contain the C,, element, the high-frequency C-¥ curve in Fig. 15a is
still affected by interface traps, through C,

Observing the four curves in Fig. 15a will help to understand the different capac-
itance methods in determining D,,. There are basically three methods; (1) low-fre-
quency capacitance—to compare the measured low-frequency curve with theoretical
ideal curve; (2) high-frequency capacitance—to compare the measured high-fre-
quency curve with theoretical ideal curve; and (3) high-low—frequency capaci-
tance—to compare the measured low-frequency to high-frequency curves.

Before we discuss each of these capacitance methods, we first derive some useful
terms that are valid for all. First the relationship between C;, and D,, is derived as fol-
lows. Since dQ,, = gD, dE, and dE = gdy,, we obtain
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do,,
dy;
= q2D,,. (43)

Next we will derive the stretch out of the /- curve in relationship to interface traps.
Using the low-frequency equivalent circuits of Fig. 14c, the applied voltage is parti-
tioned between the oxide layer and the semiconductor layer (Eq. 18). The portion of
the voltage across the semiconductor y; is simply given by the voltage divider of the
capacitor network, i.e.,

it

dy, C;

=i (44)
av  C,+(Cp+C;)
Substitution of Eq. 43 into Eq. 44 gives
¢ d'//s) - Cp
D, = ;[(dV _1}_?. (45)

From this equation, D;, can be calculated if the -V relationship (Fig. 15b) can be
obtained from the capacitance measurement.

High-Frequency Capacitance Method. Terman’ was the first who developed the
high-frequency method. This method, as shown in the equivalent circuit of Fig. 14d,
has the advantage that it does not contain the circuit element of C;,.. The measured
Cyp as given by Eq. 42, can give Cj, directly. Once Cp, is known, i, can be calculated
from theory and the -V relationship is obtained. Equation 45 is then used to deter-
mine D,

Low-Frequency Capacitance Method. Berglund?? was the first to use integration
of low-frequency capacitance to obtain the y,-} relationship, which then is used for
obtaining D, from Eq. 45. Starting from Eq. 44 which is based on the low-frequency
equivalent circuit of Fig. 14c,

dy;, - Ci _1_ Cp+Cy
v  C,+Cp+C, C,+Cp+C,
T
c, (46)
Integrating Eq. 46 over two applied voltages yields
v, C
v.(Vy) - w,(V)) = f ( - —Céf—”)dw constant . (47)

Vl
Equation 47 indicates that the surface potential at any applied voltage can be deter-
mined by integrating the value of (1- C,/C}). The integrand constant can be the
starting point at accumulation or strong inversion where y, is known and it has weak
dependence on the applied voltage. Once y, is known, Cj, can be calculated from
Eq. 45, provided that the doping profile is known. One disadvantage of the low-fre-
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quency capacitance method is the measurement difficulty in the presence of increased
dc leakage for thinner oxides.

High-Low—Frequency Capacitance Method. This method combining both high-
frequency and low-frequency capacitance was developed by Castagne and Vapaille.?
The advantage of this method is that no theoretical calculation is needed for compar-
ison, and such calculation for a nonuniform doping profile is complicated, if the
profile is known at all. Starting with the equations for low-frequency and high-fre-
quency limits (Eqgs. 41 and 42), we can express

_ __1___1_)‘1 _(L_L)“
(CLF ¢/ \Cp T/ “%)
Defining the capacitance gap as AC = C; - Cy and using the relationship
D,, = C,/q?, we obtain the trap density directly

b= Aloetee ) -G )
e qZ[ AC/C,+ CyylC, \Cyu/C, }

AC Cyp+AC\! Cyp\~!
?(1-——0 ) (1-2&) (49)

for each bias point. As shown in this equation, the trap density, on the first order, is
proportional to the capacitance gap AC. If the energy spectrum of D,, is to be deter-
mined, either the low-frequency capacitance integration approach or the high-fre-
quency method can be applied to determine y,.

Conductance Method. Nicollian and Goetzberger give a detailed and comprehen-
sive discussion of the conductance method.?* Difficulty arises in the capacitance
methods because the interface-trap capacitance must be extracted from the measured
capacitance which consists of oxide capacitance, depletion-layer capacitance, and
interface-trap capacitance. As previously mentioned, both the capacitance and con-
ductance as functions of voltage and frequency contain identical information about
interface traps. Greater inaccuracies arise in extracting this information from the mea-
sured capacitance because the difference between two capacitances must be calcu-
lated. This difficulty does not apply to the measured conductance which is directly
related to the interface traps. Thus conductance measurements yield more accurate
and reliable results, particularly when D, is low as in the thermally oxidized SiO,-Si
system. Figure 16 shows the measured capacitance and conductance at 5 and
100 kHz. The largest capacitance spread is only 14% while the magnitude of the con-
ductance peak varies by over one order of magnitude in this frequency range.

The simplified equivalent circuit in Fig. 14b illustrates the principle of the MIS
conductance technique. The impedance of the MIS capacitor is measured by a bridge
across the capacitor terminals. The insulator capacitance C, is also measured in the
region of strong accumulation. The reactance of the insulator capacitance is sub-
tracted from this impedance and the resulting impedance converted into an admit-
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Fig. 16 Comparison of MIS capacitance and conductance measurement at two frequencies,

showing that conductance is much more sensitive to frequency than to capacitance. (After
Ref. 24.)

tance. This leaves Cj, in parallel with the series R,,C, network of the interface traps
(Fig. 14b). The equivalent parallel conductance G, divided by @ is given by Eq. 40
which does not contain Cj, and depends only on the interface-trap branch of the
equivalent circuit. An expression to convert the measured admittance to the conduc-
tance of the interface-trap branch is given by

G, _ oCiG,, _ Cyor, (50)

o GL+a¥C;-C,)? 1+a&?7
where the last term is a repeat of Eq. 40. At a given bias, G,/w can be measured as a
function of frequency. A plot of G,/ versus @ goes through a maximum when
o1, =1, and gives 7, directly. The value of G,/ at the maximum is C,/2. Thus, the
equivalent paralle! conductance corrected for C; gives C;, and 7, (= R,,C;,) directly
from the measured conductance. Once C,, is known, the interface-trap density is
obtained by using the relation D, = C,,/q>.

Typical results in a Si-SiO, system?> show that near the midgap D,, is relatively
constant, but it increases toward the conduction- and valence-band edges. Orientation
dependence is particularly important. In (100) orientation D,, is about an order of
magnitude smaller than that in (111). This result has been correlated with the avail-
able bonds per unit area on the silicon surface.?6:27 Table 1 shows the properties of
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Table 1 Properties of Silicon Crystal Planes

Orientation Planearea Atomsin Available Atoms/cm?  Available

of unit cell cell area  bonds in bonds/cm?

cell area
(111) J3a22 2 3 7.85x1014  11.8x10
(110} J2a? 4 4 9.6x101 9.6x10'4
(100 a? 2 2 6.8x104 6.8x10!4

silicon crystal planes oriented along (111), (110), and (100) directions. It is apparent
that the (111) surface has the largest number of available bonds per area, and the (100)
surface has the smallest. One would also expect that the (100) surface has the lowest
oxidation rate which is advantageous for thin oxides. If we assume that the origin of
interface traps is due to excess silicon in the oxide, then the lower the oxidation rate
the smaller the amount of the excess silicon; thus the (100) surface should have the
smallest interface-trap density. Therefore, all modern silicon MOSFETs are fabri-
cated on (100)-oriented substrates.

Interface traps in the Si-SiO, system comprise of many levels. These are so
closely spaced in energy that they cannot be distinguished as separate levels and actu-
ally appear as a continuum over the bandgap of the semiconductor. The equivalent
circuit for an MIS capacitor with a single-level time constant (Fig. 14a) should, there-
fore, be interpreted as for a certain bias or trap level.

Figure 17 shows the variation of the time constant z;, versus surface potential (or
trap level) for MOS capacitors with steam-grown oxides on (100) silicon substrates,
where y;, is the average surface potential (to be discussed later). These curves can be
fitted by the following expressions:

! 9(¥z,— V)
= - for p-t 51
T Dapniem[ T ] or p-type (51a)
L] [_ q(l//gn+?/s)} for n-type (51b)
" bo,n, kT

where 0, and o, are the capture cross sections of holes and electrons respectively, and
D is the average thermal velocity. These results indicate that the capture cross section
is independent of energy. The capture cross sections obtained?* from Fig. 17 are o,=
4.3x107'6 cm? and o, = 8.1x107'6 cm?, where the value of 0 = 107 cm/s has been
used. For (111)-oriented silicon the variation of time constant versus surface potential
is similar to that of (100) and the measured capture cross sections are smaller with
0, =2.2x1071% cm? and 0, = 5.9x107'¢ cm?.

We must also consider the statistical fluctuation of surface potential due to surface
charges which include the fixed oxide charges Q,and the interface-trapped charges
Q,. From Eq. 51b, a small fluctuation in y, causes a large fluctuation in 7.
Assuming that surface charges are randomly distributed in the plane of the interface,
the electric field at the semiconductor surface will fluctuate over the plane of the
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Fig. 17 Variation of trap time constant z;, vs. energy. T =300 K. (After Ref. 24.)

interface. Figure 18 shows calculated values of G,/ as a function of frequency for a
Si-Si0, MOS capacitor biased in depletion and weak inversion, including the effect
of time-constant dispersion resulting from the interface-trap continuum and the statis-
tical (Poisson) distribution of surface charges (Q;, + Q). Experimental results are also

35 18
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Fig. 18 G,/w vs. frequency for a Si-8i0, MOS capacitor biased in depletion region (broad
curve) and weak-inversion region (narrow curve). Circles are experimental results. Lines are
theoretical calculations. (After Ref. 24.)
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shown (open and solid circles); their excellent agreement with the statistical results
indicates the importance of the statistical model.

The impact of charge or potential fluctuation is also implicated in Fig. 18. In
depletion, the potential fluctuation broadens the frequency range but the peak fre-
quency is unaffected, which is the most-important parameter to be extracted. On the
other hand, in weak inversion, potential fluctuation has a more profound effect. This
is because potential fluctuation will cause some local regions to be in depletion and
conductance in those regions dominates disproportionally. So even though the G, /&
curve is not broadened and can be characterized by a single time constant, its value is
shifted by an amount depending on the statistical nature of the charge fluctuation. To
circumvent this problem, both »- and p-type devices can be used in the depletion-
region measurement only to get the trap spectrum over the two halves of the bandgap.

4.3.3 Oxide Charges and Work-Function Difference

Oxide charges, other than that of the interface traps, include the fixed oxide charge
Q;, the mobile ionic charge 0, and the oxide trapped charge ,,, as shown in
Fig. 12. These will be discussed in sequence. In general, unlike interface-trapped
charges, these oxide charges are independent of bias, so they cause a parallel shift in
the gate-bias direction, as indicated in Fig. 19a. The flat-band voltage shift due to any
oxide charge is given by Gauss’ law;

11
AV = - a[af xp(x)dx:| (52)
0

where o(x) is the charge density per unit volume. The effect on the voltage shift is
weighted according to the location of the charge, i.e., the closer to the oxide-semicon-
ductor interface, the more shift it will cause. Qualitatively the influence of positive
oxide charges can be explained in Figs. 19b—d. Positive charge is equivalent to an
added positive gate bias for the semiconductor so it requires a more negative gate bias
to achieve the same original semiconductor band bending. Notice that in the new flat-
band condition (Fig. 19d), the oxide field is no longer zero.

The fixed oxide charge O has the following properties: It is located very close to
the Si-SiO, interface;? it is generally positive; its density is not greatly affected by the
oxide thickness or by the type or concentration of impurities in the silicon, but it
depends on oxidation and annealing conditions, and on silicon surface orientation. It
has been suggested that excess silicon (trivalent silicon) or the loss of an electron
from excess oxygen centers (nonbridging oxygen) near the Si-SiO, interface is the
origin of fixed oxide charge. In electrical measurements, (), can be regarded as a
charge sheet located at the Si-SiO, interface,

A@=_%. (53)

I

Mobile ionic charges can move back and forth through the oxide layer, depending
on biasing conditions, and thus give rise to voltage shifts. The shift usually is
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Fig. 19 (a) High-frequency C-¥ curve (on p-semiconductor), shifted along the voltage axis
due to positive oxide charges. (b) Band diagram at flat band, original. (c) With positive oxide
charges and (d) new flat-band bias.

enhanced at elevated temperature. In severe cases, hysteresis can be seen when the
gate voltage is swept in opposite polarities. It was first demonstrated by Snow et al.28
that alkali ions, such as sodium, in thermally grown SiO, films are mainly responsible
for the instability of the oxide-passivated devices. Reliability problems in semicon-
ductor devices operated at high temperatures and voltages may be related to trace
contamination by alkali metal ions. The voltage shift is given by Eq. 52 and is repre-
sented by

AV, = - == (54)

where Q,, is the effective net charge of mobile ions per unit area at the Si-SiO, inter-
face and the actual mobile ions p(x) is used.

To prevent mobile ionic charge contamination of the oxide during device life, one
can protect it with a film impervious to mobile ions such as amorphous or small-crys-
tallite silicon nitride. For amorphous Si;N,, there is very little sodium penetration.
Other sodium barrier layers include Al,O; and phosphosilicate glass.

Oxide trapped charge is associated with defects in SiO,. The oxide traps are
usually initially neutral and are charged by introducing electrons and holes into the
oxide layer. This can occur from any current passing through the oxide layer (to be
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discussed in next section), hot-carrier injection, or by photon excitation. The shift due
to the oxide trapped charge is again given by Eq. 52,

av, = - Zu (55)

I

where Q,, is the effective net charge per unit area at the Si-SiO, interface.
The total voltage shift due to all the oxide charges is the sum

_Q +Qm+Qot
C; )

i

AV = AV + AV, + AV, = (56)
Work-Function Difference. For the preceding discussions on ideal MIS capacitor,
it has been assumed that the work-function difference for a p-type semiconductor
(Fig. 2b)

bns= b= (2554 vi,) (57)

is zero. If the value of ¢,,; is not zero, the experimental C-V curve will be shifted from
the theoretical curve by the same amount in gate bias, as indicated in Fig. 20. This
shift is in addition to the oxide charges, so the net flat-band voltage becomes

Q +Qm+Qot
C; '

H

VFB = ¢ms - (5 8)

Figure 21 demonstrates the correlation of flat-band voltage with metal work func-
tion determined by different means. The energy band for the Si-SiO, interface has
been obtained from electron photoemission measurements;® SiO, bandgap is found
to be about 9 €V, and the electron affinity (q%,;) is 0.9 eV. From photoresponse versus
photon energy on various metals,?® the intercept on the /v axis corresponds to the
metal-SiO, barrier energy g @5. The metal work function is given by the sum of ¢ and
7, (refer to Fig. 2). The metal work functions as obtained from the photoresponse and
the capacitance curves are in excellent agreement.

= EETCESSr O R TR A EEEEECE
E E, E,

Oxide Oxide Oxide

(@ (b) ©)

Fig. 20 (a) Band diagram at flat band, ¢,,, = 0. (b) With a lower gate work function, zero bias,
and (¢) new flat-band bias.
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Fig. 21 Correlation of (a) flat-band voltage from capacitance measurement and (b) barrier
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In modern integrated-circuit processing, heavily doped polysilicon has been used
to replace Al as the gate electrode. For an #n*-polysilicon gate, the Fermi level essen-
tially coincides with the bottom of the conduction band E and the effective work
function ¢,, is equal to the Si electron affinity (yg; = 4.05 V). For a p*-polysilicon
gate, the Fermi level coincides with the top of the valence band E, and the effective
work function ¢, is equal to the sum of yg; and E /g (5.17 V). This is one of the
advantages of using poly-Si gates in MOSFETs since the same material can give dif-
ferent work functions by doping. Figure 22 shows the work-function difference as a
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Fig. 22 Work-function difference ¢, vs. doping, for gate electrodes of degenerate polysilicon
and Al on p- and »-Si.
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function of Si doping concentration for Al, Au, p*-, and n*-polysilicon gates. By an
appropriate choice of gate electrode, both #- and p-type silicon surfaces can be varied
from accumulation to inversion.

4.3.4 Carrier Transport

In an ideal MIS capacitor the conductance of the insulating film is assumed to be zero.
Real insulators, however, show some degree of carrier conduction when the electric
field or temperature is sufficiently high. To estimate the electric field in an insulator
under biasing conditions, we obtain

%= (2)=2 (59)

where &; and &_ are the electric fields in the insulator and the semiconductor respec-
tively, and ¢ and &, are the corresponding permittivities. The equation also assumes
negligible oxide charges and that the flat-band voltage and the semiconductor band
bending i, are small compared to the applied voltage. Table 2 summarizes the basic
conduction processes in insulators. It also emphasizes the voltage and temperature
dependence of each process that are used often to identify the exact conduction mech-
anism experimentally.

Tunneling is the most-common conduction mechanism through insulators under
high fields. The tunnel emission is a result of quantum mechanics by which the elec-

Table 2 Basic Conduction Processes in Insulators

Process Expression Voltage & temperature
dependence
4.2m*(q )" _
Tunneling Joc lexp [— %ﬁ?ﬂ)—:\ oc V’-exp(—lf)
- - .Jg%&./4re
Thermionic J = A**Pexp[ 9(fs = J9%, ﬁg’)} oc T2exp [-q—(aﬁ— ¢B)}
emission kT kT
- — Jg¥&.lrxe.
Frenkel-Poole Jox &exp {q(%—q’—’i’)} o« Vexp [—q—(ZaJT/ - ¢B)}
emission kT kT
_AE _
Ohmic Jox %,-exp(k—T‘") = Vexp(%)
&, -AE,; —
Ionic conduction  J _7—"1 exp( kTm) o —TI{exp (—g’)
Oc¢.
Space-charge- J= g’ﬂ;ﬂ « V2
limited 8d

A" = effective Richardson constant. ¢y = barrier height. &, = electric field in insulator. & = insulator
permittivity. m* = effective mass. d = insulator thickens. AE,, = activation energy of electrons. AE ;=
activation energy of ions. V= &d. a= ,/q/475d . b, c, and d are constants.
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tron wave function can penetrate through a potential barrier (see Section 1.5.7). It has
the strongest dependence on the applied voltage but is essentially independent of the
temperature. According to Fig. 23 tunneling can be divided into direct tunneling and
Fowler-Nordheim tunneling where carriers tunnel through only a partial width of the
barrier.3!

The Schottky emission process is similar to the process discussed in Chapter 3,
where thermionic emission over the metal-insulator barrier or the insulator-semicon-
ductor barrier is responsible for carrier transport. In Table 2, the term subtracting
from ¢ is due to image-force lowering (see Section 3.2.4). A plot of In(J/T2) versus
I/T yields a straight line with a slope determined by the net barrier height.

The Frenkel-Poole emission,?233 shown in Fig. 23d, is due to emission of trapped
electrons into the conduction band. The supply of electrons from the traps is through
thermal excitation. For trap states with Coulomb potentials, the expression is similar
to that of the Schottky emission. The barrier height, however, is the depth of the trap
potential well. The barrier reduction is larger than in the case of Schottky emission by
a factor of 2, since the barrier lowering is twice as large due to the immobility of the
positive charge.

At low voltage and high temperature, current is carried by thermally excited elec-
trons hopping from one isolated state to the next. This mechanism yields an chmic
characteristic exponentially dependent on temperature.

The ionic conduction is similar to a diffusion process. Generally, the dc ionic con-
ductivity decreases during the time the electric field is applied because ions cannot be
readily injected into or extracted from the insulator. After an initial current flow, pos-
itive and negative space charges will build up near the metal-insulator and the semi-
conductor-insulator interfaces, causing a distortion of the potential distribution.
When the applied field is removed, large internal fields remain which cause some, but

q¢5 L_
998
Ba- %P B o]
v Ec Ec Ec Ec
| __ Er | __ Er L __ & | _ _ Er
Ey Ey Ey E,
Oxide Oxide Oxide Oxide
(@) (b) (© (d)

Fig. 23 Energy-band diagrams showing conduction mechanisms of (a) direct tunneling, (b)
Fowler-Nordheim tunneling, (c) thermionic emission, and (d) Frenkel-Poole emission.
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not all, ions to flow back toward their equilibrium position. Because of this, hysteresis
results in J-V traces.

The space-charge-limited current results from carriers injected into a lightly
doped semiconductor or an insulator, where no compensating charge is present. The
current for the unipolar trap-free case is proportional to the square of the applied
voltage. Notice that the mobility regime is relevant here (see Section 1.5.8) since
mobility is typically very low in insulators.

For ultra-thin insulators, tunneling increases such that the conduction approaches
that of the metal-semiconductor contact (see Section 3.3.6) where the barrier is mea-
sured at the semiconductor surface instead of the insulator and the thermionic-emis-
sion current is multiplied by a tunneling factor.

For a given insulator, each conduction process may dominate in certain tempera-
ture and voltage range. The processes are also not exactly independent of one another
and should be carefully examined. For example, for the large space-charge effect, the
tunneling characteristic is found to be very similar to the Schottky-type emission.3*
Figure 24 shows plots of current density versus I/T for three different insulators,
SizNy, Al,0O4, and SiO,. The conduction here can generally be divided into three tem-
perature range. At high temperatures (and high fields), the current J; is due to
Frenkel-Poole emission. At low temperatures, the conduction is tunneling limited (J)
which is temperature insensitive. One can also observe that the tunneling current
strongly depends on the barrier height, which is related to the energy gap of the insu-
lators, At intermediate temperatures, the current J; is ohmic in nature.

An example showing different conduction processes at different bias is shown in
Fig. 25. Note that the two curves of opposite polarities are virtually identical. The
slight difference (especially at low fields) is believed to be mainly due to the differ-
ence in barrier heights at the gold-nitride and nitride-silicon interfaces. In high elec-
tric fields the current varies exponentially with the square root of the field, a
characteristic of Frenkel-Poole emission. At low fields, the characteristic is ohmic. It
has been found that at room temperature for a given field, the characteristics of
current density versus field are essentially independent of the film thickness, elec-
trode materials, and polarity of the electrodes. These results strongly suggest that the
current is bulk-controlled rather than electrode-controlled as in Schottky-barrier
diodes.

4.3.5 Nonequilibrium and Avalanche

Going back to the capacitance curve-(d) of Fig. 7, we have a nonequilibrium condi-
tion such that the depletion width is larger than the maximum value W, at equilib-
rium. This condition is called deep depletion. As the bias is swept from depletion to
strong inversion, a large concentration of minority carriers is needed at the semicon-
ductor surface. This supply of minority carriers is limited by the thermal generation
rate. For a fast sweep rate, the thermal generation rate cannot keep up with the
demand and deep depletion occurs. This phenomenon can also be explained by the
charge placement shown in Fig. 8. The energy-band diagram for deep depletion is
shown in Fig. 26a. Equilibrium condition (Fig. 26b) can be restored by slowing or
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(@ (b) ©

Fig. 26 Energy-band diagrams for MOS capacitor in (a) deep depletion (nonequilibrium), (b)
equilibrium, and (c) deep depletion and avalanche injection of electrons into the oxide at
higher bias.

stopping the voltage ramp, by raising the temperature for larger thermal generation
rate, or by shining light to produce additional electron-hole pairs. When switched to
equilibrium, the field is redistributed, most of which is across the oxide layer.

If driven into deep depletion with a sufficiently large bias, avalanche multiplica-
tion and breakdown can occur in the semiconductor side (Fig. 26c¢), similar to that in
a p-n junction. The breakdown voltage is defined as the gate voltage that makes the
ionization integral equal to unity, when integrated along a path from the semicon-
ductor surface to the depletion-layer boundary. The avalanche breakdown voltage in
the MOS capacitor under the deep-depletion condition has been calculated based on
a two-dimensional model.3® The results are shown in Fig. 27 for different doping
levels and oxide thickness. It is interesting to compare these breakdown voltages to
those of p-r junctions in Fig. 16a of Chapter 2. Bear in mind that for similar fields
within the semiconductor, an MOS structure takes a higher bias because of the addi-
tional voltage taken up in the oxide layer. Several interesting features in Fig. 27
should be pointed out. First, the breakdown voltage V', as a function of doping level,
has a valley before it goes up again. The decrease of ¥, is the same trend as in a p-n
junction due to the increased field with doping. The rise after the minimum is because
at high doping levels, the higher field at the semiconductor surface at breakdown
induces a larger voltage across the oxide layer, leading to a higher terminal voltage.
Another point is that for lower impurity concentrations, the MOS breakdown is actu-
ally smaller than those of p-» junctions. This is due to the inclusion of the edge effect
in this study. Near the perimeter of the gate electrode, the field is higher due to the
two-dimensional effect which leads to a lower breakdown voltage.
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has been included. (After Ref. 38.)

Because of avalanche multiplication, reliability also becomes an issue due to the
injection of carriers,?® shown in Fig. 26¢. Carriers generated by avalanche multiplica-
tion in the surface depletion layer, electrons in this example, will have enough energy
to surmount the interfacial energy barrier and enter into the oxide layer. The energy
barrier for electron injection is 3.2 eV (i.e., g5 — g1, = 4.1 — 0.9), whereas for hole
injection (on n-type substrate) it is 4.7 eV {i.e., [E/(SiO,) + qx;] — [ELS]) + g1l }-
So electrons have a higher injection probability because of the lower energy barrier.
The passage of hot electrons into the oxide layer generally create fixed charge, bulk
and interface traps in the oxide.’

Hot-carrier or avalanche injection is closely related to many MOS device opera-
tions. For example, in a MOSFET, channel carriers can be accelerated by the source-
to-drain electric field to have sufficient energy to surmount the Si-SiO, interfacial
energy barrier. These effects are undesirable because they create a change in device
characteristics during operation. On the other hand, these phenomena can be utilized
in nonvolatile semiconductor memories (see Section 6.7).

Another source of hot carriers is ionization radiation such as X-ray* or y-ray.*!
Ionization radiation creates electron-hole pairs in the oxide by breaking Si-O bonds.
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The electric field applied across the oxide during radiation exposure drives the gener-
ated carriers in opposite directions. The electrons are considerably more mobile than
the holes as they rapidly drift toward the positive electrode where most flow out into
the external circuit; the holes drift much more slowly toward the negative electrode
and some become trapped. The trapped holes constitute the radiation-induced posi-
tive oxide charge often observed. These trapped holes may also be responsible for the
increased interface-trap density usually associated with ionizing radiation.’

Under optical illumination, the main effect on the MIS capacitance curves is that
the capacitance in the strong-inversion region approaches the low-frequency value as
the intensity of illumination is increased. Two basic mechanisms are responsible for
this effect. The first is the decrease in the time constant of minority-carrier generation
in the inversion layer.!? The second is the generation of electron-hole pairs by pho-
tons, which causes a decrease of the surface potential y, under constant applied
voltage. This decrease of i, results in a reduction of the depletion width with a corre-
sponding increase of the capacitance. The second mechanism is dominant when the
measurement frequency is high. Also under the condition of deep depletion caused by
a fast gate sweep [curve-(d) in Fig. 7], the extra electron-holes pairs can supply car-
riers for maintaining equilibrium and curve-(d) will collapse to curve-(c).

4.3.6 Accumulation- and Inversion-Layer Thickness

For an MIS capacitor, the maximum capacitance is equal to & /d which implies that
charges on both sides of the electrodes cling to the two interfaces of the insulator.
While such an assumption is valid on the metal-insulator interface, detailed examina-
tion on the insulator-semiconductor interface reveals that it can lead to considerable
error, especially for thin oxides. This is due to charges on the semiconductor side,
either accumulation or strong-inversion charges, have a distribution as a function of
distance from the interface. Effectively this would reduce the maximum capacitance
given by &/d. For the sake of simplicity, we will discuss accumulation in the fol-
lowing section, but the result could also be applied to the strong-inversion case.

Classical Model. The charge distribution is controlled by the Poisson equation.
Using Boltzmann statistics,

qY,
p(x) = Nyexp(- 2] (60)
(for accumulation y, is negative), the Poisson equation becomes
d? N
_‘/;.'Z =_Lx _q_Aexp(_q_'//E) 61)
dx & & kT

The solution of the above equation is*?

_ kT _ Y\ _x
w,(x) = - p ln(secz{cos l[exp(ﬁ)] L B (62)
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The total accumulation layer thickness where y, approaches zero is equal to
alp/ ﬁ which is in the order of a few tens of nm. However, most of the carriers are
confined very close to the surface. Figure 28 shows the potential and carrier distribu-
tions for two different biases. It shows that although the concentration peaks at the
surface, it spreads out with an effective distance of the order of a few nm. This spread
is also a function of the bias; higher bias forces the carriers to be closer to the inter-
face.

Quantum-Mechanical Model. In quantum mechanics, the wavefunction associated
with the carriers is near zero at the insulator-semiconductor interface because of the
high barrier of the insulator. As a consequence, the carrier concentration peaks at
some finite distance from the interface. This distance is approximately 10 A.
Figure 29 shows the results of the quantum-mechanical calculation. Macroscopically,
this effect can be interpreted as a degradation in oxide capacitance (or thicker oxide).
Ten A of Si is equivalent to 3 A of SiO,, taking into account the difference in dielec-
tric constant. This amount adds to the oxide thickness and lowers the capacitance.
Also shown in the figure is the classical calculation. The quantum effect is shown to
cause more pronounced degradation than the classical model. Another factor that
causes further reduction of the capacitance is the polysilicon gates widely used in
commercial technologies. Even if the polysilicon is degenerately doped, the deple-
tion-layer and accumulation-layer thicknesses are still finite.

4.3.7 Dielectric Breakdown

One common concern for an MOS device is reliability.**#* Under a large bias, some
current will conduct through the insulator, most commonly a tunneling current. These
energetic carriers cause defects in the bulk of the dielectric film. When these defects
reach a critical density level, catastrophic breakdown occurs. Microscopically, a per-

60 0 500 0
30 \ —0.02 400 ~0.04
40 \ ~1_0.04 e o8
~ 300 ~0.08 _
-
Z 30 ~006% §: \ / z
- > T 200 012>

20 /\< ~0.08 K
0 oo 100 4_\\ ~0.16

00 12345467289 10_0'12 00 123 435 6 789 10_0'20
x (nm) x (nm)
(a) (b)

Fig. 28 Classical calculation of potential and carrier profiles, with a surface potential y, of
(2) 4kT/q and (b) 6kT/q.
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Fig. 29 Quantum-mechanical calculation of capacitance reduction. Also shown are results
from classical model and those including depletion effect from polysilicon gate. (After
Ref. 43.)

colation theory is used to explain breakdown (Fig. 30). On the passage of energetic
carriers, defects are generated randomly. When defects are dense enough to form a
continuous chain connecting the gate to the semiconductor, a conduction path is
created and catastrophic breakdown occurs.

A measure to quantify reliability is time to breakdown, ¢, which is the total
stress time until breakdown occurs. An alternate quantity is called charge to break-
down g, which is the total charge (integrating the current) passed through the
device within #5,,. Obviously ¢, and g, are both function of applied bias. An
example for ¢, verses oxide field for different oxide thickness is shown in Fig. 31.
The plots of gy, would show similar shapes and trend. A few key points can be
noticed in this figure. First, 5, is a function of bias. Even for a small bias, eventually
the oxide will break down, taking a very long time. Conversely, a large field can be
sustained for a very short time without breaking down. To search for the breakdown

Metal
O ) o ® Dielectric
Rloe~ ©
\ Y ¥
Defects Breakdown Semiconductor

path

Fig. 30 Percolation theory: breakdown occurs when random defects form a chain between the
gate and the semiconductor.
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Fig. 31 Time to breakdown #g, vs. oxide field, for different oxide thickness. (After Ref. 46.)

field quickly, typically a voltage ramp is applied until a large current is detected. For
a common measurement, the ramping rate is typically in the order of 1 V/s. The figure
shows that for this time frame, the breakdown field is around 10 MV/cm. As the
oxide thickness becomes thinner, the breakdown field increases, as indicated in
Fig. 31. More-recent results, however, show that this breakdown field would drop for
thicknesses below ~ 4 nm, due to an increase of tunneling current.*4
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PROBLEMS

1. For an ideal Si-SiO, MOS capacitor with d = 10 nm, N, = 5x10'7 cm=3, find the applied
voltage and the electric fields at the SiO,-Si interface required (a) to make the silicon
surface intrinsic, and (b) to bring about a strong inversion.

2, Plot the variation of the space charge density |Q| as a function of the surface potential i,
for an n-type silicon with N = 1016 cm™3 at 300 K. Refer to Fig. 5 (p. 203). On the plot,
mark the value of 2 /5, and the magnitude of Q, at the onset of strong inversion.

3. Derive the differential capacitance of the semiconductor depletion layer at the flat-band
condition. (Eq. 23).
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PROBLEMS 239

. Derive an expression for the approximated segment of an ideal MOS C-¥ curve in the

depletion case (i.e., 0 < V< Vrin Fig. 7, p. 206).
(Hint: The expression is either

c__1_ <

1
or —_—
G N+ C o1+

where y=2¢&?/gN,&,d? and V is the applied voltage on the metal plate.)

. Find the charge per unit area in the inversion region for an ideal MOS capacitor with

N,=10" cm, d=10nm, and V=177 V.

. For a metal-SiO,-Si capacitor having N, = 1016 cm and d = 8 nm, calculate the minimum

capacitance on the C-V curve under high-frequency condition.

. An ideal Si MOS capacitor has an oxide of 5 nm and a doping of N, = 10'7 ¢cm. Find the

width of the inversion region, when the surface potential is 10% larger than the potential
difference between the Fermi level and the intrinsic Fermi level.

. Plot the number of electrons per unit area in the inversion region (N,) of a silicon MOS

capacitor versus surface electric field (&,). The substrate doping is 10!7 ecm3. Use log-log
plot covering N, from 10° to 103 cm=2 and &, from 10° to 105 V/cm. Also write down the
value of N, for &, =2.5x10° V/em.

. An ideal silicon MOS (MO-p-7-p*) capacitor has an oxide thickness of 100 nm and a

special doping profile of p-7-p* where the top p-layer is 10'¢ cm= and 1.5 pm thick and
the z-layer is 3 um thick. Find the breakdown voltage of the structure under pulse condi-
tion.

Plot an ideal C-V curve for a Si-SiO, MOS capacitor at 300 K with N, = 5x10'5 cm3, d =
3 nm (specify C,, C,i,» Crg, and V7). If the metal work function is 4.5 eV, gy = 4.05 eV,
Qlq = 10" em2, Q,/q = 109 cm™2, Q,/q = 5x10'° cm2, and Q,, = 0, plot the corre-
sponding C-V curve (specify ¥y, and the new V7).

From the high-field portion in Fig. 25 (p. 230), evaluate the dielectric constant of the mate-
rial.

Assume that the oxide trapped charge Q,, in an oxide layer is a charge sheet with an area
density of 5x10'"' cm located at y = 5 nm from the metal-oxide interface. The thickness
of the oxide layer is 10 nm. Find the change in the flat-band voltage due to Q..

Derive Eqgs. 39 and 40. Find the maximum value of G/

Two MOS capacitors, both have 15 nm gate oxide. One has an n*-polysilicon gate and
p-type substrate, another has a p*-polysilicon gate and n-type substrate. If the threshold
voltage of these two capacitors are Vp, =|Vy,| =0.5 V,and 0,= 0, = 0,,= 0,, =0, find the
substrate dopings N, and N,

(a) Calculate the change in flat-band voltage corresponding to a uniform positive charge
distribution in the oxide. The total density of ions is 10!2 cm~2 and the oxide thickness
is 0.2 um.

(b) Calculate the change in ¥ for the same total density of ions and same oxide thickness
as in (a) except that the charge has a triangular distribution which is high near the metal
and zero near the silicon.
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16. The C-V curve of a Si MOS capacitor is shown in
the right figure. The shift is due entirely to the
fixed oxide charges at the SiO,-Si interface. It has
an nt-poly gate. Find the number of fixed oxide : - , 2x107 F/em?
charges. -3 -2 -1 0 1 V()

—1x10"7 F/cm?

N

17. Based on the plot for weak inversion region on p. 222 (Fig. 18), find the resistance associ-
ated with the interface traps.

18. An MOS capacitor has an oxide of 10 nm and a substrate doping of N, = 1016 cm3. The
capacitor has a positive gate bias of 2 V and a surface potential of 0.91 V. When the capac-
itor is illuminated, an additional charge sheet of 1012 electrons/cm? is formed at the
SiO,-Si interface. Calculate the percentage change of the high-frequency capacitance, i.e.,

C(under illumination) 1
C(no illumination) '
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MOSFETs

6.1 INTRODUCTION

6.2 BASIC DEVICE CHARACTERISTICS

6.3 NONUNIFORM DOPING AND BURIED-CHANNEL DEVICE
6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS

6.5 MOSFET STRUCTURES

6.6 CIRCUIT APPLICATIONS

6.7 NONVOLATILE MEMORY DEVICES

6.8 SINGLE-ELECTRON TRANSISTOR

6.1 INTRODUCTION

The metal-oxide-semiconductor field-effect transistor (MOSFET) is the most-impor-
tant device for forefront high-density integrated circuits such as microprocessors and
semiconductor memories. It is also becoming an important power device. The prin-
ciple of the surface field-effect transistor was first proposed in the early 1930s by
Lilienfeld!-3 and Heil.# It was subsequently studied by Shockley and Pearson’ in the
late 1940s. In 1960, Ligenza and Spitzer produced the first device-quality Si-SiO,
MOS system using thermal oxidation.® The basic MOSFET structure using this
Si-Si0, system was proposed by Atalla.” Subsequently the first MOSFET was
reported by Kahng and Atalla in 1960.8 The detailed early historical development of
the MOSFET can be found in Refs. 9—10. The basic device characteristics have been
initially studied by Ihantola and Moll,!! Sah,!2 and Hofstein and Heiman.!? The tech-
nology, application, and device physics have been reviewed by many books.!4-17
Figure 1 shows the reduction of the gate-length dimension in production ICs since
1970. This dimension has been decreasing at a steady pace and will continue to shrink
in the foreseeable future. The reduction of device dimensions is driven by the require-
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Fig. 1 Minimum gate dimension in commercial integrated circuit as a function of the year of
production.

ment for both performance and density. The number of components per integrated-
circuit chip has grown exponentially. The rate of growth is expected to slow down
because of increasing technological challenge and fabrication cost. However, a com-
plexity of 1 billion or more devices per chip had been available around 2000 using
0.1-pum technology.

In this chapter we first consider the basic device characteristics of the so-called
long-channel MOSFET; that is, the longitudinal field along the channel is not large
enough to cause velocity saturation. In this regime, the carrier velocity is mobility-
limited, or under constant mobility. As the channel length becomes shorter, one has to
consider short-channel effects due to two-dimensional potential and high-field trans-
port such as velocity saturation and ballistic transport. Many device structures have
been proposed to improve MOSFET performance. Some representative advanced
structures as well as the nonvolatile semiconductor memory, basically a MOSFET
with a multilayer gate structure, will be discussed.

6.1.1 Field-Effect Transistors: Family Tree

The MOSFET is the main member of the family of field-effect transistors. A distinc-
tion between the field-effect transistor (FET) and the potential-effect transistor (PET)
is warranted here. A transistor in general is a three-terminal device where the channel
resistance between two of the contacts is controlled by the third (MOSFETs have the
fourth terminal as contact to the substrate). The difference between the FET and the
PET is the way the control is coupled to the channel. As shown in Fig. 2, in an FET,
the channel is controlled capacitively by an electric field (hence the name field-
effect), and in a PET, the channel’s potential is accessed directly (hence the name
potential-effect). Conventionally in FETSs, the channel carriers flow from the source
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FET ?;:g;’l PET C((i:;tsr:)l
Capacitor
Contact 4 Contact Contact T Contact
Channel Channel
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Fig. 2 Distinction between (a) field-effect transistor (FET) and (b) potential-effect transistor
(PET).

to the drain, and the control terminal is called the gate, whereas in PETs, these corre-
sponding terminals are called the emitter, collector, and base, respectively. The
bipolar transistor is a good representative of the PETs.

A family tree of field-effect transistors is shown in Fig. 3 The three first-level
main members are IGFET (insulated-gate FET), JFET (junction FET), and MESFET
(metal-semiconductor FET). They are distinguished by the way the gate capacitor is
formed. In an IGFET, the gate capacitor is an insulator. In a JFET or a MESFET, the
capacitor is formed by the depletion layer of a p-» junction or a Schottky barrier,
respectively. In the branch of IGFET, we further divide it into MOSFET/MISFET
(metal-insulator-semiconductor FET) and HFET (heterojunction FET). In the
MOSFET, specifically the insulator is a grown oxide layer, whereas in the MISFET
the insulator is a deposited dielectric. In the HFET branch, the gate material is a high-
bandgap semiconductor layer grown as a heterojunction which acts as an insulator.
Although MOSFETs have been made with various semiconductors such as Ge,'® Si,
and GaAs,!? and use various oxides and insulators such as SiO,, Si;N,, and Al,O5, the
most-important system is the Si0,-Si combination. Hence most of the results in this
chapter are obtained from the SiO,-Si system. The other members, JFETs, MESFETs,
and HFETs, will be considered in the following chapter.

——— MOSFET/MISFET
(oxide/dielectric)
—— IGFET
(insulator gate) MODFE.T
HFET (doped high-E,)
high-£
FET———— JFET (highE) L pirer
(p-n junction gate) (undoped high-E,)
—— MESFET
(Schottky gate)

Fig. 3 Family tree of field-effect transistors (FETS).
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Field-effect transistors offer many attractive features for applications in analog
switching, high-input-impedance amplifiers, and microwave amplifiers, in addition
to digital integrated circuits. The FETs have considerably higher input impedance
than bipolar transistors, which allows the input of a FET to be more readily matched
to the standard microwave system. The FET has a negative temperature coefficient at
high current levels; that is, the current decreases as temperature increases. This char-
acteristic leads to a more uniform temperature distribution over the device area and
prevents the FET from thermal runaway or second breakdown, that can occur in the
bipolar transistor. The device is thermally stable, even when the active area is large or
when many devices are connected in parallel. Because there is no forward-biased p-n
junctions, FETs do not suffer from minority-carrier storage and, consequently, have
higher large-signal switching speeds. In addition, the devices are basically square-law
or linear devices; intermodulation and cross-modulation products are smaller than
those of bipolar transistors.

6.1.2 Versions of Field-Effect Transistors

There are many ways to categorize the versions of FETs. First, according to the type
of channel carriers, we have n-channel and p-channel devices. n-channels are formed
by electrons and are more conductive with more positive gate bias, while p-channels
are formed by holes and are more conductive with more negative gate bias. Further-
more, it is important to describe the state of the transistor with zero gate bias. FETs
are called enhancement-mode, or normally-off, if at zero gate bias the channel con-
ductance is very low and we must apply a gate voltage to form a conductive channel.
The counterpart is called depletion-mode, or normally-on, when the channel is con-
ductive with zero gate bias and we must apply a gate voltage to turn the transistor off.
These four combinations with their I-V characteristics are summarized in Fig. 4.

It is important also to point out the nature of the channel in more details.
According to Fig. 5, a channel can be formed by a surface inversion layer or a bulk
buried layer. The surface inversion channel is a two-dimensional charge sheet of
thickness in the order of 5 nm. The buried channel is much thicker, comparabie to the
depletion width since when the transistor is turned off, the channel is totally con-
sumed by the surface depletion layer. In the FET family, MESFETs and JFETs are
always buried-channel devices, while MODFETs are surface-channel devices.
MOSFETs and MISFETs can have both kinds of channels in parallel, but in practice,
they are mostly surface-channel devices.

These two kinds of channels offer advantages of their own. Buried channels are
based on bulk conduction and, thus, are free of surface effects such as scattering and
surface defects, resulting in better carrier mobility. On the other hand, the physical
distance between the gate and the channel is larger and also dependent on gate bias,
leading to a lower and variable transconductance. Note that for depletion-mode
devices, it is common to use buried channels, but theoretically, one can achieve the
same goal by choosing a gate material with a proper work function to shift the
threshold voltage to a desirable value.
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Fig. 4 Versions of MOSFETs; their output and transfer characteristics.

6.2 BASIC DEVICE CHARACTERISTICS

The basic structure of a MOSFET is illustrated in Fig. 6. Throughout this chapter we
assume the channel carriers are electrons—an n-channel device. All discussion and
equations will be applicable to the counterpart p-channel devices with appropriate
substitution of parameters and the reversal of polarity of the applied voltages. A
common MOSFET is a four-terminal device that consists of a p-type semiconductor
substrate into which two n*-regions, the source and drain, are formed, usually by ion
implantation. The SiO, gate dielectric is formed by thermal oxidation of Si for a high-
quality SiO,-Si interface. The metal contact on the insulator is called the gate; heavily

— e
Source Drain Source y Drain
Channel Chalnnel
(a) (b)

Fig. 5 FET channels: (a) surface inversion channel and (b) buried channel.
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Fig. 6 Schematic diagram of a MOSFET.

doped polysilicon or a combination of silicide and polysilicon is more commonly
used as the gate electrode. The basic device parameters are the channel length L,
which is the distance between the two metallurgical n*-p junctions; the channel width
Z; the insulator thickness d; the junction depth ¥ and the substrate doping N,. In a
silicon integrated circuit, a MOSFET is surrounded by a thick oxide (called the field
oxide to distinguish it from the gate oxide) or a trench filled with insulator to electri-
cally isolate it from adjacent devices.

The source contact will be used as the voltage reference throughout this chapter.
When ground or a low voltage is applied to the gate, the main channel is shut off, and
the source-to-drain electrodes correspond to two p-n junctions connected back to
back. When a sufficiently large positive bias is applied to the gate so that a surface
inversion layer (or channel) is formed between the two n*-regions, the source and the
drain are then connected by a conducting surface #-channel through which a large
current can flow. The conductance of this channel can be modulated by varying the
gate voltage. The back-surface contact (or substrate contact) can be at the reference
voltage or reverse biased; this substrate voltage will also affect the channel conduc-
tance.

6.2.1 Inversion Charge in Channel

When a voltage is applied across the source-drain contacts, the MOS structure is in a
nonequilibrium condition; that is, the minority-carrier (electron in the present case)
quasi-Fermi level E, is lowered from the equilibrium Fermi level. To show more
clearly the band bending across the device, Fig. 7a shows the MOSFET turned 90°.
The two-dimensional, flat-band, zero-bias (V; = Vp, = V5= 0) equilibrium condition
is shown in Fig. 7b. The equilibrium condition but under a gate bias that causes
surface inversion is shown in Fig. 7c. The nonequilibrium condition with both drain
and gate biases is shown in Fig. 7d, where we note the separation of the quasi-Fermi
levels of electrons Ef, and holes Ep,; the Ep, remains at the bulk Fermi level while
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Fig. 7 Two-dimensional band diagram of an n-channel MOSFET. (a) Device configuration.
(b) Flat-band zero-bias equilibrium condition. (¢) Equilibrium condition (¥, = 0) under a pos-
itive gate bias. (d) Nonequilibrium condition under both gate and drain biases. (After Ref. 20.)

Er, is lowered toward the drain contact. Figure 7d shows that the gate voltage
required for inversion at the drain is larger than the equilibrium case in which y,(inv)
~ 2y:* in other words, the inversion-layer charge at the drain end is lowered by the
drain bias. This is because the applied drain bias lowers the E,, and an inversion

# The common assumption of y, = 2y is for the onset of weak inversion. For strong inver-
sion, , can be larger by a few k7. 1> This can be understood from Fig. 5 of Chapter 4.
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layer can be formed only when the surface potential meets the criteria of
[Ep, — E0)] > q g, where E(0) is the intrinsic Fermi level at x = 0.

Figure 8 shows a comparison of the charge distribution and energy-band variation
of an inverted p-region for the equilibrium case and the nonequilibrium case at the
drain. For the equilibrium case, the surface depletion region reaches a maximum
width W, at inversion. For the nonequilibrium case, the depletion-layer width is
deeper than W, and is a function of the drain bias V,. The surface potential y(y) at
the drain at the onset of strong inversion is, to a good approximation, given by

y,(inv) = Vp + 2. ey

The characteristics of the surface space charge under the nonequilibrium condi-
tion are derived under two assumptions; (1) the majority-carrier quasi-Fermi level
Ep, is the same as that of the substrate and it does not vary with distance from the bulk
to the surface (constant with x), and (2) the minority-carrier quasi-Fermi level £, is
lowered by the drain bias by an amount dependent on the y-position. The first
assumption introduces little error when the surface is inverted, because majority car-
riers are then only a negligible part of the surface space charge. The second assump-
tion is correct under the inversion condition, because minority carriers are an
important part of the surface space-charge region when the surface is inverted.

Based on these assumptions, the one-dimensional Poisson equation for the surface
space-charge region at the drain end is given by

) P

Wi W5 > Wom
Y,

%
7
4
%
v
’
7’
I
i
Op g O
7
Y
’
]
1
’

q%f = E,
: Ey

X;
@ - ()

Fig. 8 Comparison of charge distribution and energy-band variation of an inverted p-region
in (a) equilibrium and (b) nonequilibrium at the drain end. (After Ref. 21.)
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d*y,

= 4N -
o7 = eWmpem @
where
i
ppo = NA = ’Zo (3)
p = Nyexp(-py,) 4
n = n,,exp(By,-pVp), (5)
and g = q/kT.

Conceptually the charge due to minority carriers within the inversion layer, is
given by

X

i [4:3 )
10, =¢ [ neyds = ¢ 22
, vl

0
5 ny,exp(By, - BVp)dy, 6
. (S2KTIGLp)F(BY,, Vi o/ Ppo) ©

where x; denotes the point at which ¢ Y,(x) = Ep, — E{x) = q and the function F is
defined as (see Chapter 4)

n
F(Bvy Vo 2) =
po

/e:p(—ﬂwp) + By, —1 +;:—L”e><p(—ﬂVD)[e><p(ﬂI//p) - pyexp(fVp)—11. (7)

p

=4

For the practical doping ranges in silicon, the value of x; is quite small, of the order of
3 to 30 nm. Equation 6 is the exact formulation, but can only be evaluated numeri-
cally.

To get an analytical solution we follow the same approach as in Chapter 4
(Eq. 14). The surface electric field in the x-direction at the drain end is given by

dy, J2kT n
g, = - =2 =i—F( S,V,—ﬂ’), 8
dx x=0 qLD ﬂl// b ppo ( )

and the total semiconductor surface charge is then obtained from Gauss’ law

J2e kT n
O, =-¢6% = x—sF( o V ,—E‘-’), 9
qLD /HV/ b ppo
where the Debye length is

Lp= /kTgfz. (10)
N,yq

The inversion charge per unit area Q, after strong inversion is given by
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0, =0,-0s (11)
where the depletion bulk charge is
Qp = —gN Wy = = 2qN,e(Vp+2y5). (12)

From Egs. 9, 11, and 12, the inversion charge Q, at the drain end can be simplified to

|0, = ﬁqNALDL/bT%-‘- C—;ﬁ) exp(By, - BVp) ~ A/ﬁ_%} (13)
po

This solution is still difficult to use because at strong inversion, (J, is very sensi-
tive to the surface potential y, (see Fig. 5 in Chapter 4). Another shortcoming is that
the relationship to the terminal bias, that is V¢, is still missing. The charge-sheet
model discussed in the following section is simpler and much more useful for
deriving the I-V characteristics of MOSFETs.

Charge-Sheet Model. In the charge-sheet model,?? under strong-inversion condi-
tions, the inversion layer is treated as a charge sheet with zero thickness (x; = 0). Con-
sequently, this assumption implies that the potential drop across this charge sheet is
also zero. These assumptions do introduce error but within an acceptable level. From
Gauss’ law, the boundary conditions on both sides of the charge sheet are:

Eprox = E.6—0,. (14)

In order to express (,(y) throughout the channel, the surface potential is generalized
from Eq. 1 to

v, (v) = Ay (v) + 2, (15)
where Ay, is the channel potential with respect to the source end;
E (x=0,y=0) — E.(x=0,
P M C Y ; =09)

(see label in Fig. 7d) and is equal to ¥, at the drain end. Note that the electric fields
can be expressed as:

(16)

Ve— Ve—-(Aw;+2
%ox= Gd'//s - G ( ‘Zt (//B)] (17)

. _ quNA(A%+2wB)
N £ :

N

(18)

In Eq. 17, an ideal MOS system with zero work-function difference is assumed.
Equation 18 is simply the maximum field at the edge of the depletion region. Com-
bining Egs. 14-18 and using C, = &,,/d we obtain

10,0)| = [V - Aui(0) = 2951 Cor— J264N,[A YY) + 2435]. (19)

This final form will be used as the channel charge responsible for the current conduc-
tion.
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6.2.2 Current-Voltage Characteristics

We shall now derive the basic MOSFET characteristics under the following idealized
conditions: (1) The gate structure corresponds to an ideal MOS capacitor as defined
in Chapter 4; that is, there are no interface traps nor mobile oxide charge; (2) only
drift current will be considered; (3) doping in the channel is uniform; (4) reverse
leakage current is negligible; and (5) the transverse field (£, in the x-direction) in the
channel is much larger than the longitudinal field (&, in the y-direction). This last
condition corresponds to the so-called gradual-channel approximation. Note that in
condition-(1), the requirements of zero fixed oxide charge and work-function differ-
ence are removed, and their effects are included in a flat-band voltage ¥, required by
the gate to produce the flat-band condition. Consequently V; is replaced by V; — V5
for the inversion charge, giving

10,00 = Vo= Veg= Ay(0) = 2¥51Cor = J2eqN (A Y, () + 2y5) . (20)
Under such idealized conditions, the channel current at any y-position is given by
Ip(y) = Z|Q,(|v(y) (21)

where v(y) is the average carrier velocity. Since the current has to be continuous and
constant throughout the channel, integration of Eq. 21 from 0 to L gives

7 L
=% f 0,0)v0)d. @2)
0

The carrier velocity v(y) is a function of the y-position since the longitudinal field

€,(y) is a variable. Because of this, the relationship between v(y) and £,(») is impor-
tant to evaluate Eq. 22. We first consider the case where €,(») is low 'such that the
mobility is constant. For shorter channel lengths, higher field causes velocity satura-
tion and ultimately ballistic transport. These interesting effects will be discussed later.

Constant Mobility. Under this assumption, substitutions of v = €x and Eq. 20 into
Eq. 22 gives

dA !//,(y) _ZHy

Zu, v
7 f D|Qn(A Wi)‘dA v
0

f 10,07 £y =

24269N,

=zﬂnCox{(Vc"VFB‘2‘/’B z)VD i C [(VD+2«/3)3/2—(2!//3)3/2]}23)

Equation 23 predicts that for a given ¥ the drain current first increases linearly with
drain voltage (the linear region), then gradually levels off (the nonlinear region), and
finally approaching a saturated value (the saturation region). The basic output charac-
teristics of an idealized MOSFET are shown in Fig. 9. The dashed line on the right
indicates the locus of the drain voltage (¥, ) at which the current reaches a
maximum value /. For small ¥}, the /, is linear with ¥},. Inbetween the two dashed
lines, we designate this as the nonlinear region.
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Fig.9 Idealized drain characteristics (I, vs. ¥),) of a MOSFET. The dashed lines separate the
linear, nonlinear, and saturation regions.

A qualitative discussion of the device operation can be helpful, with the aid of
Fig. 10. Let us consider that a positive voltage is applied to the gate, large enough to
cause an inversion at the semiconductor surface. If a small drain voltage is applied, a
current will flow from the source to the drain through the conducting channel. The
channel acts as a resistor, and the drain current [, is proportional to the drain voltage
Vp. This is the linear region. As the drain voltage increases, the current deviates from
the linear relationship since the charge near the drain end is reduced by the channel
potential Ay, (Eq. 20). It eventually reaches a point at which the inversion charge at
the drain end Q,(L) is reduced to nearly zero. This location of O, = 0 is called the
pinch-off point, Fig. 10b. [In reality O,(L) is not zero for current continuity, but small
because of its high field and high carrier velocity.] Beyond this drain bias, the drain
current remains essentially the same, because for V', > V., the pinch-off point starts
to move toward the source, but the voltage at this pinch-off point remains the same
(Vpsat)- Thus, the number of carriers arriving at the pinch-off point from the source,
and hence the current, remains essentially the same, apart from a decrease in L to the
value L' (Fig. 10c). This change of effective channel length will increase the drain
current only when the shortened amount is a substantial fraction of the channel
length. This will be considered in the section of short-channel effects.

We shall now consider the current equations for the three cases of linear, non-
linear, and saturation regions. In the linear region, with a small ¥, using power series
around ¥, and taking only the initial terms, Eq. 23 reduces to



6.2 BASIC DEVICE CHARACTERISTICS 305

ht Depletion (a)

—J p-Si 0 —7}__1 region  \

0.0 T (b)

~ | Pinch-off ©

p—si !q—LF ] N

L
0 Vg

M)

Fig. 10 MOSFET operated (a) in the linear region (low V), (b) at onset of saturation, and (c)
beyond saturation (effective channel length is reduced).

ox

7 V 2.J2649N v
Ip = Zﬂncox{(VG— VFB‘Q‘//B——ZD‘)V —3’_(}_—(3 _2§VD)

vV
= %luncox(VG— VT— —Z—D) VD f()r VD<< (VG— VT) ’ (24)

where V7 is the threshold voltage, one of the most-important parameters, given by

26N (2
Vy = VFB+2;,/B+-—£SLCi@. (25)
The threshold voltage will be discussed in more details in the next section.
Careful examination of Eq. 23 indicates that the current initially increases but

then goes through a peak and then drops with V. This drop of current is not physical,

ox
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but it corresponds to the condition that the charge in the inversion layer at the drain
end Q,(L) becomes zero. This pinch-off point occurs because the relative voltage
between the gate and the semiconductor is reduced. The drain voltage and the drain
current at this point are designated as Vp, and I, respectively. Beyond the pinch-
off point the current remains independent of ¥, and we have the saturation region.
The value of Vp,,, is obtained from Eq. 20 under the condition Q,(L) = 0. The solu-
tion yields

2(Ve-V,

Voww = AU(L) = Vo= Vip=2yp+ k1= 14 2T o)
where K= ,/¢,qN,/C,,. Alternatively, the same solution can be obtained by setting
dI/dVy, = 0. The saturation current I, can be obtained by substituting Eq. 26 into
Eq. 23:

Z
IDsat = ZMLluncox( VG - VT)2 . (27)
M is a function of doping concentration and oxide thickness
M=1+-K (28)

2Jvs

It has a value slightly larger than unity and it approaches unity with thinner oxide and
lower doping. Furthermore, a more convenient form for Vj,,, can be expressed as

Viosat = 7 (29)
The transconductance in the saturation region where Eq. 27 applies is given by
dl, YA
=_L = —=uC (Vao-Vp). 30)
" dVG VD > VDsat ML ¢

It can be seen here that in this saturation region, for constant mobility, the current is a
square-law function according to Eq. 27, indicated by the increasing current steps
between gate bias shown in Fig. 9.

Finally, the nonlinear region inbetween these two extreme cases can be described
well by

MV
Ip = £u,Co( Vo= V- Z2) 1. 31)
L 2
Equation 20 for the inversion charge is an exact expression. An approximation of
the following form, taking advantage of the definition of threshold voltage, can be

made:
10,0)| = CoulV—Vr—MAY,(1)]. (32)

Substitution of this into Eq. 22 yields a general expression which is the same as
Eq. 31 for the whole three regions of operation. As seen, the only slight departure
from the previous results lies in the linear region. This simplified charge expression
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is helpful to analyze the conditions under field-dependent mobility and velocity satu-
ration which is discussed next.

Velocity-Field Relationship. As technology advances and pushes for device perfor-
mance and density, the channel length gets shorter and shorter. The internal longitu-
dinal field &, in the channel also increases as a result. The general v-% relationship
for high fields is shown in Fig. 11. Mobility x is defined as v/&. For low fields, the
mobility is constant. This low-field mobility is used for the long-channel characteris-
tics in the last section. In the extreme case of very high field, the velocity approaches
a value, saturation velocity v,. Inbetween the constant-mobility regime and the satu-
ration-velocity regime, the carrier velocity can be described by??

M, E _ M &
[1+ (g, &)V [1+(E/E )]l

where g, is the low-field mobility. The value of » changes the shape of the curve, but
M, U, and the critical field &, (= v/x,) remain the same. It has been observed that in
silicon for electrons » =2 and for holes #» = 1 have the best fit. The value of v, for
silicon at room temperature is around 1x107 cm/s.

As the terminal voltage ¥}, is increased from zero, current is increased because of
higher field and higher velocity. Eventually the velocity reaches the maximum value
of v, and the current also saturates to a constant value. Notice that this current satu-
ration comes from a completely different mechanism than in the case of constant
mobility. Here, it is due to velocity saturation of carriers, before the pinch-off condi-
tion can occur.

To derive the I-V characteristics it is important to know the v-& relationship
(Fig. 11). We find that mathematically, for Eq. 33 with » =2, the analysis is rather
complicated. Fortunately for the cases of two-piece linear approximation and Eq. 33
with » = 1, the mathematics is manageable and simple solutions can be obtained.
Since these two extremes mostly cover the realistic bounds for different kinds of car-
riers, we will consider both assumptions.

u(&) = (33)

A «— Constant mobility

Us

2-piece —
linear

Carrier velocity v

Fig. 11 v-& relationship (Eq. 33) for

n =1 and 2, and two-piece linear

approximation. The critical field

&.=v,/u, where u is low-field
»  mobility, is also indicated.

%.  Longitudinal field
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Field-Dependent Mobility: Two-Piece Linear Approximation. In the two-piece
linear approximation, the constant-mobility model is valid up to the point when the
maximum field near the drain exceeds #,. Conversely, Eq. 23 is valid up to a new
V peat Value which occurs earlier than the constant-mobility model, so the only task is
to find that point. Substituting Eq. 32 into Eq. 21 gives

Ip(y) = ZCou (V= V- MAW)). (34

Since we know the maximum field occurs at the drain, the current will saturate when
the drain bias is increased to a value where &(L) = %_. Equation 34 leads to the fol-
lowing condition:

IDsat = ZCox:un gc( VG - VT - MVDsat) . (35)

Here we need one more equation to solve for two unknowns. Using Egs. 32 and 22,
we obtain an expression similar to Eq. 31 given as
ZC oy MV,
IDsat = L (VG - VT_ 2Dsat) VDsat . (36)

Equating Eqs. 36 and 35, we can solve for V', as

7Z
Vpeat = LE, Lld A/(Lg)2 GM T) : (37)

Since ¥V, here is always smaller than (V; — V;)/M (Eq. 29), the field-dependent
mobility always gives a lower I,,.

Field-Dependent Mobility: Empirical Formula. Next we consider the v-# rela-
tionship of Eq. 33 with n = 1. Substituting this into Eq. 21 gives

dA !//)

Ay,
I (% +—
D dy

_ZCox/un% (VG Vp- MAW:)_ (38)

Notice that the right-hand side of the equation is similar to the constant-mobility
model. Integrating the above equation from source to drain gives

ZCox:un %c( MVD)
L%+ 7,0 017 ) e (39)

This equation is similar to Eq. 31 when L is replaced with L + V,/&. Furthermore,
Vbt 18 Obtained by setting d,/dV, =0,

/ 2(Vg-¥r1)
V =LE,| [1+—"——=-1]1. 40
Dsat c|: + ML%C :| ( )

Again, once V), is known, {5, can be calculated from Eq. 39.

Ip =

Velocity Saturation. Using either assumption described above, it is interesting and
insightful to look at the extreme case of short-channel devices where velocity satura-
tion completely limits the current flow. In such case we set v = v, and consequently
0, has to be fixed for current continuity, and is approximated to be (V- Vp)C,,.
Equation 22 then becomes
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IDsat

z (* z
% L 10,0)e0d = 210 JuL

Z(Ve-VpC,vs 41

The transconductance becomes

_ dIDsat

Em= dVG = ZCaxvx (42)

and it is independent of gate bias.

To compare models based on constant mobility and velocity saturation, we show
I-V curves of identical devices in Fig. 12. Several observations can be made. First,
Ipg,, and Vp,, are both lowered by velocity saturation, while the linear regions remain
similar. The g,, (which is the current difference between V; steps) also becomes a
constant, independent of ¥, Finally Eq. 41 shows an interesting phenomena that the
saturation current no longer depends on the channel length.

Experimental data confirm that such simple theory is quite satisfactory. In reality,
as Fig. 11 indicates, the carrier velocity never reaches exactly v,. Also the lateral field
is not uniform throughout the channel. It is more difficult for the lower field near the
source to reach &, and that presents a bottle-neck for the maximum current. A better
agreement can often be reached by adding a pre-factor with a value of = 0.5 — 1.0 for
Eqgs. 41 and 42.

Ballistic Transport. In the above section, velocity saturation is a steady-state, equi-
librium phenomena at high field, when many scattering events are allowed to happen.
However, in ultra-short channel lengths whose dimensions are on the order of or
shorter than the mean free path, channel carriers do not suffer from scattering. They
can gain energy from the field without losing it to the lattice through scattering, and
can acquire a velocity much higher than the saturation velocity. This effect is called

!

Increasing V;

Increasing Ve

v, v,
@) ° (b) °
Fig. 12 Comparison of I-V characteristics for (a) constant mobility and (b) velocity satura-
tion. All other parameters are the same.
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ballistic transport (or velocity overshoot by some), introduced in Section 1.5.3. The
ballistic transport is important since it points out that the current and transconduc-
tance can be higher than that of saturation velocity, giving an additional incentive for
shrinking the channel length. The basic theory and insight in this topic are presented
in Refs. 24-28.

Computer simulations show that in these devices, the field and velocity are very
nonuniform. These quantities are qualitatively shown in Fig. 13. Notice that the lon-
gitudinal field along the channel (dE/dy) varies monotonically, being the highest at
the drain end. Ballisticity always starts at the drain end, where the velocity can exceed
the value of saturation velocity v,. (For silicon at room temperature, v, = v, the
thermal velocity.) At positions closer to the source, the velocity decreases. In order to
have current continuity, the channel potential and inversion charge must adjust them-
selves such that the product of velocity and charge would remain constant throughout
the channel. By such argument, the bottleneck for the current flow, at the extreme of
ultra-short channel length, would be at the position of maximum charge and
minimum field, which means the potential maximum near the source end, indicated
in Fig. 13a.

In analyzing the saturation current in the ballistic regime, we go back to the
general equation of Eq. 22, and apply it to this maximum-potential point. We start
with the generalized form

IDsat = ZlQn| veff (43)
/ Potential maximum
=
Source
EC
Drain
E Vv
(a)
A
;‘j Fig. 13 (a) Under a drain bias, the
E potential maximum is the bottleneck for
® the current flow and is used to calculate
) the current. (b) Average carrier velocity
< .
5, (y-component) as a function of the
< " channel position. Note that v is
vy between the values of v,,; and v, and
il > that the maximum velocity near the
Y drain can be higher than v,,;.

(b)
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where |Q,| has the maximum value at the source as C,(V; —V7), and v 4 is an effec-
tive average carrier velocity that should match the final experimental saturation cur-
rent. So in this simple expression, the only critical parameter is v,z

The maximum value of v, according to classical thermal equilibrium, is simply
the thermal velocity v, [= (2kT/7zm*)12]. Close examination of the system reveals that
for higher inversion charge density, the random velocity can exceed this thermal
limit. This is a quantum-mechanical effect, called carrier degeneracy,?®> where the
mean carrier energy is pushed to a higher state than the thermal energy. This higher
value is called the injection velocity v,,, related to the Fermi energy with respect to
the quantized energy £, inside the potential well where carriers reside, given by2*

o= [T Fipl(Ep-E,)/KT] )
W N am*In{1 + exp[(Ep-E,)/kT]}’

where F|;, is the Fermi-Dirac integral (see Section 1.4.1). With a small inversion
charge or E — E,, Eq. 44 reduces to v 2kT/ zm*, and v,,; = v, If the inversion charge
is high, Eq. 44 can be simplified to

Uipj = —811— /I__QL' = & Cox(VG_VT), (45)
v 3m* Zﬂq 3Im* 27[q

and is a function of the inversion charge or gate overdrive. Theoretical v,, as a func-
tion of the inversion charge is shown in Fig. 14. The maximum current, which is a
product of Q,v,,, gives the ultimate current drive of the ballistic MOSFET and is also
plotted in the same figure.

The saturation current of Eq. 43 can be rewritten as

IDsat = rnZIinvinj
_ 8r Zh[C,, (Vs - V)P

3 fira (46)
2 n-channel 3 3
1.8 300K 7
% 6l "7 7K S ]
: /0 1
S 1.4 - , 15 S
~— - 7/ -
T 1.2F - 1z
S <: A7 ’ ’ i §
- % e
2 L i ’ d {1 3
S 08F L7 LD {1 E
b7 ’ -1 E
g 06F e -
9 0al gt |l = Fig. 14 Injection velocity v,,; as a
e fid ] function of inversion density. The
02 ~~7 _ product of v,,,; and inversion charge
0 - R L 0 gives the maximum current. (After
0 2 4 6 8 10

Ref. 24.)

Inversion carrier density (10'2 cm~2)
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where r,, is the index of ballisticity (= v4/v,,). In the extreme of ballistic transport,
r,= 1, and it sets the ultimate current drive for L — 0. The transconductance is given

by
4rnZh C ( VG - VT)
= ox . 47
&m - / 373 47

It is seen here that both I, ,, and g,, are independent of channel length L.

The index of ballisticity is also interpreted by back scattering R of channel carriers
at the drain back to the source. Furthermore, since mobility is also a consequence of
scattering, there should be some relationship between #, and the low-field mobility
4, It has been shown that:26

- [UL, Y %1(0+)}—1 : (48)

where &(07") is the field at a potential kT down from the maximum toward the drain.
With this interpretation, some experimental data and simulation trends are nicely
explained. It has been seen that at lower temperature, I, is increased, and that at the
same temperature, higher low-field mobility always gives higher I,.,, even in the bal-
listic regime. Both of these can be explained through improvement of 4, in Eq. 48.

It should be emphasized that in this model, at or near the maximum-potential
point, the field is too low to cause ballistic transport, so Uy SELS the maximum current,
even though a location near the drain can have ballistic transport. The high ballistic
velocities near the drain cannot produce a higher current than v,,; can support, but it
helps to achieve this maximum value set by v,,; by rebalancing the whole system.

It is interesting to compare the V; dependence of I, for different channel
lengths. In the long-channel, constant-mobility regime, I, < (V; — V7)2. In the
short-channel, saturation-velocity regime, I, o (Vs — Vp). And in the limit of bal-
listic regime, Ipg, oc (Vg — Vp)*2.

6.2.3 Threshold Voltage

We now return to the discussion of threshold voltage, first mentioned in Eq. 25. To
account for the threshold shift from nonzero flat-band voltage whose main cause
comes from fixed oxide charges O and the work-function difference ¢,,; between the
gate material and the semiconductor, Eq. 25 becomes

269N (2 yp)

Ve = Veg+2yp+

COX
= (hue= L) #2054 L0, (49)

Qualitatively, V', is the gate bias beyond flat-band just starting to induce an inversion
charge sheet and is given by the sum of voltages across the semiconductor (2 ;) and
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the oxide layer (last term of Eq. 25). The square-root term is the total depletion-layer
charge.

When a substrate bias is applied (negative for n-channel or p-substrate), the
threshold voltage becomes

J2EqN (2w - Vis)
C

ox

, (50)

Ve= Veg+2yp+
and it is shifted by the amount of

269N
AVp = V(Vgg) = Vi(Vp=0) = C—A( Ryg—Ves— Lws). (51

In practice it is often necessary to minimize this threshold-voltage shift due to sub-
strate bias. In these cases, low substrate doping and thin oxide thickness are preferred.

To measure the threshold voltage, we use the linear region by applying a small
drain bias (V, < V;), and plot I, versus ¥ as shown in Fig. 15a. According to
Eq. 24, the extrapolated value at the V; axis is equal to V,+ 2V},. Below the
threshold voltage, 1, is considered zero in the linear scale, but details can be displayed
in the logarithmic scale (Fig. 15b).

404
301
I 20} (@)
-5 -
10
VetV |
0 . | i .
02 0 0.2
10—4 P
10—6 —
S ®)
~ 108
NQ -
Subthreshold swing
107°F /' s5=avgd
= AV/decade I,
L v,
10-12 Lo JJI T SRS SO R N
02 0 02 04 06 08 1.0 Vi(V)

Fig. 15 Transfer characteristics (/, vs. F;) in the linear region (V, « V). (a) I, in linear scale
to deduce ¥, Deviation from linearity at higher V; is due to lower mobility. (b) /,, in loga-
rithmic scale to show subthreshold swing.
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6.2.4 Subthreshold Region

When the gate bias is below the threshold and the semiconductor surface is in weak
inversion or depletion, the corresponding drain current is called the subthreshold cur-
rent.?>-30 The subthreshold region tells how sharply the current drops with gate bias
and is particularly important for low-voltage, low-power applications, such as when
the MOSFET is used as a switch in digital logic and memory applications.

In weak inversion and depletion, the electron charge is small and, thus, the drift
current is low. The drain current is dominated by diffusion and is derived in the same
way as the collector current in a bipolar transistor with homogeneous base doping.
Considering the electron-density gradient in the channel, the diffusion current is
given by

N’ N'(0)=N'(L
I = - Zan# ~ qunJ—lL—(), (52)

where N' is the electron density per unit area, integrated over the depletion width. The
electron density at the source end is given by

N'(0) = f
0

Since the potential distribution inside the depletion region is known, this electron
density can be calculated to be?!

<L) %
N O©=(5) [ meoee (w0, (54

Similar result can be obtained by assuming an effective thickness (x;) of the surface
charge layer. Because of the exponential dependence of electron density on the poten-
tial y,, x; corresponds to the distance in which W, decreases by kT/q. Therefore, x; is
kT/q&, where &, is the semiconductor surface field. With this assumption, we get the
same expression

0
n(x) ds = n,, j exp(fy,) v (53

Ys

"p

N(0) = xpxn(x=0) = (3L m,exp(By,)

k &
(P NZqw,I, e PV (55)

The electron density at the drain end is lowered exponentially by the drain bias,
N'(L) = N'(0)exp(-pVp). (56)
Substituting Egs. 55 and 56 into Eq. 52 gives

Zu, N )2
I = 755 oA ) e Buot - exp ()

Zﬂn ngNA( ni)z
~Lﬂ2 , 2'//S NA exp(ﬂl//s) (57)
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when V> kT/q. Equation 57 indicates that in the subthreshold region the drain
current varies exponentially with ., and for drain voltage V}, larger than ~ 3kT/q, the
current becomes independent of V. Next, in order to relate current to the gate bias,
the relationship between V; and y is needed.

From Chapter 4 on the MOS capacitor, we have the following relationship

(Eq. 33):
2e,wqN
Vo—TVrg = Y+ 2. (58)
ox
This quadratic equation will not give a simple expression of y, as a function of ¥,
But once i, is known from Eq. 58, the subthreshold current can be calculated.

The parameter to quantify how sharply the transistor is turned off by the gate
voltage is called the subthreshold swing S (inverse of subthreshold stope), defined as
the gate-voltage change needed to induce a drain-current change of one order of mag-
nitude. First, from Eq. 58, the relative change of V; and i is calculated to be

av / N C,,+C
G - 1 + L gxq A = ox + D . (59)
d'//s COX 2 l/IS COX

By definition, the subthreshold swing can now be calculated:

S=(In10 Ve _ In10 s
=107,y = M7,
C,+C
= a0 (=) - (©0)

Note that , in the square-root term in Eq. 57 is treated as a constant since it is a much
weaker function compared to the exponential term.

Having derived the subthreshold swing in Eq. 60, it is intuitive to explain its
simple form. In the extreme of zero oxide thickness, the exponential characteristics
are identical to the familiar case of the diffusion current in a p-» junction. For nonzero
oxide thickness, the swing is just degraded by a factor which is a voltage divider of
two capacitors in series, whose ratio is (C,, + Cp)/C,,. The voltage divider is exactly
the implication of Eq. 59. One also notices that since the depletion width (and Cp)
varies with i, the subthreshold swing is a weak function, but not exactly constant
with V.

In the presence of a significant interface-trap density D,,, its associated capaci-
tance C,, (= ¢°D,,) is in parallel with the depletion-layer capacitance Cj,. Using Eq. 60
and substituting (Cp, + C,,) for Cp, (see Fig. 14 of Chapter 4), we obtain
(Cax +Cp+ Ci,)

COK
C,,+Cp+C,
C.+Cp (61)

. k
S(with D,)) = (1n10)({)
= S(without D,,) x

If other device parameters such as doping and oxide thickness are known, by mea-
suring the subthreshold swing, the interface-trap density can be obtained. This pro-
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vides an attractive option in measuring D,, besides using the MOS capacitor in which
ac measurements have to be made. In general, dc /-7 measurements are much easier
to make than ac capacitance and conductance, provided a three-terminal transistor
structure is available (substrate contact is not critical here).

For a sharp subthreshold slope (small S), it is preferable to have low channel
doping, thin oxide thickness, low interface-trap density, and low-temperature opera-
tion. When a substrate bias is applied, in addition to shifting the threshold voltage, it
increases the value of i, by V. Consequently, the depletion-layer capacitance Cp, is
reduced and therefore S is reduced.

In Fig. 15a, at and near the threshold voltage, the drain current does not turn off as
sharply as Eq. 24 predicts. This is due to diffusion current which is the dominant
current near and below threshold, and it has been ignored so far, as one of the assump-
tions made at the beginning of Section 6.2.2. To consider the effect of the diffusion
component, we refer to Fig. 7 for the nonequilibrium condition. The total drain
current density including both drift and diffusion components is given by

d
Ip(x,y) = qynn%ﬁquf) = (62)

The drain current based on the gradual-channel approximation is

i _ ZD, dEFn

Ip f JIp(x,y)

n(x y)dxdy

eXP(ﬂwp—ﬂA%) v dAy
F(,Bl//p,Ay/i,npo/ppo) P [ (63)

LLD

The gate voltage V; is related to the surface potential y, by

9,
C

ox
26kT

FAvs v )+u/
C.al, ( WAL (64)

Equation 63 reduces to Eq. 23 for gate voltages well above threshold. The latter,
however, becomes inaccurate for gate voltages near and below threshold and near the
pinch-off point. For a particular device with known physical dimensions and other
device parameters, Eq. 63 can be calculated numerically to give accurate results for
the entire range of drain voltage, from the linear region to the saturation region.

VG - VFB

6.2.5 Mobility Behavior

Because channel carriers are confined to a thin inversion layer, their drift velocity v
and mobility u are expected to be influenced by the thickness of this inversion layer.
When a small longitudinal field &, is applied (parallel to the semiconductor surface),
the drift velocity varies linearly with &, and the proportionality constant is the low-
field mobility. Experimental measurements on Si inversion layers show that this low-
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field mobility, while independent of €, is a unique function of the transverse field &,
that is perpendicular to the current flow.32 This dependence is not directly on the
oxide thickness or doping density, but through their impact of &, in the inversion
layer. The measured results are shown in Fig. 16. When many devices with different
oxide thicknesses and doping levels are measured, the mobility is found to correlate
well with a single parameter that is related to %,. At a given temperature, mobility
decreases with an increasing effective transverse field, defined as the field averaged
over the electron distribution in the inversion layer, given by

(Eee = 5(25+30,). (65)

Physically it means an average inversion carrier experiences the full effect of the
depletion-layer charge O, but only half of the inversion-layer charge ,. Note that
this effective mobility is valid for the current expressions in Egs. 24 and 27, but will
be slightly different from that in the g,, expression (such as Eq. 30) in which constant
mobility has been assumed.

When the longitudinal field increases, the v-& relationship starts to deviate from
linearity. This field-dependent mobility has been discussed and generally described
by Eq. 33 and shown in Fig, 11. Measured electron drift velocity as a function of &,
for various %, is shown in Fig. 17. Since mobility at any field is defined as the ratio
of /€, it decreases monotonically with &,. Eventually velocity saturation occurs and
results in a value similar to that of bulk silicon. The influence of &, on low-field

1000 - N, (em)
R o 3.9x10!
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A 72x101
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500 Electrpns i o 7.7x10Y7
— ke 03 | ] 244><10l8
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N !
.@ \ ||
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0 Eh™Y o 1.6x1016
7 N A 5.1x10%
A 2.7x10"7
50 o 6.6x1017
0.02 0.1 02 1 2

Effective transverse field & (MV/cm)

Fig. 16 Electron and hole inversion-layer mobilities vs. effective transverse field, at room
temperature on Si (100) surface. (After Ref. 33.)
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Fig. 17 Electron surface drift velocity vs. longitudinal field for various transverse fields. The
slope at low longitudinal field is mobility. (After Ref. 34.)

mobility from Fig. 16 is also reflected in this figure. It can be seen here also that the
saturation velocity v, is independent of the low-field mobility or %,.

6.2.6 Temperature Dependence

Temperature affects device parameters and performance, in particular mobility,
threshold voltage, and subthreshold characteristics. The effective mobility in inver-
sion layer has a T2 power dependence on temperatures around 300 K at gate biases
corresponding to strong inversion.>? This gives rise to higher current and transcon-
ductance at lower temperature.

To derive the temperature dependence of the threshold voltage, we repeat the
expression from Eq. 49:

[4egN
Vr = By L+ 2y s 222804V, (66)

ox ox

Because the work-function difference ¢, and the fixed oxide charges are essentially
independent of temperature, differentiating Eq. 66 with respect to temperature

yields33
dvy dyg 1 [|egN,
At e (67)

From the basic equations of

vs = Lin(4), 69)
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-E
n?oc T3 exp(ﬁ) , (69)
where E is the energy gap at 7= 0, we obtain
dyg 1 ( E
B2 — JQ)
ar ~T\"8 24/° (70)

Figure 18 shows the results of such calculations at room temperature as a function of
substrate doping for various values of oxide thickness. Note that depending on the
oxide thickness, the quantity |dV;/dT] can increase or increase with the substrate
doping.

As temperature decreases, the MOSFET characteristics improve, especially in the
subthreshold region. Figure 19 shows the transfer characteristics of a long-channel
MOSFET (L =9 um) with temperature as a parameter. Note that as temperature
decreases from 296 K to 77 K, the threshold voltage V' increases from 0.25 V to
about 0.5 V. This increase in V7 is similar to that shown in Fig. 18. The most-impor-
tant improvement is the reduction of the subthreshold swing S, from 80 mV/decade at
296 K to 22 mV/decade at 77 K. Thus, the improvement in the subthreshold swing at
77 K is about a factor of four. This improvement comes mainly from the k77/q term in
Eqg. 60. Other improvements at 77 K include higher mobility, thus, higher current and
transconductance, lower power consumption, lower junction leakage current, and
lower metal-line resistance. The major disadvantages are that the MOSFET must be
immersed in a suitable inert coolant (e.g., liquid nitrogen), and that a low-temperature
setup requires additional equipment and special care.
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Fig. 19 Subthreshold characteristics for a long-channel MOSFET (L = 9 pm) with tempera-
ture as a parameter. (After Ref. 36.)

6.3 NONUNIFORM DOPING AND BURIED-CHANNEL DEVICE

In Section 6.2 doping concentration in the channel is assumed to be constant. In prac-
tical devices, however, the doping is generally nonuniform because in modern
MOSFET technology, ion implantation is used extensively to taylor the doping
profile and improve the device performance for specific applications. For example, a
lighter doping at deeper region reduces drain-substrate capacitance and also the sub-
strate-bias effect. On the other hand, a lighter doping level near the Si-SiO, interface
lowers the threshold voltage, reduces the field and improves mobility, and higher
level at deeper region reduces punch-through between source and drain. These two
general cases, namely high-low and low-high profiles, are depicted in Fig. 20, with
their step-profile approximations for ease of analysis.

We consider next the effect of nonuniform channel doping on device characteris-
tics, especially on threshold voltage and depletion width which in turn affects sub-
threshold swing and the substrate-bias effect. Note that what is most important for
determining V7 is the doping profile within the depletion region. The profile outside
the depletion is important for considerations of capacitance and substrate sensitivity,
that is, dependence of the threshold voltage on the substrate reverse bias. With that in
mind, the general equation for the threshold voltage is given by
VFB + Vs + &

ox WDm

Vig+ 2wy + Eff-f N(x)dx

Vr

ox n
0
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Fig. 20 Nonuniform channel doping profiles. (a) High-low profile. (b) Low-high (retrograde)
profile. (c) — (d) Their approximations using step profiles.

where Oy is the depletion-layer charge. The limit for integration, that is the maximum
depletion width W, is needed and determined by the Poisson equation with the
onset of strong inversion being the boundary condition,

v, = 2y = 4 f *N(x)ds 72)
0

Note that for a nonuniform profile, the definitions of y; and V. become nontrivial
and complicated. Fortunately, using the background doping of N for these values is
found to be sufficiently accurate. This is especially true for the surface potential
¥, = 2y since it is a very weak function of doping level.

6.3.1 High-Low Profile

To derive the threshold voltage shift due to ion implantation, we shall consider an ide-
alized step profile as shown in Fig. 20c. The implant profile, after thermal anneal, is
approximated by the step function with step depth x,, roughly equal to the sum of the
projected range and the standard deviation of the original implant. For a wider x,, that
is, the maximum depletion-layer width W, under heavy inversion is within x,, the
surface region can be considered a uniformly doped region with a higher concentra-
tion. The threshold voltage is identical to that given by Eq. 50. If W, > x,, the
threshold voltage is obtained from Eq. 71,
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NgWp,, + qAN.
VT=VFB+2'//B+q B"Wpmt+4q Xs
CO)C
| gANx?\  qANx,
= Vepg+2yp+— 2q€sNB(2 Wp— + . (73)
Cax COX
The depletion width can be obtained from Eq. 72, using y, = 2y for strong inver-
sion:
2¢ qANx
Wom = ——s(2 - ——Sz) . 74
Dm J; N, Yo~ 3 e, (74)

From these equations, we see that added surface doping increases V', and decreases
WDm.

Notice that for the same dose, the V- shift is largest with the added doping closest
to the surface. For the limiting case of a delta function of dose localized at the Si-SiO,
interface (x, = 0), the threshold shift is simply

D
AVTqu 4 (75)

ox
where D, is the total dose ANx,. Such approach is called threshold adjust, which has
the same effect as changing the work-function difference ¢,,, or changing the total
fixed oxide charge.

The step-profile approach described above can give first-order results for the
threshold voltage. To obtain a more accurate V', we have to consider the actual
doping profile, because the step width x, is not well defined for nonuniform doping.
A schematic diagram for the nonuniform implanted doping M(x) is shown in Fig. 21.
For a typical case, the threshold voltage depends on the implanted dose D, and the
centroid of the dose x,. Therefore, the actual implant can be replaced by a delta-func-
tion located at x = x, as shown;

m

1 A
Ni : y Delta approximation
1
1
11 Implanted profile

Step approximation

Fig. 21 Approximation of an actual
X, X, . implanted profile by step and delta profiles.
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WDm
D; = f AN(x)dx, (76)
0
" bm
x,= | xAN(x)dx. 77)
D, .

With these, Egs. 73 and 74 are now generalized to:

1 gx.Dp 9D,
Vy= Vig+2y, +—/\/2qgsN(2(//— £ )+ , (78)
T FB BT B\~ Vs A .
2¢g qDx
Wp, = S(z - ) 79)
D «/CINB 1 4:} 2, (

It is interesting to examine the dependence of the threshold voltage shift and
depletion width on the centroid x, for a given dose D,. For x, = 0, the implant is a delta
function at the Si-SiO, interface, and Eq. 78 gives AV, =qD/C,,, which is the same
as Eq, 75. As x, increases, the dose becomes less effective in changing V, and the
depletion width W}, decreases also at the same time. Eventually x, meets the deple-
tion edge, and then W),, becomes clamped to and increases with the implant centroid
x,. The condition for which x, starts to be equal to W}, can be obtained from Eq. 79:

_ NB(W%mO _xg)

D[(xc: WDm) - ’ (80)

2x,

where W, is the original W, with background doping V. Eventually, as x, moves
beyond the W, it no longer has any effect on threshold voltage and depletion
width.

To consider the subthreshold swing and the substrate sensitivity, in Section 6.2.4
we have interpreted the subthreshold swing by comparing the gate-oxide capacitance
C,, to depletion capacitance C,. So, once the depletion width is known, the sub-
threshold swing can be calculated. For the high-low profile, the added doping
decreases Wy, increases Cp, and results in a larger (less steep) subthreshold swing.
The substrate sensitivity can be calculated also by substituting 2 y5 with 2y + Vg in
calculating V'

6.3.2 Low-High Profile

Analysis of the low-high profile (Fig. 20b), also called the retrograde profile, is
similar to the high-low case with a AN being subtracted from the background doping.
The appropriate equations for the threshold voltage and depletion width become, with
just a change of signs:
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qNB WDm - qANxs
C

ox

1
Vip+2yp+ ?JZQgsNB(z Vet

ox

Vie=Veg+2yp+

qANxSZ) gANx,
2¢, / C,. - (81

5

and

2¢ gANx
w,, = 2 (2 SZ) . 82
Dm *\/‘INB Ypt 2e, (82)

The threshold voltage is, thus, decreased and the depletion width is increased by a dip
at the surface doping.

6.3.3 Buried-Channel Device

In the extreme case of the low-high profile, the surface doping can be of the opposite
type of the substrate. When this happens, and if part of the surface doped layer is not
fully depleted, that is, there exists some neutral region, current can conduct through
this buried layer. We call this type of device a buried-channel device.?” 0 Figure 22a
shows a cross section of such a buried-n-channel MOSFET. The gate voltage can
change the surface depletion layer, thus controlling the net opening of the channel
thickness and controlling the current flow. With a large positive gate bias, the channel
is fully open, and an addition surface inversion layer can be induced at the surface,
similar to a regular surface channel, resulting in two channels in parallel.

The surface inversion channel has been the subject of discussion and needs no
further elaboration. We now focus on the buried channel whose doping and dimen-
sions are shown in Fig. 22b and whose energy-band diagrams are shown in Fig. 23.
The net channel thickness is reduced from x, by the amounts of surface depletion W,
and the bottom p-» junction depletion W},,. The surface depletion as a function of V;
is the same as Eq. 27 of Chapter 4, and is repeated and modified here as

s R
Depletion”

Ly

@ '_HS
(a) (b)

Fig. 22 (a) Schematic of a buried-channel MOSFET under bias. (b) Its doping profile and
depletion regions.
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Note that the flat-band voltage V}, takes on slightly different meaning here
(Fig. 23a). We refer now to the condition that the surface n-layer has flat band, as
opposed to the p-substrate. The new flat-band voltage is redefined as

Vig = Veg+ Wy, (84)
where V;; keeps the p-substrate as reference. The bottom depletion width is from the
p-n junction theory, given by

2gsl//bi( NA )
Won = ’\/CIND Np+Ng/~ (83)

Of special interest is the threshold voltage V' at which gate bias the channel width is
totally consumed by both depletion regions. Setting the condition of

x, = Wpe+ Wp,, (86)

the threshold voltage is obtained;*0

2ge NpN,w,: Ny,
VT = V}B—qNst(i+ 1 )+(Jig+ 1) qgs D Al//bl_ AV . (87)
2, C,; g C,y Np+N, Np+N,
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Once the channel dimensions are known, the channel charge can be calculated
easily. Depending on the gate-bias range, we can have different amounts of bulk
change Oy and surface inversion charge (,. These are given as;

Q= Qg = (x;—Wp,—Wp)INp , Vp<Ve<Vig, (88)
and
Q=0+0,
= (= Wp)Np+ Co (Vo —Vip) Vig<Vs. (89)

Given the channel charge, the drain current can be calculated in a way similar to those
previously derived. But compared to the surface-channel devices, the buried-channel
MOSFET equations are more complicated since the coupling of the gate to the
channel (or net gate capacitance) is now gate-bias dependent. Qualitative I-V charac-
teristics are shown in Fig. 24.

More-exact solution of the drain current can be obtained by substituting the
charge into Eq. 22. The results, divided into different regimes of V; bias, are summa-
rized in Table 1. These results are based on the long-channel constant-mobility
model. Current saturation due to velocity saturation can be estimated to be = Qu W.

A buried-channel MOSFET is usually normally-on (depletion-mode), although
theoretically it can be made as a normally-off (enhancement-mode) device, by proper
choice of metal work function, for example. Also for a given N, the threshold
voltage becomes more negative with increased buried-channel depth x,. However,
because there exists a maximum depletion width in an MOS system, if the doping
density N, or/and the buried-channel depth x, are sufficiently large, W, can reach a
maximum value without pinching off the channel. A limit on the channel profile thus
exists, otherwise the transistor cannot be turned off. This condition is bound by a
combination of x; and Np;

Ip & — I,k
Ve> Vig
— Vo= Vig
— Bulk
conduction
Vp<Vg< Vip
M
Bulk + surface
conduction
0 Vb Vr Vig Vo
(@) (b)

Fig. 24 Buried-channel MOSFET: (a) Output characteristics. (b) Transfer characteristics (/j,
vs. V) in linear region (small V), showing threshold voltage ¥ and flat-band voltage Vi .
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Table 1 Current Equations for Buried-Channel MOSFETs, Based on Long-Channel Constant
Mobility (After Refs. 15 and 37)

Vi< Vo< Vig

I = VZWIIBTC‘;[(VG_ VT)VD_%aV%} s Vp<Vpea
= VZW-IJ—B—_;C%’_‘&%(:—T)Z . Vb2 Vpsat
Vg2 Vig
I = %‘%{(Vc— VT)VD—%aV% +(r- 1)|:(VG— V;“B)VD_%VIZJ}} s Vp<Vo—Vig
= Bl (o vV arh s Y- D00 1il], Vo Ve < V< Vi

— V_VﬂB ox (VG_VT)2 l * )2 2
T L 1+0[T+2(r D VFB)]' Vo2 Vo
where
Copxs(Coux A

Vo = (Vo=Vi)a =0_{#+1) a=1+(1+c

psac = (Vo= V1) ¢ g \ 2e ( )4/\/‘//bi
Mg = bulk mobility N

5 " r= (1+ o) y=—-2iNA

M, = surface mobility Hp C

f /— N, NV
xslmax qND( Vst NA ] (90)

In the buried-channel devices, the substrate-bias effect is more direct. It can be
viewed as a bottom gate. The effects are calculated in the above equations if y;, is
replaced with y;, — Vg (Vpe is negative). In particular, V- (Eq. 87) and W), (Eq. 85)
can be shifted with a substrate bias, to the extent that the transistor can be turned on
and off and between depletion-mode and enhancement-mode.

We now turn to the subthreshold current of buried-channel devices. At a suffi-
ciently large negative gate bias, the channel will be pinched off, that is, when x, =
Wy + Wp, (Fig. 23c). The conduction below the threshold voltage is due to the pres-
ence of a region of partially depleted electrons, wherein the current is carried prima-
rily by diffusion of electrons. The resulting subthreshold (sub-pinch-off) current for a
buried-channel MOSFET is, thus, directly analogous to the subthreshold current for a
surface-channel MOSFET. The subthreshold current will vary exponentially with the
gate voltage, and the subthreshold swing S is given by the capacitive divider ratio
again of Eq. 60, except now different capacitances have to be used. From Fig. 23c,
the maximum electron concentration occurs at the location of x = x, — Wp,,. So C, of
Eq. 60 should be replaced with the depletion capacitance of the substrate p-» junction
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[&/(Wp, + Wp,)], and C,, should be replaced with C,, in series with the surface
depletion capacitance &/Wp,. These substitutions give an expression of 3°

Oon

S = (1n10)%T[1 +M],

gox( WDn + WDp)

where all depletion layers W, Wp,,, and W, correspond to the condition at threshold
(Vg = Vp). The subthreshold swing is usually larger than that of conventional surface-
channel devices.

The buried-channel device is expected to have higher carrier mobility than
surface-channel devices since carriers are free of surface scattering and other surface
effects. They are also less affected by the short-channel effects (to be discussed next)
such as hot-carrier-induced reliability problems. On the other hand, since the net dis-
tance between the gate and the channel is further away and is gate-bias dependent, the
transconductance is smaller and variable. Note that if the gate is replaced by a
Schottky junction or a p-n junction, the device become a MESFET or a JFET corre-
spondingly, both to be discussed in the next chapter.

6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS

Since 1959, the beginning of the integrated-circuit era, the minimum feature length
has been reduced by more than two orders of magnitude. We expect the minimum
dimension will continue to shrink in the foreseeable future, as illustrated in Fig. 1. As
the MOSFET dimensions shrink, they need to be designed properly to preserve the
long-channel behavior as much as possible. As the channel length decreases, the
depletion widths of the source and drain become comparable to the channel length
and punch-through between the drain and source will eventually occur. This requires
higher channel doping. A higher channel doping will increase the threshold voltage,
and in order to control a reasonable threshold voltage, a thinner oxide is necessary.
One sees that the device parameters are interrelated, and certain scaling rules are used
to optimize the device performance.

Even with the best scaling rules, as the channel length is reduced, departures from
long-channel behavior are inevitable. These departures, the short-channel effects,
arise as results of a two-dimensional potential distribution and high electric fields in
the channel region. The potential distribution in the channel now depends on both the
transverse field &, (controlled by the gate voltage and the back-substrate bias) and the
longitudinal field &, (controlled by the drain bias). In other words, the potential dis-
tribution becomes two-dimensional, and the gradual-channel approximation (that is,
&, > &,) is no longer valid. This two-dimensional potential results in many forms of
undesirable electrical behavior.

As the electric field is increased, the channel mobility becomes field-dependent,
and eventually velocity saturation occurs. (The mobility behavior was discussed in
Section 6.2.5.) When the field is increased further, carrier multiplication near the
drain occurs, leading to substrate current and parasitic bipolar-transistor action. High
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Table 2 MOSFET Scaling

Parameter  Scaling factor:  Scaling factor: Limitation
Constant-& Actual
L l/x / /
4 1 >1 /
d l/k > VK Tunneling, defects
¥ Ik > 1/k Resistance
Vr 1/x » Uk Off current
Yy l/x » 1k System, ¥
N, K <K Junction breakdown

In ideal constant-field scaling parameters are scaled by the same factor.
In reality the scaling factors are limited by other reasons and skewed.

fields also cause hot-carrier injection into the oxide leading to oxide charging and
subsequent threshold-voltage shift and transconductance degradation.

These aforementioned phenomena will cause short-channel effects which can be
summarized as follows: (1) V' is not constant with L, (2) I, does not saturate with ¥,
bias, both above and below threshold; (3) I, is not proportional to 1/L; and (4) device
characteristics degrade with operation time. Because short-channel effects compli-
cate device operation and degrade device performance, these effects should be elimi-
nated or minimized so that a physical short-channel device can preserve the electrical
long-channel behavior. In this section, we discuss MOSFET scaling and the short-
channel effects that accompany device miniaturization. [Item-(3) is related to high-
field mobility or velocity saturation, and has already been treated in Section 6.2.2.]

6.4.1 Device Scaling

The most-ideal scaling rule to avoid short-channel effects is simply to scale down all
dimensions and voltages of a long-channel MOSFET so that the internal electric
fields are kept the same.*! This constant-field scaling is shown in Table 2 and
Fig. 25.This approach offers a conceptually simple picture for device miniaturization.
All dimensions, including channel length and width, oxide thickness, and junction

: O V(1K
L d(1/x) Gate pl1/x)

Source D O W Drain
- L(1/K) A [ram »
n _L_//'______—_" l\J. n
1 Ws \\ Wp(1/x)
N S~ Fig. 25 Physical parameters
Tk for MOSFET scaling. Scaling
factors for constant-field are

| v, indicated.
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depth, are shrunk by the same scaling factor k. The doping level is increased by «,
and all voltages are reduced by «; leading to a reduction of the junction depletion
width by about x. Note that the subthreshold swing S remains essentially the same
since S is proportional to 1 + C/C, . and both capacitances are scaled up by the same
factor .

Unfortunately such an ideal scaling rule is hindered by other factors that are fun-
damentally not scalable. First, the junction built-in voltage and the surface potential
for the onset of weak inversion do not scale (only ~ 10% change for 10 times increase
in dopings). The range of gate voltage between depletion and strong inversion is
approximately 0.5 V. These limitations stem from the fact that both the energy gap
and thermal energy kT remain constant. The gate oxide thickness has the technolog-
ical difficulty of defects as it approaches the low-nm scale. Tunneling through the
oxide is another fundamental limitation. The quantum-mechanical effect discussed in
Section 4.3.6 degrades the gate capacitance due to the fact that carriers are located at
a finite distance (=1 nm) from the interface. The source and drain series resistance
increases when 7, is decreased. This is especially detrimental when the current of the
device increases at the same time. The channel doping cannot be increased indefi-
nitely due to p-n junction breakdown. The threshold voltage cannot be scaled due to
the off-current consideration, even with a fixed subthreshold swing. The supply
voltage has been historically slow in scaling because of the system consideration, and
also the push for higher speed. These limitations in scaling are summarized in
Table 2, resulting in the actual nonideal scaling factors which are shown relative to
the constant-field scaling. With these limitations, the field is no longer kept the same,
and it increases with smaller gate lengths.

With the above practical limitations, other scaling rules have been proposed.
These include constant-voltage scaling,*? quasi-constant-voltage scaling,*® and gen-
eralized scaling.** One other scaling rule with a unique feature of having flexible
scaling factors has been proposed.*> This allows the various device parameters to be
adjusted independently as long as the overall behavior is preserved. Therefore, all
device parameters do not have to be scaled by the same factor x. The expression for
minimum channel length for which long-channel behavior can be observed is found
to follow a simple empirical relation:*

L2 C\[rd(Ws+ Wp)H13 (92)

where C, is a constant, and W+ W, is the sum of the source and drain depletion
widths in a one-dimensional abrupt junction formulation:

2¢
W, = = (Vp+ Wpi— Vas)- 93
D f\/qNA( DY Vs BS) 93)

For V=0, W equals W. A variation of this rule is also presented in Ref. 46.

We have discussed the nonideal factors that hinder constant-field scaling,
resulting in some form of a penalty. On the positive notes, there are a couple of dis-
ruptive technologies on the horizon that will help scaling. First, MOSFETs built on a
three-dimensional structure with an ultra-thin body will effectively eliminate most
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the conduction path for punch-through, and the requirement on channel doping can be
relaxed (see Section 6.5.5). Second, research activities looking for gate dielectrics
with high dielectric constants have been intense. Such a high-K gate dielectric can
relax the physical thickness, improving the defect density and reducing the field for
tunnelling. Both of these technologies can help to circumvent or delay the short-
channel effects for a particular generation of channel length.

6.4.2 Charge Sharing from Source/Drain

Analysis of the channel charge so far is 1-dimensional, that is, both the inversion
charge and depletion charge is completely balanced by the charge on the gate, so they
can be treated as charge density. Detailed 2-dimensional examination at the ends of
the channel reveals that some of the depletion charge is balanced by the #n*-source and
drain, as shown in Fig. 26a. Departure from long-channel behavior can be shown to
happen by applying the charge conservation principle to the region bounded by the
gate, the channel, and the source/drain,*’

Oy+0,+05 =0, (94)
where Qj, is the total charge on the gate, O, is the total inversion-layer charge, and
Qp is the total ionized impurity in the depletion region. This of course assumes that
all oxide and interface charges are zero. The threshold voltage, which can be viewed
as voltage required to deplete the total bulk charge Qp in the maximum depletion
width, is given by

0
Vy = VFB+2y/B+Tj4, (95)

where 4 is the gate area ZxL. For long-channel devices, Qp = gAN W}, where Wp,,
is the maximum depletion-layer width,

_E Gate C lf”
pr— | L
Sourc i — L — ;
ource \“ e — Drain : Drain
n URERERELIRENE + n 7 1
EEETE QVene A ST T [ Wonm <L
WLt s 4 oy m N 7T, o -
L N L il —pa\ _[””’4
Vs | — ——
p-Si Yp
L
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(a) (b)

Fig. 26 Charge-conservation model for (a) ¥, > 0, and (b) ¥, =0 where Wy = Wy~ Wy,
(After Ref. 47.)
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f2 -V,
qivy

and 1-D analysis is sufficient.

For short-channel devices, the full effect of Q on the threshold voltage is
reduced, because near the source and drain ends of the channel, some field lines orig-
inating from the bulk charges under the channel region terminate at the source or
drain instead of the gate (Fig. 26a). Note that the horizontal depletion-layer widths yg
and y, are smaller than the vertical depletion-layer widths Wg and W), respectively,
because the transverse field strongly influences the potential distribution at the sur-
face.

First-order estimation of the threshold voltage can be made by considering the
charge partition. The total bulk depletion charge can be estimated by the trapezoid 47

. L+L
Qp = ZgN, WDm(—_Z_')' ©7

For small drain bias, we can assume that W, ~ Wg~ Wp,,, and by straightforward
trigonometric analysis (Fig. 26b),

L' = L=2(Jr} +2Wp,r;—1)). 98)

The threshold-voltage shift from long-channel behavior is then given by

1 (O3 ) qNAWDm( L+L')
AV, = —(—— NW, | = - 1-
T C,\ZL 9N 4Wpm C,. 2L

qN W put; 2Wpm
=TTl ’[A/“ ) I 99)
ox J

The negative sign means V7 is lowered and the transistor is easier to turn on. To take
into account the effect of the drain voltage and the substrate bias, Eq. 99 can be mod-
ified to read 48

N Wt 2 2
avp = - ol s gl g 122, (100)
2C, L 7, 7;

where y¢ and y;, are given as

24, % (101
Ys® qNA(V/bi—V’s— BS) a)
2¢,
Yp= q_]\,A(l//bi"' Vp—w,—Vgs). (101b)

Note that the threshold voltage becomes a function of both L and ¥},. Figure 27 shows
this dependence on both channel length and drain bias.
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Fig. 27 Dependence of threshold voltage on channel length and drain bias. (After Ref. 49.)

6.4.3 Channel-Length Modulation

Figure 26a also shows that yj, is a high-field region where carriers are swept out effi-
ciently. y is a transitional region where the electron concentration is higher than that
in the main channel. So for consideration of the channel drift region, the effective
channel length is more meaningful, given by

Lege = L = L-ys-yp. (102)

This factor contributes to a drain-bias dependence of the effective channel length and
partially accounts for the nonsaturating current with drain bias. Nevertheless, the
change of channel length affects the current only linearly, whereas the barrier low-
ering caused by the drain bias, considered next, is much more pronounced since the
current has an exponential dependence on the barrier.

6.4.4 Drain-Induced Barrier Lowering (DIBL)

We have pointed out that when the source and drain depletion regions are a substan-
tial fraction of the channel length, short-channel effects start to occur. In extreme
cases when the sum of these depletion widths approaches the channel length
(g +yp =~ L), more-serious effects will happen. This condition is commonly called
punch-through. The net result is a large leakage current between the source and drain,
and that this current is a strong function of the drain bias.

The origin of punch-through is the lowering of the barrier near the source, com-
monly referred to as DIBL (drain-induced barrier lowering). When the drain is close
to the source, the drain bias can influence the barrier at the source end, such that the
channel carrier concentration at that location is no longer fixed. This is demonstrated
by the energy bands along the semiconductor surface, shown in Fig. 28. For a long-
channel device, a drain bias can change the effective channel length, but the barrier at
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(a) (b)

Fig. 28 Energy-band diagram at the semiconductor surface from source to drain, for (a) long-
channel and (b) short-channel MOSFETs, showing the DIBL effect in the latter. Dashed lines
Vp = 0. Solid lines V', > 0.

the source end remains constant. For a short-channel device, this same barrier is no
longer fixed. The lowering of the source barrier causes an injection of extra carriers,
thereby increasing the current substantially. This increase of current shows up in both
above-threshold and subthreshold regimes.

Figure 28 shows that punch-through condition occurs at the semiconductor sur-
face. In practical devices, it is common that the substrate concentration is reduced
below the depth of the source/drain junction #;. A reduced substrate doping widens
the depletion widths so punch-through can also happen via a path in the bulk.

An example of severe punch-through characteristics above threshold is shown in
Fig. 29a. For this device, at V', = 0 the sum of yg and y, is 0.26 um which is larger
than the channel length of 0.23 pum. Therefore, the depletion region of the drain junc-
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Fig. 29 Drain characteristics of MOSFETs showing DIBL effect. (a) Above threshold. L =
0.23 pm. d = 25.8 nm. N, = 7x1016 ¢cm 3. (b) Below threshold. d = 13 nm. N, = 104 cm™3.
(After Ref. 50.)
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tion has reached the depletion region of the source junction. Over the drain bias range
shown, the device is operated in punch-through condition. Under such a condition,
majority carriers in the source region (electrons in this case) can be injected into the
depleted channel region, where they will be swept by the field and collected at the
drain. The punch-through drain voltage can be estimated by the depletion approxima-
tion to be

- gN (L - y5)? _

Vp V- (103)
Drain current will be dominated by the space-charge-limited current:
e, p,AV3
pr (104)

where A4 is the cross-sectional area of the punch-through path. The space-charge-
limited current increases with V'3 and is parallel to the inversion-layer current. The
calculated points in the figure are from a 2-dimensional computer calculation incor-
porating the punch-through effect and field-dependent mobility effect.

The DIBL effect on subthreshold current is shown in Fig. 29b, for various channel
lengths. The device with a 7-um channel length shows long-channel behavior, that is,
the subthreshold drain current is independent of drain voltage when V, > 3kT/q
(Eq. 57). For L = 3 pum, there is a substantial dependence of current on V), with a cor-
responding shift of V- (which is at the point of current departure of the /- character-
istic from the straight line). The subthreshold swing also increases. For an even
shorter channel, L = 1.5 um, long-channel behavior is totally lost. The subthreshold
swing becomes much worst and the device cannot be turned off any more.

6.4.5 Multiplication and Oxide Reliability

We pointed out earlier that due to nonideal scaling, the internal electric fields in
MOSFETs would increase with shorter channel lengths. In this section we discuss the
anomalous currents associated with high fields, as well as their impacts. Figure 30
depicts all parasitic currents in addition to the main channel current. Note that the
highest field occurs near the drain, and this is the location where most of the anoma-
lous currents originate.

First, as the channel carriers (electrons) go through the high-field region, they
acquire extra energy from the field without losing it to the lattice. These energetic car-
riers are called Aot carriers whose kinetic energy is measured above the conduction
band E. This extra energy, if larger than the Si/SiO, barrier (3.1 eV), enables them to
escape to the oxide layer and to the gate terminal, and gives rise to a gate current.

Another major phenomenon happening in the high-field region is impact ioniza-
tion which generates extra electron-hole pairs. These extra electrons go directly to the
drain and add to the channel current. The path of the generated holes, however, is
more diverse. A small fraction of them are driven to the gate, analogous to the hot
electrons mentioned before. The majority of the generated holes flow to the substrate.
For short-channel devices, some holes will go to the source. The division of these
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Fig. 30 Current components of a MOSFET under high fields.

paths depends on how good the substrate tie is. A perfect substrate tie (R, = 0) will
sink all the hot holes and none of them will go to the source. As explained later, holes
going to the gate or source will produce undesirable effects.

An example of the MOSFET terminal currents, including the gate current and
substrate current, are shown in Fig. 31. Note that the gate current is due to hot elec-
trons and hot holes over the barrier and is different from carriers tunneling through

the barrier. This hot-carrier gate current peaks approximately at V; » Vp,. It is gener-
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Fig. 31 Drain current, substrate current, and gate current vs. gate voltage of a MOSFET. L/W
=0.8/30 um. (After Ref. 51.)
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ally very small, and it by itself does not post a problem since it is negligible compared
to the channel current. The impacts are the damages it creates. It is well known that
these hot carriers create oxide charges and interface traps.>? As a result, device char-
acteristics change with operation time. In particular, the threshold voltage shifts, gen-
erally to a higher value, and the transconductance g,, degrades because of interface
traps and reduced channel mobility. The subthreshold swing becomes larger because
of increased interface-trap density. To reduce oxide charging, the density of water-
related traps in the oxide should be minimized,’? because such traps are known to
capture hot carriers on their passage. In order to ensure MOSFETSs’ performance over
a reasonable time, it is important to quantify the device lifetime over which the device
parameters do not drift outside a given range, for a given bias condition. This is part
of the specification of a MOSFET technology.

Figure 31 also shows the general characteristics of the substrate current. The sub-
strate current has a unique bell shape as a function of gate bias.>* It increases first with
Ve reaches a maximum then decreases. This maximum occurs usually around
Vi = Vp/2. The maximum in /g can be explained as follows. Assuming that the
impact ionization occurs uniformly in the high-field region, the substrate current can
be written as

Igs~Ipa(E)yp, (105)

where « is the ionization coefficient, the number of electron-hole pairs generated per
unit distance, and is a strong function of the electric field; and yj, is the high-field or
pinch-off region. For a given ¥}, as V; increases, both I, and Vj,, increase
(Vpsat = Vg — V). When Vi, increases, the lateral field [= (Vp — Vpg,)/yp] decreases,
causing a reduction of . Thus we have two conflicting factors. The initial increase of
I is caused by the increase of drain current with V;, and at larger V;, the decrease
of I is due to the decrease of . Maximum /g occurs where the two factors balance
each other. Empirically, the substrate current can be expressed as

-C
lns = Calp(Vp~ Vpudexp(37—2—). (106)
D Dsat
where C, and C; are constants.

For a short-channel device, that is, a small source-drain separation, avalanched
holes have increasing tendency to flow to the source.S This hole current constitutes a
base current of a parasitic n-p-n bipolar-transistor action, where source-substrate-
drain is equivalent to the emitter-base-collector configuration. For every hole that
goes to the source, there are many electrons injected to the substrate. These electrons
will be collected by the drain and show up as additional drain current. This bipolar
current gain /,/1, is roughly determined by the ratio of Np/N,. Another way to look at
this is that the substrate current develops a substrate voltage /5xR,,, which puts the
source-substrate p-# junction under forward bias, thereby injecting electrons into the
substrate. An additional effect is that the higher substrate potential lowers the
threshold voltage for the surface channel and increases the surface-channel current.
Both effects will increase the total drain current. These effects will become worst
with an increase of Ry, and shorter L. In the extreme case of a MOSFET without a
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substrate contact (R, = o©) such as an SOI or TFT structure (Section 6.5.4), the
output curves show sudden rise of I, with V. This is referred to as kink effect in the
output characteristics.

In more-severe cases, the substrate current can induce source-drain breakdown
from this parasitic n-p-n bipolar action. Analogous to the analysis of a bipolar break-
down (Section 5.2.3), since the source-drain distance is much shorter than the drain-
to substrate contact, the base can be treated as open, and the MOSFET source-drain
breakdown is given by the parasitic open-base bipolar breakdown (Eq. 47 of

Chapter 5)
Veps = Vapu(1-a,,, )" ' (107)

Here Vpp,, is the drain-substrate p-n junction breakdown voltage, and » describes the
shape of this diode breakdown characteristics. @, is the common-base current gain,
given by the product of the base transport factor a; and emitter efficiency .

Assuming y= 1, we have

anpn = ary=ar
L2

212

where L (channel length) is the effective base width, and L, is the electron diffusion
length in the substrate. From the above equations the breakdown voltage between
source and drain is obtained for a short-channel MOSFET as

VBD L\ 2/n
Vas () (109)

Equation 109 has been used to fit the data quite well, provided that the factor » is
chosen to be 5.4.5° The difference in breakdown voltage for different junction curva-
ture can be explained by the dependence of ¥, on 7, as discussed in Chapter 2. To
reduce the parasitic transistor effect, the resistance of the substrate R, should be
minimized so that the product of J5¢xR, remains smaller than ~ 0.6 V. Then the
breakdown voltage of a short-channel MOSFET will no longer be limited by this par-
asitic bipolar effect, and higher voltages and more-reliable operation can be expected.

The drain-gate overlap region forms a gated-diode structure. For a thin oxide
together with an abrupt junction, avalanche can occur during certain bias condition
and it results in a drain leakage current going to the substrate. Such gated-diode ava-
lanche current is called gate-induced drain leakage (GIDL) and the mechanism has
been discussed in more details in Section 2.4.3. For an #-channel device, with a fixed
drain bias, the normal channel current decreases with decreasing gate bias into the
subthreshold regime. At some gate bias, the drain current becomes the GIDL current,
and it rises again with more negative gate bias. Very often, in short-channel devices,
this GIDL current already exists at V; = 0, imposing a leakage current component in
their off-state.>¢

~1-

(108)
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Up to now, Si MOSFET has been the workhorse of the electronics industry. As such,
the MOSFET channel length and other dimensions have been pushed to shrink for the
benefits of performance and density (see Fig. 1). While there is much discussion on
what dimensions are the scaling limits,*’ it is certainly true that device scaling is
getting increasingly difficult and has diminishing return. There are many possible
reasons for hitting the end of scaling. These include: sensitivity of statistical doping
fluctuations and surface charges, various forms of short-channel effects, quantum
confinement in inversion layer which places a limit on gate capacitance, source/drain
series resistance, etc. Most-recent data suggest that channel length below 20 nm is
feasible, even with planar technology.”3->° However, for practical applications, the
scaling limit is most likely around 10 nm, even for 3-dimensional structures.

Many device structures have been proposed to control short-channel effects and
improve MOSFET performance. We shall now consider the MOSFET structure
broken down here into separate parts: channel doping, gate stack, and source/drain
design. This is followed by some representative device structures for ultimate perfor-
mance and special purposes.

6.5.1 Channel Doping Profile

Figure 32 shows the schematic of a typical high-performance MOSFET structure
based on planar technology. The channel doping profile has a peak level slightly
below the semiconductor surface. Such a retrograde profile is achieved with ion
implantation, often of multiple doses and energies. The low concentration at the
surface has the advantages of higher mobility due to reduced normal field and low
threshold voltage. The high peak concentration below the surface is to control punch-
through and other short-channel effects. Lower concentration is typically below the
junction depth. It reduces the junction capacitance as well as the substrate-bias effect
on threshold voltage.

Spacer Metal

Gate
dielectric

Silicide

Fig. 32 High-performance MOSFET planar structure with a retrograde channel doping pro-
file, two-step source/drain junction, and self-aligned silicide source/drain contact.
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6.5.2 Gate Stack

The gate stack consists of the gate dielectric and the gate contact material. The gate
dielectric has been exclusively Si0, right from the birth of MOSFET. In fact, the ideal
Si-Si0, interface is the main factor responsible for the success of MOSFET. As the
oxide thickness is scaled into the range below =~ 2 nm, fundamental problem of tun-
neling and technological difficulty of defects start to demand alternatives. A sensible
and popular solution that is actively sought after is a material with high dielectric con-
stant, called high-X dielectric. Such a high-X dielectric can have a thicker physical
thickness for the same capacitance, thus reducing its electric field and technological
problem related to defects. With the value of dielectric constant considered, the
common terminology used is the equivalent oxide thickness [EOT =
thickness x K(SiO,)/K]. Material options being examined are Al,0,, HfO,, ZrO,,
Y,0;, La,0;, Ta,Os, and TiO,. The dielectric constants for these materials range from
9 to 30, except for TiO, which is larger than 80. As seen [K(SiO,) = 3.9], the EOT can
easily be extended to below 1 nm if some of the options eventually are proven to be
successful. Nevertheless, readers are reminded of the quantum-mechanical effect dis-
cussed in Section 4.3.6 which puts a limit on the gate capacitance.

The gate material has been polysilicon for a long time. The advantages of a
poly-Si gate is its compatibility with the silicon processing, and its ability to with-
stand high-temperature anneal that is required after self-aligned source/drain implan-
tation. Another important factor is that the work function can be varied by doping it
into n-type and p-type. Such flexibility is crucial for a symmetric CMOS technology.
One limitation of the poly-Si gate is its relatively high resistance. This does not result
in penalty of dc characteristics since the gate terminates on the gate insulator. The
penalty shows up in high-frequency parameters such as noise and £, ,, (Section 6.6.1).
Another shortcoming of poly-Si gate is the finite depletion width at the oxide inter-
face. This reduces the effective gate capacitance and becomes more severe with
thinner oxides. To circumvent the problems of resistance and depletion, gate mate-
rials of silicides and metals are obvious choices. Potential candidates are TiN, TaN,
W, Mo, and NiSi.

6.5.3 Source/Drain Design

Details of the source/drain structures are shown in Fig. 32. Typically the junction has
two sections. The extension near the channel has shallower junction depth to mini-
mize short-channel effects. Sometimes it is doped less heavily to reduce the lateral
field for consideration of hot-carrier aging. For this purpose it is called a lightly doped
drain (LDD). The deeper junction depth away from the channel helps to minimize the
series resistance.

It has been pointed out that the sharpness or gradient of the source/drain profile is
critical to minimize the series resistance.%® We refer to Fig. 33 to understand its
origin. In practice the profile is never perfectly abrupt, and there exists a region of
accumulation layer (of n-type) before current spreads into the bulk of the
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Metal contact
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Channel

co
R
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Fig. 33 Detailed analysis of different components of parasitic source/drain series resistance.

R, is accumulation-layer resistance due to doping gradient. R, = spreading resistance. R, =
sheet resistance. R, = contact resistance. (After Ref. 60.)

source/drain. This accumulation-layer resistance R, is related to the transition dis-
tance before the doping reaches a critical level.

A major milestone for source/drain design is the development of the silicide
contact technology which started in the early 1990s. Unlike the metal contact, the sili-
cide can be made self-aligned to the gate, as shown in Fig. 32, thus minimizing the
sheet-resistance component (R,) between the contact and the channel. In this way the
silicide has become the metal contact because contact resistance between metal and
silicide is very small. This self-aligned silicide process has been coined salicide. The
salicide process is described is follows. After the gate definition, an insulator spacer
is formed on the sides of the gate. A metal layer for silicidation is deposited uni-
formly, which at this stage is shorting the gate and the source/drain. After a thermal
reaction at low temperature (= 450°C), the metal reacts with silicon to form silicide
on the source/drain region. Silicide formation on the gate is optional depending on
whether the gate is capped with an insulation layer as part of the gate stack. Metal
over the spacer region and the field region (between transistors, not shown) remains
metal since there is no exposed silicon for reaction. The metal is then removed with a
selective chemical that etches metal only without etching silicide, thereby removing
the shorting paths. Note that the silicide/silicon interface in Fig. 32 is slightly
recessed. This is due to the consumption of silicon during silicide formation. Exam-
ples for salicides are CoSi,, NiSi,, TiSi,, and PtSi.

Schottky-Barrier Source/Drain. Instead of p-# junction, use of Schottky-barrier
contacts for the source and drain of a MOSFET can result in some advantages in fab-
rication and performance. Figure 34a shows a schematic MOSFET structure with
such Schottky source and drain.5! For a Schottky contact, the junction depth can
effectively be made zero to minimize the short-channel effects. n-p-n bipolar-tran-
sistor action is also absent for undesirable effects such as bipolar breakdown and
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Fig. 34 MOSFET with Schottky-barrier source and drain. (a) Cross-sectional view of the
device. (b)-(d) Band diagrams along semiconductor surface under various biases.

latch-up phenomenon®? in CMOS circuits. Eliminating high-temperature implant
anneal can promote better quality in the oxides and better control of geometry. In
addition, this structure can be made on semiconductors such as CdS where p-n junc-
tions cannot be easily formed.

Figures 34b—d show the working principle of a Schottky source/drain. At thermal
equilibrium with ¥, =V, =0, the barrier height of the metal to the p-substrate for
holes is g¢g, (e.g., 0.84 eV for an ErSi-Si contact).5> When the gate voltage is above
threshold to invert the surface from p-type to n-type, the barrier height between the
source and the inversion layer (electrons) is g ¢, = 0.28 eV. Note that the source
contact is reverse biased under operating conditions (Fig. 34d). For a 0.28-eV barrier,
the thermionic-type reverse-saturation current density is of the order of 10° A/cm? at
room temperature. To increase current density, metals should be chosen to give the
highest majority-carrier barrier such that the minority-carrier barrier height is mini-
mized. Additional current due to tunneling through the barrier should help to improve
the supply of channel carriers. At the present, making the structure on a p-type Si sub-
strate for n-channel MOSFET is more difficult compared to p-channel device with
n-substrate, because metals and silicides that give large barrier heights on p-type
silicon are less common.
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Ip (pA/pm)

Fig. 35 [-V characteristics of
n-channel MOSFET with Schottky
source/drain. (After Ref. 63.)

The disadvantages of the Schottky source/drain are high series resistance due to
the finite barrier height, and higher drain leakage current. Typical I-V curves show
that current is starved at low-drain bias (Fig. 35). Also note that as shown in Fig. 34,
the metal or silicide contact has to extend underneath the gate for continuity. This
process is much more demanding than a junction source/drain which is done by self-
aligned implantation and diffusion.

Raised Source/Drain. An advanced design is the raised source/drain where a
heavily doped epitaxial layer is grown over the source/drain regions (Fig. 36a). The
purpose is to minimize junction depth to control short-channel effects. Note that an
extension underneath the spacer is still needed for continuity. An alternative is the
recessed-channel MOSFET where the junction depth 7; is zero or negative
(Fig. 36b).* The drawback of the recessed-channel structure, especially for submi-
cron devices, is the difficulty in controlling the contour and the oxide thickness at the
corners where the threshold voltage is determined. Also, oxide charging may be
worsened because more hot-carrier injection will occur.

6.5.4 SOI and Thin-Film Transistor (TFT)

SOI. Unlike thin-film transistor, the top silicon layer of an SOI (silicon-on-insulator)
wafer is high-quality single-crystalline material that is suitable for high-performance

Source Drain Source Drain
n' M| n "‘ " “ "

‘ ﬂ'\l

l_-—-—-—'—'_'_“——-\_,_‘_‘_'___'___,_,_._-—-—-—-_.___

(@) ()

Fig. 36 Means to reduce source/drain junction depth and series resistance. (a) Raised
source/drain. (b) Recessed channel.
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and high-density integrated circuits.®> Many forms of SOI structures have been dem-
onstrated with different insulator materials and holding substrates. These include
silicon-on-oxide, silicon-on-sapphire (SOS), silicon-on-zirconia (SOZ), and silicon-
on-nothing(air gap). In SOS and SOZ technologies, a single-crystalline silicon film is
epitaxially grown on a crystalline insulating substrate. In these cases, the insulators
are the substrates themselves, Al,O; in SOS and ZrO, in SOZ. The difficulties in
these techniques are the material quality when the film gets thinner. The first option,
using oxide as an insulator and another Si wafer as the holding substrate, is by far the
most popular. There are many ways to fabricate this structure. Among them SIMOX
(separation by implantation of oxygen) where high-dose oxygen is implanted onto a
silicon wafer followed by high-temperature anneal to form the buried SiO, layer.
Another technique involves bonding of two silicon wafers one of which has an oxi-
dized layer followed by thinning or removal of the majority of the top wafer until a
thin silicon layer is left. One technique uses lateral epitaxial growth of silicon over an
oxide layer, starting from a seed opening to the substrate. Another uses laser recrys-
tallization, transforming amorphous silicon deposited onto the oxide layer into
single-crystalline material, or into poly-crystalline form with large grain size.

Figure 37a shows a schematic diagram of an #n-channel MOSFET made on an SOI
substrate, with its typical I-V characteristics shown in Fig. 37b. The kinks associated
with floating body without a substrate tie are noticeable.

The advantages of the SOI substrate include improved MOSFET scaling due to its
thin body. A thin body can alleviate most problem with punch-through such that the
channel can be doped lightly. The subthreshold swing is known to be improved. The
buried oxide layer serves as good isolation to reduce capacitance to the substrate,
giving rise to higher speed. As shown in Fig. 37a, device isolation is much easier,
simply by removing the surrounding thin film. This can significantly improve the
circuit density. This type of isolation, as opposed to junction isolation in planar tech-
nology, also eliminates latch-up phenomenon in CMOS circuits. The disadvantages
of SOI is higher wafer cost, potentially inferior material properties, the kink effect,
and worse heat conduction because of the oxide layer.
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Fig. 37 (a) Typical structure of MOSFET on SOI wafer, and (b) its drain characteristics.
(After Ref. 66.)
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Thin-Film Transistor (TFT). The thin-film transistor usually refers to MOSFET as
opposed to other kinds of transistors. The structure is similar to MOSFET built on
SOI with the exception that the active film is a deposited thin film and that the sub-
strate can be of any form.%7 Because the semiconductor layer is formed by deposition,
the amorphous material has more defects and imperfections than in single-crystalline
semiconductors, resulting in more complicated transport processes in the TFT. To
improve device performance, reproducibility, and reliability, the bulk and interface-
trap densities must be reduced to reasonable levels. In a TFT, the current is always
very limited due to lower mobility, and leakage current is always higher due to
defects. The main applications lie in the areas where a large-area or flexible substrate
is required and conventional semiconductor processing is not feasible. A good
example is large-area display where an array of transistors is required to control the
array of lighting elements. In such applications, device performance such as current
or speed is not critical.

6.5.5 Three-Dimensional Structures

In device scaling, the optimum design is with MOSFET built on a body of ultra-thin
layer such that the body is fully depleted under the whole bias range. A design to
achieve this more efficiently is to have a surround gate structure that encloses the
body layer from at least two sides. Two examples of these 3-dimensional structures
are shown in Fig. 38. They can be classified according to their current-flow pattern;
the horizontal transistor®8-¢° and vertical transistor.”® While both of these are very
challenging from a fabrication point of view, the horizontal scheme is more compat-
ible with SOI technology and more data are reported in the literature. A new set of
difficulties arise from the fact that the majority or all of the channel surface is on a
vertical wall, for both of these structures. This fact presents great challenges in
achieving a smooth channel surface from etching and growth or deposition of gate
dielectrics on these surfaces. Formation of the source/drain junction is no longer
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I: 810, P / I ) |
| Substrat / I Substrate |
- psirate
l.—__—_

Fig. 38 Schematic 3-dimensional MOSFETs. (a) Horizontal structure. (b) Vertical structure.
Note commonality of surround gate and thin body.
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trivial by means of ion implantation. Salicide formation will also be much more dif-
ficult. Whether one of these turns out to be the device choice in the future remains to
be seen.

6.5.6 Power MOSFETs

In general, power MOSFETs employ thicker oxides, deeper junctions, and have
longer channel lengths. These generally post a penalty on device performance such as
transconductance (g,,) and speed (f7). Nevertheless, power applications from
MOSFETs have been on the rise, for example, due to the increasing demand of cel-
lular phones and cellular base stations which require extra-high voltage. We will
present two power structures that are designed for RF power applications.

DMOS. As the name implies, in the DMOS (double-diffused MOS) transistor shown
in Fig. 39a the channel length is determined by the higher diffusion rate of the
p-dopant (e.g., boron) compared to the n*-dopant (e.g., phosphorus) of the source.
This technique can yield very short channels without depending on a lithographic
mask. The p-diffusion serves as channel doping and has good punch-through control.
The channel is followed by a lightly doped »-drift region. This drift region is long
compared to the channel, and it minimizes the peak electric field in this region by
maintaining a uniform field.”! Usually the drain is located at the substrate contact.
The field near the drain is the same as in the drift region, so avalanche breakdown,
multiplication, and oxide charging are lessened compared to conventional MOSFETs.

However, the threshold voltage V' is more difficult to control in a DMOS tran-
sistor because the channel doping is no longer constant along its length.”? Since V' is
determined by the local doping concentration along the semiconductor surface,
varying doping level leads to variations in V' as a function of distance and bias. Also
the localization of punch-through control by a thin p-shield region requires a higher

Oxide g Oxide
\ source | .
Source “a Source - Drain

n

Drain Source
(a) (b)
Fig. 39 (a) Vertical DMOS transistor and (b) LDMOS transistor. Current path is indicated by

dashed line. In LDMOS transistors, it is common to connect the source to the substrate to
reduce inductance of the bonding wire.
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doping level compared to a conventional structure and it leads to poorer turn-off
behavior for DMOS transistors.

LDMOS. The major difference of the LDMOS (laterally diffused MOS) transistor
(Fig. 39b) from a DMOS transistor is that it has a lateral current-flow pattern. The
drift region here is an implanted horizontal region. Such a horizontal arrangement
enables the p*-substrate to deplete this drift region at high drain bias. Yet at low drain
bias its higher doping gives lower series resistance. This drift region, thus, behaves as
a nonlinear resistor. At low drain bias, its resistance is determined by 1/ngu. At high
drain bias, this region is fully depleted so a large voltage drop can be supported. This
concept is called RESURF (reduced surface field) technology.” Because of this fea-
ture, the drift region can be doped with a higher concentration compared to the
DMOS transistor for a lower on-resistance. Another advantage of the LDMOS tran-
sistor is that the source can be tied internally to the substrate by a deep p-type diffu-
sion. This avoids using a bond wire that has high inductance to the source. The
LDMOS transistor can thus perform at higher speed.

6.6 CIRCUIT APPLICATIONS

6.6.1 Equivalent Circuit and Microwave Performance

The MOSFET is ideally a transconductance amplifier with an infinite input resistance
and a current generator at the output. In practice, however, we have other nonideal
circuit elements. An equivalent circuit is shown in Fig. 40 for the common-source
connection. The gate resistance R; is associated with the gate contact material over
the oxide. The input resistance R;, is caused by tunneling current through the thin gate
insulator, and it also includes any conductance through defects. This of course is a
function of the oxide thickness. For a thermally grown silicon dioxide layer, this
leakage current between the gate and the channel is negligibly small; thus, the input
resistance is very high, one of the main advantages of a MOSFET. For oxides below
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Fig. 40 Small-signal equivalent circuit of MOSFET for the common-source configuration. vy
is the small signal of V; Capacitance symbols with prime designate total capacitance in Farad
as opposed to capacitance per unit area.
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a thickness of ~ 5 nm, the tunneling current starts to become an important factor. The
gate capacitance C; (= Cyg + Cgp ) is mostly due to C,, multiplied by the active
channel area ZxL. In practical devices, the gate extends somewhat above the source
and drain regions, and these overlap capacitances add to the total C; . This fringing
effect is also an important contribution to the feedback capacitance C, . The drain
output resistance R is due to the fact that the drain current does not truly saturate
with the drain bias. This effect is especially pronounced for short-channel devices, as
part of the short-channel effects discussed earlier. The output capacitance Cpg con-
sists mostly of the two p-n junction capacitances connected in series through the
semiconductor bulk.

In the saturation region, ¥, and thus R, has little effect on the drain saturation cur-
rent. The Rgaffects the effective gate bias, and the extrinsic transconductance is given
by

Em

= — 110
1 +Rgg,, (110)

Emx

In analyzing the microwave performance, we follow the same procedure as in

Section 5.3.1 for obtaining the cutoff frequency f; defined as the frequency for unity
current gain (ratio of drain current to gate current),

&m 8m
- - , 111
Ir 2m(Ce +C,p)  2m(ZLC, + Cly,) (b

where C['m, is the total input parasitic capacitance. (See footnote* for a more-com-

plete f; expression with excessive Rg and Rp,.) It is interesting to note that if C,,, is
only due to the gate-drain and gate-source overlap regions, it has the same oxide-
thickness dependence as g,,, and f;- would be independent of C,, or oxide thickness.

In the ideal case that there is zero parasitics, it can be shown that

- _&n
Ir 27ZLC,,

- v __1

C 27l 27y (112)
where 7, is the transit time across the channel length. Such an ideal case is in practice
impossible to achieve, but this equation gives an estimate of the upper limit of /7 by
using v = v,. Again, in this limit, f; is also independent of oxide thickness or g,,. How-
ever, g,, is important in practical devices with parasitics.

* In cases of very large source and drain resistances, the more-complete expression is

Jr= En
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Another figure-of-merit for microwave performance is the maximum frequency
of oscillation £, ,., the frequency at which the unilateral gain becomes unity. It is

given by
Jr
= [—1—. 113

So for high-frequency performance, the most-important device parameters are g,
R, and all other parasitic capacitances.

ax>

6.6.2 Basic Circuit Blocks

In this section we present the basic digital-circuit building blocks in both logic and
memory circuits. The most-basic unit for a logic circuit is the inverter. Different con-
figurations for MOSFET inverters are shown in Fig. 41. By far the most common is
the CMOS (complementary MOS) inverter where both n-channel and p-channel tran-
sistors are used. This logic consumes very low dc power because when the input is
either high or low, one of the transistors in series is off so that there is very little
steady-state current (subthreshold current) passing through them. In fact, this is one
of the main advantages and applications of MOSFETs where the insulated gate can
withstand input voltage of any polarity. Such an arrangement is much more difficult
with bipolar transistors or MESFETs without putting a large resistor in front of the
input. In an NMOS logic (Fig. 41b), the load of the p-channel transistor is replaced
with a depletion-mode n-channel transistor. The advantage is a simpler technology
since a p-channel device is not required at the expense of higher dc power. This deple-
tion-mode device with the gate tied to the source is basically a two-terminal nonlinear
resistor, which is an improvement compared to a simple resistor load shown in
Fig. 41c.

Two basic MOSFET memory cells, for SRAM (static random-access memory)
and DRAM (dynamic random-assess memory) circuits, are shown in Fig. 42. The
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Fig. 41 Versions of inverters: (a) CMOS logic. (b) NMOS logic with depletion-mode-tran-
sistor load, and (¢) NMOS logic with resistor load.
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Fig. 42 Basic memory cells in (a) SRAM and (b) DRAM circuits.
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SRAM cell has two CMOS inverters connected back to back. It is a latch and a stable
cell but it requires four transistors (six including controls for word line and bit line).
The DRAM cell only requires one transistor and, thus, has very high memory density.
Its memory information is stored as a charge across the capacitor. Since there is finite
leakage of charge in the nonideal capacitor, the cell needs to be refreshed periodically,
typically at a frequency of ~ 100 Hz.

6.7 NONVOLATILE MEMORY DEVICES

Semiconductor memory devices are classified in Fig. 43. The first division is based
on their ability to maintain their states when the power is disconnected. As the names
imply, a volatile memory loses the content, but a nonvolatile memory does not need
voltage to maintain the data.’+76

Semiconductor memory

/\

Volatile Nonvolatile
N d
SRAM DRAM ROM
Mask- PROM EPROM Flash EEPROM
programmed EEPROM
ROM

Fig. 43 Classification of semiconductor memories.
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Before getting into each type of nonvolatile semiconductor memory, we should
first clarify the difference between a RAM and a ROM. A RAM (random-access
memory) has an x-y address for each cell, which distinguishes it from other serial
memories such as magnetic memory. Strictly speaking, a ROM (read-only memory)
also has random-access capability since the addressing architecture is similar. In fact
the read processes of the RAM and ROM are almost identical. More appropriately, a
RAM is sometimes called a read-write memory. However, the nonvolatile ROM has
long started to develop some extent of rewriting capability. So the main difference
now between a RAM and a ROM is the ease and frequency of erasing and program-
ming. A RAM has almost equal opportunity of rewrite and read. A ROM in general
has much more frequent read than rewrite. It itself has a spectrum of rewriting capa-
bility, ranging from a pure ROM without any writing capability to a full-feature
EEPROM. Because a ROM is smaller in size and more cost-effective than a RAM, it
is used whenever frequent rewriting is not required. With this background, different
types of nonvolatile memories are explained below:

Mask-programmed ROM: The memory content is fixed by the manufacturer
and is not programmable once it is fabricated. Sometimes mask-programmed ROM is
simply referred to as ROM.

PROM: Programmable ROM is sometimes called field-programmable ROM or
fusible-link ROM. The connectivity of the array is custom programmed using the
technique of fusing or antifusing. After programming, the memory works as a ROM.

EPROM: In an electrically programmable ROM, programming is performed by
hot-electron injection or tunneling to the floating gate, and it requires biases on both
the drain and the control gate. Global erase is by exposure to a UV light or x-ray.
Selective erase is not possible.

Flash EEPROM: A flash EEPROM, as opposed to a full-feature EEPROM
below, can be erased electrically but only by a large block of cells simultaneously. It
loses byte selectivity but maintains a one-transistor cell. It is, thus, a compromise
between an EPROM and a full-feature EEPROM.

EEPROM: In an electrically erasable/programmable ROM, not only can it be
erased electrically, but also selectively by byte address. To erase selectively, a select
transistor is needed for each cell, leading to a two-transistor cell. This makes it less
popular than a flash EEPROM.

Nonvolatile RAM: This memory can be viewed as a nonvolatile SRAM, or
EEPROM with short programming time as well as high endurance. If technology
allows the aforementioned features, this would be the ideal memory.

When the gate electrode of a conventional MOSFET is modified so that semiper-
manent charge storage inside the gate stack is possible, the new structure becomes a
nonvolatile memory device. Since the first nonvolatile memory device proposed by
Kahng and Sze in 1967,77 various device structures have been made, and nonvolatile
memory devices have been extensively used in commercial products. The two groups
of nonvolatile memory devices are the floating-gate devices and the charge-trapping
devices (Fig. 44). In both types of devices, charges are injected from the silicon sub-
strate across the first insulator and stored in the floating gate or at the nitride-oxide
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Fig. 44 Variations of nonvolatile memory devices: Floating-gate devices as (a) FAMOS tran-
sistor and (b) stacked-gate transistor. Charge-trapping devices as (¢) MNOS transistor and (d)
SONOS ftransistor.

interface. The stored charge gives rise to a threshold-voltage shift, and the device is
at a high-threshold state (programmed). For a well-designed memory device, the
charge retention time can be over 100 years. To return to the low-threshold state
(erased), a gate voltage or other means (such as ultraviolet light) can be applied to
erase the stored charge.

6.7.1 Floating-Gate Devices

In a floating-gate memory device, charge is injected to the floating gate to change the
threshold voltage. The two modes of programming are hot-carrier injection and
Fowler-Nordheim tunneling. Figure 45a shows the mechanisms of hot-carrier injec-
tion. Near the drain, the lateral field is at its highest level. The channel carriers (elec-
trons) acquire energy from the field and become hot carriers. When their energy is
higher than the barrier of the Si/Si0O, interface, they can be injected to the floating
gate. At the same time, the high field also induces impact ionization. These generated
secondary hot electrons can also be injected to the floating gate. The hot-carrier injec-
tion currents give rise to the equivalence of gate current in a regular MOSFET, and is
shown in Fig. 31. This gate current peaks at Vg = Vp, where Vy; is the potential of
the floating gate.

Figure 45b shows the original method of hot-carrier injection using drain-sub-
strate avalanche. In this scheme, the floating-gate potential is more negative such that
hot holes are injected instead.* This injection scheme is found to be less efficient and
is no longer used in practice.
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Fig. 45 Charging of the floating gate by hot carriers. (a) Hot electrons from channel and
impact ionization. (b) Hot holes from drain avalanche. Note difference in gate bias between
the two figures.

Besides hot-carrier injection, electrons can be injected by tunneling. In this pro-
gramming mode, the electric field across the bottom oxide layer is most critical. On
application of a positive voltage V; to the control gate, an electric field is established
in each of the two insulators (Fig. 44b). We have, from Gauss’ law, that

6§ = 68, +0 (114)

and
Vo= Vi+V, =d & +d,&,, (115)
where the subscripts 1 and 2 correspond to the bottom and top oxide layer respec-

tively, and O (negative) is the stored charge on the floating gate. From Eqs. 114-115
we obtain

V
g = G 4 Q . 116
: di+dy(&/&) & +&(d/dy) (116)

The current transport in insulators is generally a strong function of the electric field.
When the transport is Fowler-Nordheim tunneling, the current density has the form

%
J= C4%%exp(—%-19) (117)

where C, and &, are constants in terms of effective mass and barrier height. This type
of current transport occurs in SiO, and Al,O; as discussed in Chapters 4 and 8.

* The original devices were p-channel such that hot electrons are injected under this scheme
which are relatively more efficient than hot holes. We use the same n-channel for better
comparison.
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Using either hot-carrier injection or tunneling as programming mechanism, after
charging, the total stored charge Q is equal to the integrated injection current since the
gate is floating. This causes a shift of the threshold voltage by the amount

AV, = - dz—Q (118)
&
This threshold-voltage shift can be directly measured as shown in the /,-V; plot
(Fig. 46). Alternately, the threshold-voltage shift can be measured from the drain con-
ductance. The change in V' results in a change in the channel conductance gy, of the
MOSFET. For small drain voltages, the channel conductance of an n-channel
MOSFET is given by

g0 =2 = ZuC, Va0, Ver i (19)
D

After altering the charge on the floating gate by Q (negative charge), the g,-V; plot

shifts to the right by AV,

To erase the stored charge, a negative bias is put on the control gate or a positive
bias on the source/drain. The process is the reverse of the tunneling process described
above, and the stored electrons tunnel out of the floating gate to the substrate.

The programming and erasing sequence of a floating-gate memory can be under-
stood with the energy-band diagrams in Fig. 47. In Fig. 47b, electron injection can be
due to hot carriers over the barrier or tunneling through the barrier. Figure 47¢ shows
that the accumulated negative charge at the floating gate raises the threshold voltage
compared to its initial condition in Fig. 47a. The erase is carried out by electron tun-
neling from the floating gate back to the substrate (Fig. 47d).

In both programming and erasing operations, it is important to modulate the
floating-gate potential efficiently by the control-gate applied voltage. An important
parameter in the floating-gate memory is the coupling ratio which determines the
portion of the control-gate voltage that gets coupled to the floating gate capacitively.
This coupling ratio is determined by the capacitance ratio

C
Reg = ——— (120)
€T c+c
Ipor gD‘ ,°
4
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/ programming
1-state Fig. 46 Drain-current characteristics
of a stacked-gate n-channel memory
transistor, showing the change of
- threshold voltage after erasing and

Vs programming.
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where C; and C, are the capacitances associated with the bottom and top insulator
layers, respectively. Note that in practice, the areas of the control gate and the floating
gate are not necessarily the same. More often than not, the top control gate wraps
around the floating gate so the top capacitor has a larger area, unlike that shown in
Figs. 44 and 45. The parameters C; and C, represent their total net capacitances.
The floating-gate potential is given by

Vi = RegVg- (121)

In practical devices, the bottom layer has a tunnel oxide of ~ 80 A, while the top insu-
lator stack typically has an equivalent oxide thickness of = 140 A. A larger top area
makes up for the difference in capacitance per unit area, and the coupling ratio is typ-
ically around 0.5-0.6.

In device structure, the first EPROM was developed using a heavily doped poly-
silicon as the floating-gate material (Fig. 44a). The device uses drain-substrate ava-
lanche shown in Fig. 45b and is known as floating-gate avalanche-injection MOS
(FAMOS) memory.”® The polysilicon gate is embedded in oxide and is completely
isolated. To inject charge into the floating gate (that is, to program), the drain junction
is biased to avalanche breakdown, and holes in the avalanche plasma are injected
from the drain region into the floating gate (*see footnote on p. 353). To erase the
FAMOS memory, ultraviolet light or x-ray is used. Electrical erasing cannot be used
because the device has no external gate.

To enable electrical erase, the stacked-gate structure with double-level polysilicon
gates has been in popular use (Fig. 44b).7® The external control gate makes electrical
erasing possible and also improves the programming efficiency. An example of the
programming transient based on hot-carrier injection is shown in Fig. 48.

In EEPROM circuits, it is more common to use tunneling as an injection mecha-
nism for programming. A successful commercial device, called FLOTOX (floating-
gate tunnel oxide) transistor, confines the tunneling process to a small area over the
drain, as shown in Fig. 49. Typical programming and erasing transients for the
FLOTOX transistors are shown n Fig. 50.

After programming, by definition, a long retention time is required for nonvolatile
memory operation. The retention time is defined as the time when the stored charge
decreases to 50% of its initial value and is expressed by

Drain n* %

Gate oxide e ;
| Tunnel oxide

Fig. 49 Structure of the FLOTOX tran-
sistor which uses tunneling for both pro-

‘ p-Si gramming and erasing. (After Ref. 81.)
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Fig. 50 Typical programming and erasing times for FLOTOX memory device. (After
Ref. 76.)

_ In(2)
v exp(qy/kT)

where v is the dielectric relaxation frequency, and ¢, is the barrier height of the
floating gate to oxide. The retention time is very sensitive to temperature. Typical
retention times at 125°C and 170°C with ¢z = 1.7 V are found to be about 100 years
and 1 year respectively.??

(122)

6.7.2 Charge-Trapping Devices

MNOS Transistor. As a memory device, in the MNOS (metal-nitride-oxide-silicon)
transistor, the silicon-nitride layer is used as an efficient material to trap electrons as
current passes through the dielectric.®? Other insulators in place of the silicon-nitride
film such as aluminum oxide, tantalum oxide, and titanium oxide have been used but
are not as common. Electrons are trapped in the nitride layer close to the oxide-nitride
interface. The function of the oxide is to provide a good interface to the semicon-
ductor and to prevent back-tunneling of the injected charge for better charge reten-
tion. Its thickness has to be balanced between retention time and programming
voltage and time.

Figure 51 shows the basic band diagrams for the programming and erasing oper-
ations. In the programming process, a large positive bias is applied to the gate.
Current conduction is known to be due to electrons that are emitted from the substrate
to the gate. The conduction mechanisms in the two dielectric layers are very different
and have to be considered in series. The current through the oxide J,, is by tunneling.
Notice that electrons tunnel through the trapezoidal oxide barrier, followed by a trian-
gular barrier in the nitride. This form of tunneling has been identified as modified
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Fig. 51 Rewriting of MNOS memory. (a) Programming: electrons tunnel through oxide and
are trapped in the nitride. (b) Erasing: holes tunnel through oxide to neutralize the trapped
electrons, and tunneling of trapped electrons.

Fowler-Nordheim tunneling, as opposed to Fowler-Nordheim tunneling through a
single triangular barrier. It has the following form of

C
J,. = Cs&2, exp(- = 8

ox

), (123)

where Z, is the field in the oxide layer, and Cy and C, are constants. The current
through the nitride layer J, is controlled by Frenkel-Poole transport, which has the
form

J, = G %nexp[ 105 k‘V;g”/m”)} (124)
where &, and &, are the electric field and permittivity in nitride, @ is the trap level
below the conduction band (= 1.3 V), and C; is a constant [= 3x107° (Q-cm)™].

It is known that at the beginning of the programming process, modified Fowler-
Nordheim tunneling is capable of a higher current, and current conduction is limited
by Frenkel-Poole transport through the nitride layer. When the negative charge starts
to build up, the oxide field decreases and the modified Fowler-Nordheim tunneling
starts to limit the current. The threshold voltage as a function of programming pulse
width is shown in Fig. 52. Initially, the threshold voltage changes linearly with time,
followed by a logarithmic dependence, and finally it tends to saturate. This program-
ming speed is largely affected by the choice of oxide thickness; a thinner oxide allows
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a shorter programming time. Programming speed has to be balanced with charge
retention since too thin an oxide will allow the trapped charge to tunnel back to the
silicon substrate.
The total gate capacitance C; of the dual dielectrics is equal to the serial combi-
nation of their capacitances
1 C,.C

C = = oxn , 125
¢ T icH+(/C) - Gt C, (125)

where the capacitances C,, = g,,/d,, and C, = g,/d, correspond to the oxide and
nitride layers respectively. The amount of trapped charge density  near the nitride-
oxide interface depends on the trapping efficiency of the nitride and is proportional to
the integrated Frenkel-Poole current having passed through it. The final threshold-
voltage shift is given by

AVp = - g (126)

n

In the erasing process, a large negative bias is applied to the gate (Fig. 51b). Tra-
ditionally, the discharge process is believed due to the tunneling of trapped electrons
back to the silicon substrate. New evidence shows that the major process is due to tun-
neling of holes from the substrate to neutralize the trapped electrons. The discharge
process as a function of pulse width is also shown in Fig. 52.

The advantages of the MNOS transistor include reasonable speed for program-
ming and erasing, so it is a candidate as a nonvolatile RAM device. It also has supe-
rior radiation hardness, due to minimal oxide thickness and the absence of a floating
gate. The drawbacks of the MNOS transistor are large programming and erasing volt-
ages and nonuniform threshold voltage from device to device. The passage of tun-
neling current gradually increases the interface-trap density at the semiconductor
surface and also causes a loss of trapping efficiency due to leakage or tunneling of
trapped electrons back to the substrate. These result in a narrowing threshold voltage
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window after many cycles of programming and erasing. The major reliability
problem of the MNOS transistor is the continuous loss of charge through the thin
oxide. It should be pointed out that unlike a floating-gate structure, the programming
current has to pass through the entire channel region, so that the trapped charge is dis-
tributed uniformly throughout the channel. In a floating-gate transistor, the charge
injected to the floating gate can redistribute itself within the gate material, and injec-
tion can take place locally anywhere along the channel.

SONOS Transistor. The SONOS (silicon-oxide-nitride-oxide-silicon) transistor
(Fig. 44d) is sometimes called the MONOS (metal-oxide-nitride-oxide-silicon) tran-
sistor. It is similar to an MNOS transistor except that it has an additional blocking
oxide layer placed between the gate and the nitride layer, forming an ONO (oxide-
nitride-oxide) stack. This top oxide layer is usually similar in thickness to the bottom
oxide layer. The function of the blocking oxide is to prevent electron injection from
the metal to the nitride layer during erase operation. As a result, a thinner nitride layer
can be used, leading to lower programming voltage as well as better charge retention.
The SONOS transistor now replaces the older MNOS configuration, but the operation
principle remains the same.

6.8 SINGLE-ELECTRON TRANSISTOR

With the continuing advancement of technology to nano-scale device geometry, there
are new experimental observations that have not been possible before. One of them is
the charge-quantization effect in a single-electron transistor (SET),%* first observed in
1987.85 The structure of an SET is represented by the schematic circuit diagram in
Fig. 53a. It has a central single-electron island that has to be extremely small. The
island is connected between the source and drain via capacitors through which tun-
neling occurs to conduct current. The third terminal is the insulated gate and its
purpose is to control the current between the source and drain, similar to the case of
an FET.

The opportunity to observe quantization of charge comes directly from the small
dimension of the single-electron island. The minimum energy needed to transport a

Single-electron

island ) Single-electron

Source Drain c island
s oy i Cs+Cp / Co

I . 14 Vo
— CG — e

Gate

Ve
(a) b) (©)

Fig. 53 Circuit representations of (a) single-electron transistor, (b) charging a tunneling
capacitor, and (c) single-electron box.
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single electron charge to and from the island is ¢%/2Cs, where Cy is its total capaci-
tance,

Cy = Cg+Cp+Cq. (127)

This energy also must be much larger than the thermal energy for experimental obser-
vation, requiring that

'

3¢, > 100kT. (128)
At room temperature, Cy. needs to be on the order of aF (10718 F). This necessitates a
single-electron island size less than 1-2 nm. It is also interesting to note that this
effect does not require the island to be made of semiconductor materials and most
reported results are based on metal dots. Although for the limit of small islands such
as quantum dots made out of semiconductors, since the total number of electrons
within the dots (< 100) is much less than that in metal (*107), a second effect of quan-
tization of energy levels can also be observed. This causes addition structures in the
I~V characteristics,3 but does not contribute to the most-important features of an
SET and will not be discussed here. As a matter of fact, the SET does not require any
semiconductor material, but only needs metal and insulator.

The capacitors between the island and the source or drain are characterized by the
tunneling resistances Rys and Ry, These resistances need to be small (thin insulator
layers) to conduct a reasonable amount of current. But they are bound in the lower
limit by the Uncertainty principle that electrons have to be treated as particles being
clearly on either side of the junction. This requires that

RTSzRTD>q£2 (129)
(h/g* = 25.8 kQ) and they should be above ~ 1 ML

The basic I-V characteristics of an SET are shown in Fig. 54. First, Fig. 54a shows
that at most values of V, there is a knee ¥, below which current is very much sup-
pressed. This threshold drain voltage, caused by Coulomb blockade, is explained
later. Another important feature is that this Coulomb blockade can be varied by the
gate voltage. At some values of V;, the Coulomb blockade totally vanishes. Shown
in Fig. 54b, the cycle can be repeated many times and is called a Coulomb-blockade
oscillation. This is very different from the gate control of a regular transistor, where
the current can be turned on or off monotonically.

To explain these characteristics, it is best to go back to the simplest structure: a
tunneling capacitor as shown in Fig. 53b. Here the capacitor is charged by a small
current source, so the junction voltage ¥; will increase until an electron can tunnel.
The basis for the Coulomb blockade is that it requires a certain minimum V; before
there is enough energy for an electron to tunnel. The minimum energy needed is
q2/2Cj, which will be the change of energy of the capacitor when an electron tunnels.
This is also the same as the energy gained by the electron when tunneling across the
capacitor of voltage V,, giving
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Fig. 54 (a) I-V characteristics of SET for various ¥;. The Coulomb-blockade voltage can be
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that V; is shifted by V),

e 130
2C qv; (130)
So V; has to reach g/2C; before an electron can tunnel. This threshold voltage is the
basis for the Coulomb blockade. Alternatively, one can get the same answer by con-
sidering the charging energy () for transferring N, number of electrons,

— (Qo_Niq)2 _Q_g

2€; 2€;

_ Nig?

2€;

where 0, is the original charge before tunneling and is equal to V;/C;. The criterion
for switching to a different state is that £, has to be negative and at minimum.

Next, we consider a single-electron box where an island is placed between two
capacitors, the same as the situation when the source and drain of an SET is tied
together (Fig. 53c). As the gate voltage is increased, the island voltage (V) is also
increased accordingly, although scaled down by a factor of C/Cy. Similar to the case
above, as soon as the tunneling junction gets above a voltage of ¢/2Cy, one electron
starts to tunnej across it. Once an electron has tunneled to the center island, its poten-
tial drops by g/Cs. Figure 55 shows the charging of the center island and its potential
as a function of the gate voltage. It can be seen that the gate voltage at which multiple
values of V; can coexist is at

Ve = g;(Ni+9. (132)

This condition implies degeneracy: muitiple N, can exist without a change of energy,
and one electron can tunnel freely to and from the island. One can imagine that for an

Ech

-NgqV, (131)
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SET, if a small bias is applied to the drain, electrons can tunnel from the source to the
island freely and subsequently from the island to the drain. This corresponds to the
condition of ¥; where the Coulomb blockade disappears in an SET.

Alternatively, one can derive Eq. 132 by considering the charging energy of a
single-electron box,

N?q> NgVsCq
Ep=—ri—-——7+—.
2Cs Cy

By equating E_,(N; + 1) = E_,(N,), the condition of Eq. 132 can be reached. Another
approach to understand this is to plot E_, vs. charge (Ng) for different V', as shown
in Fig. 56. Remembering that N, takes on only integer values, there are only certain
values of V; where the E_;, minimum takes on two values of N,, a condition of degen-
eracy. This means that the system can switch between these two states easily without
any energy barrier.

We can now return to the SET and explain the two most-important phenomena:
the Coulomb blockade and its voltage, and the Coulomb-blockade oscillations. For
current to conduct from the source to drain, there are two junctions that electrons have

(133)

Fig. 56 E_, vs. N, for different V; to

3+ determine N, in single-electron box. It
can be seen that depending on V;, the
SR - — y E_, minimum falls on either single or

double values of N,
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Fig. 57 Energy-band diagrams showing the sequence of tunneling events when the triggering
process occurs at the junction (a) between the single-clectron island and the source, and (b)
between the island and the drain. Event-1 occurs before event-2. Note that the island potential
changes by ¢/Cy after each tunneling event.

to tunnel through, but there is only one junction that controls the current flow. Using
the energy-band diagrams of Fig. 57, if the bottleneck is at the junction between the
source and the single-electron island, an electron will start to tunnel if that junction
voltage exceeds ¢/2Cy, corresponding to the criterion of

YoCo, ¥eCe, 4 .

Cs Cy 2Cy°
giving a minimum value of ¥}, or
VeC
Vep = =4~ 26-G (135)
2Cy,  Cp

This blockade voltage as a function of ¥; is shown in Fig. 58 as the line with a nega-
tive slope of

Veo
/2(Ce+C q/2Cy,
q/2(C+Cy) ]
Slope =

\ q/C): Sl =
C (CetCy) N 2}’50‘

Vs (a/Ce)
Fig. 58 Coulomb-blockade voltage
Ve as a function of V; forming the
Coulomb-blockade diamonds.
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b G 136
dv, c, (136)

Conversely, if the tunneling process is initiated by the island-drain junction, electrons
start to flow if

VpCp VeC

vV ( D D G G) > 9 137
PG, TG /T2y (137)

giving another expression of

(@/2) + VsC

Vep = 138
ch Cot Cs (138)
with a positive slope
Vey . _Co (139)
dvy, Cg+Cy

Note that since the current contours follow closely the shape of the Coulomb-
blockade diamonds,?” an SET has both positive and negative transconductance,
depending on the V; range. This is a unique feature that is different from a regular
transistor. From the two lines of Eqs. 135 and 138, an intercept of ¢/Cs can be
obtained which is the maximum V.

Alternatively, the Coulomb-blockade voltage can be obtained by setting the
charging energy negative, either for the island-source junction or the island-drain
junction as the current-limiting junction:

2
EgN1) = A g 120, ToSa) o, (140)
2C, Cs | Gy
2
Ech(Nizl) = __q__q|:VD (VDCD VGCG):|<0 (141)
2C, Cy | Cy

These equations lead to the same conclusions as Egs. 135 and 138, respectively.
Above and below V,, the current of an SET has been found to be described ade-
quately by the orthodox theory,3® which states that the tunneling rate is given by

T = AL, : (142)
?Ry[1 - exp(-AE,/kT)]
where Ry is the total of (R + R;p) and AE , is the change of charging energy for dif-
ferent N, states. One of the drawbacks of the SET is that besides V;, the drain has
substantial control of the current as well. As shown in Fig. 54b, a drain bias causes a
shift of ¥ by the amount 38

(Ce+Cs—Cp)Vp
2C, '

Within the Coulomb-blockade regime, the ¥,; swing needed to change the current by
one order of magnitude is calculated to be

AV, = (143)
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AV (1n10)(§k— (144)
¢ Coq’’
Similarly, the ¥}, swing needed for the same change is given by
AVDz(lnlo)(y(—;—z-). (145)

So to have a transistor that has more gate control than drain control requires that the
ratio C;/Cs, be larger than 0.5.

For application, the SET can perform logic. Since it can possess both positive and
negative transconductance, a complementary type of logic can be employed using
only one type of device, operated at different regimes. However, the small current and
transconductance due to the tunneling nature limits its practicality in real circuits with
parasitics. Another problem associated with SETs is the extreme sensitivity to para-
sitic charge surrounding the single-electron island, which is difficult to control. One
potential application of the SET is nonvolatile memory, whose structure is shown in
Fig. 44b except that the floating gate is miniaturized to a single-electron island.
(More accurately, this memory cell employs a single-electron box or single-electron
charging, but does not contain an SET.) A small number of electrons is stored or
emptied in the single-electron island to control the threshold voltage of the MOSFET.
The advantage is that since the charge in the floating-gate island is small and discrete,
the signal of threshold voltage is quantized and the memory has multiple values.
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PROBLEMS N

PROBLEMS

10.

11.

12.

. Derive Eq. 23 from Eqgs. 20 and 22 (p.303).
. For a square MOSFET (Z/L = 1), I is measured to be 18.7 pA at ¥V, =04 Vand V=3 V.

If we require a current of 1.6 mA at ¥, =0.4 V and V; =3 V, what is the minimum width
Z of the device? Assume that the polysilicon gate length is 0.6 um and the #* source and
drain each diffuses sideways 0.05 um under the gate.

. Consider a submicron MOSFET with L = 0.25um, Z = 5 um, N,= 107 ecm3, g4, =

500 em%/V-s, C,, = 3.45x10°7 F/cm?, and ¥ = 0.5 V, find the channel conductance for
Ve=1Vand V,=0.1V.

. For a MOSFET with a channel length of 10 pm under certain biasing conditions, the

channel current /,, is 1 mA and the gate current is 1 pA. We want to reduce the gate current
to 1075, under the same biasing condition and for the same device parameters except the
channel length. Find the channel length.

. For an MOSFET with sufficient drain voltage to be in saturation (under constant-mobility

condition), the current is 50 pA at ¥ =1V, and 200 pA at ¥; =3 V. Find the threshold
voltage.

. (a) To avoid hot-electron effect in an n-channel MOSFET, we assume an allowed

maximum field in the oxide to be 1.45x10% V/cm. Find the corresponding surface
potential y, in the silicon for a doping concentration of 108 cm™.
(b) For an n*-polysilicon gate, find the threshold voltage of the above MOSFET with d =

8 nm, assuming Q,, = Q,,= 0;= 0,,= 0.

. An n-channel MOSFET is designed to have a threshold voltage of +0.5 V and a gate oxide

thickness of 15 nm. Find the channel doping to give the desired V7 if n™-polysilicon is used
as the gate material, and there are no oxide charge, interface-trapped charge, and mobile
ions in the device.

. To isolate devices from interacting with each other, each MOSFET is surrounded by a field

oxide. If the “field transistor” associated with the field oxide must have a threshold voltage
of > 20V, calculate the minimum field-oxide thickness. N, = 10!7 cm3, Q//g = 10" cm3,
and an n*-polysilicon is used for local interconnect as the gate electrode.

. An n-channel #*-polysilicon-SiO,-Si MOSFET has N, = 10'7 cm3, Q//g = 2x10'% cm™2,

and d = 10 nm. Boron ions are implanted to increase the threshold voltage to +1 V. Find the
implant dose, assume that the implanted ions form a sheet of negative charge at the Si-SiO,
interface. (4,,, =—0.98 V).

For an ~-MOSFET with gy of 0.5 eV, the threshold voltage change AV is 1 V when a
substrate bias Vg of -1 V is applied. What is AV, when Vpgis -3 V?

A MOSFET (N, = 10'7 cm™, d = 5 nm) has a threshold voltage of ¥, = 0.5V, a sub-
threshold swing of 100 mV/decade, and a drain current of 0.1 pA at V. If we want to
reduce the leakage current at ¥; = 0 to 10713 A, find the reverse substrate-source bias
required to achieve the reduction.

The subthreshold current of an ideal MOSFET is given by
Ip = A(By,y "2 exp(By,),
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19.
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By = Bre=3 1+ 5Bve-1-1],

where y, is the surface potential, #= g/kT, a = 2 (&/¢,)(,/Lp), L, is Debye length
= . /&/qN, B, and 4 = constant. Show that the subthreshold swing S is given by

dVg kT ( CD)

=== 1+=2

AR (In10){ 1 + .
where Cp= g N2y, , C, = &,/t,.,and a» Cp/C,,..
For a MOSFET with a gate oxide of 10 nm and a substrate doping of 1017 ¢cm™3, find the
subthreshold swing.

For a Si MOSFET with N, =5x1016 cm=3, d =10 nm, and an interface-trap density of
10" cm2, find the subthreshold swing with a grounded substrate terminal.

S=(In10)

An idealized implanted step doping profile has Ng= 10'6 cm=, Ny = 10" cm™3, and x, =
0.3 pm. Find (1) the implanted dose D), (2) the centroid of the dose, and (3) the threshold
voltage shift (d = 100 nm) with respect to a uniformly doped N case.

Derive Eq. 79.

Refer to Fig. 21 (p. 322), assume N = 7.5x10!5 cm3, d = 35 nm, a reverse back bias of
1V, and an implanted dose D; = 6x10!! cm2, find the depth of the centroid at which the
depletion-layer edge is clamped to the implant (in nm).

Find the scaled drain current per unit channel width (,/Z) for two n-MOSFETs, one with
constant-voltage scaling and one with constant-field scaling. Assume the devices are oper-
ated under velocity-saturation condition. The initial device parameters are L = 1 pm, d =
10 nm, Vp =15V, I,/Z= 500 pA/um. The scaling factor is x= 5.

For the constant-voltage scaling approach of MOSFET with a scaling factor x=10, find the
doping concentration of a scaled device if the original device has a doping of 10! cm= (in
cm3),

When the linear dimensions of a MOSFET are scaled down by a factor of 10 based on the
constant-field scaling, (a) find the corresponding factor of the scaled switching energy, and
(b) find the scaled power-delay product, assuming the product is 1 J for the original large
device.

A composite structure of a 20 nm Ta,O5 (g;/¢, = 25) and a 2-nm SiO, is sandwiched
between a top and bottom electrodes. Find the equivalent SiO, thickness (in nm).

A DRAM must operate with a minimum refresh time of 4 ms. The storage capacitor in
each cell has a capacitance of 50 fF and is fully charged at 5 V. Estimate the worst-case
leakage current that the dynamic capacitor node can tolerate (i.e., the charge in the capac-
itor has dropped to its 50% level).

For DRAM operation assume that we need a minimum of 10° electrons for the MOS
storage capacitor. If the capacitor has an area of 0.5 pmx0.5 pum on the wafer surface, an
oxide thickness of 5 nm, and is fully charged to 2 V, what is the required minimum depth
of a rectangular-trench capacitor?

For a floating-gate nonvolatile memory device, the lower insulator has a dielectric constant
of 4 and is 10 nm thick. The insulator above the floating gate has a dielectric constant of
10 and is 100 nm thick. If the current density J, = &, where o= 10~7 S/cm, and the current
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in the upper insulator is zero, find the threshold voltage shift for a sufficiently long time
such that J, becomes negligibly small. The applied voltage on the control gate is 10 V.

Consider a NVSM cell whose cross
section is shown. The channel width is
1 um. Assume that the bird’s beak has the — ]
linear wedge shape illustrated. The gate Field oxide u “
oxide thickness (between substrate and _/m—
FG) is 35 nm, the interpoly dielectric is an \ ’ \ \ | |
oxide of 50 nm, and the field oxide is 0 05 1 2 25 3

0.6 um. The physical gate length is 1.2 pm, the metallurgical junction lies 0.15 pm under
the gate and the effective channel length is 0.7 um. The floating gate poly is 0.3 pm thick.
Calculate (a) the value of the control gate to floating gate capacitance, (b) the drain to
floating gate capacitance, assume half of the channel capacitance to the source and other
half to the drain, and (c) if the floating gate to substrate capacitance is 0.14 fF, calculate the
control gate to floating gate coupling ration, R, and the drain to floating gate coupling
ration, Rj,.

For a silicon nonvolatile memory with a floating gate, the thickness and the dielectric con-
stant for the first insulator (thermally grown SiO,) are 3 nm and 3.9, and the corresponding
values for the second insulator are 30 nm and 30. Estimate the stored charge/cm? in the
floating gate after a gate voltage of 5.52 V is applied for 1 ms. There is no current conduc-
tion through the second insulator, and the current in the first insulator is by Fowler-Nord-
heim tunneling.

A floating-gate nonvolatile semiconductor memory has a total capacitance of 3.71 {F, a
control gate to floating gate capacitance of 2.59 fF, a drain to floating gate capacitance of
0.49 fF, a floating gate to substrate capacitance of 0.14 fF. How many electrons are needed
to shift the measured threshold by 0.5 V (measured from the control gate)?

An EEPROM has C;=2.59 fF, Cg= C;, = 0.49 {F, and Cp = 0.14 {F, where they indicate
the capacitances between the floating gate and the control gate, source, drain, and sub-
strate, respectively. Assume that when the control gate and the floating gate are shorted
together, the device threshold is measured to be 1.5 V. If the control gate is at 12 V, and the
drain is at 7 V during programming, to what potential can the floating gate be charged
while the programming voltages are present? What threshold would be observed after pro-
gramming under these biases for a drain bias during reading of 2 V?
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7

JFETs, MESFETs, and MODFETs

7.1 INTRODUCTION
7.2 JFET AND MESFET
7.3 MODFET

7.1 INTRODUCTION

In this chapter, we discuss field-effect transistors (FETs) other than the MOSFET to
which we have devoted the whole chapter. Referring back to the FET family tree
depicted in Fig. 3 (p. 295) of Chapter 6, we pointed out that all FETs have a gate that
is coupled to the channel through some form of a capacitor. While in a MOSFET the
capacitor is formed by an oxide layer, the JFET (junction FET) and the MESFET
(metal-semiconductor FET) form the capacitor by virtue of a depletion layer in a
junction; the JFET from a p-» junction and the MESFET from a Schottky (metal-
semiconductor) junction. In the branch of HFET (heterojunction FET), a layer of
high-bandgap material is grown epitaxially over the channel, and it is used as an insu-
lator. Bear in mind that the conductivity of a material is fundamentally related to its
energy gap. An insulator is characterized by having a large energy gap. Epitaxial het-
erojunction produces an ideal interface. Such technique is necessary when an ideal
oxide-semiconductor interface is lacking, which is practically for all semiconductors
other than silicon. Under HFETs, the high-bandgap material can be doped or
undoped. With high-£, material that is doped, carriers from dopants are transferred to
the heterointerface and form a channel of high mobility, since the channel itself is
undoped to avoid impurity scattering. This technique is called modulation doping.
When applied to the gate of an FET, the result is a MODFET (modulation-doped
FET) which possesses some interesting features. When the high-E, material is
undoped, the resultant device is called HIGFET (heterojunction insulated-gate FET).
In this case modulation doping is not present and the high-E, material is used purely
as an insulator. Such a device behaves in principle the same way as a MOSFET and
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will not be discussed further in this chapter. So the chapter primarily focuses on JFET,
MESFET, and MODFET.

Of the three devices, the JFET and MESFET share a similar working principle.
They are both based on bulk, buried-channel conduction. Their current path is modu-
lated by the depletion width under the gate. They are also similar to a buried-channel
MOSFET, except in the latter, the gate can be forward biased to the extend that accu-
mulation at the surface can occur such that a surface channel can be formed in parallel
to the buried channel. However in the JFET and MESFET, the junctions cannot be
biased beyond or even close to flat-band before excessive current flows through the
gate. So the JFET and MESFET are first studied together sharing the same equations.
The MODFET has a two-dimensional channel at the heterointerface and will be
treated independently.

7.2 JFET AND MESFET

The JFET, first proposed and analyzed by Shockley in 1952,! is basically a voltage-
controlled resistor. Based on Shockley’s theoretical treatment, the first working JFET
was reported by Dacey and Ross, who later also considered the effect of field-depen-
dent mobility.?3

The MESFET was proposed and first demonstrated by Mead in 1966.* Shortly
after, microwave performance was reported by Hooper and Lehrer in 1967, using a
GaAs epitaxial layer on semiinsulating GaAs substrate.’

Both JFET and MESFET have the advantage of avoiding problems related to the
oxide-semiconductor interface in a MOSFET, such as interface traps and reliability
issues arising from hot-electron injection and trapping. However, they have limitation
on bias range allowed on the input gate. In comparison, the MESFET offers certain
processing and performance advantages over the JFET. The metal gate requires only
low-temperature processing compared to a p-» junction made by diffusion or implant-
anneal sequence. The low gate resistance and low /R drop along the channel width is
a big factor in microwave performance such as noise and f,,,,. The metal gate has
better control in defining short channel lengths for high-speed applications. It can
also serve as an efficient heat sink for power applications. On the other hand, the
JFET has a more robust junction for higher breakdown and power capability. A p-n
junction has a higher built-in potential which is useful towards achieving an enhance-
ment-mode device. The higher potential also reduces the gate leakage for the same
bias. The p-» junction is a more controlled structure whereas a good Schottky barrier
sometimes is difficult to form on certain semiconductors such as some p-type mate-
rials. A JFET has more freedom for various gate configurations, such as a heterojunc-
tion or a buffered-layer gate, that improve certain aspects of performance.

7.2.1 I-V Characteristics

Similarity between JFET and MESFET can be seen from their schematic diagrams
shown in Fig. 1, using an »n-type channel as an example. The transistors consist of a
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Fig. 1 Schematic structures of (a) JFET and (b) MESFET, showing their similarity in that the
net channel opening b is controlled by the depletion width W,

conductive channel provided with two ohmic contacts, one acting as the source and
the other as the drain, When a positive voltage ¥}, is applied to the drain with respect
to the source, electrons flow from source to drain. Hence the source acts as the origin
of the carriers and the drain as the sink. The third electrode, the gate, forms a recti-
fying junction and controls the net opening of the channel by varying the depletion
width. The rectifying gate is a p-» junction in the JFET and is a Schottky-barrier junc-
tion in a MESFET. The device is basically a voltage-controlled resistor, and its resis-
tance can be controlled by varying the width of the depletion layer extending into the
channel region.

In Fig. 1 the basic device dimensions are the channel length L (also called the gate
length), channel depth a, depletion-layer width W#j, net channel opening b, and
channel width Z (into the paper, not shown). The voltage polarities shown are for an
n-channel FET, and the polarities will be inverted for a p-channel FET. The gate and
drain voltages are measured with respect to the source, and the source electrode is
generally grounded. When ¥V, = ¥, = 0, the device is in equilibrium and there is no
current conduction. Most JFETs and MESFETs are of depletion mode, i.e., normally-
on with ¥;=0, or threshold voltage V; is negative. For a given V; above the
threshold voltage, the channel current increases with the drain voltage. Eventually for
sufficiently large V', the current will saturate to a value Jp .

Very often for JFETSs, the channel is surrounded by two gates. For Fig. 1a, that
would be a second gate from the bottom side. The analysis we follow here is for one
gate only. So this type of structure can be bisected into two halves and the final result
becomes half of the total values, in both current and transconductance.

The basic current-voltage characteristics of a JFET or MESFET are shown in
Fig. 2, where the drain current is plotted against the drain voltage for various fixed
gate voltages. We can divide the characteristic into three regions: the linear region
where the drain voltage is small and I, is proportional to Vp,; the nonlinear region; and
the saturation region where the current remains essentially constant and is indepen-
dent of ¥, As the gate bias becomes more negative, both the saturation current I,
and the corresponding saturation voltage ¥V, decrease. The locus of Ip,-Vpg, is
shown in Fig. 2.
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i Nonlinear’  Saturation

Fig. 2 General I-V characteristics of
the JFET and MESFET.

We shall now derive the general I-V characteristics for JFETs and MESFETs,
based on the following assumptions: (1) uniform channel doping, (2) gradual-channel
approximation (&, « &), (3) abrupt depletion layer, and (4) negligible gate current.
We start with the channel charge distribution which is related to the channel dimen-
sions. The channel dimensions and its potential distributions under both gate and
drain biases are shown in more details in Fig. 3. These are the basis for deriving the
I-V characteristics.

Channel-Charge Distribution. For a uniformly doped n-channel, under the
gradual-channel approximation, the depletion-layer width W}, varies only gradually
along the channel (x-direction), and one can solve the one-dimensional Poisson equa-
tion in the y-direction;

g,  dAy, _gNp

- = 4 |
dy dy? £ 1

5

where €, is the electric field in the y-direction. The depletion-layer width at any dis-
tance x from the source is given by the one-sided abrupt-junction depletion approxi-
mation

W) = Jzes[wbi +qAN Vi) - Vsl )
D

where i, is the built-in potential. For a JFET, the ,, is that of a p*-» junction, given
by
1 Nc¢
Wy~ (—I[Eg _ len(]-v—)J . 3)

For a MESFET, the y,; is determined by the Schottky barrier height ¢, of the metal-
semiconductor junction, given by

Vi = na= (5. )



378 CHAPTER 7. JFETs, MESFETs, AND MODFETs

vV
Gate 7o

n-channel
Potential = y(x)

WDs

S

¥

Source Drain (a)

E ~ . P Vi q(wtVp)

-qy{0) At source
A=V @

qw{L) At drain

Fig. 3 (a) Channel dimensions under drain and gate biases. (b) Energy-band diagram in
y-direction at the source end (dashed lines) and drain end (solid lines).

The potential difference Ay/(x) is the potential of the neutral channel [- E(x)/q] with
respect to the source. So at the drain end, Ay (L) = Vj,. The depletion widths at the
source and drain ends are given by

Wp, = Wp(0) = fz—g(—Z/;’—vl—@ (5)
D

&(Wpi+ Vp—V5)
qNp

The maximum value of gate bias applied to increase the current is limited to V; = y,

which corresponds to the condition of Wy, = 0. This flat-band condition in practice is

not achievable due to the excessive forward current of the gate junction. The

maximum value of W, is equal to a, and the corresponding total band bending is

called the pinch-off potential, defined as

(6)

2
Wpa = Wp(L) = \/

gNpa?
WIRELL ™

S
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The channel charge density, which is responsible for the current conduction, is pro-
portional to the net channel opening, given by

Q,(x) = gNp(a-Wp). (8)
The channel current is simply given by the charge multiplied by its velocity v,
Ip(x) = ZQ,(x)v(x). ®

Since the current has to be continuous throughout the channel, it is independent of
position. Integrating Eq. 9 from source to drain yields

7t
Ip = ZJ Q,(x)v(x)dx. 10)
0

This is the basic equation used to derive the I-V relationship.

Equation 10 requires knowledge of the carrier velocity under an applied field, so
the v-% relationship is critical. In the following analysis, we use different assumptions
for such relationship. Referring again to Fig. 2, we find that current saturation can
originate from two very different mechanisms. The first is due to channel pinch-off
when the net channel is totally pinched off by the depletion width. This is called long-
channel behavior, and found to be modelled well simply by a constant mobility, i.e.
v = u&. The second possible mechanism, especially true for short-channel devices, is
that the field is high enough such that mobility is no longer constant and eventual the
velocity rises to a constant value called saturation velocity. This occurs before the
channel is pinched off. These effects are considered in the following subsections.

Constant Mobility. With constant mobility, the relationship v = y&, is assumed to
hold without limit. Using this relationship and that &= dAy,/dx, Eq. 10 after car-
rying out the integration gives

Iy = ZqpNp j VD{a_ A/Z%(%,-M%— VG)JdAl//,-
L o qNp
= Gi{ Vp- ﬁo[(%i+ Vp=Ve)? = (v~ VG)S/Z]} , (11)
where

is the full channel conductance when W, = 0.
In the linear region, ¥ « Vi and Vj, «< y,, Eq. 11 is reduced to

-V
Ipyin = G,»(l— /%’—Gj vy (13)
¥p

where ohmic characteristics are observed. Equation 13 can be further simplified by
Taylor’s expansion around ¥V; = ¥ to
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Ipiin ® 2 l Ve=V)Vp Ve=Vr (14)

G.
Vp

with
Vi = Y- ¥p - (15)
V' is the gate threshold voltage around which the transistor is turned on and off.
When the drain bias continues to increase, the current according to Eq. 11 goes
through the nonlinear region. It reaches a peak and actually drops beyond that point.

The drop of current is not physical, but it corresponds to a pinch-off condition when
Wpa = a. The V', at the onset of this condition can be shown to occur at

Vbsat = Wp— Wit Vo = Vo-Vr . (16)

Once that is known, the current in the saturation region can be found by substituting
Vpeat into Eq. 11:

2 [V,
I = G{%’—(:ﬂbi—m( -5 /"’LWP—EH a7

It is seen here that I, is limited to a maximum of G,//3, a condition that cannot be
reached in reality due to excessive gate current. The transconductance is given by

dleat [ Vpi — VGJ
=2 = Gf1- [P Tg| (18)
dvg Yp

Qualitatively, for drain bias higher than V},,, the pinch-off point starts to migrate
toward the source. However, the potential at the pinch-off point remains to be Vp,,
independent of Vp,. The field within the drift region thus remains fairly constant,
giving rise to current saturation. Practical devices show that I, .. does not saturate
completely with ¥}, This is due to the reduction in the effective channel length, which
is measured between the source and the pinch-off point. Equation 17 can also be sim-
plified using Taylor’s expansion around V; = V5

G.
]Dsatz4_'//lP(VG_ Vr)? Vo= Vo, (19)

and
Gi

It is seen here that the forms of Eqgs. 14, 19, and 20 are similar to that of MOSFET
only near the threshold, i.e., ¥; = V. This stems from the fact that the gate capaci-
tance (or depletion width) is gate-bias dependent in JFET and MESFET, while that in
the MOSFET (gate dielectric) is fixed. In other words, in a MOSFET the channel
charge is linearly dependent on ¥, while that is not true for a JFET or MESFET

(Eq. 8).
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One major difference of a bulk three-dimensional channel, as in JFET and
MESFET, from a charge-sheet two-dimensional channel, as in MOSFET and
MODFET, is that the current is controlled by the net channel opening. Because of
this, it is possible that the current is expressed in terms of physical dimensions. This
can offer a look from another angle and perhaps helps to understand the problem.
Using the relationship

awp £

=—, 21
dAy,  gNpW) @D
Equation 10 leads to
Zua?N2 'pa
Ip = 2D (a=-Wp)WpdWp
&L |,
Ds
Zug®N}a?
= B —ud) -2(ui-ud)], (22)

where the normalized dimensionless units are defined as

w AV, =V
uy=—bd o (Yot p7 76 23)
a Vp
u WDs - ‘/jbi_VG
*oa vp

Equation 22 can also be transformed directly from Eq. 11. In the linear region for
small ¥, this equation can be shown to reduce to
Ipiin = G(1-u)Vp. (25

Current saturation is determined when the channel is pinched off. Setting u, = 1, the
saturation current is given by

24

Zug*Nja?
Ipg = =g —(1=3ul+2u}). (26)
s

Consequently, the transconductance is given by

dIDsat = dIDsat ﬂ’g

En = v, T Tdu, dv,
G(l-uy) . (27)

Velocity-Field Relationship. For long-channel devices, the field is low enough that
the carrier velocity is treated as being proportional to the field, i.e., constant mobility.
For FETs with short channels, significant discrepancies are encountered between
experiment and basic theory. One main reason for the discrepancies is the higher
internal field for short channels. Figure 4 shows the qualitative dependence of the
drift velocity versus electric field for silicon. At low fields the drift velocity increases
linearly with the field, and the slope corresponds to a constant mobility (¢ = v/&). At
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Fig. 4 Dirift velocity vs. electric
field for Si and semiconductors that
do not have a transferred-electron
&, Longitudinal field &, effect.

higher fields, the carrier velocity deviates from a linear dependence. It becomes lower
than simple extrapolation from the low-field slope, and eventually saturates to a value
called saturation velocity v,. So for short-channel devices, these effects have to be
taken into account.

For silicon the drift velocity approaches its saturation value of 107 cm/s at fields
above 5x10* V/cm. For some semiconductors such as GaAs and InP, the drift velocity
first reaches a peak value and then decreases toward a saturation velocity of about
6-8x106 cm/s. This negative-resistance phenomenon is due to the transferred-elec-
tron effect. Its v-& relationship is too complicated to yield an analytical result and is
not considered in this chapter.

In this section, we will examine two simple v-& relationships. The first is the two-
piece linear approximation shown in Fig. 4. The second is an empirical formula
which has a smooth transition between the constant-mobility regime to the saturation-
velocity regime, given as

u(&,)

& &
- ﬂ X = ﬂ X , (28)
1+ (u€ /v  1+(5/%,)

where &, = dAy,/dx is the longitudinal field in the channel. As seen, both relation-
ships contain an important parameter, the critical field ..

Field-Dependent Mobility: Two-Piece Linear Approximation. We first discuss
velocity saturation based on the two-piece linear approximation. Note that in this
model, the constant-mobility results (i.e., Eq. 11) are valid up to the point where the
maximum field, which is at the drain end, reaches the critical field .. Once at that
V neat- Which is lower than the Vg, of the constant-mobility model, the current satu-
rates at a new and lowered /.. So the main task is to calculate this new V.. We
start with Eq. 9 (and substitute v = u&) which contains the relationship between field
and current. Setting & = &, and I, = I, we have
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e 2€s(l// i+ 4 -V )
IDsat = ZqILIND(gC a_J ’ Dsat & . (29)
gNp

Equating this to Eq. 11, a transcendental equation for Vp,,, is obtained

Visar— [2/GB Jup) LW+ Vipa = V) ¥2 = (w4 - V)]
1 - A/( !//bl Dsat VG)/ WP

Visual examination of this equation indicates that current saturates as ¥, approaches
&.L, or Vp/L = &,. Once Vg, is known, I, can be calculated from Eq. 11 of the
constant-mobility model. One also finds that since V), is lower than the value from
the constant-mobility model, current saturation occurs before the channel is pinched
off.

Field-Dependent Mobility: Empirical Formula. We next derive the current equa-
tion based on the empirical (&) formula given in the form of Eq. 28. Substituting v
into Eq. 9 and integrating from x = 0 to L, we obtain

&L =

C

(30)

L

L
f]D(l+§‘)dx = j 70, 1% dx. (1)
0 c

0

Notice that the right-hand side is similar to the constant-mobility model in Eq. 10
which results in Eq. 11. The left-hand side gives a value of Ip(L + V/&,). After the
integration Eq. 31 yields

G
o = | o s o Y TP )

Comparing this to Eq. 11, this new result gives a current that is reduced by a factor of
(1 + Vy/%L) from that of the constant-mobility model. In order to obtain Vp,, we
seek the current peak from Eq. 32 by setting dl,,/dV,, = 0. This yields a transcendental
equation for ¥V, as

[w,i+ V.
%cL = w(% L+ VDsat)
¥p

—_V.)3¥2_ _V.)32
-3 M[(«//b, Vpsa= Va2 = (W= V6?1 33y

Solutions of ¥, from the above equation have been calculated and plotted in Fig. 5,
for various values of €_.L. The top curve (¥ L = ) becomes the limit of the constant-
mobility model. Note that with decreasing &, L, the saturation of drain current is
reached at smaller values of drain voltage.

To obtain the saturation drain current, the solutions for Vp,,, can be used in Eq. 32,
which is done by substituting some terms from Eq. 33 into Eq. 32:
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Fig. 5 Solution of V', from Eq. 33, for various values of y,/& L. (After Ref. 6.)

+ V=V
LMJ = G & L(1 —uy,), (34)
Yp

IDsat = Gtch(l -
where u,,, is the value of u, evaluated at V,,,. The transconductance in the saturation
region can then be obtained from taking derivatives of both Eqgs. 33 and 34 (readers
are reminded that Vp,,, is also a function of V):

&n = dlpsy, — i(A/Wbi-'- VDsat_ Vo - A/'//bi_ VG]
modvg 1+(Vp/&,L
¢ M ( P ) Gi(udm_us)

T+ (B L)y - D)

This expression reduces to Eq. 27 of the constant-mobility model for .. = o and
Uy, = 1.

Having gone through the three models of v-& relationships, it is informative to
compare their results on the /-V characteristics. Here we use an example of one /I-V
curve for a fixed V; (= 0), and the other parameters are; yp =4V, y;; =1V, and
&,L =2 V. The results are shown in Fig. 6. The values of the V., for the constant
mobility, two-piece liner approximation, and the empirical formula are 3 V, 1.3 V, and
1.9 V respectively. Note that the curve for the two-piece-linear model lies on the con-
stant-mobility curve until V.. The lowest current of the three curves corresponds to
the empirical formula of Eq. 29 since at any field, the velocity is the lowest among the
three models as shown in Fig. 4.

(35)
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Velocity Saturation. One limiting case is the saturation-velocity model” which is
expected to be valid in the limit of very short gates where L « V/& .. In this assump-
tion, the carriers travel with v, in the whole region under the gate, and are totally inde-
pendent of the low-field mobility. Starting from Eq. 9, the saturation current is simply
given by

[Dsat = ZQnUs
Zq(a-Wp)Npv,. (36)

The maximum current for the devices is thus ZgaNpv, which is reduced from that of
the constant-mobility model given by G,;/3. The choice of depletion width at the
source W), rather than at the drain is apparent as we discuss details of the carrier-
density and velocity profiles in the next section (Dipole-Layer Formation). This equa-
tion shows an interesting feature that the saturation current is now totally independent
of the channel length. The transconductance is given by

g d[Dsat = _ dWDS - ngvs
" dVG : dVG WDS .

(37

Since &/W), is the gate-source capacitance Cg, this equation reduces to the familiar
FET equation

Em = ZCGSvs' (38)

This equation also has the interesting feature that g,, is constant and totally indepen-
dent of gate bias as well as channel length. Cutput characteristics of constant mobility
and velocity saturation are compared in Fig. 7. Note that the saturation current and
saturation voltage are lower under velocity saturation, but the linear regions remain
similar. The constant g,, under velocity saturation is indicated by the equal spacing of
the I-V curves under different V. As shown, this velocity-saturation limit provides
very simple derivations and results, thus giving a good insight of the short-channel
limit. In fact, the simple formulae can fit quite well to the state-of-the-art short-
channel devices.



386 CHAPTER 7. JFETs, MESFETs, AND MODFETs

i

Increasing V.

Increasing V;

vy Vo
(@ (b)
Fig. 7 A qualitative comparison of /-¥ curves under models of (a) constant mobility and (b)
velocity saturation.

Even though velocity saturation sets a limit on the maximum carrier speed in a
field-effect transistor, there are two special effects that enable higher speed at part of
the channel where the local field is high. The first is related to the material properties,
such as in GaAs and InP, which display a transferred-electron effect. According to the
v-% relationship shown in Fig. 20a (p. 38) in Chapter 1, at moderately high fields, the
drift velocity is actually higher than the saturation velocity. To include this negative-
resistance effect in modeling the I-V characteristics analytically would be very difti-
cult. The second effect is present in ultra-short devices when their channel lengths are
comparable to or smaller than the mean free path of scattering. Readers are referred
to the discussion of ballistic effect in Chapter 1 (p. 37). For very short gates, the elec-
trons may not have enough time or distance to reach equilibrium transport in the high-
field region of the channel.® In such cases, the electrons enter the high-field region
and are accelerated to a higher velocity before relaxing to the equilibrium value. Car-
riers can thus overshoot to more than twice the steady-state velocity and then relax to
the equilibrium condition after traveling a certain distance. The overshoot will
shorten the electron transit time. This overshoot is expected to improve high-fre-
quency response, especially for the GaAs FET. This phenomenon is related indirectly
to low-field mobility since they are both determined by scattering. A material with
higher mobility can have more ballistic effect for the same channel length.

Dipole-Layer Formation. An interesting phenomenon occurs that is associated with
velocity saturation and when biased beyond V), .. This stems from the fact that as
drain bias increases beyond V), the depletion layer continues to grow and mean-
while the net channel opening is reduced. In order to maintain the same saturation
current, the carriers concentration in the narrower channel has to rise above the
doping level in order to maintain the same current since velocity is fixed at v,. This is
explained in more details as follows.
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Below the saturation drain bias V},,,, the potential along the channel increases
from zero at the source to V}, at the drain. Thus, the gate contact becomes increasingly
reverse-biased with respect to the channel, and the depletion width becomes wider as
we proceed from source to drain. The resulting decrease in channel opening b must
be compensated by an increase in electric field and electron velocity to maintain a
constant current throughout the channel. As V', is increased further to V,,,, the elec-
trons reach the saturation velocity at the drain end of the gate (Fig. 8a). The channel
is constricted to the smallest cross section b, under the gate. The electric field reaches
the critical value &, at this point, and I}, starts to saturate. The electron density r(x),
however, remains equal to the doping density N, as long as the field does not exceed
the critical value &,..

The condition of ¥}, > V), is displayed in Fig. 8b. The saturation current is given
by

Ipsar = Zqun(x)b(x). 39)

If the drain voltage is increased beyond V), the depletion region widens toward the
drain. The point x,, where the electrons reach the saturation velocity and the channel
width is b;, moves toward the source. Note that there are three locations of interest;

JT__‘ Source ;‘ Gate Drain T Vb= Vpsar

Depletion (a)
a
n-channel |b
(b)
E.h
€,
- X
n
Np —
Xy X3 X3

Fig. 8 (a) Schematic cross-section showing condition at ¥, = ¥p,, and under velocity satu-
ration. (b) Dipole-layer formation when operated with ¥, > V., showing electric-field and
carrier-concentration profiles through the quasi-neutral channel. (After Ref. 9.)



388 CHAPTER 7. JFETs, MESFETs, AND MODFETs

x; and x, are locations where the channel opening is b;, and x and x; are locations
where & = %,. This also means that in the region x; to x, the channel is narrower than
b,, and in the region x, to x,, carriers travel with v,. Since the velocity is saturated, in
the region x, to x, the change in channel width must be compensated by a change in
carrier density to maintain constant current. According to Eq. 39, an electron accu-
mulation layer (n > Np) must form in this region, where the channel opening is
smaller than b,. At x, the channel opening is again b;, and the negative space charge
changes to a positive space charge (n < Np) to preserve constant current. Between x,
and x, the electron velocity remains saturated but the channel width is larger than b,.
So by virtue of the same Eq. 39, carrier concentration is lower than Ny, in order to
keep the saturation current constant. Therefore, the drain voltage applied in excess of
Vpsar forms a dipole layer in a channel that extends beyond the drain end of the gate.

Breakdown. For drain voltages beyond V), the drain current is assumed to remain
essentially the same as the saturation current. As the drain voltage increases further,
breakdown occurs where the current rises sharply with the drain bias. This break-
down occurs at the gate edge toward the drain side where the field is the highest.
Analysis of the breakdown condition in an FET is inherently more complicated than
in a bipolar transistor because it is a two-dimensional situation as opposed to one-
dimensional.

The fundamental mechanism responsible for breakdown is impact ionization.
Since impact ionization is a strong function of the electric field, the maximum field is
often regarded as the first-order criterion for breakdown. Using a simple one-dimen-
sional analysis in the x-direction, and treating the gate-drain structure as a reverse-
biased diode, the drain breakdown voltage V5 is similar to that of the gate-junction
breakdown and is linearly dependent on the relative voltage of the drain to the gate;

Vpg = Vp—Vg (40)

where V5 the breakdown voltage of the gate diode and is a function of channel doping
level, among other factors. The general breakdown behavior of Eq. 40 is shown in
Fig. 9a. It is shown that for higher V;, the drain breakdown voltage becomes higher
by the same amount. Such characteristics general hold true for silicon JFETs. But for
MESFETs on GaAs, the breakdown mechanisms are much more complicated. They
generally have lower breakdown values and the dependence of ¥; no longer follows
Eq. 40 but has a opposite trend, as shown in Fig. 9b. These additional effects will be
discussed next.

Unlike a MOSFET where the heavily doped source and drain overlap the gate at
the gate edges, the JFETs and MESFETs have a gap between the gate and the
source/drain contacts {or heavily doped regions under the contacts). For breakdown
consideration, this gate-drain distance L, is critical. In this gap the doping level is
the same as the channel. If surface traps are present in this gate-drain spacing, they
can deplete part of the channel doping and affect the field distribution. In certain cases
they can improve the breakdown voltage. Two-dimensional simulations in Fig. 10
displays the field distribution as a function of surface potential created by surface
traps. Without surface traps (i.e., ¥, = 0), the field is highest at the gate edge where
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Fig. 9 Experimental data showing drain breakdown voltage (a) increases with V; in Si JFETs
but (b) decreases with ¥; in GaAs MESFETs.

breakdown occurs. In this particular example, with a surface potential of 0.65 V, the
field at the gate edge is reduced, thereby increasing the breakdown voltage. Using a
one-dimensional analysis, the field at the gate edge can be shown to be!?

#r) = Lo |25 VoV - g 41
(L) = z qND(V/bH‘ D~ G)_ND Gp (41)
where N, is the surface-trap density. (This equation implies that L, is larger than
the 1-D depletion width so that with N, = 0, €(L) and V', are independent of L;,.)
For an increased surface potential of 1.0 V, the field at the drain contact is increased,
since the area under the curve is the total applied voltage and it has to be conserved.
If the field at the drain contact is increased to a critical value, breakdown can occur
there, thereby lowering the breakdown voltage again. Since GaAs lacks a common

€, (10° V/em)

Fig. 10 Electric-field distribution in
gate-drain spacing as a function of
surface potential y, due to surface

> traps. V=4 V. V;=0. (After
Ref. 10.)
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passivation layer such as SiO, for silicon, the breakdown in GaAs MESFETs are less
controllable and have different breakdown behavior compared to Si JFETs.

One factor for a reduced breakdown voltage in MESFETs is due to tunneling
current associated with the Schottky-barrier gate contact.!’ At high fields, this tun-
neling current is from thermionic-field emission which has a temperature depen-
dence. The gate current can initiate avalanche multiplication and induces lower drain
breakdown voltage. With higher channel current, the internal node is at a higher tem-
perature which triggers an earlier gate-current-initiated avalanche breakdown. This
can be responsible for lower V5 at higher V; in Fig. 9b. Another factor is that GaAs
MESFETS: usually have higher current and transconductance than Si devices due to
higher mobility. The higher channel current can initiate avalanche at a lower voltage,
or produce the temperature effects which trigger earlier breakdown as discussed.

The breakdown voltage can be improved by extending the region between the
gate and the drain. Furthermore, to maximize its function, the field distribution
should be made as uniform as possible. One technique is to introduce a doping gra-
dient in the lateral direction. Another, called RESURF (reduced surface field),12 is to
have a p-layer underneath such that at high drain bias, this »n-layer is fully depleted.

7.2.2 Arbitrary Doping and Enhancement Mode

Arbitrary Doping Profile. For an arbitrary doping profile in the channel region,'
the net potential variation inside the depletion width is related to the doping as given
by Eq. 40 of Chapter 2,

/4

Vhi= Vg = fj YNp()dy. (42)
0

)

The maximum value for the upper limit of the integral occurs at ¥/, = g, and the cor-
responding quantity is the pinch-off potential as defined previously, given by

&

vy =4 f YN (). 3)
0

We next consider the current-voltage characteristics and the transconductance.
We shall define an integral form of the total charge density up to the position y, as

Y1
00 =4 J Np)dy, (44)

0

which will be used to simplify the equations that follow. The drain current based on
Eq. 9 would have to be modified to be

Ip

Z‘IUJ Np(»)dy
p

Zv[Q(a) - Q(Wp)]- (45)
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Bear in mind that both v and W, vary with x along the channel under a drain bias.
Integrating both sides of this equation from x = 0 to L gives

L L
J Ipdv = IL = Z f v[0(a) - O(W,)]dx. (46a)
0 0
or
7 L
Ip=2 f o[Q(a) - Q(Wp)ldk. (46b)
0

Equation 46b is the basic equation for calculating the drain current.
In the linear region, the drift velocity is always in the constant-mobility regime
due to the small field or drain bias. Substituting v = 4% = udAy;/dx, we obtain
L 14
zZ( dAy, Zu(”?
Ipin = | 4= 1Q(a) - QWp))dx = £ | [Q(a) - Q(Wp)ldAy,
0

0

~E410a) - W)V, - @)

In the saturation region, we first consider the case where saturation is caused by
pinch-off (W, = a) as opposed to velocity saturation. Starting again with Eq. 46b and
changing the variable to W, with Eq. 21, the drain current is

a dA v.
WDs b
= L1 [0(a) - Q)N . (48)

Ds

Using the relationship similar to Eq. 21,

d =5 (49)
dVg qWDND’

the transconductance is given by differentiating Eq. 48

_ dlpsa _ dleatx awp _ ~Zqu
Em = v, T aw, “dvg T el

V4
“10(a)- 2(Wp,)] (50)

which shows that g, is equal to the conductance of the rectangular section of the
semiconductor extending from y = W, to a.

For short-channel devices where velocity saturation determines current satura-
tion, the drain current is simply given by

W, )W,N il
[O(a) - Q(Wp )W) Dxm
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a
Ing = Zqv, f Np()dy = Zu,[Q(a) ~ Q(Wp,)]. (51)
WDs
To obtain the transconductance, Eq. 51 implies
dIDsat
The transconductance is given by
- dIDsatx dWDs = —Zav —&s
Em = Gw,.” dv, 1
Zv,&,
Wpe (53)

s

= ~ZquNp(Wp,). (52)

which is identical to Eq. 37.

In real applications, it is often preferable to have good linearity, i.e., constant g,,,,
meaning I, changes linearly with V;. Linearity of the transfer characteristics is
approached by those profiles in which the depletion depth W,(V;) changes very little
as a function of the gate voltage. The transfer characteristics for various doping pro-
files are shown in Fig. 11. Note that both types of nonuniform dopings achieve lin-
earity as the appropriate variable parameter is taken to its limit, which has a delta
doping at x = a. The results shown are quite different from the constant-mobility case,
in which the doping profile has little effect on the transfer characteristics. Although
Eq. 53 implies a reduction of g,, for lower gate voltage, the important quantity g,/Cgs
remains unaffected, where Cg; is the gate-source capacitance. This is because
Css = &/Wp, and Eq. 53 gives

=2 = Zv_. = constant. (54)

Experimental results have confirmed that FETs with graded channel doping!* or step
dopings! have improved linearity.

Enhancement-Mode Devices. Buried-channel FETs are usually normally-on
devices. The basic current-voltage characteristics of normally-on and normally-off
devices are similar, except for the value of the threshold voltage. Figure 12 compares
these two modes of operation. The main difference is the shift of threshold voltage
along the V;-axis. The normally-off device has no current conduction at V; = 0, and
when V; > Vythe current starts to flow.

For high-speed low-power applications, the normally-off (or enhancement-mode)
device is very attractive. A normally-off device is one that does not have a conductive
channel at V; = 0; that is, the built-in potential y;, of the gate junction is sufficient to
totally deplete the channel region. Mathematically, normally-off device has a positive
Vp implying from Eq. 15
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Fig. 11 [, expressions and transfer characteristics for various doping profiles. Velocity-sat-
uration model is assumed. (After Ref. 7.)

Wpi > Vp
Npa?
>‘1 D

2¢, (53)

Since the built-in potential y;; has a limit comparable to the energy gap, it imposes a
limit on the channel doping and channel width, both of which affect the maximum
current the device can provide. For a uniformly doped channel that is saturation-
velocity limited, the maximum current is given by

I, < ZgNpav,. (56)

This current limit would be obtained if the applied gate bias were equal to the built-in
potential, an impractical biasing condition which will cause excessive gate current.

7.2.3 Microwave Performance

Small-Signal Equivalent Circuit. Field-effect transistors, especially GaAs MES-
FETs, are useful for low-noise amplification, high-efficiency power generation, and
high-speed logic applications. We shall first consider the small-signal equivalent
circuit of a MESFET or JFET. A small-signal lumped-element circuit for operation in
the saturation region in common-source configuration is shown in Fig. 13. In the
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Fig. 12 Comparison of /-V characteristics for (a) normally-on (depletion-mode) FET and (b)
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Fig. 13 (a) Small-signal equivalent circuit of MESFET and JFET. v; is small-signal V.
Capacitance symbol with prime designates total capacitance in farad as opposed to capaci-
tance per unit area. (b) Origin of circuit elements is related to physical structures.
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intrinsic FET, the elements Cyg + Cy, are the total gate-channel capacitance
(= Cy); R, is the channel resistance; R g is the output resistance which reflects the
nonsaturating drain current with drain bias. The extrinsic (parasitic) elements include
the source and drain series resistances Rg and R, the gate resistance R; the parasitic
input capacitance C,,, and output (drain-source) capacitance Cpy .

par
The leakage current in the gate-to-channel junction can be expressed as
q VG)
Ig = I exp(L€) - 1]
o = I exp s (57)

where » is the diode ideality factor (1 <n <2) and /) is the saturation current. The
input resistance is given by

dig\! nkT
R. =|—"2~ = —_— 58
" (dlc) gy +1g) )

As I; approaches zero, the input resistance at room temperature is about 250 MQ for
I,= 10719 A. It becomes even higher for negative gate bias (negative /;). The FET
obviously has a very high input resistance, even though it is not as ideal as in a
MOSFET which has an insulating gate.

The source and drain series resistances, which cannot be modulated by the gate
voltage, will introduce an IR drop between the gate and the source and drain contacts.
These IR drops will reduce the drain conductance as well as the transconductance.
The internal effective voltages V', and V; should then be replaced by [V —~I(RstRp)]
and (V; - IpR;), respectively. In the linear region, the resistances Ry and R, are in
series, adding to the total measured drain-source resistance (R¢tR+R,,). In the satu-
ration region, the drain resistance R, will cause an increase of the drain voltage at
which current saturation occurs. Beyond that voltage Vp, > V. the magnitude of Vj,
has no effect on the drain current. By the same token, the measured transconductance
in the saturation region is affected only by the source resistance. Thus R, has no
further effect on g,,, and the measured extrinsic transconductance is equal to

Em
Emx = 1 +Rng. (59)
Cutoff Frequency. For a measure of the high-speed capability, the cutoff frequency
Jr and the maximum frequency of oscillation f;,, are commonly used. The f; is
defined as the frequency of unity gain, at which the small-signal input gate current is
equal to the drain current of the intrinsic FET. The f,, is the maximum frequency at
which the device can provide power gain. The f;is a more appropriate figure-of-merit
for digital circuits where speed is the primary concern, and f;,, is more relevant for
analog-circuit applications.
Based on unity gain, one can use the derivation discussed in Section 5.3.1 (p. 263)
for an expression

&m &
= = . 60
r 27C;, 2m(C;+C,,) (60)
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Here C;, is the total input capacitance (Fig. 13), and Cy; is the sum of Cyg and
Cgp - For an ideal case of zero input parasitics (CI', = (), we obtain

ar

gm v
= = . 61
fr 22C; 27l 61

This equation has the physical meaning that £} is related to the ratio L/v which
happens to be the transit time for a carrier to travel from source to drain. The drift
velocity v is equal to the saturation velocity v, for short channels, and for a 1-um gate
length, the transit time is of the order of 10 ps (10~ s). In practice, the parasitic input
capacitance C,,,, is a fraction of C; , so f7 is slightly below its theoretical maximum
value.

Equation 60 is an approximation ignoring some of the parasitics. A more-com-
plete equation accounting for source and drain resistances and the gate-drain capaci-
tance is given by

Em

fr=

. Rp+R ) .

2;:[CG(1 + 220 4 g, (Rp+ Rs) + CpmJ
RDS

(62)

Note that g,, is the intrinsic value but not g,,. as in Eq. 59.

The speed limitations of FETs are also dependent on device geometry and mate-
rial properties. In the device geometry, the most-important parameter is the gate
length L. Decreasing L will decrease the total gate capacitance [Cy; o (Zx L)] and
increase the transconductance (before velocity saturation); consequently, £ improves.
As for the carrier transport, since the internal field varies in magnitude along the
channel, drift velocities in all field strength are critical. These include the low-field
mobility, saturation velocity in high field, and for some materials, peak velocity in
medium field in the presence of the transferred-electron effect. In Si and GaAs, elec-
trons have a higher low-field mobility than holes have. Therefore only #-channel
FETs are used in microwave applications. The low-field mobility in GaAs is about
five times higher than that of silicon, therefore the frequency f; is expected to be
higher in GaAs. For the same gate length, InP is expected to have even higher f; than
GaAs because of its higher peak velocity. In any case, for these materials, FETs with
gate lengths 0.5 pm or less will have £ in excess of 30 GHz.

Maximum Frequency of Oscillation. The £, ,, is defined as the frequency at which
the unilateral gain is unity. The unilateral gain U goes down as square of frequency,

fmax 2
Us (—f—) , (63)
with
fong = —2T (64)
2, /r+fr73

r, is the input-to-output resistance ratio,
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Re+R,+R
r = 6T Ren™ s (65)
Rps
and the channel resistance R, is given by!'6
1 3 +152+10a+2)(1-a
Rch = __( )(2 ) (66)
- 101 +a)(1+2a)
a is a measure of the drain bias with respect to Vi,
Vb
a=1- 7 (Vp< Vpea)- 67)
sa
So for the saturation region, =0 and R, = 1/5g,,. The z; is a time constant
73=27R;Cqp - 68)

For small r,, Eq. 64 reduces to the more-familiar form

fT
X [ 69
Jmax Af87rRGCG' D (69)

The unilateral gain will decrease at 6 dB/octave as the frequency increases. At f,.,,
unity power gain is reached. To maximize f,,, the frequency f; and the resistance
ratio R_,/R,g must be optimized in the intrinsic FET. In addition, the extrinsic resis-
tances R and R and the feedback capacitance Cy;;, must also be minimized.

Power-Frequency Limitations. For power applications, both high voltage and high
current are required. These, however, demand device designs that are in conflict with
one another, and in addition, they also compromise the speed, so a trade-off has to be
considered. For high current, the total channel dose (Np*a) has to be high. To main-
tain high breakdown voltage, N, cannot be too high and L cannot be too small. For a
high f7, L has to be minimized and as a consequence, Np, has to increase. The last con-
straint comes about because of the following.

For a gate electrode to have adequate control of the current transport across the
channel, the gate length must be somewhat larger than the channel depth,!” that is

L
» >7. 70
So to reduce L, the channel depth a has to be reduced at the same time, which implies
a higher doping level to maintain a reasonable current. Because of this, some scaling
rules have been proposed. These include constant LN, scaling, constant LV2N,
scaling.!® and constant L?N, scaling.!® In practical Si and GaAs MESFETs, the
highest doping level is about 5x10!7 cm because of breakdown phenomena. Using
the simple velocity-saturation estimate of I,,,/Z = gNpav,, and v, of 1x107 cm/s, to
maintain a current of 3 A/cm, this doping level limits the minimum gate length to
about 0.1 pum, with a corresponding maximum f7 of the order of 100 GHz.
In high-power operation, the device temperature increases. This increase causes a
reduction of the mobility?? and saturation velocity, since the mobility varies as
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[T(K)]2 and velocity as [T(K)]™!. Therefore, the FET has negative temperature coef-
ficient and will be thermally stable under high-power operation.

The state-of-the-art power-frequency performance of GaAs FETs is shown in
Fig. 14. A higher frequency range can be reached with MODFETs, at the expense of
lower power. With further miniaturization to submicron dimensions, and with
improved designs and reduction of parasitics, FETs of higher powers operated at
higher frequencies can be made. Also with semiconductor materials of higher band-
gaps such as SiC and GaN, the curve can be shifted upward. For GaN devices, the
curve can be higher by more than tenfold in power.2?

Noise Behavior. The MESFET and JFET are low-noise devices, because only
majority carriers participate in their operations, and these carriers transport through
the channel in the bulk and free of surface or interface scattering. However, in prac-
tical devices, extrinsic resistances are unavoidable, and these parasitic resistances are
mainly responsible for the noise behavior.

The equivalent circuit used for noise analysis is shown in Fig. 15. Noise sources
Ings Tna» €ng» ad e, represent the induced gate noise, induced drain noise, thermal
noises of the gate resistance R; and source resistance Ry, respectively. The e, and Z;
are the signal source voltage and source impedance. The circuit within the dashed
lines corresponds to the intrinsic FET. The noise figure is defined as the ratio of the
total noise power to the noise power generated from the source impedance alone. So
the noise figure depends also on the circuitry external to the device. There is an
important parameter called the minimum noise figure which is obtained with both the
source impedance and load impedance being optimized for noise performance. This
minimum noise figure for a practical device has been obtained from the equivalent
circuit to be:2*

1,000
i MESFET
100L
s | \ .
5 10p N <
gt N _MODFET
i L
] E ~ ] Fig. 14 State-of-the-art perfor-
a mance of power vs. frequency for
H GaAs FETs. Higher frequency
0.15 — "% — "0 range can be reached with MOD-

Frequency (GHz)

FETs. (After Ref. 21.)
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Fig. 15 Equivalent circuit of an FET for noise analysis. (After Ref. 23.)

, IR-+R
Fminz1+2’fc1fccs} ¢S5, (71)
Em

where C, is a constant of value 2.5 s/F. Clearly for low-noise performance, one
should minimize the parasitic gate resistance and source resistance. At a given fre-
quency, the noise decreases with decreasing gate length (Cgg oc LxZ). We should be
reminded that R (see Fig. 13b) and g,, are proportional to the device width Z, while
Ry is inversely proportional to Z. This leads to decreasing noise with decreasing
channel width.

The graded-channel FET (Fig. 11) has been found to yield less noise (1 to 3 dB
lower) than uniformly doped devices having the same geometry.” This difference in
noise is related to g,,. The reduction of g, (but not g,/C for f;) for a graded-
channel FET gives superior noise performance.

7.2.4 Device Structures

The schematic diagrams of high-performance MESFETs are shown in Fig. 16. The
MESFET structures fall into two major categories: the ion-implanted planar structure
and the recessed-channel (or recessed-gate) structure. All devices have a semiinsu-
lating (SI) substrate for compound semiconductors such as GaAs.

In the ion-implanted planar process (Fig. 16a), the active region is created by ion
implantation to over-compensate the deep-level impurities in the SI-substrate. Natu-
rally the active device is isolated vertically and horizontally by the semiinsulating
material. To minimize the source and drain parasitic resistance, the deeper #*-implan-
tations should be as close to the gate as possible. This is done by various self-aligned
processes. In a gate-priority self-aligned process, the gate is formed first, and the
source/drain ion implantation is self-aligned to the gate. In this process, since ion
implantation requires high-temperature anneal for activation, the gate has to made of
materials that can withstand high-temperature processing. Examples are Ti-W alloy,
WSi,, and TaSi,. The second approach is ohmic-priority where the source/drain
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Fig. 16 Basic MESFET structures: (a) Ion-implanted planar structure. (b) Recessed-channel
(or recessed-gate) structure. Inset shows a T-gate (or mushroom-gate) that can be used in both
configurations.

implantation and anneal are done before the gate formation. Such process relaxes the
previous requirement on the gate material.

In the recessed-channel process (Fig. 16b), the active layers are grown epitaxially
over the SI-substrate. An intrinsic buffer layer is first grown and followed by an
active channel layer. The buffer layer serves to eliminate defects duplicating from the
semiinsulating substrate. Finally an epitaxial n*-layer is grown over the active
n-channel to reduce the source and drain contact resistance. This n*-layer is selec-
tively removed in the region between the source and the drain for gate formation.
Sometimes, this etching process is monitored by measuring the current between
source and drain for a more-precise control of the final channel current. One of the
advantages of this recessed-channel structure is that the surface is further away from
the n-channel layer so that surface effects such as transient response?’ and other reli-
ability problems are minimized. One disadvantage of this scheme is the additional
steps required for isolation which could be a mesa etching process (as shown) or an
isolation implantation that converts the semiconductor into high-resistivity material.

For superior microwave performance, the gate can be made into the shape of a
T-gate or mushroom-gate as shown in the inset of Fig. 16. The shorter dimension at
the bottom of the gate is the electrical channel length and it serves to optimize f; and
g,,» while the wider top portion reduces the gate resistance for an improved f,,, and
noise figure.

The JFET structures are similar to those of the MESFET, with the additional step
of a p-n junction formed underneath the gate contact by ion implantation. JFETs are
more suitable for power applications and seldom used in state-of-the-art high-fre-
quency applications. Part of the reason is that the channel length from a p-» junction
is more different to control and miniaturize compared to a metal gate. One common
inherent shortcoming of both the MESFET and JFET is that the heavily doped source
and drain regions cannot overlap the gate as in the case of a MOSFET (see Fig. 6 on
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p. 298). If they encroach the gate underneath, a short or leaky path would be formed
between the gate and the source or drain. Because of this, the source and drain series
resistance is higher than that in a MOSFET.

7.3 MODFET

The modulation-doped field-effect transistor (MODFET) is also known as the high-
electron-mobility transistor (HEMT), two-dimensional electron-gas field-effect tran-
sistor (TEGFET), and selectively doped heterojunction transistor (SDHT). Some-
times it is simply referred to by the generic name HFET (heterojunction field-effect
transistor). The unique feature of the MODFET is the heterostructure, in which the
wide-energy-gap material is doped and carriers diffuse to the undoped narrow-
bandgap layer at which heterointerface the channel is formed. The net result of this
modulation doping is that channel carriers in the undoped heterointerface are spa-
tially separated from the doped region and have high mobilities because there is no
impurity scattering.

Carrier transport parallel to the layers of a superlattice was first considered by
Esaki and Tsu in 1969.26 The development of MBE and MOCVD technologies in the
1970s made heterostructures, quantum wells, and superlattices practical and more
accessible. Dingle et al. first demonstrated enhanced mobility in the AlGaAs/GaAs
modulation-doped superlattice in 1978.27 Stormer et al. subsequently reported similar
effect using a single AlGaAs/GaAs heterojunction in 1979.28 These studies were
made on two-terminal devices without the control gate. This effect was applied to the
field-effect transistor by Mimura et al. in 1980,2°29 and later by Delagebeaudeuf et al.
in the same year.?! Since then, the MODFET has been the subject of major research
activities and has matured to commercial products as an alternative to MESFETs in
high-speed circuits. For in-depth treatment of the MODFET, readers are referred to
Refs. 32-35.

The main advantage of modulation doping is the superior mobility. This phenom-
enon is demonstrated in Fig. 17 which compares mobilities in the bulk, relevant for
MESFETs and JFETs, to that in the modulation-doped channel. It is seen here that
since in a MESFET or JFET the channel has to be doped to a reasonably high level
(> 10'7 cm™3), the modulation-doped channel has much higher mobilities at all tem-
peratures. It is also interesting to compare the modulation-doped channel, which
usually has an unintentional doping below 10 cm3, to lowly doped bulk samples,
since in this case their impurity concentrations are similar. The bulk mobility as a
function of temperature shows a peak but drops at both high temperature and low
temperature (see Section 1.5.1 on p. 28). The decrease of bulk mobility with increase
of temperature is due to phonon scattering. At low temperatures, the bulk mobility is
limited by impurity scattering. It depends, as expected, on the doping level, and it also
decreases with a decrease of temperature. In the modulation-doped channel, its
mobility at temperatures above ~ 80 K is comparable to the value of a lowly doped
bulk sample. However, mobility is much enhanced at lower temperatures. The mod-
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Fig. 17 Comparison of low-field electron mobility of modulation-doped 2-D channel to bulk
GaAs at different doping levels. (After Ref. 36.)

ulation-doped channel does not suffer from impurity scattering which dominates at
low temperatures. This benefit stems from the screening effect of a two-dimensional
electron gas, where its conduction path is confined to a small cross-section which is
smaller than 10 nm with high volume density.??

7.3.1 Basic Device Structure

The most-common heterojunctions for the MODFETSs are the AlGaAs/GaAs,
AlGaAs/InGaAs, and InAlAs/InGaAs heterointerfaces. A basic MODFET structure
based on the AlGaAs/GaAs system is shown in Fig. 18. It is seen here that the barrier
layer AlGaAs under the gate is doped, while the channel layer GaAs is undoped. This

S ' x Metal Drai
ource L rain
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n-AlGaAs

2-D /

electron gas

SI-GaAs Fig. 18 Typical structure of MODFET,
using the basic AlGaAs/GaAs system.

i-GaAs
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is the principle of modulation doping such that carriers from the doped barrier layer
are transferred to reside at the heterointerface and are away from the doped region to
avoid impurity scattering. The doped barrier layer is typically around 30-nm thick.
Very often, a ~doped charge sheet is used within the barrier layer and placed close to
the channel interface, instead of uniform doping. The top layer of n*-GaAs is for
better source and drain ohmic contacts. These contacts are made from alloys con-
taining Ge, such as AuGe. The source/drain deeper #*-regions are formed either by
ion implantation or introduced during the alloying step. Similar to MESFETSs, the
metal gate is sometimes made into the shape of a T-gate to reduce the gate resistance.
Most MODFETs reported are n-channel devices for higher electron mobility.

7.3.2 I-V Characteristics

Based on the principle of modulation doping, the impurities within the barrier layer
are completely ionized and carriers depleted away. Referring to the energy-band dia-
grams of Fig. 19, the potential variation within the depleted region is given by (see
Section 2.2.3 on p. 88)

Yo
o= £[ Moo 72)
*Jo
for a general doping profile. For uniform doping, this built-in potential becomes
gNpy;
= 1 Do 73
P (73)

s

For a planar-doped charge sheet n, located at a distance of y; from the gate, this
expression yields
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Fig. 19 Energy-band diagrams for an enhancement-mode MODFET at (a) equilibrium and
(b) onset of threshold.
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The advantage here, compared to the uniformly doped AlGaAs layer, is the reduction
of traps that are believed to be responsible for the anomalous behavior of current col-
lapse at low temperature. The close proximity of dopants to the channel also gives a
lower threshold voltage.

Like any other field-effect transistor, an important parameter is the threshold
voltage, the gate bias at which the channel starts to form between the source and
drain. From Fig. 19b, first-order approximation shows that this occurs when the
Fermi level E at the GaAs surface coincides with the conduction-band edge E . This
corresponds to the bias condition of:

AE,

Vi~ #g,— ¥p- 7 (75)

It can be seen here that by choosing the doping profile and barrier height 3, V- can
be varied between positive and negative values. The example shown in Fig. 19 has a
positive V5, and the transistor is called an enhancement-mode (normally-off) device,
as opposed to a depletion-mode (normally-on) device.

Once the threshold voltage is known, the rest of the analysis in deriving the I-V
characteristics are similar to that for the MOSFETs. In getting to the final results here
we skip some of the intermediate steps, and readers are referred to the MOSFET
chapter for more-detailed derivations if necessary.

With gate voltage larger than the threshold voltage, the charge sheet in the channel
induced by the gate is capacitively coupled and is given by

0, = C(Vo-Vp), (76)
where
£
C = g 77
= S x Ay (77

and Ay is the channel thickness of the two-dimensional electron gas, estimated to be
around 8 nm. When a drain bias is applied, the channel has a variable potential with
distance and its value with respect to the source is designated as A y(x). It varies along
the channel from 0 at the source to ¥ at the drain. The channel charge as a function
of position becomes

0,(x) = C,[Vs-Vr—Ap(x)]. (78)
The channel current at any location is given by
Ip(x) = ZQ,(x)v(x). (79)

Since the current is constant through out the channel, integrating the above equation
from source to drain gives
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7 L
- f 0,(x)w(x)ds. (80)
0

As for the other FETs, we derive the current equations with different assumptions on
the velocity-field relationships.

Constant Mobility. With constant mobility, the drift velocity is simply given by
v(x) = 4, B()

_  dAy
- /un dx . (8 1)
Substituting Eq. 81 into Eq. 80 and with proper change of variable, we obtain
Zun 0 Vi
Iy = = (Vo= Vn¥p--2]. 82)

The output characteristics for an enhancement-mode MODFET are shown in Fig. 20.
In the linear region where V', « (V—V7), Eq. 82 is reduced to an ohmic relationship,

Zu,C . (Va-VpV,
]Dlln = ﬂn 0( LG T) D. (83)

At high ¥V, Q,(L) at the drain is reduced to zero (Eq. 78), corresponding to the pinch-
off condition, and current saturates with V,. This gives a saturation drain bias of

VDsat = VG - VT (84)
and a saturation drain current of

Zun o

IDsat = (VG VT)2 (85)

From the above equation, the transconductance can be obtained,

Nonlinear :
Linear E‘tu_rimon V=07V

Iy -

!
!
I

J/

04V
03V
02V
' L Fig. 20 Output characteristics of an
0 1 2 3 enhancement-mode MODFET.

Vo (V)
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_ dIDsat — Z;unco(VG_ VT)

Field-Dependent Mobility. In state-of-the-art devices, current becomes saturated
with V}, before the pinch-off condition occurs, due to the fact that carrier drift velocity
no longer is linearly proportional to the electric field. In other words, in high fields,
the mobility becomes field dependent. For devices with high mobilities such as
MODFETs, this phenomenon is more severe. Figure 21 shows the electron velocity-
field relationship where a two-piece linear approximation is also shown with a critical
field €. Low-field electron mobilities reported for the AlGaAs/GaAs heterointerface
are typically = 10* cm?/V-s at 300 K, =~ 2x105 cm?/V-s at 77 K, and ~ 2x10® cm?/V-s
at 4 K. The mobility enhancement at low temperatures in a MODFET is very pro-
nounced as discussed before. But the improvement of v, at low temperatures is much
less, ranging from 30 to 100%. High mobility also implies low &, and the drain bias
needed to drive the device towards velocity saturation is reduced. From the MOSFET
equations, we set M= 1 (p. 306) since the channel doping is very light. Equations 36
and 37 in the MOSFET chapter (Chapter 6) become

(86)

ZC,u, 4
Ipgat = 7 (VG -Vr- gsat) Vbsat» 87
Vpsat = LE +(Vg=Vp) = J(LEY + (V- V2. (33)

Velocity Saturation. In the case of short-channel devices, complete velocity satura-
tion is approached and simpler equations can be used. The saturation current in this
regime becomes

[Dsat = Zans

= ZC,(Vo- Vv, (39)
with the transconductance of
dleat
= _Dsat _ - )
g v, C,v, (90)

=

2| f-o~> v
Q . .

2 Two-piece linear

4 approximation

=

= Slope = u

a

Fig. 21 v-& relationship for the channel
‘ charge. Transfer-electron effect is shown for

materials such as GaAs. Two-piece linear
Longitudinal field &, approximation is indicated.
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Notice that in this extreme case I, is independent of L and g,, is independent of L
and V.

At large V;, the g, as indicated in Fig. 20, starts to decrease. The AlGaAs/GaAs
heterointerface can confine a maximum carrier density Q,/q of ~ 1x1012 cm™2. Above
this ¥; (1x10129/C, ~ 0.8 V), charge is induced within the AlGaAs layer, whose
mobility is much lower.

7.3.3 Equivalent Circuit and Microwave Performance

For discussions on small-signal equivalent circuit, f5 f;,.., and noise, we can follow
the analysis either in MOSFET or MESFET/JFET in the earlier part of this chapter.
From the equivalent circuit, in the presence of parasitic source resistance, the
extrinsic transconductance is degraded by

Em
= —7 . 91
8 = T3 hg O
The cutoff frequency f; and the maximum frequency of oscillation f,,, are given
by,

/o En N En
r- , R,+R , L1 ’
2”[06(1 + 22228 4 Cpga(Rp+ Ry) + cpa,J 21ZLC,+ Cpar)

par
RDS
fowm =T ©3)
87R:;Cep

The minimum noise figure is given as®}

., IR-+R
mez1+2nc2chS/ g s (94)
&m

where C, = 1.6 s/F, a lower noise figure compared to the corresponding value of
2.5 s/F for GaAs MESFETs (Eq. 71). Note that since Cgg is proportional to L,
devices with shorter channels have better noise performance.

The speed of MODFETs is higher than that of MESFETS, due to the higher mobil-
ities. Even though the saturation velocities of these devices are comparable, higher
mobility pushes the device toward the performance limit of complete velocity satura-
tion. So for the same channel length, higher mobility always gives somewhat higher
current and transconductance. Some examples of analog applications are low-noise
small-signal amplifiers, power amplifiers, oscillators, and mixers. For digital applica-
tions, there are high-speed logic and RAM circuits. MODFET also has superior noise
performance compared to other FETs. This improved noise property comes from
higher current and transconductance.

Compared to the MESFET, the MODFET can support higher gate bias due to the
additional barrier of the AlGaAs layer. It also has better scaling capability since it
does not have the restriction associated with the channel depth (L/a = z, Eq. 70).
Another advantage is lower-voltage operation because of the low &, needed to drive

., 92)
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the device into velocity saturation. One drawback of the MODFET is the limit of
maximum charge-sheet density at the heterointerface which limits the maximum
current drive.

We have pointed out before that the difference between a MODFET and a
HIGFET is the presence of dopants in the barrier layer. It is interesting then to see the
advantage of introducing these dopants in the barrier layer. Figure 22 compares the
energy-band diagrams of these two devices. The comparison is made at the condition
of equal channel charge or channel current, at whatever gate bias necessary. Note that
at such condition, the region from the channel to the right side of the devices are iden-
tical. The difference lies in the barrier layer and to its left. One can observe that the
doping in the barrier layer has two main functions. First, the threshold voltage is low-
ered. Second, the built-in potential within the barrier layer y, increases the total
barrier for carrier confinement. This higher barrier enables a higher gate bias before
excessive gate current takes place.

7.3.4 Advanced Device Structures

The major development effort for MODFETSs has been on a channel material that can
further improve the electron mobility. Instead of GaAs, In,Ga,_ As has been pursued
due to its smaller effective mass. Additional advantages include a larger AE - because
of the smaller bandgap. Its higher satellite band has less transfer-electron effect that
degrades the mobility. These advantages are found to be directly related to the indium
contents: the higher the percentage, the higher the performance.

Introduction of indium in InGaAs causes lattice mismatch to the GaAs substrate
(see Fig. 32 on p. 56). However, growth of good-quality heteroepitaxial layer is still
possible provided the epitaxial-layer thickness is under the so-called critical thickness
(see discussion on p. 57), in which condition the epitaxial layer is under strain. Such
technique yields a pseudomorphic InGaAs channel layer and the device is called
pseudomorphic MODFET (P-MODFET or P-HEMT). Figure 23 summarizes the

Doped Undoped
barrier 5 barrier 2D
electron gas electron gas
E. Ec
E Ep
Eg,, Ey Ey
EFm

(@ (b)

Fig. 22 Comparison of (a) doped barrier layer (as in MODFET) and (b) undoped barrier layer
(as in HIGFET), for the same amount of channel charge.
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MODFET P-MODFET M-MODFET
AlGaAs AlGaAs InAlAs
GaAs InGaAs (In = 0 - 35%) InGaAs (In = 30 - 80%)
GaAs substrate GaAs substrate InAlGaAs buffer
GaAs substrate

InAlAs InAlAs
InGaAs (In = 53%) InGaAs (In = 53 - 80%)
InP substrate InP substrate
(@) (b) (c)

Fig. 23 Structures of (a) conventional unstrained MODFETs on GaAs and InP substrates, (b)
pseudomorphic MODFETs (P-MODFETs), and (¢) metamorphic MODFET (M-MODFET).
Indium concentrations are indicated.

In% range for conventional MODFETs and P-MODFETs, on both GaAs and InP sub-
strates. On GaAs substrate, P-MODFETs can accommodate a maximum of 35%
indium. On InP substrate, an unstrained conventional MODFET starts with 53% In,
and its P-MODFETs can contain as high as 80% In. So MODFET performance on InP
substrate is always higher. The penalty is the higher cost of the InP substrate. In addi-
tion, an InP substrate is more susceptible to breakage during processing, and the
wafer size is also smaller. These contribute to even higher cost. In general, P-MOD-
FETs are sensitive to changes in strain during processing. Thermal budget has to be
minimized to prevent relaxation of the pseudomorphic layer and introduction of dis-
locations that reduce the carrier mobility.

Yet another approach, depicted in Fig. 23c, is the latest innovation to obtain high
In% on GaAs substrate. In this scheme, a thick buffer layer of graded composition is
grown on the GaAs substrate. This thick buffer layer serves to transform the lattice
constant gradually, from that of the GaAs substrate to whatever required for the sub-
sequent growth of the InGaAs channel layer. In doing so, all the dislocations are con-
tained within the buffer layer. The InGaAs channel layer is unstrained and
dislocation-free. Such technique has permitted indium as high as 80%. The resultant
MODFET is called metamorphic MODFET (M-MODFET).

Another material system for MODFET that has attracted increased interest
recently is based on the AIGaN/GaN heterojunction. GaN has high energy gap
(3.4 eV) and is attractive for power applications because of a low ionization coeffi-
cient and thus high breakdown voltage.3” One interesting feature of the AlGaN/GaN
system is the additional carriers coming from the effects of spontaneous polarization
and piezoelectric polarization, apart from the modulation doping, resulting in higher
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current capability. In some cases, the AlGaN barrier layer is undoped and excess
carrier concentration relies on these polarization effects.

To conclude this section, we show some variations in device structures that have
certain advantages. Figure. 24a shows the inverted MODFET structure where the
gate is placed over the channel layer rather than the barrier layer which is now grown
over the substrate directly. In modulation doping, the high-E, layer thickness deter-
mines the built-in potential y, (Eq. 72) and preferably cannot be too thin. The
channel layer does not have this restriction and can be thinner than the barrier layer.
This gives a higher gate capacitance and thus higher transconductance and f;.
Another advantage is improved source and drain contact resistance since the contacts
do not have to go through the high-£,, layer. The quantum-well MODFET, sometimes
called a double-heterojunction MODFET, is shown in Fig. 24b. Because there are two
parallel heterointerfaces, the maximum charge sheet and current are doubled.
Another advantage is that the channel is sandwiched by two barriers, and the carriers
have better confinement. Multiple-quantum-well structures also have been fabricated
based on this principle. In the superlattice MODFET, the superlattice is used as the
barrier layer (Fig. 24c). Within the superlattice, the narrow-E,, layers are doped while
the wider-E,, layers are undoped. This structure eliminates traps in the AlGaAs layer,
and also the parallel conduction path within this doped AlGaAs layer.

2-D 2-D
electron gas electron gas
Source Gate Drain Source Gate Drain
i-GaAs . n-AlGaAs
n* n nt nt
§Jn-AlGaAs;___‘, -GaAs \, ~
n-AlGaAs
SI-GaAs
SI-GaAs
(2) (b)
Source Gate Drain
[ n-GaAs/
f nt ut i-AlGaAs
——| | superlattice
//
2-D i-GaAs \
electron gas
SI-GaAs
(©)

Fig. 24 Some variations of MODFET structures: (a) Inverted MODFET. (b) Quantum-well
MODFET. (c) Superlattice MODFET.
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PROBLEMS

1. For a JFET with a power-law doping N = N,x" where Ny, and » are constants. Find 7, vs.
Vs and g, when n — .
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. An n-channel GaAs MESFET has been fabricated on semiinsulating substrate. It has a

uniformly doped channel of N, = 107 cmi3, with gg, = 0.9V, a=0.2 um, L = 1 um, and
Z=10 um.

(a) Is this an enhancement- or depletion-mode device?

(b) Find the threshold voltage.

(c) Find the saturation current at ¥; = 0 (for constant mobility of 5,000 cm?/V-s).

3. Derive Eq. 19 by substituting y;,; in Eq. 15 to Eq. 17.

10.

11.

12.

. Design a GaAs MESFET with a maximum transconductance of 200 mS/mm and a drain

saturation current /5., of 200 mA/mm at zero gate-source bias. Assume I, = S(V - Vp)?
and B= Zug/2al, 4= 5,000 cm*V-s, L =1 ym, and y;; = 0.6 V.

. Show that (a) for a MESFET the measured drain conductance in the linear region is given

by gpo/[1HRs+Rp)gpo). and (b) the measured transconductance in the saturation region is
given by g,/(1+R¢g,,) where Rg and R, are the source and drain resistance, respectively.

. An InP MESFET has N, =2x107 ¢cm™; L= 1.5 um, L/a =5, and Z= 75 um. Assume v, =

6x10° cm/s, ;= 0.7 V. Using the saturated-velocity model, find the cutoff frequency for
Vs=-1Vand ¥V, =0.2 V (at which the channel near the drain is just pinched off).

. For very-large-scale integrated circuits, the maximum allowed power per MESFET gate is

0.5 mW. Assume a clock frequency of S GHz and a node capacitor of 32 fF, find the upper
limit of ¥, (in volts).

. An InP MESFET has N, = 1017 cm™, L= 1.5 um, a = 0.3 pm, Z= 75 pm. Assume v, =

6x10° cm/s, ;= 0.7 V, applied gate voltage = —1 V, and ¢, = 12.4¢,. From the saturation-
velocity model, find the cutoff frequency.

. Find the thickness of the undoped spacer layer d,, such that the two-dimensional electron

gas concentration of an AlGaAs/GaAs heterojunction is 1.25%10'2 cm at zero gate bias.
Assume that in the n-AlGaAs, the first 50 nm is doped to 1x10!8 cm™3, and the remaining
layer of thickness d, is undoped. The Schottky barrier height is 0.89 V, AE-/g =0.23 V, and
the dielectric constant of AlGaAs is 12.3.

(a) Find the threshold voltages of a conventional and a delta-doped heterostructure
AlGaAs-GaAs FETs.

(b) Evaluate the variations of these threshold voltages for two-monolayer fluctuations in
AlGaAs layer thickness.

Assuming that one monolayer ~ 3 A in AlGaAs, the Schottky barrier height is 0.9 V, the
conduction-band discontinuity is 0.3 eV, the uniform doping in the conventional HEFT is
1018 cm3 with a thickness of 40 nm, the delta doping is located 40 nm from the metal-
semiconductor interface, with a sheet charge density of 1.5%10'2 cm2, and the dielectric
permittivity for AlGaAs is assumed to be 10-12 F/cm.

In an AlGaAs/GaAs MODFET, the n-type Al,;Ga,;As layer is doped to 10! cm3, and
has a thickness of 50 nm. Assume an undoped spacer layer of 2 nm, a barrier height of
0.85 eV, and a conduction-band discontinuity of 0.22 eV. The dielectric constant for the
ternary is 12.2. Find the two-dimensional electron concentration at the source for V; = 0.

Consider an AlGaAs/GaAs MODFET with a 50-nm AlGaAs and 10-nm undoped AlGaAs
spacer. Assume the threshold voltage is —1.3 V, Ny = 51017 ¢cm™, AE- = 0.25 eV, the
channel width is 8 nm, and the dielectric constant is 12.3. Calculate the Schottky barrier
height and the 2-D electron gas concentration at ¥; = 0.
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Tunnel Devices

8.1 INTRODUCTION

8.2 TUNNEL DIODE

8.3 RELATED TUNNEL DEVICES
8.4 RESONANT-TUNNELING DIODE

8.1 INTRODUCTION

In this chapter we consider devices based on quantum-mechanical tunneling. In the
classical sense, carriers having energy smaller than some potential barrier height are
confined or stopped by the barrier completely. In quantum mechanics, the wave
nature of carriers are considered, and the wave does not terminate abruptly at the
boundary of the barrier. As a result, not only can the carriers have finite probability of
existence inside the barrier, they can leak through the barrier if the barrier width is
thin enough. This leads to the concept of tunneling probability and tunneling current.
Basic tunneling phenomenon has been discussed in Section 1.5.7 where tunneling
probability is introduced.

The tunneling process and devices based on this phenomenon have some inter-
esting properties. First, the tunneling phenomenon is a majority-carrier effect, and the
tunneling time of carriers through the potential energy barrier is not governed by the
conventional transit time concept (7= W/u, where W is the barrier width and v is the
carrier velocity), but rather by the quantum transition probability per unit time which
is proportional to exp[—2(k(0))#], where (k(0)) is the average value of momentum
encountered in the tunneling path corresponding to an incident carrier with zero trans-
verse momentum and energy equal to the Fermi energy.! Reciprocation gives the tun-
neling time proportional to exp[2(k(0))#]. This tunneling time is very short,
permitting the use of tunnel devices well into the millimeter-wave region. Secondly,
since the tunneling probability depends on the available states of both the originating

417
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side and the receiving side, tunneling current is not monotonically dependent on the
bias, and negative differential resistance can result.

A perceived drawback of tunnel devices might be the low current density allowed,
but in fact tunnel devices can have substantial current densities exceeding
1.5 mA/um? in SiGe interband tunnel diodes? and 4.5 mA/um? in InP-based reso-
nant-tunneling diodes.? For this reason, investigation of integrated tunnel diode and
transistor circuits has continued, especially to enable power reduction through the use
of more efficient circuit topologies.*

In this chapter, the two main tunnel devices considered are the tunnel diode and
the resonant-tunneling diode. Originally when it was first discovered, the tunnel
diode seemed to have great potential. Time has shown that its application in the real
market has been very limited. This is due to the difficulty in fabrication and reproduc-
ibility, especially if incorporated in integrated circuits because abrupt and high
doping profiles are called for. The tunnel diode is now being replaced by the Gunn
diode and the IMPATT diode as oscillators, and by FETs as switching elements. The
more recent resonant-tunneling diode brings up another form of tunneling that is fun-
damentally interesting. The phenomenon of resonant tunneling has also been incorpo-
rated in many other devices and one example will be given at the end of the chapter.

8.2 TUNNEL DIODE

The tunnel diode was discovered by L. Esaki in 1958 and is often called the Esaki
diode. As part of his Ph.D. dissertation work, Esaki was studying heavily doped ger-
manium p-n junctions for application in high-speed bipolar transistors in which a
narrow and heavily doped base was required.> He discovered an anomalous current-
voltage characteristic in the forward direction, that is, a negative-differential-resis-
tance region (negative dl/dV) over part of the forward characteristics. Esaki explained
this anomalous characteristic by the quantum tunneling concept and obtained reason-
able agreement between the tunneling theory and the experimental results. Subse-
quently tunnel diodes were demonstrated by researchers on other semiconductor
materials, such as GaAs® and InSb? in 1960, Si!® and InAs!! in 1961, and GaSb!? and
InP!3 in 1962.

A tunnel diode consists of a simple p-» junction in which both p- and n-sides are
degenerate (i.e., very heavily doped with impurities) and in sharp transition. Figure 1
shows a schematic energy diagram of a tunnel diode in thermal equilibrium. Because
of the high dopings the Fermi levels are located within the allowed bands. The
amount of degeneracy, VI', and 7, , is typically a few k7/g, and the depletion-layer
width is of the order of 10 nm or less, which is considerably narrower than the con-
ventional p-n junction. [In this chapter we use ¥, and Vp (=-V, and -V,) to give
positive values and to be consistent with notations in other chapters.]

Figure 2a shows typical static current-voltage characteristics of a tunnel diode. In
the reverse direction (p-side negative bias with respect to n-side) the current increases
monotonically. In the forward direction the current first increases to a maximum
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Depletion

Fig. 1 Energy-band diagram of tunnel diode in thermal equilibrium. ¥, and ¥, are degen-
eracies on the p-side and n-side respectively.

value (peak current or 1) at a peak voltage ¥, then decreases to a minimum value 7,
at a valley voltage V. For voltages much larger than ¥}, the current increases expo-
nentially with the voltage. The static characteristics are the result of three current
components: band-to-band tunneling current, excess current, and diffusion current
(Fig. 2b).

We first discuss qualitatively the tunneling processes at absolute zero tempera-
ture, using the simplified band structure in Fig. 3 which shows band alignment of the
p- and n-sides when a bias is applied.!* The corresponding current is also designated

I I, :
Diffusion/ |
(Peak) current | ,
Ip|- = '
I vy
t : /
I .
! /
! / + Excess
I ' current
' (Valley) ) 7
T - - = = =~ = Tunneling .
4 ! current —_* ~~_ . -~
0 Vp v, v 0 14

(a) (b)

Fig. 2 (a) Static current-voltage characteristics of a typical tunnel diode. /p and ¥ are the
peak current and peak voltage. I, and ¥} are the valley current and valley voltage. (b) The total

static characteristics are broken down into three current components.
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@ U] © @ (e)

Fig.3 Simplified energy-band diagrams of tunnel diode at (a) thermal equilibrium, zero bias;
(b) forward bias ¥ such that peak current is obtained; (c) forward bias approaching valley cur-
rent; (d) forward bias with diffusion current and no tunneling current; and (e) reverse bias with
increasing tunneling current. (After Ref. 14.)

by the dot on the I-¥ curve. Note that the Fermi levels are within the allowed bands
of the semiconductor, and at thermal equilibrium (Fig. 3a) the Fermi level is constant
across the junction. Above the Fermi level there are no filled states (electrons) on
either side of the junction, and below the Fermi level there are no empty states (holes)
available on either side of the junction. Hence, the net tunneling currents at zero
applied voltage is zero.

When a voltage is applied, the electrons may tunnel from the conduction band to
the valence band, or vice versa. The necessary conditions for tunneling are: (1) occu-
pied energy states exist on the side from which the electron tunnels; (2) unoccupied
energy states exist at the same energy level on the side to which the electron can
tunnel; (3) the tunneling potential barrier height is low and the barrier width is small
enough that there is a finite tunneling probability; and (4) the momentum is conserved
in the tunneling process.

When a forward bias is applied (Fig. 3b), there exists a common band of energies
in which there are filled states on the n-side and unoccupied states on the p-side. The
electrons can thus tunnel from the n-side to the p-side and energy is conserved. When
the forward voltage is further increased, this band of common energies decreases
(Fig. 3¢). If forward voltage is applied such that the bands are uncrossed, that is, the
edge of the n-type conduction band is exactly opposite to the top of the p-type valence
band, there are no available states opposite to filled states. Thus at this point and
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onward the tunneling current can no longer flow. With still further increase of the
voltage the normal diffusion current and excess current start to dominate (Fig. 3d).

One thus expects that as the forward voltage increases from zero, the tunneling
current increases from zero to a maximum /, and then decreases to zero when
V=V, +V,,where Vis the applied forward voltage, ¥, the amount of degeneracy
on the n-side [V, = (Er, — E¢)/q], and V), is the amount of degeneracy on the p-side
[VI', = (Ey— Ep,)/q], as shown in Fig. 1. The decreasing current after the peak gives
rise to the negative differential resistance. The Fermi levels for degenerate semicon-
ductors are inside the conduction band or valance band, and they are given by (see
Section 1.4.1);!3

V.= Ep—Epx kT[ln(Ni) + 2—3/2(1\/10)] , (1a)
C

gV, = Ey-Ep~ kr[ln(lJv”—) + 2—3/2(]{]”—)] (1b)
V vV

where m,, and m_, are density-of-state effective masses for electrons and holes.

Figure 3e shows electron tunneling from the valence band into the conduction
band when a reverse bias is applied. In this direction, the tunneling current increases
with bias indefinitely, and there is no negative differential resistance.

The tunneling process can be either direct or indirect, and these are demonstrated
in Fig. 4 where the E-k relationships are superimposed on the classical turning points
of the tunnel junction. Figure 4a shows direct tunneling when the electrons can tunnel
from the vicinity of the conduction-band minimum to the vicinity of the valence-band
maximum, and at the same time without a change of momentum (in k-space). For
direct tunneling to occur, the conduction-band minimum and the valence-band
maximum must have the same momentum. This condition can be fulfilled by semi-
conductors that have a direct bandgap, such as GaAs and GaSb. This condition can
also be fulfilled by semiconductors with indirect bandgap, such as Si and Ge, when
the applied voltage is sufficiently large that electrons tunnel from the higher direct
conduction-band minimum (T" point) rather than from the lower satellite minimum.'®

Indirect tunneling occurs in semiconductors of indirect bandgap, i.e., the conduc-
tion-band minimum does not align at the same momentum as the valence-band
maximum (Fig. 4b) in the E-k relationship. To conserve momentum, the difference in
momentum between the conduction-band minimum and the valence-band maximum
must be supplied by scattering agents such as phonons or impurities. For phonon-
assisted tunneling, both their energy and momentum must be conserved; that is, the
sum of the phonon energy and the initial electron energy is equal to the final electron
energy after it has tunneled, and the sum of the initial electron momentum and the
phonon momentum (#k), ) is equal to the final electron momentum after it has tun-
neled. In general, the probability for indirect tunneling is much lower than the proba-
bility for direct tunneling when direct tunneling is possible. Also, indirect tunneling
involving several phonons has a much lower probability than that with only a single
phonon.
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Fig. 4 Direct and indirect tunneling processes demonstrated by E-k relationship superim-
posed on the classical turning points (x = 0 and x,) of the tunnel junction. (a) Direct tunneling

process with k;, = kyay- (b) Indirect tunneling process with kp;, # k.,

8.2.1 Tunneling Probability and Tunneling Current

In this section we focus on the component of the tunneling current. When the electric
field in a semiconductor is sufficiently high, on the order of 10° V/cm, a finite proba-
bility exists for interband quantum tunneling, i.e., direct transition of electrons from
the conduction band into the valence band, or vice versa. The tunneling probability T,
(see Section 1.5.7) can be given by the WKB (Wentzel-Kramers-Brillouin)
approximation!”

X

T~ exp{—z f 2|k<x)|dx} @)
0

where |k(x)| is the absolute value of the wave vector of the carrier inside the barrier,
and x = 0 and x, are the classical boundaries shown in Fig. 4.
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The tunneling of an electron through a forbidden band is formally the same as a
particle tunneling through a potential barrier. Examination of Fig. 4 indicates that the
tunnel barrier is of the triangular shape that is shown explicitly in Fig. 5. We start with
the general equation for the E-k relationship

2m*
kx) = |57 (PE-E() 3)
where PE is the potential energy. For tunneling consideration, the incoming electron
has an PE equal to the bottom of the energy gap. The value inside the square root is
thus negative and & is imaginary. Furthermore, the varying conduction-band edge E-
can be expressed in terms of the electric field €. The wave vector inside the triangular

barrier is given by
2 *
k) = [P g, “)

Substituting Eq. 4 into Eq. 2 yields

T,= exp{—ZJ‘ 2 f‘%t(q%x)dx}. (5
0

Since for a triangular barrier with a uniform field, x, = E /&g, we have the result

4./2m*E3"
T = exp| — __’n_...g_ (6)
! 3gh&

From the result it is clear that to obtain large tunneling probability, both the effective
mass and the bandgap should be small and the electric field should be large.

We next proceed to calculate the tunneling current and shall present the first-order
approach using the density of states in the conduction band and valence band. We
shall also assume direct tunneling where the momentum is conserved in direct
bandgap. At thermal equilibrium, the tunneling current /., , from the conduction
band to the empty states of the valence band and the current /., from the valence

Potential 4
energy

(PE) T

Barrier

N

e=> 5 % x

Ey

(@ (b)
Fig. 5 (a) Tunneling in a tunnel diode can be analyzed by (b) a triangular potential barrier.
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band to the empty states of the conduction band should be balanced. Expressions for
I, yand Iy - are formulated as follows:

I,y =G f FA(EYNE)T,[1 - FAE)IN,(E)dE, (7a)

Iy, c CljFV(E)Nv(E)Tt[l - F(E)INAE)E, (7b)
where C| is a constant, the tunneling probability T, is assumed to be equal for both
directions, F {E) and F'(E) are the Fermi-Dirac distribution functions, and N (F) and
N,(E) are the density of states in the conduction band and valence band, respectively.
When the junction is forward biased, the net tunneling current /, is given by

EVp

Li=1c,y-1y ,c= C1J‘ [Fc(E)-FAE)]TN(E)N,(E)E. (®
Eg

n

Note that the limits of integration are from E, of the n-side (E,) to E}, of the p-side
(Ey,)- Rigorous manipulation of Eq. 8 leads to the following result!®

2 . 4.2m*E3"2
J, = g€ [2m Dexp(— —mL) )
367h?\ E, 3gh&
where the integral D is
D= f (FeE) - Fy(EN[1 - expl- =2) e, (10)

and the average electric field is given by

_ q( ¥y — VIN4Np
LN M, Ny (h

where i, is the built-in potential. In Eq. 10, E is the smaller of E, and E, (Fig. 4a),
and E is given by

E= [2gh% . (12)
wym*E o
For a Ge tunnel diode, the appropriate effective mass in Eq. 9 is given by!®
-1
m* = 2(%+ 1) 13)

*
m, my,

for tunneling from the light-hole band to the (000) conduction band, where m;, is the
light-hole mass (= 0.044m,) and m is the (000) conduction-band mass (= 0.036m,).
For tunneling in the (100) direction to the (111) minima, the effective mass is given

by

m* = 2[( 1 +L)+ 1 :|_1 (14)
3m{ 3my my,

t
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where m; = 1.6m, and m; = 0.082m, are the longitudinal and transverse masses of
the (111) minima. The exponents in Eq. 9 differ, however, by only 5% in these two
cases.

The quantity D, Eq. 10, is an overlap integral which modulates the shape of the
I-V curve. It has the dimensions of energy and it depends on the temperature and the
degeneracy ¥, and V,. At T= 0K, both F and F, are step functions. Figure 6
shows the quantity D in relative scale versus the forward voltage for the case
v, > V; . The drop of D to zero corresponds to the valley voltage and it occurs at

Vy=V,+V,. (15)

The prefactor in Eq. 9 gives an idea on the magnitude of the tunneling current.
Figure 7 plots the peak current calculated from Eq. 9 for several Ge tunnel diodes,
together with experimental values that show very good agreement.

It is difficult to get the whole I-V characteristics of the tunneling current because
the analytical solution of Eq. 9 is complicated. However, the tunneling current has
been found to fit an empirical formula quite well, given in the form of;

v

I = I};—Pexp(l -%) (16)
where I, and ¥, are the peak current and peak voltage as defined in Fig. 2. Knowing
the peak current, the critical parameter remaining is the peak voltage. This peak
voltage can be obtained by a different approach. In this approach, we find the carrier
profiles of the electrons in the conduction band in the #-side, and holes in the valence
band in the p-side. Under bias, when the peaks of these two profiles line up at the
same energy, this is the peak voltage for the peak tunneling current. This concept is
demonstrated in Fig. 8.

The carrier profile is given by the product of occupancy and density of states. For
electrons and holes, they are given by;

n(E) = Fo(E)N(E), (17a)
p(E) = [1-F,(E)IN,. (17b)
For degenerate n-type semiconductor, the electron profile can be written as20
*)32,J2(E-E
n(E) = 8(m*)>" J2( J_ (18)
W3 {1+ exp[(E - Ep)/kT]}

The energy for the peak concentration can be obtained by differentiating Eq. 18 with
respect to E. The resultant equations cannot be solved explicitly, but it has been
shown that with good approximation, the energy for maximum electron density
occurs at the energy level of 20

qv,
. 19
3 (19a)

A similar approach and result can be obtained for the p-side;

Emn = EFn_
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’

qV
E,, = EFp+—32. (19b)

The peak voltage is simply the bias necessary to align these two peak energies, given
by
Ve

(Emp - Emn)/q
V,+V,

Figure 9 shows the position of the peak voltage as a function of the degeneracy
V, and Vz; for Ge tunnel diodes. Note that the peak voltage shifts toward higher
values as the doping increases. The experimental values of V, agree reasonably well
with Eq. 20.

Up to now we have not considered the requirement of the conservation of
momentum. This could have two effects both of which will reduce the tunneling
probability and tunneling current. The first effect is indirect tunneling for indirect
bandgap materials where the change of momentum in 4-space has to be compensated
by some scattering effects, such as phonon scattering and impurity scattering. For
phonon-assisted indirect tunneling, the tunneling probability is reduced by a multi-
plier to Eq. 6, except that in Eq. 6, E, is to be replaced by E, + E, where E,, is the
phonon energy.1822 The expression for the tunneling current is similar in form to
Eq. 9 but its magnitude is much lower. So the readers are reminded that for indirect
tunneling, the equations presented in this chapter have to be modified.

The second effect associated with momentum is its vector direction in relationship
to the direction of tunneling. In previous discussion all the kinetic energy is assumed
to be in the direction of tunneling. In reality, we have to divide the total energy into

150
V. +V

Ge & =\n_32 .
—_ T=42K
>
E 1001 .
kk Y
L
20
=}
° (3
>
% 50 d
& [ ]

(3
! | ! | | | | f I
0 100 200 300 400 500
Vy+ ¥, (mV)

Fig. 9 Variation of peak voltage of Ge tunnel diodes as a function of the sum V, + V, . (After
Refs. 20 and 21.)
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E, and E |, where E| is the energy associated with momentum perpendicular to the
direction of tunneling (or the transverse momentum) and E, is the energy associated
with momentum in the tunneling direction;

h2k2  h2k3?
3 T

* *
2m; 2m}

E=E+E = 2n
where the subscripts x and L designate their components in the parallel and perpen-
dicular directions to the tunneling. Considering that only the component E, contrib-
utes to the tunneling process, the tunneling probability is reduced by the amount of
E |, to the value of

4.2m*E3? E n2m'E
N Tg _ L—é’)
3gh& )e"p( qhE '

In other words, perpendicular energy further reduces the transmission by the factor of
the second exponential term, a measure of the transverse momentum.

T,~exp (— (22)

8.2.2 Current-Voltage Characteristics

As shown in Fig. 2b, the static /-V characteristic is the result of three current compo-
nents: the tunneling current, the excess current, and the diffusion current. For an ideal
tunnel diode, the tunneling current decreases to zero at biases where V> (V,, + Vx; );
for larger biases only normal diode currents caused by forward injection of minority
carriers flow. In practice, however, the actual current at such biases is considerably in
excess of the normal diode current, hence the term excess current. The excess current
is mainly due to carrier tunneling by way of energy states within the forbidden gap.
The excess current is derived with the help of Fig. 10, where some examples of
possible tunneling routes are shown.!® An electron could drop down from C to an
empty level at B, from which it could tunnel to D (route CBD). Alternatively, the elec-
tron starting at C in the conduction band might tunnel to an appropriate local level at

: C
V7,7 :

£ l

Fig. 10 Band diagram illustrating mechanisms of tunneling via states in the forbidden gap for
the excess current. (After Ref. 10.)
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A, from which it could then drop down to the valence band D (route CAD). A third
variant is a route such as CABD, where the electron dissipates its excess energy in a
process that could be called impurity-band conduction between 4 and B. A fourth
route that should also be included is a staircase from C to D. It consists of a series of
tunneling transitions between local levels together with a series of vertical steps in
which the electron loses energy by transferring from one level to another, a process
made possible when the concentration of intermediate levels is sufficiently high. The
first route CBD can be regarded as the basic mechanism, while the other routes are
simply more-complicated modifications.

Let the junction be at a forward bias ¥, and consider an electron making a tun-
neling transition from B to D. The energy E, through which it must tunnel is given by

E~Eg+q(Vy+ V) —qV
~q(yy= V) 23)

where ;, is the built-in potential. The tunneling probability T, for the electron on the
level at B can be given by an expression the same as Eq. 6

r ( 4./2m;E§/2) y

t~ exp - 3qhg ( )
except here E, is replaced by E, and the appropriate mass m; should be used. Fur-
thermore, let the volume density of the occupied levels at B be D,. Then the excess
current density will be given by

J ~C,D.T (25)
x 2%x 5t

where C, is a constant. It is assumed that the excess current will vary predominantly
with the parameters in the exponent of 7, rather than with those in the factor D,. Sub-
stituting Eqgs. 23, 24, 11 into Eq. 25 yields the expression for the excess current:!?

Jo = CyD exp{-C5[E, +q(V, +V,)-qV]} (26)

where C; is another constant. Equation 26 predicts that the excess current will
increase with the volume density of bandgap levels (through D,), and also increase
exponentially with the applied voltage ¥ (provided that gV « E). Equation 26 can
also be rewritten as?3

J, = Jyexp[Co(V=V,)] 27)

where Jj, is the valley current density at the valley voltage V}, and C, is the prefactor
in the exponent. Experimental results of In(J,) versus ¥ for common tunnel diodes
exhibit linear relationships in good agreement with Eq. 27. Note that there is no neg-
ative differential resistance in this type of tunneling.

The diffusion current is the familiar minority-carrier injection current in p-» junc-
tions:

J, = Jo[exp(%, - 1] (28)
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where J, is the saturation current density given in Chapter 2 (Eq. 64). The complete
static current-voltage characteristic is the sum of the three current components:

J=J+J+J,
JpV ( V) (ﬂ)
= exp 1—V—P +Jpexp[Cy(V=V))] +Jyexp T/ (29)

Each component dominates the current in some voltage range. The tunneling cur-
rent’s contribution to the total current is significant for V' < V}; the excess current’s
contribution is significant for V'~ V5 and the contribution of the diffusion current is
significant for V' > Vi

Figure 11 shows a comparison of the typical current-voltage characteristics of Ge,
GaSb, and GaAs tunnel diodes at room temperature. The current ratios of I,/1},are 8:1
for Ge, 12:1 for GaSb,?* and 28:1 for GaAs.?’ Tunnel diodes have been made in many
other semiconductors, such as Si with a current ratio of about 4:1.26 The ultimate lim-
itation on the ratio depends on (1) the peak current, which depends on the dopings,
effective tunneling mass, and the bandgap; and (2) the valley current, which depends
on the distribution and concentration of energy levels in the forbidden gap. So the
ratio for a given semiconductor can be increased by increasing the doping concentra-
tions on both n- and p-sides, increasing the sharpness of their profiles, and mini-
mizing defect densities.

We shall briefly consider the /-V characteristics resulting from the effects of tem-
perature, electron bombardment, and pressure. The temperature variation of the peak
current can be explained by the change of the integral D and E, in Eq. 9. At high con-
centrations the temperature effect on D is small, and the negative value of dE,/dT is
primarily responsible for the change in tunneling probability. As a result, the peak
current increases with temperature. In the more-lightly doped tunnel diodes, the
decrease of D with temperature dominates, and the temperature coefficient is nega-

| |
0 0.2 0.4 0.6 0.8 1.0
Forward voltage (V)

Fig. 11 Typical /-V characteristics of Ge, GaSb, and GaAs tunnel diodes at 300 K.



8.2 TUNNEL DIODE 431

tive. For typical Ge tunnel diodes, the variation of the peak current over a temperature
range of =50 to 100°C is about £10%.%7 The valley current generally increases with
increasing temperature, because the bandgap reduces with temperature.

After electron bombardment, the major effect is the increase in excess current
caused by increased volume density of the energy levels in the bandgap.?® The
increased excess current can be annealed out gradually. Similar results can be
observed for other types of radiation, such as y rays. Physical stress on the device
causes the excess current in Ge and Si tunnel diodes to increase.?’ The changes are
found to be reversible. This effect arises from deep-lying states associated with the
strain-induced defects in the depletion region. For GaSb, however, both I, and I,
decrease with increasing hydrostatic pressure,3® which can be explained by an
increase in the bandgap and a reduction in the degeneracy of 7, and ¥, with
increasing pressure.

8.2.3 Device Performance

Originally, most tunnel diodes are made using one of the following techniques. (1)
Ball alloy: A small metal alloy pellet containing the counter dopant of high-solid sol-
ubility is alloyed to the surface of a semiconductor substrate with high doping, in a
precisely controlled temperature-time cycle under inert or hydrogen gas (e.g., the
arsenic in an arsenic-doped tin ball forms the n*-region on the surface of a p*-Ge sub-
strate). (2) Pulse bond: The contact and the junction are made simultaneously when
the junction is pulse-formed between the semiconductor substrate and the metal alloy
containing the counter dopant. (3) Planar processes:?! Planar tunnel diode fabrication
uses planar technology, including solution growth, diffusion, and controlled alloy.
More-recent techniques are based on low-temperature epitaxial growth where the
dopants are incorporated during the growth of the semiconductor layer. These include
MBE (molecular-beam epitaxy) and MOCVD (metal-organic chemical vapor deposi-
tion). These techniques yield higher peak-to-valley ratios because of higher and
sharper doping profiles for higher peak tunneling current, as well as lower defect den-
sities for lower excess current.

Figure 12 shows the basic equivalent circuit, which consists of four elements: the
series inductance Lg, the series resistance Ry, the diode capacitance C;, and the nega-
tive diode resistance —R. The series resistance Ry includes the on-chip interconnects
and external wire resistance, the ohmic contacts, and the spreading resistance in the
wafer substrate, which is given by p/2d where p s the resistivity of the semiconductor
and d is the diameter of the diode area. The series inductance Lg is due to intercon-
nects, wire bond, and external wires. We shall see that these parasitic elements estab-
lish important limits on the performance of the tunnel diode.

To consider the intrinsic diode capacitance and negative resistance, we refer to
typical dc current-voltage characteristics in Fig. 13a. Figure 13b shows the conduc-
tance plot (dI/dV) versus bias. At the peak and valley voltages the conductance
becomes zero. The diode capacitance is usually measured at the valley voltage, and is
designated by C;. The differential resistance, defined as (dl/dvy!, is plotted in
Fig. 13c. The absolute value of the negative resistance at the inflection point, which
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Fig. 12 Equivalent circuit of tunnel diode.
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Fig. 13 (a) Intrinsic current-voltage characteristics of a GaAs tunnel diode at 300 K. (b) Dif-
ferential conductance G = dl/dV vs. V. At peak and valley currents, G = 0. (c) Differential
resistance (dl/dV)™ vs. ¥V, where R,;, is the minimum negative resistance and R, is the resis-
tance corresponding to the minimum noise figure.
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is the minimum negative resistance in the region, is designated by R, , This resis-
tance can be approximated by
2Vp

R_. ~
min
Ip

(30)
where V) and I, are the peak voltage and peak current, respectively.
The total input impedance Z,, of the equivalent circuit of Fig. 12 is given by

7 -wC;R? }

R } [
=R+ — R _ Jijor+ . 31
in [S T+ (@RC) LT T (wRC)? G1

From Eq. 31 we see that the resistive (real) part of the impedance will be zero at a
certain frequency, and the reactive (imaginary) part of the impedance will also be zero
at another frequency. We denote these frequencies by the resistive cutoff frequency f,
and the reactive cutoff frequency f,, respectively. These frequencies are given by

_ /R
r 27rRC L (32)
1 71 1
fo= 53 /LS & (33)

Since R is bias dependant, so are the cutoff frequencies. These resistive and reactive
cutoff frequencies specified at the bias of R;; are

1 lel'l
>
frO 2Rmmc RS 1 = f;' (34)

1 / 1 1

Since at that bias, the value of R is at its minimum (R_;,), /¢ is the maximum resistive
cutoff frequency at which the diode no longer exhibits net negative resistance; and £,
is the minimum reactive cutoff frequency (or the self-resonant frequency) at which
the diode reactance is zero. It follows that the diode would oscillate if £, > f.,. In most
applications where the diode is operated into the negative-resistance region, it is
desirable to have f,;, > 1, and £, > f;, f; being the operating frequency. Equations 34
and 35 show that to fulfill the requirement that £, > £,,,, the series inductance L must
be low.

The switching speed of a tunnel diode is determined by the current available for
charging the junction capacitance and the average RC product. Since R, the negative
resistance, is inversely proportional to the peak current, a large tunneling current is
required for fast switching. A figure of merit for tunnel diodes is the speed index,
which is defined as the ratio of the peak current to the capacitance at the valley
voltage, I,/C;. Figure 14 shows the speed index and the peak current versus depletion-
layer width of Ge tunnel diodes at 300 K. We see that a narrow depletion width or
large effective doping is needed to obtain a large speed index.
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Fig. 14 Average value of the speed index (=1 »/C;) and peak current density vs. depletion-
layer width of Ge tunnel diodes at 300 K. (After Ref. 31.)

Another important quantity associated with the equivalent circuit is the noise
figure, which is given as

NF = 1+ EZ_TIRI'mi" (36)
where |RI|;, is the minimum value of the negative resistance-current product on the
current-voltage characteristic. Figure 13 indicates the corresponding value of R (des-
ignated by R ). The product ¢|RIl,; /2kT is called the noise constant and is a mate-
rial constant. Typical values of the noise constant at room temperature are 1.2 for Ge,
2.4 for GaAs, and 0.9 for GaSb. The noise figure for Ge tunnel diodes is about 56 dB
at around 10 GHz.

In addition to its microwave and digital applications, the tunnel diode is a useful
device for the study of fundamental physical parameters. The diode can be used in
tunneling spectroscopy, a technique that uses tunneling electrons of known energy
distribution as a spectroscopic probe instead of photons of known frequency in
optical spectroscopy. Tunneling spectroscopy has been used to study electron energy
states in solids and to observe the excitation of modes. For example, from the shape
of the I-V characteristics of a Si tunnel diode at low temperature, the phonon-assisted
tunneling processes can be identified.>? Similar observations are made in group I1I-V
semiconductor junctions with the plots of the conductance (dl/dV) versus bias at
4.2 K for GaP, InAs, and InSb.33:34
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8.3.1 Backward Diode

In connection with the tunnel diode, when the doping concentration on the p-side or
n-side is nearly or not quite degenerate, the current in the reverse direction for small
bias, as shown in Fig. 15, is larger than the current in the forward direction—hence
the name backward diode. At thermal equilibrium, the Fermi level in the backward
diode is very close to the band edges. When a small reverse bias (p-side negative with
respect to n-side) is applied, the energy-band diagram is similar to Fig. 3e except that
there is no degeneracy on both sides. Under reverse bias, electrons can readily tunnel
from the valence band into the conduction band and give rise to a tunneling current,
given by Eq. 9, which can be written in the form

T Csexp (M) (37)
Cs

where C; and C, are positive quantities and are slowly varying functions of the

applied voltage V. Equation 37 indicates that the reverse current increases approxi-

mately exponentially with the voltage.

The backward diode can be used for rectification of small signals, and microwave
detection and mixing.?® Similar to the tunnel diode, the backward diode has a good
frequency response because there is no minority-carrier storage.3¢ In addition, the
current-voltage characteristic is insensitive to temperature and to radiation effects,
and the backward diode has very low 1/f noise.’’

For nonlinear applications such as high-speed switching, a device figure of merit
is 7, the ratio of the second derivative to the first derivative of the current-voltage
characteristics. It is also referred to as the curvature coefficient:®

_&lldy?
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Fig. 15 Comparison of (a) tunnel diode with negative resistance and (b) backward diode
without negative resistance.
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The value of yis a measure of the degree of nonlinearity normalized to the operating
admittance level. For a regular forward-biased p-» junction or Schottky barrier the
value of yis simply given by g/nkT. Thus y varies inversely with 7. At room temper-
ature, y for an ideal p-n junction (n = 1) is about 40 V-! independent of bias. For a
reverse-biased p-» junction, however, the value of yis very small at low voltages and
increases linearly with the avalanche multiplication factor near breakdown voltage.®
Although the reverse breakdown characteristic could in theory give a value of y
greater than 40 V-1, because of the statistical distribution of impurities and the effect
of space-charge resistance, much lower values of y are expected.

For a backward diode the value of y can be obtained from Eq. 16 and is given by*0

2em*(N,+ N
y(V=0) = '4 '+Z gm*(N,+ Np) (39)
Va+V, h N,Np,

where m* is the average effective mass of the carriers

* *
memy

*~

e h

(40)
Clearly, the curvature coefficient y depends on the impurity concentrations on both
sides of the junction and the effective masses. In contrast to Schottky barriers, the
value of yis relatively insensitive to temperature variation because the parameters in
Eq. 39 are slowly varying functions of temperature.

Figure 16 shows a comparison between theoretical and experimental values of y
for Ge backward diodes. The solid lines are computed from Eq. 39 using
m} =0.22m, and m; = 0.39m,. The agreement is generally good over the doping
range considered, and y can exceed 40 V-1,

200

20 —— Theory g
o & Experiment
10 Lo | [ R
2 5 10'? 2 5 1020
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Fig. 16 Curvature coefficient vs. N, (for a fixed N, = 2x10' cm™3) or Ny, (for a fixed N, =
101% cm-3), in Ge at 300 K and V' = 0. (After Ref. 40.)
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8.3.2 MIS Tunnel Devices

For a metal-insulator-semiconductor (MIS) structure, the current-voltage characteris-
tics critically depend on the insulator thickness. If the insulator layer is sufficiently
thick (greater than = 7 nm for the Si-SiO, system), carrier transport through the insu-
lator layer is negligible and the MIS structure represents a conventional MIS capac-
itor (discussed in Chapter 4). On the other hand, if the insulator layer is very thin (less
than 1 nm), little impediment is met by carriers transporting between the metal and
the semiconductor, and the behavior resembles a Schottky-barrier diode. Inbetween
these two oxide thicknesses, there exist also different tunneling mechanisms. We will
examine in more details, in particular, Fowler-Nordheim tunneling (Fig. 17a), direct
tunneling (Fig. 17b), MIS tunnel diode with ultra-thin oxide (Fig. 17¢), and finally
negative resistance resulting from MIS tunnel diode on degenerate substrate.

Fowler-Nordheim Tunneling. Fowler-Nordheim (F-N) tunneling is characterized
by (1) the barrier has a triangular shape, and (2) tunneling through only part of the
insulator layer. It is shown in Fig. 17a that with a higher field, a narrower barrier is in
effect. After tunneling through this triangular barrier, the rest of the insulator does not
impede the current flow. So the total insulator layer only affects the current indirectly
by affecting the field. The F-N current has the form similar to Eq. 9 and is given as*!

_ ngz _4‘V2m*(q¢ax)3/2
" 162, [ 31q€

} = C4%2exp(——;5) “n

) Insulator
Semiconductor Metal
995
E¢ 4%—» E¢ — Ec
Ep | Ep Ep -
E,—/ Ey =~ E,
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- E Fm
7
W4 EFm ’
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0, Eg q¢r
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Fig. 17 Tunneling mechanism depends on oxide thickness range. (a) In thicker oxides
(> 5 nm) Fowler-Nordheim tunneling through a triangular barrier and only part of the insulator
layer. (b) Direct tunneling through whole insulator layer. (c) MIS tunnel diode (d <30 A) is
characterized by nonequilibrium (£, # E,) and tunneling by both types of carriers.
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where for thermal oxides, the constants are C,=9.63x10"7 A/V? and
C5=2.77x108 V/cm. The commonality between this equation and Eq. 9 is the trian-
gular barrier. But in F-N tunneling, in the WKB approximation, the band structure in
the insulator layer, including the effective mass, has to be used instead. Note that the
insulator thickness is not in the formula but only the field. The transition between F-N
tunneling and direct tunneling is demonstrated in Fig. 18. Direct tunneling occurs at
thinner oxides and lower fields. The oxide thickness for transition between F-N tun-
neling and direct tunneling can be approximated by d = ¢, /%. For electron tunneling,
?,,= 3.1V, and & for medium tunneling current is around 6 MV/cm. This gives an
oxide thickness of = 5 nm.

Direct Tunneling. Direct tunneling occurs below =~ 5 nm and with such a thin insu-
lator, other phenomena such as quantum effects cannot be ignored. In quantum
mechanics, the peak carrier concentration of the inversion layer is at a finite distance
from the semiconductor-insulator interface, so the effective insulator thickness is
increased. Furthermore, the inversion layer is a quantum well and carriers are at quan-
tized energy levels above the conduction-band edge. With these quantum effects, a
simple expression for direct current is not accurate. Simulated results are shown in
Fig. 19. It can be seen that the tunneling current is very sensitive to the oxide thick-
ness. Another factor to consider is that in practical devices such as MOSFETSs, the top
electrode on oxide is a heavily doped poly-Si layer instead of metal. Such a contact
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Fig. 18 Tunneling current vs. field for different oxide thicknesses. For thicker oxides Fowler-
Nordheim tunneling dominates and is independent of thickness. Direct tunneling occurs in
thinner oxides at low fields. (After Ref. 42.)
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Fig. 19 Direct tunneling current taking quantum effects into account. (After Ref. 43.)

has a small depletion layer at the oxide interface which also increases the effective
insulator thickness.

MIS Tunnel Diode. The tunneling current is given by an expression similar to that
of Eq. 8. Using a WKB approximation and assuming the conservation of energy £
and transverse momentum k,, the tunneling current density along the x-direction
between two conducting regions through a forbidden region can be written as*

=I5 f f T,[F\(E) - F(E) 1k dE “2)

where F, and F, are the Fermi distribution functions in the two conducting regions,
and 7, is the tunneling probability. For the MIS diode under consideration, the con-
stant energy surface in k-space for electrons in the semiconductor is, in general, con-
siderably smaller than that in the metal. As a result, the tunneling of electrons from
the semiconductor to the metal is always assumed to be allowable. If it is further
assumed that the energy bands of the solids involved are parabolic with an isotropic
electron mass m*, Eq. 42 can be reduced to

2”2h3jdeE dE (43)

where E, and E are the transverse and total kinetic energy of electrons in the semi-
conductor. The limits of integration for £ are zero and E; the limits for E are simply
the two Fermi levels. The tunneling probability for a rectangular barrier with an effec-
tive barrier height g@, and width d, Fig. 17¢, can be obtained from Eq. 2:4
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2d.2gm* ¢
T,= exp(— —h———)

=~ exp(— azd A/?T) (44)

where a; (= 24/2gm*/h) approaches unity if the effective mass in the insulator equals
the free electron mass, and @ is in volts and d in A.

The tunneling current can be evaluated by substituting Eq. 44 into Eq. 43 and
integrating over the energy range, yielding*>-46

J = A*Tzexp(—aTdA/qT%) exp(z—?) [exp (—7%) - 1] , 45)
where A* = 4zm} qk*/h? is the effective Richardson constant and ¢, the Schottky
barrier height. Equation 45 is identical to the standard thermionic-emission equation
for Schottky barriers except for the added term exp(—a,d JchST), which is the tun-
neling probability. Here a constant of [2(2m*/#2)]'2 is omitted which has the value of
1.01 eV-12A-1 1t is thus clear from Eq. 45 that for ¢ of the order of 1 V and
d> 50 A, the tunneling probability is about exp(—50) = 10-22, and the current is
indeed negligibly small. As d and/or ¢, decrease, the current increases rapidly toward
the thermionic-emission current level. Figure 20 shows the forward I-V characteris-
tics of four Au-SiO,-Si tunnel diodes of different insulator-layer thicknesses. For
d~ 10 A, the current follows the standard Schottky-diode behavior with an ideality
factor 77 close to 1. As the insulator thickness increases, the current decreases rapidly
and the ideality factor begins to depart from unity. The expression for 77 has been pre-
sented in Section 3.3.6.

One of the most-important parameters for this MIS tunnel diode is the metal-insu-
lator barrier height, which has a profound effect on the I-V characteristics.4’-4
Figure 21 shows the schematic energy-band diagrams at thermal equilibrium for MIS
tunnel diodes on p-type substrates with two metal-to-insulator barrier heights. For the
low-barrier case (g,,; = 3.2 V for the Al-SiO, system) the surface of the p-type silicon
is inverted at equilibrium. Whereas in the high-barrier case (¢,,=4.2 V for the
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Fig. 21 Energy-band diagrams for MIS tunnel diodes on nondegenerate substrates (p-type)
with (a) low metal-insulator barrier ¢, and (b) high metal-insulator barrier. (After Ref. 47.)

Au-SiO, system) the surface is in accumulation of holes. Two main tunneling current
components exist: J,, carriers from the conduction band to the metal, and J,,, from the
valence band to the metal. Both currents are given by expressions similar to Eq. 42.
Figure 22 shows the theoretical -V curves for the two diodes. For the low-barrier
case, Fig. 22a, under small forward and reverse biases, the dominant current is the
minority-carrier (electron) current .J,,, due to the abundance of electrons. As the
forward bias (positive voltage on semiconductor) increases, the current also increases
monotonically. At a given bias, the current increases rapidly with decreasing insulator
thickness. This is because the current is limited by the tunneling probability, Eq. 44,
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108 108
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Fig. 22 Current-voltage characteristics of MIS tunnel diodes having: (a) low barrier ¢,,, (b)
high barrier. 7= 300 K. N, = 7x10'5 cm™3. (After Ref. 47.)
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which varies exponentially with the insulator thickness. At reverse bias, the current is
virtually independent of the insulator thickness for d < 30 A, because the current is
now limited by the rate of supply of minority carriers (electrons) through the semi-
conductor, and the current is similar to the saturation current in a reverse-biased p-n
junction. Figure 22a also shows the experimental result for d=23.5 A. Note that the
current-voltage characteristics are similar to the rectification nature of a p-» junction.

For the high-barrier case, Fig. 22b, under forward bias, the dominant current is the
majority-carrier (hole) tunneling current from the valence band to the metal, and the
current increases exponentially with decreasing insulator thickness. Under reverse
bias the current does not become independent of the insulator thickness as in Fig. 22a.
Instead, the current increases rapidly with decreasing insulator thickness, because for
majority-carrier transport the current is limited in both directions by the tunneling
probability, not by the rate of carrier supply. So for high-barrier cases, the tunneling
currents are higher, especially in reverse bias.

MIS Tunnel Diode On Degenerate Semiconductor. We discuss here that negative
resistance can be observed from MIS tunnel diode on degenerately doped semicon-
ductor. Figure 23 shows simplified band diagrams for MIS tunnel diodes with p**-
and n**-semiconductor substrates, including interface traps. The band bending and
image force on the semiconductor side and potential drops across the oxide layer at
equilibrium are omitted for simplicity. Consider the p**-type semiconductor first.
Applying a positive voltage to the metal (Fig. 23b) causes electrons to tunnel from the
valence band to the metal. The tunneling current in this bias polarity (Fig. 23b)
increases monotonically with the increasing energy range between the Fermi levels
and does not result in negative resistance; it further increases with the decreasing
effective insulator barrier height ¢y.

Applying a small negative voltage to the metal (Fig. 23c¢) results in electrons tun-
neling from the metal to the unoccupied semiconductor valence band. According to
Fig. 23d, for electrons tunneling from the metal to the unoccupied states of the
valence band, an increase of the reverse voltage —V implies an increase in the effec-
tive barrier height ¢, thus resulting in a drop of current with increase of bias, i.e., neg-
ative resistance. Another current component results from electrons in the metal with
higher energies tunneling simultaneously into the empty interface traps and momen-
tarily recombining with holes in the valence band. Since the effective insulator barrier
decreases with bias, this current component always has a positive differential resis-
tance. Finally further increase of the bias results in a third, very fast-growing tun-
neling current component from the metal into the conduction band of the
semiconductor (Fig. 23e).

Next consider the n**-type semiconductors. As shown in Fig. 23f, the effective
insulator barriers for the n™*-type are expected to be smaller than those of the p**-type
samples; hence, in general, for a given bias, there will be larger tunneling currents.
For a negative bias on the metal, electrons tunnel from the metal into the empty states
of the semiconductor conduction band, resulting in a large, rapidly increasing current
(Fig. 23g). A small positive voltage on the metal leads to increasing electron tun-
neling from the conduction band of the semiconductor into the metal (Fig. 23h). If the
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Fig. 23 Simplified band diagrams of MIS tunnel diodes on degenerate substrates, including
interface traps. Top and bottom rows are for p**- and n**-substrates respectively. ¥ is positive
bias on the metal. (After Ref. 49.)

interface traps are filled with conduction electrons by recombination, a further
increase in bias (Fig. 231) gives rise to a second current component caused by the tun-
neling of electrons from the interface traps into the metal. This current component
increases with increasing bias since the effective insulator barrier decreases. For a
larger voltage (Fig. 23j) additional tunneling from the valence band to the metal is
possible, but its influence on the total /-V characteristic is comparatively small
because of the relatively high oxide barrier. Thus, the band structure of the semicon-
ductor has a much smaller influence on the tunneling characteristics of the n™-type
compared to p**-type structures. Note the interesting result that unlike p**-substrate,
there is no negative resistance observed on n**-substrate.

The negative resistance on p*-semiconductor has been obtained in MIS tunnel
diodes of Al-Al,O5-SnTe.’® The SnTe is a highly doped p-type with a concentration
of 8x102% cm~3; the Al,O; is about 5-nm thick. Figure 24 shows the measured
current-voltage characteristics at three different temperatures, where the negative
resistance occurs between 0.6 to 0.8 V. These results are in good agreement with the-
oretical prediction** based on Eq. 43.
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8.3.3 MIS Switch Diode

The MIS switch (MISS) diode is a four-layer structure as shown in Fig. 25a. It is basi-
cally an MIS tunnel diode in series with a p-n junction. This diode was found to
display a current-controlled negative resistance, Fig. 25b, similar to a Shockley diode
(Chapter 11).5! When a negative bias is applied to the top metal contact (or positive
Vx> P-region is assumed to be grounded), the I-¥ characteristic shows a high-imped-
ance or off-state. At a sufficiently high voltage, the switching voltage V, the device
suddenly switches to a low-voltage high-current on-state. The switching is initiated
either by the extension of the surface depletion region to that of the p*-n junction
(punch-through), or by avalanche in the surface n-layer.>2 The initial device was built

Cathode Metal
contact
» 7
;]
1
Thin .~ ta t
insulator
n Xy
p*-Substrate
A -1
! |
v, V
h VA " s
Anode
(a) (b)

Fig. 25 (a) MIS switch diode, a four-layer structure. (b) Current-voltage characteristics show
current-controlled S-type negative resistance.
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on a Si wafer and employed SiO, as the tunnel insulator. Later, similar behaviors were
obtained from other insulators (e.g., Si;N,) and thick polycrystalline silicon.

The I-V characteristics shown in Fig. 25b can be explained qualitatively with the
energy-band diagrams shown in Fig. 26. With negative anode-to-cathode voltage
(-V k), the MIS tunnel diode is under forward bias and the p-# junction under reverse
bias. The current is limited by generation within the depletion region (W) of the p-n

junction, given by
J = qniWDzZi q&,([Vaxl + V/bi)’ (46)
g 27 T 2Np

where r is the minority-carrier lifetime and y, the built-in potential of the p-» junc-
tion. Under this bias condition, no switching occurs.

With positive Vg, the MIS tunnel diode is under reverse bias and the p-n junction
under forward bias (Fig. 26¢). In the low-current off-state, current is dominated by
generation in the surface depletion region, given by the same expression except that
¥, is replaced in this case by the barrier height ¢ at equilibrium. The thermally gen-
erated electrons approach the p-n junction and recombine with holes in the depletion
region of the forward-biased p-» junction. This implies that the current through the
p-n junction is dominantly recombination, rather than diffusion, due to the low
current level passing through it. The electrons tunneling from metal to semiconductor
is the reverse current of an MIS tunnel diode and it is small in the off-state. But this
current will be shown later to be large and becomes the dominant current in the on-
state.

The switching criterion of the MISS depends critically on the supply of holes
toward the tunneling insulator. When this hole current is semiconductor-limited (gen-
eration) it is small. In this condition, the semiconductor surface is in deep depletion,
and an inversion layer of holes at the surface is not formed. If an additional supply of
holes from other sources is available, the tunneling current is not sufficient to drain
the holes, so it becomes tunneling-limited and a hole inversion layer is formed. The
collapse of the surface potential (surface band bending) increases the voltage across
the insulator V; and increases the J,, in two respects. First, the barrier height @, is
reduced, and second, @, is also reduced. The latter is equivalent to a higher electric
field across the insulator. The large current passes through the p-n junction and the
current mechanism in the p-» junction changes from recombination to diffusion. An
electron current J, can inject a much larger hole current since N, > N, by a factor of
= 1/(1 — y), where yis the injection efficiency of the p-»n junction (ratio of hole current
to total current). The total hole current tunneling through the insulator becomes

1
Jp = Jn(—l — 7) . 47)
The MIS tunnel diode and the p-n junction pair creates regenerative feedback and
results in negative differential resistance.

The regenerative feedback can also be viewed as a result of two current gains: a
gain of electron current from hole current in an MIS tunnel diode, as originally pro-
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Fig. 26 Energy-band diagrams of MISS under different biases. (a) Equilibrium. (b) Negative
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posed,>? and a gain of hole current from electron current in the p*-n junction. To
achieve current gain in an MIS tunnel diode, the precise insulator thickness is critical,
and it has to be in the range of 20-40 A for the case of silicon dioxide. Oxides thinner
than 20 A cannot confine holes at the surface to support an inversion layer and to
decrease ¢, and current is always semiconductor-limited. Oxides thicker than 50 A
do not allow deep depletion, and current is always tunneling-limited.

In practice, the current initiated by generation is not large enough to trigger
switching. The two most-common additional sources are from punch-through and
avalanche. In the punch-through condition shown in Fig. 26e, the depletion region of
the MIS diode merges with that of the p-# junction. The potential barrier for holes is
reduced and a large hole current is injected. The switching voltage in this punch-
through mode is given by

V o~ qNp(x, — Wpy)?

g 2¢, (48)

where W, is the depletion region of the p-» junction.

Before the punch-through condition, if the electric field near the surface is high
enough, avalanche multiplication occurs and also gives rise to a large hole current
toward the surface (Fig. 26d). The switching voltage in this mode is similar to the
avalanche breakdown voltage of a p-n junction. Avalanche-mode switching domi-
nates in structures with high doping concentrations in the n-layer, usually higher than
1017 cm3.

The energy-band diagram in Fig. 26f shows an MISS after it is switched to the
high-current on-state. Note that neither punch-through nor avalanche could be sus-
tained after switching. The conduction-band edge at the surface is below Er,
(¢ = 0), and J,, controls the on-current. The holding voltage can be approximated by

Vs Vit V. (49)

V,is the voltage across the insulator, and is approximately equal to the original barrier
height g at equilibrium (~ 0.5-0.9 V). The forward bias on the p-n junction V; is
around 0.7 V, giving a holding voltage of ~ 1.5 V.

Besides the aforementioned punch-through and avalanche, two other sources of
hole current are also possible. One is by a third terminal contact, and another by
optical generation. The three-terminal MISS is sometimes called an MIS thyristor.
With either a minority- or majority-carrier injector, the function is the same—to
increase the hole current flowing toward the insulator. While the minority-carrier
injector injects holes directly, the majority-carrier injector controls the potential of the
n-layer, and hole current is injected from the p*-substrate. In either structure, with a
positive gate current flowing into the device, a lower switching voltage results. Alter-
nately when the MISS is exposed to a light source, J, is generated optically and the
switching voltage is reduced. For a fixed V, light can induce turn-on and the device
becomes a light-triggered switch.

As mentioned previously, the oxide thickness is a key parameter in the switching
behavior. As shown in Fig. 27, for thicker oxides (d > 50 A) the tunneling impedance
is too high to meet the switching requirement. For very thin oxides (d < 15 A) the
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p*-n junction can be turned fully on prior to the development of the deep depletion
mode; thus the device displays a p-» junction characteristic. Switching behavior is
observed only for the intermediate thicknesses (15 A <d <40 A).

Attractive features of the MIS switch diode include high switching speed (1 ns or
less), and high sensitivity of the switching voltage Vs to light or current injection. The
MISS can be applied in digital logic, and shift registers have been demonstrated.
Other applications include memories such as SRAM, microwave generation when
incorporated in a relaxation oscillator circuit, and as a light-triggered switch for alarm
systems. The limitation of the MISS is its relatively high holding voltage and diffi-
culty in reproducing a uniformly thin tunneling insulator.

8.3.4 MIM Tunnel Diode

A metal-insulator-metal (MIM) tunnel diode is a thin-film device in which the elec-
trons from the first metal can tunnel into the insulator film and be collected by the
second metal. It displays nonlinear /-V characteristics but negative resistance is not
present. The nonlinear /- nature is sometimes used for microwave detection as a
mixer. Figures 28a and b show the basic energy-band diagrams of a MIM diode with
similar metal electrodes. Since all of the voltage applied is dropped across the insu-
lator, the tunneling current through the insulator is, from Eq. 42,

J = ‘%qufT,[F(E)_F(EMV)]dELdE. (50)

At 0 K, Equation 50 simplifies to**

d=12A
0
10 ,
- 20A
102t
£ L
ii 104 /
£ | 30A
5
'E 10-6}F 40 A
5
b -
3
10’8-(
10-10 50A
— 1 1 1 1.
1 2 3 4 5 6
VAK(V)

Fig. 27 Calculated I-V characteristic of MIS switch diodes for different values of oxide thick-
ness. Device constants are x, = 10 pm, Ny = 104 cm3, and 7=3.5x1075 5. (After Ref. 52.)
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Fig. 28 Energy-band diagrams of MIM structures. (a) Symmetrical MIM under equilibrium.
(b) Under bias, V> ¢,. (c) Asymmetrical MIM.

J = Jolgexp(~C\g) - (3+ V)exp(-CNg+ )] (51)
where
__9*
o= (52)
= d7d N2m'q 22'" , (53)

¢ is the average barrier height above the Fermi level, and @* is the reduced effective
barrier width. Equation 51 can be interpreted as a current density J, gexp(-C /@)
flowing from electrode-1 to electrode-2 and another Jy( @ + Vexp(-C g+ V)
flowing from electrode-2 to electrode-1.

We now apply Eq. 51 to the ideal symmetrical MIM structure. By ideal we mean
that the temperature effect, the image-force effect, and the field-penetration effect in
metal electrodes are neglected. For 0 < ¥V <¢, d* = d, and ¢ = ¢, — V/2, the current
density is given by

J = JO[(¢0— 4 exp(—Cm ~(40+%) exp(—CM] (54)

For larger voltage, V> ¢,, we have d* = dgy/V and ¢ = @,/2. The current density is
then

" 4zhg,

-qﬁ{exp(_—?) _(1 +2¢%:)exp[_%wl ;(2V/¢o)]} (5%)

where

8%
Bo=gy2m g4, (56)
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and & = V/d is the field in the insulator. For higher voltage such that V"> ¢,, the
second term in Eq. 55 can be neglected, and we have the well-known Fowler-Nord-
heim tunneling equation (Eq. 41).

For an ideal asymmetrical MIM structure with different barrier heights ¢, and ¢,
(Fig. 28¢), in the low-voltage range 0 < V' < ¢, the quantities @ = d and ¢ =
(¢, + ¢ — V)/2 are independent of the polarities. Thus the J-V characteristics are also
independent of the polarity. At higher voltages, > ¢,, the average barrier height ¢
and the effective tunneling distance d* become polarity-dependent. Therefore, the
currents for different polarities are different.

The MIM tunnel diodes have been used to study the energy-momentum relation
in the forbidden gap of large-bandgap semiconductors.”>3 An MIM tunnel structure
is formed using the single-crystal specimen, for example GaSe (£, =2.0 ¢V,
d < 10 nm), sandwiched between two metal electrodes. Using one set of J-V curves,
one can obtain the energy-momentum (£-k) relationship using Eqs. 42 and 50. Once
the E-k relationship is obtained, one can calculate, using no adjustable parameters, the
tunneling currents for all other thicknesses.

8.3.5 Hot-Electron Transistors

Over the years, many attempts have been made to invent or discover new solidstate
devices capable of achieving better performance than bipolar transistors or MOS-
FETs. Among the most interesting candidates are the hot-electron transistors (HETs).
In a hot-electron transistor, carriers injected from the emitter have high potential or
kinetic energy in the base. Since a hot carrier has higher velocity, HETs are
expected to have higher intrinsic speed, higher current, and higher transconduc-
tance. In this section, we discuss HETs based on tunnel emitter-base junctions. These
devices are sometimes referred to as tunneling hot-electron transfer amplifier
(THETA).

The first THETA was reported by Mead in 1960, using an MOMOM (metal-
oxide-metal-oxide-metal) structure, sometimes called an MIMIM (metal-insulator-
metal-insulator-metal) structure (Fig. 29a).57->8 In this structure both the emitter and
collector barriers are formed by oxides. The metal base had to be thin and was typi-
cally between 10 and 30 nm. The current gain of such a structure could be greatly
improved by replacing the MOM collector junction by a metal-semiconductor junc-
tion (Fig. 29b),% resulting in an MOMS (metal-oxide-metal-semiconductor), or an
MIMS (metal-insulator-metal-semiconductor) structure. This MIMS structure, how-
ever, has a lower maximum oscillation frequency than the bipolar transistor mainly
because of its longer emitter charging time (caused by larger emitter capacitance) and
smaller common-base current gain (caused by hot-electron scattering in the base
region). Still another variation is to use a p-n junction in the collector (Fig. 29¢).9° In
this MOp-n (or MIp-n) structure the semiconductor is the base material, as opposed
to metal, and thus has less scattering in the base.

Since all the above structures use the same emitter injection mechanism of tun-
neling, they suffer from the same problem of low current gain and poor control of the
barrier thickness. There has been a renewed interest in the THETA since Heiblum in
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Fig. 29 Variations of tunnel-emitter hot-electron transistors and their energy-band diagrams
under forward conditions. (a) MIMIM. (b) MIMS. (¢) Mlp-n. (d) Heterojunction THETA.

1981 suggested using a wide-energy-gap semiconductor as the tunneling barrier and
a degenerately doped narrow-energy-gap semiconductor as the emitter, base, and col-
lector.%! This idea was especially timely after the rapid development of epitaxial tech-
niques such as MBE and MOCVD in the 1970s. The first heterojunction THETA was
reported in 1984,5263 followed by works reported in 1985.64-66

For the heterojunction structure (Fig. 29d), the AlGaAs/GaAs system is the most
common, but other materials, such as InGaAs/InAlAs, InGaAs/InP, InAs/AlGaAsSb,
and InGaAs/InAlGaAs, have been reported. The narrow-energy-gap materials for the
emitter, base, and collector are typically heavily doped while the wide-energy-gap
layers are undoped. The barrier thickness for the tunneling emitter is in the range of
7-50 nm, while the barrier layer for the collector is much thicker, ranging from 100
to 250 nm. The base width ranges from 10 to 100 nm. A thin base improves the
transfer ratio but is harder to contact without shorting to the collector layer. The col-
lector-base junction is often graded in composition to reduce quantum-mechanical
reflection.

For the discussion of the working principle, the heterojunction THETA is
assumed since it is of the greatest interest. Under normal operating conditions, the
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emitter is negatively biased (for the doping type shown) with respect to the base, and
the collector is positively biased (Fig. 29d). Since the barrier created by the hetero-
junction is low, typically in the range 0.2-0.4 €V, it is necessary to operate the
THETA at low temperatures to reduce the thermionic-emission current over the bar-
rier. Electrons are injected from the emitter to the n*-base, making the THETA a
majority-carrier device. The emitter-base current is a tunneling current through the
barrier, either by direct tunneling or by Fowler-Nordheim tunneling. The electrons
injected at the base have a maximum kinetic energy (above E) of

E=q(Vpe-V,) (57)

(¥, is negative for a degenerate semiconductor). As electrons traverse the base,
energy is lost through some scattering events. At the base-collector junction, carriers
with energy above the barrier g¢@y will result in collector current, while the rest will
contribute to undesirable base current.

The base transport factor a can be broken down into different components as

Ic = arlg
= agagcacly . (58)

ag, due to scattering in the base layer, is given by

ap = exp(— Z_V[,:) (59)

where W and 4, are the base width and its mean free path. Reported values for 1,
range from 70 to 280 nm. A, is also known to be dependent on the electron energy.
When the energy is too high, 4, starts to decrease. In the case of an MOM emitter,
because the oxide barrier is much higher, a large Vyp is required to inject a specific
current level. A higher V., unfortunately, increases the electron energy and reduces
A This is the factor that requires the oxide thickness in the MOM barrier to be small
(= 15 A).8! To improve o, the base thickness must be minimized, but this results in
excessive base resistance. It has been suggested that an induced base$” or modulation
doping for the base layer be used so that it can be thin (= 10 nm) and yet conductive.
The second factor a is due to quantum-mechanical reflection at the base-collector
band-edge discontinuity. For an abrupt junction, it is given by®8

1- /1= (q¢B/E)T.
1+ JT=(q45/E)

Composition grading for the collector barrier would improve the reflection loss. o is
the collector efficiency due to scattering in the wide-energy-gap material.

To have a high f(common-emitter current gain) value, ¢, should be close to unity
since

g1~ [ (60)

ar

ﬂN

~ . 1
= (61)
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[ values as high as 40 have been reported.®® An example of the output characteristics
of a THETA is shown in Fig. 30. The THETA offers a potential for high-speed oper-
ation due to ballistic transport through the base and the absence of minority-carrier
storage. The requirement for lower-temperature operation is a concern that it may
limit the application.

The THETA has been used as a research tool to study the properties of hot car-
riers. A specific function is a spectrometer to measure the energy spectrum of the tun-
neled hot electrons in the base. In this operation, the collector is biased positively with
respect to the base to vary the effective collector barrier (Fig. 31a). When the incre-
mental collector current is plotted against the effective collector barrier height, the
energy spectrum of the hot electrons is obtained. It can be seen from Fig. 31b that for
each Vyp, the energy (related to V) at the peak of the distribution increases with Vpp.

400

g |
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~ |

£ 200 |-
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=300
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Fig. 31 (a) Energy-band diagram of THETA as a spectrometer. The collector voltage is neg-
ative with respect to the base to vary the effective collector barrier height. (b) Hot-electron
energy spectrum. (After Ref. 70.)
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8.4 RESONANT-TUNNELING DIODE

The negative differential resistance (NDR) of a resonant-tunneling diode (sometimes
called a double-barrier diode) was predicted by Tsu and Esaki in 1973,7! following
their pioneering work on superlattices in the late 1960s and early 1970s. The structure
and characteristics of this diode were first demonstrated by Chang et al. in 1974.72
Following the much-improved results reported by numerous authors in the early
1980s, research interest escalated, partially due to the maturing MBE and MOCVD
technologies. In 1985, room-temperature NDR in this structure was reported.”>-#

A resonant-tunneling diode requires band-edge discontinuity at the conduction
band or valence band to form a quantum well and thus necessitates heteroepitaxy. The
most-popular material combination used is GaAs/AlGaAs (Fig. 32), followed by
GalnAs/AllnAs. The middle quantum-well thickness is typically around 5 nm, and
the barrier layers range from 1.5 to 5 nm. Symmetry of the barrier layers is not
required, so their thicknesses can be different. The well and batrier layers are all
undoped, and they are sandwiched between heavily doped, narrow-bandgap mate-
rials, which usually are the same as the well layer. Not shown in Fig. 32 are thin
layers of undoped spacers (~ 1.5 nm GaAs) adjacent to the barrier layers to ensure
that dopants do not diffuse to the barrier layers.

Quantum mechanics prescribes that in a quantum well of width J#, the conduction
band (or valence band) is split into discrete subbands, and the bottom of each subband
is given by

h?n?
Sm* W2
where E,, designates Ein the well. Notice that this equation assumes infinite barrier
height and can only serve to give a qualitative picture. In practice, the barrier (AE)
lies in the range of 0.2-0.5 eV, giving quantized levels of = 0.1 eV above E. Under

E,—E., = . on=1,23, .. (62)
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Fig. 32 Structure of resonant-tunneling diode

Ey using GaAs/AlGaAs heterostructure as an example.

Qu:ﬁ;;m The energy-band diagram shows the formation of a
well quantum well and quantized levels.
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bias conditions, carriers can tunnel from one electrode to the other via energy states
within the well.

Resonant tunneling is a unique phenomenon when tunneling is through double
barriers via quantized states.”> Recall the case of tunneling through a single barrier,
the tunneling probability is a monotonic increasing function with energy of the
incoming particle. In resonant tunneling, the wavefunctions of the Schrodinger equa-
tion have to be solved simultaneously in the three regions—emitter, well, and col-
lector. Because of the quantized states within the well, the tunneling probability
exhibit peaks when the energy of the incoming particle coincides with one of the
quantized levels, as shown in Fig. 33. In this coherent-tunneling picture, if the
incoming energy does not coincide with any of the quantized levels, the tunneling
probably is a product of the individual probability between the well and the emitter
T, and that between the well and the collector T,

T(E) = T;T,. (63)

However, when the incoming energy matches one of the quantized levels, the wave-
function builds up within the well similar to a Fabry-Perot resonator, and the trans-
mission probability becomes”®

AT, T,

T(E=En) = m

(64)

For a symmetric structure, T = T, and 7= 1. Away from this resonance, the value
given by Eq. 63 quickly drops by many orders of magnitude, giving the shape shown
in Fig. 33. The resonant-tunneling current is given by

=9
J = 5| NEYI(E)dE (65)

where the number of available electrons for tunneling (per unit area) from the emitter
can be shown to be’?
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Fig. 33 Transmission coefficient of electron with energy E through a double barrier via
coherent resonant tunneling. Transmission peaks occur when E aligns with E,. (After Ref. 75.)
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N(E) = k;l m ln[l + exp(EFk"TEﬂ. (66)

In a resonant-tunneling diode, the variable energy of the incoming electrons is
provided by external bias such that the emitter energy is raised with respect to the
well and the collector. The incoming energy distribution of tunneling electrons inte-
grated over the sharp resonant-tunneling peaks of Fig. 33 would seem to predict sharp
current peaks and very high peak-to-valley ratios, which are not observed in real
devices, even at low temperatures. The reason for this is two-fold. First, the resonant
transmission peaks are exponentially narrow, on the order of AE = #/7, where ris the
lifetime of an electron in the subband E, with respect to tunneling out and AE is the
broadening of the energy level E,.7> Additionally there exist nonideal effects such as
impurity scattering, inelastic phonon scattering, phonon-assisted tunneling, and ther-
mionic emission over the barrier. These effects lead to much larger valley current that
diminishes the peak-to-valley ratio. As it turns out, a model of sequential tunneling,
rather than coherent tunneling, can explain the experimental data quite well.”” In the
sequential-tunneling picture, the tunneling from emitter into the well, and that from
the well to the collector, can be treated as uncorrelated events. This simpler picture
can give better insight into the observed experimental data and is used below.

The I-V characteristics of a resonant-tunneling diode are shown qualitatively in
Fig. 34. One notes not only the negative resistance, but also that it can be repeated,
with multiple current peaks and valleys. This feature is not present in a conventional
pt-n" tunnel diode. The energy-band diagrams under biases that correspond to the dif-
ferent regions of the /-7 curve are shown in Fig. 35. The peak current corresponds to
the bias condition that E- of the emitter electrode is in line with each quantized level.
We next explain the origin of such negative resistance.

In the model of sequential tunneling, tunneling of carriers out of the well to the
collector is much less constrained, and tunneling of carriers from the emitter into the
well is the determining mechanism for the current flow. This requires available empty
states at the same energy level (conservation of energy) and with the same lateral
momentum (conservation of momentum) of the available electrons in the emitter as
within the well. Since the parallel (to tunneling direction) momentum £, in a quantum
well is quantized which gives rise to quantized level £, (i.e., h2k2/2m* =
h*n?/8m*W?), the energy of carriers in each subband is a function of the lateral
momentum &, only, given by

2k}
2m*
From Eq. 67 it should be noted that the energy of carriers is quantized only for the

bottom of the subband, but the energy above E, is continuous. The free-electron
energy in the emitting electrode is, on the other hand, given by

212 h2k2 h2k2
E=EC+H=EC+ Xp——L
2m* 2m*  2m*

E =FE +

w n

(67)

(68)
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Fig. 35 Energy-band diagrams of resonant-tunneling diode under various biases. (a) Near
zero bias. (b) Resonant tunneling through E,. (c) E, below E.. First region of NDR. (d) Reso-
nant tunneling through E,. () E, below E. Second region of NDR. Their corresponding elec-
trical characteristics are shown in Fig. 34.

@

So electrons in the emitter with energy given by Eq. 68 will tunnel into the energy
level given in Eq. 67. This concept is depicted in Fig. 36.

We first examine Region-a of the /-V curve in Fig. 34, where current increases
with bias. Figure 36a shows that if E, is above E there is little availability of elec-
trons for tunneling. As the bias is increased, E; is pulled below E and toward E of
the emitter, and tunneling current starts to increase with bias.

The decrease of current with bias in Region-c of Fig. 34 is less trivial. Conserva-
tion of lateral momentum requires that the last terms of Eqgs. 67 and 68 are equal.
This, along with the conservation of energy, results in the requirement
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Fig. 36 Tunneling of electrons from emitter electrode into the well. Note the difference of &
vs. k, in abscissas. (a) E| is higher than E- and lower than £ Resonant tunneling starts to
occur. (b) E, is lower than E . Tunneling probability drops significantly.

hn2k2
Zm: =E, . (69)

The energy equation implies that as long as the emitter E,, is above E,, resonant tun-
neling is possible. With the help of Fig. 36b, it can be explained that this is not the
case when momentum is taken into account. From this figure, it is seen that £, at the
well becomes large. So for the emitter, since

K= k2+ k3, (70)

even with k, = 0, the minimum value of k is k,. At low temperature, electrons are
within the Fermi sphere of finite momentum. For k| outside the Fermi sphere, there
is no electron available for tunneling. So the tunneling event in Fig. 36b is prohibited.
From the above discussion, for maximum tunneling current, E, should line up
between £ and E- of the emitter. But at low temperatures, £, should line up with E,
as shown in the bias conditions of Figs. 35b and d. With higher bias, the emitter E. is
above £, and tunneling current is significantly reduced, resulting in NDR. The peak
voltage occurs approximately at a voltage
ECSA o

for a symmetrical junction, because half of the bias is developed across each barrier.
In practical devices, Vp is larger than that given by Eq. 71. (Note that E. is for the
emitter in case it is different from the well.) The electric field can penetrate into both
the emitter and collector regions and results in some voltage drop. Second, there is
also a voltage drop across each undoped spacer layer. Another effect is caused by the
finite charge accumulated within the well under bias. This charge sheet creates an
inequity of electric field across the two barriers, and extra voltage is required to shift
the relative energy between the emitter and the well.

E-+

Vp
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The ratio of local peak current (Jp) to valley current (J}) is a critical measure of
the NDR. The current is modified from Eq. 65 to be

_gNONT(V)AE
- 2 7h
LINONT(V)

2rt

J
(72)

which can be maximized by using material of lighter effective mass. In this respect,
the material combination of GalnAs/AllnAs is advantageous over GaAs/AlGaAs. A
maximum peak-current density in the mid-10> A/cm? range has been observed and is
quite temperature independent since it is a tunneling current. The nonzero valley
current is due mainly to thermionic emission over the barriers, and it has a large tem-
perature dependence (smaller J, with lower temperature). Another small but conceiv-
able contribution is due to tunneling of electrons to higher quantized levels. Even
though the number of electrons available for tunneling at energy higher than £ is
very small, there is a thermal distribution tail and this number is not zero, especially
when the quantized levels are close together.

As an example, the characteristics shown in Fig. 34 have two regions of NDR for
each voltage polarity. In practice, the second current peak is rarely observed, due to
the small signal in a large background of thermionic-emission current. The illustra-
tion nevertheless brings out the potential advantage over a tunnel diode that is limited
to only one region of NDR. This feature of multiple current peaks is especially impor-
tant as a functional device, which can perform more complex functions with a single
device whereas conventional design would require many more components.

Because tunneling is inherently a very fast phenomenon that is not transit-time
limited, the resonant-tunneling diode is considered among the fastest devices. Fur-
thermore, it does not suffer from minority-charge storage. It has been demonstrated
as an oscillator that can generate 700-GHz signals.”® Maximum operational oscilla-
tion frequency has been projected to be over 1 THz. On the other hand, it is more dif-
ficult to use tunneling to supply high current, and the output power of an oscillator is
limited. The resonant-tunneling diode has also been used in fast pulse-forming cir-
cuits and trigger circuits.” The unique feature of multiple current peaks can result in
efficient functional devices. Examples are multivalue logic and memory.30 The reso-
nant-tunneling diode also serves as the building block for other three-terminal
devices, such as the resonant-tunneling bipolar transistor and the resonant-tunneling
hot-electron transistor.®! It has also been incorporated in structures to study hot-elec-
tron spectroscopy.$?
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PROBLEMS

. Find the transmission coefficient of an electron tunneling through

. Derive the transmission coefficient for a

. Solve the finite-potential-well problem to find the bound

an one-dimensional rectangular barrier with a barrier height E,
and a barrier width d. What is the limiting value of this coefficient
if the product fd > 1 where f= ,[2m*(E,— E)/h??

Note: The transmission coefficient is defined as (C/4)? where 4
and C are the amplitudes for the incident and the transmitted wave
function, respectively.

. The I-V characteristics of a specially designed GaSb tunnel diode can be expressed by

Eq. 29, with Jp = 10° A/em?, Vp = 0.1 V, J; = 10~° A/cm?, and J, = 0. The tunnel diode has
a cross-sectional area of 10-5 cm?2. Find the largest negative differential resistance and the
corresponding voltage.

. A GaSb tunnel diode has a lead inductance of 0.1 nH, a series resistance of 4 €}, a junction

capacitance of 77 fF, and a negative resistance of —20 Q. Find the frequency at which the
real part of the input impedance becomes zero.

. Find the speed index for the GaAs tunnel diode shown in Fig. 13. The device area is

10-7 cm?, the diode is doped to 102 cm™ on both sides, the degeneracies on both sides are
30 mV. (Hint: Use abrupt junction approximation.)

. Molecular beam epitaxy interfaces are typically abrupt to within one or two monolayers

(one monolayer ~ 2.8 A in GalnAs), due to terrace formation in the growth plane. Estimate
the energy level broadening for the ground and first excited electron states of a 15-nm
GalnAs quantum well bound by thick AllnAs barriers.

(Hint: Assume the case of two monolayer thickness fluctuation and an infinite deep QW.
The electron effective mass in GalnAs is 0.0427my).

symmetric double-barrier resonant-tun- —_»ABCD_ _ EFGH
neling diode, assuming that the effective Ey
. E E,
mass is constant throughout the double- -
barrier structure. The points A-H are adja- S0 ! 4
cent to the potential steps and set boundary o Sy
LB LW LB

conditions for solution.

. Find the lowest four resonant energy levels for a symmetric double-barrier structure with

Ly=2nm, Lyy=2nm, E;=3.1 eV, and m* = 0.42mj,

I I 1
energy levels £, < E, and wavefunctions X,(z) as a function of M A |

well width L, barrier height E, and particle mass m* for the E,

symmetric quantum well. Find the number of levels contained E
in a potential well with L= 10 nm and E; = 300 meV if the £y
particle mass m* = 0.067m,, where m, is the free-electron (z _ —__L) ( - é)
mass. These parameters correspond approximately to elec- 2 2

trons confined in a GaAs quantum well by Al ;,Ga, csAs het-
erostructure barriers.

. Estimate the energy broadening AE, and AE, for the lowest two levels in a model sym-

metric double-barrier potential resulting from tunneling out of the well (figure in Prob. 6).
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The parameters are well width L = 10 nm, barrier thickness L= 7 nm, barrier E,=
300 meV, and m* = 0.067m,. To find the lifetimes, consider the electron to be a semiclas-
sical particle bouncing back and forth inside the confining double-barrier potential with a
tunneling probability of escaping from the well given by Eq. 64.

A symmetric GaAs/AlAs RTD has a barrier width of 1.5 nm and a well width of 3.39 nm.
When this RTD is inserted in the base of an HBT with an emitter flux centered on the first
excited level of the RTD. Find the cutoff frequency of the HBT with the inserted RTD, if
the original /7 was 100 GHz.

[Hint: The transit time across the RT structure is given by (d/vg) + (2A/T") where d is the
width of the RT structure, v is the electron group velocity (107 cm/s), and I is the resonant
width (20 meV).]
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IMPATT Diodes

9.1 INTRODUCTION

9.2 STATIC CHARACTERISTICS

9.3 DYNAMIC CHARACTERISTICS

9.4 POWER AND EFFICIENCY

9.5 NOISE BEHAVIOR

9.6 DEVICE DESIGN AND PERFORMANCE
9.7 BARITT DIODE

9.8 TUNNETT DIODE

9.1 INTRODUCTION

The IMPATT (impact-ionization avalanche transit-time) diodes employ both impact-
ionization and transit-time properties of semiconductor structures to produce
dynamic negative resistance at microwave frequencies. Note that this negative resis-
tance is different from, for example, that of the tunnel diode whose I-V curve has a
negative dl/dV region. Instead, the negative resistance comes from time domain in
which the ac current and voltage components are out of phase (V- I = negative).
There are two delays that cause the current to lag behind the voltage. One is the ava-
lanche delay caused by the finite buildup time of the avalanche current; the other is
the transit-time delay from the finite time for the carriers to cross the driff region.
When these two delays add up to half-cycle period, the diode dynamic resistance is
negative at the corresponding frequency.

The negative resistance arising from transit time in semiconductor diodes was
first considered by Shockley in 1954, but based on a different injection mecha-
nism—a forward-bias p-# junction current.! In 1958, Read proposed a diode structure
consisting of an avalanche region as the injection mechanism, situated at one end of
a relatively high-resistance region serving as the transit-time drift space for the gen-
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9.2 STATIC CHARACTERISTICS 467

erated charge carriers (i.e., p™-n-i-n* or n*-p-i-p*).2 The experimental observation of
the IMPATT oscillation was first reported by Johnston, DeLoach, and Cohen in 1965
from a regular p-# junction silicon diode, mounted in a microwave cavity and biased
into reverse avalanche breakdown.>* Oscillation based on the Read diode was

reported by Lee et al. later in the same year.’ The small-signal theory developed by
Misawa® and by Gilden and Hines” has confirmed that a negative resistance of the
IMPATT nature can be obtained from a p-# junction diode or a metal-semiconductor
contact with any doping profile.

The IMPATT diode is now one of the most powerful solid-state sources of micro-
wave frequency. At the present time, the IMPATT diode can generate the highest cw
power output at millimeter-wave frequencies of all solid-state devices, from 30 GHz
to above 300 GHz. But there are two noteworthy difficulties in IMPATT circuit appli-
cations: (1) The noise is high and sensitive to operating conditions; and (2) large reac-
tances are present, which are strongly dependent on oscillation amplitude and it
requires unusual care in circuit design to avoid detuning or even burnout of the
diode.?

9.2 STATIC CHARACTERISTICS

An IMPATT diode consists of a high-field avalanche region plus a drift region. The
basic members of the IMPATT diode family are shown in Fig. 1. These are the Read
diode, the one-sided abrupt p-» junction, the p-i-n diode (Misawa diode), the two-
sided (double-drift) diode, the hi-lo and lo-hi-lo diodes (modified Read diodes).

We shall now consider their static characteristics, such as the field distribution,
breakdown voltage, and space-charge effect. Consider Fig. la first which shows the
doping profile, electric-field distribution, and ionization integrand at breakdown con-
dition for an idealized Read diode (p*-n-i-n* or its dual #n*-p-i-p™). The middle »- and
i-regions are totally depleted, indicated by the shaded area. The ionization integrand

is given by
< a) = a,exp l:_J.

where @, and a,, are the ionization rates of electrons and holes, respectively, and W,
is the depletion width.
The avalanche breakdown condition as discussed in Chapter 2 is given by

¥p

(a,- ap)dx} a,> a, (1)

b

f (aydx = 1. Q)
0

Because of the strong dependence of @ on an electric field, we note that the avalanche
region is highly localized, that is, most of the multiplication processes occur in a
narrow region near the highest field between 0 and x,, where x is defined as the
width of the avalanche region (to be discussed later). The voltage drop across the ava-
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Fig. 1 Doping profile, electric-field distribution, and ionization integrand for (2) Read diode;
(b) one-sided abrupt diode; (c) p-i-r diode; (d) double-drift diode; (e) hi-lo structure; and (f)
lo-hi-lo structure.
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lanche region x, is defined as V. It will be shown that both x, and ¥, have a profound
effect on the optimum current density and the maximum efficiency of an IMPATT
diode. The layer outside the avalanche region (x, < x < W} is called the drift region.

There are two limiting cases of the Read doping profiles. As the N,-region
becomes zero, we have a one-sided abrupt p*# junction. Figure 1b describes the struc-
ture of a one-sided abrupt p-» junction. The avalanche region is highly localized near
the junction. On the other hand, when the N ,-region becomes zero instead we have a
p-i-n diode (Fig. 1¢).% The p-i-n diode has a uniform field across the intrinsic layer
under low-current conditions. The avalanche region corresponds to the full intrinsic
layer width. Figure 1d describes the structure of a two-sided abrupt p-n junction. The
avalanche region is located near the center of the depletion layer. The slight asym-
metry of the integrand (@) with respect to the location of the maximum field is
because of the large difference between «, and a, in Si. If @, > @, as in the case of
GaP, {«) reduces to

() = a, = q, 3

and the avalanche region is symmetrical with respect to x = 0.

Figure le shows a modified Read diode, the hi-lo structure, in which the doping
N, is larger than that for a Read diode.’ Figure 1f shows another modified Read diode,
the lo-hi-lo structure, in which a clump of charge is located at x = b. Since a nearly
uniform high-field region exists from x = 0 to x = b, the value of the maximum field
can be much lower than that for a hi-lo diode.

9.2.1 Breakdown Voltage

The breakdown voltage for the one-sided abrupt junction has been considered in
Chapter 2. We can use the same method as outlined in that chapter to calculate the
breakdown voltages of other diodes. Even though the breakdown is ultimately deter-
mined by the ionization integrand, it is helpful and simpler to predict breakdown
based on the maximum field that has been calculated at breakdown condition. Notice
that in some of the structures in Fig. 1 (a, ¢, f), the maximum depletion is terminated
by the lightly doped width and there is a discontinuity of field near the n*-terminal. In
all others, the depletion-width edge is determined mostly by the doping and the field
drops to zero at the depletion edge.

For the one-sided (Fig. 1b) and two-sided symmetrical abrupt junctions (Fig. 1d),
the breakdown voltages are given respectively by

v, = Lo g o SEn 1-sided 4

B = m'tD = 2qN ( -51d¢ ) 4 ( a)
1 AL :

Vg = 28, Wy = N (2-sided), (4b)

where £, is the maximum field, which occurs at x = 0. The maximum fields at break-
down for Si and (100)-oriented GaAs two-sided (symmetrical) abrupt junctions,
together with the one-sided abrupt junctions, are shown in Fig. 2. Once the doping is
known, the breakdown voltage can be calculated from Eq. 4a or 4b, using the
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Fig. 2 Maximum electric field at breakdown vs. doping for Si and GaAs one-sided and two-
sided abrupt junctions. (After Refs. 10 and 11.)

maximum field value from Fig. 2. The applied reverse voltage at breakdown is equal
to (V3 — w,;), where y,; is the built-in potential, in the case of symmetrical abrupt
junction given by 2(kT/g)In(N/n;). Usually y;, is negligible for practical IMPATT
diodes.
For the Read diode, the breakdown voltage is given by
v, = %mWfM(WD-i). 5)
& 2

The depletion width is limited by the thickness of the n--layer. For the hi-lo diode, the
breakdown and depletion width are given by

g, N\ Wpb _ &b N Wy (W,-b
Vp= FOVp+b)- T2 = 20 T T ), ©)
o= G2 _00) o
qN, N,

The maximum field at breakdown for a Read diode or a hi-lo diode with a given N, is
found to be essentially the same (within 1%) as the value of the one-sided abrupt
junction with the same N, provided that the avalanche width x is smaller than b.!2
Therefore, the breakdown voltages can be calculated from Egs. 5 and 6 using the
maximum field value of Fig. 2.

For the lo-hi-lo diode with a narrow fully depleted clump of charge, the break-
down voltage is given by

v, = %mb+(%m_9§)(WD-b), ®)
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where @ is the impurity density per area (number/cm?) in the clump. Since the
maximum field is nearly constant for 0 < x < b, (@) is equal to /b at breakdown. The
maximum field €, can be calculated from the field-dependent ionization coefficient.

9.2.2 Avalanche Region and Drift Region

The avalanche region of an ideal p-i-n diode is the full intrinsic-layer width. For the

Read diode and p-n junctions, however, the region of carrier multiplication is

restricted to a narrow region close to the metallurgical junction. The contribution to

the integral in Eq. 2 decreases rapidly as x departs from the metallurgical junction.

Thus a reasonable definition of the avalanche-region width x, is obtained by taking

the distance over which 95% of the contribution to the integral is obtained, that is,
x,/2

J ! {aydx  or f {(e)dx =0.95. )
0

/2

*4

Figure 3 shows the avalanche widths as a function of the doping for Si and GaAs
diodes."! Also shown are the depletion widths of Si and GaAs symmetrical two-sided
junctions. For a given doping, the Si n*-p junction has a narrower avalanche width
than that in p™-n junction because of the difference in ionization rates (a, > @,). Fora
Read diode or a hi-lo diode, the avalanche region will be the same as a one-sided
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Fig. 3 Avalanche region widths x, for Si and GaAs junctions. Also shown are depletion
widths W, of Si and GaAs symmetrical 2-sided junctions. (After Ref. 11.)
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abrupt junction with the same doping N,. For a lo-hi-lo diode, the avalanche region
width is equal to the distance between the metallurgical junction and the charge
clump x, = b.

The drift region is the depletion layer excluding the avalanche region, or
x4 < x <Wp,. The most-important parameter in the drift region is the carrier drift
velocity. To obtain consistent and predictable carrier transit time across the drift
region, the electric field in this region should be high enough that the generated car-
riers can travel at their saturation velocities v,. For silicon the electric field should be
larger than 10* V/cm. For GaAs, the field can be much smaller (= 10° V/cm) due to its
high carrier mobilities.

For p-i-n diodes, this requirement is fulfilled automatically, because at breakdown
the field (which is approximately constant over the full intrinsic width) is much larger
than the required field for velocity saturation. For a Read diode the minimum field in
the drift region is given by

_Q[N1b+N2(WD_b)].
&,

S

Eonin = B (10)
Clearly, from the previous discussion, a Read diode can be designed so that & is
sufficiently large. For abrupt junctions, since the field drops to zero at the depletion
edge, some regions always have fields smaller than the minimum required field. The
low-field region, however, constitutes only a small percent of the total depletion
region. For example, for a Si p*-n junction with 1016 cm=3 background doping, the
maximum field at breakdown is 4x10° V/cm. The ratio of the low-field region (for a
field less than 10* V/cm) to the total depletion layer is 1044x103 = 2.5%. For a GaAs
p*-n junction with the same doping, the low-field region is less than 0.2%. Thus, the
low-field region has negligible effect on the total carrier transit time across the deple-
tion layer.

9.2.3 Temperature and Space-Charge Effects

The breakdown voltages and the maximum electric fields discussed previously are
calculated for room temperature under isothermal conditions, free of space-charge
effects (from high-level injection), and in the absence of oscillation. Under operating
conditions, however, the IMPATT diode is biased well into avalanche breakdown,
and the current density is usually very high. This results in a considerable temperature
rise in the junction and a large space-charge effect.

The ionization rates of electrons and holes decrease with increasing tempera-
ture.!3 Thus for an IMPATT diode with a given doping profile, the breakdown voltage
will increase with increasing temperature. As the dc power (product of reverse
voltage and reverse current) increases, both the junction temperature and the break-
down voltage increase. Eventually, the diode fails to operate, mainly because of per-
manent damage that results from excessive heating in localized spots. Thus, the rising
temperature of the junction imposes a severe limit on device operation. To prevent the
temperature rise, one must use a suitable heat sink. This will be considered in
Section 9.4.4.
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The space-charge effect causes a change of electric field in the depletion region
due to extra space charge. This effect gives rise to a positive dc differential resistance
for abrupt junctions and a negative dc differential resistance for p-i-n diodes.!4

Consider first a one-sided p*-n-n* abrupt junction as shown in Fig. 4a. When the
applied voltage is equal to the breakdown voltage Vp, the electric field &(x) has its
maximum absolute value &, at x = 0. If we assume that the electrons travel at their
saturation velocity v, across the depletion region, the space-charge-limited current is
given by

I = AqAnv, (1D

where An is the high-level injected carrier density and A4 the area. The disturbance
A&(x) in the electric field due to the space charge is obtained from Eq. 11 and the
Poisson equation:

Ix

A&(x) = 12
(x) Ao, (12)
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diodes. Area = 104 cm?2. (After Ref. 14.)
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If we assume that all the carriers are generated within the avalanche width x , the dis-
turbance in voltage caused by the carriers in the drift region (W), — x ) is obtained by
integrating A%(x) over this drift region:

Wp-

*4 2
Ix Wp—x,)
~ =] .
AV L Aesvsdx 246, (13)

The total applied voltage is, thus, increased by this amount to maintain the same cur-
rent. The space-charge resistance!? is obtained from Eq. 13:
AVy (Wp—x,)?
RSC:Tz 24, (14)

For our example shown in Fig. 4a, the space-charge resistance is about 20

For a p-i-n or a p-v-n diode, the situation is different from that of a p*-n junction.
When the applied reverse voltage is just large enough to cause avalanche breakdown,
the reverse current is small. The space-charge effect can be neglected and the electric
field is essentially uniform across the depletion layer. As the current increases, more
electrons are generated near the p*-vboundary and more holes are generated near the
v-n* boundary (by impact ionization as the electric field has double peaks, Fig. 4b).
These charges will cause a reduction of the field in the center of the 1-region that
decreases the total terminal voltage. This reduction results in a negative differential
dc resistance for the p-1-n diode, as shown in Fig. 4b.

9.3 DYNAMIC CHARACTERISTICS

9.3.1 Injection Phase Delay and Transit-Time Effect

We consider first the injection phase delay and transit-time effect of an idealized
device,'® whose structure is shown in Fig. 5 where we move the x-origin to the right
of the avalanche region (plane of charge injection). The terminal voltage and the ava-
lanche generation rate are also shown in relation to each other. The terminal voltage,
of angular frequency @, has a mean value at the verge of avalanche breakdown V. In
the positive cycle, avalanche multiplication begins. The generation rate of carriers,
however, as shown, is not in unison with the voltage or field. This is because the gen-
eration rate is not only a function of the field but also of the number of existing car-
riers. After the field passes the peak value, the generation rate continues to grow until
the field is below the critical value. This phase lag is approximately 7and is called the
injection phase delay.

Assume that an avalanche charge pulse is injected at x = 0, in Fig. 5, with a given
phase angle delay ¢ with respect to the terminal voltage. Also assume that the applied
dc voltage across the diode causes the carriers to travel at the saturation velocity v in
the drift region, 0 < x < W),. The ac conduction current density J, is also a function
of location x, and its magnitude is related to the total ac current density by:



9.3 DYNAMIC CHARACTERISTICS 475

Drift region
-V +V

14
- \ VB
Ec
Ey

L. t
Injection N
. 2 g
e e Drift region ‘E 8
EQ v S

ava US g é FH

0 Wy x 53
Injection o5
plane ~

@) ®) !

Fig. 5 (a) Idealized IMPATT diode with carrier injection at x = 0 and a drift region with sat-
uration velocity. (b) Terminal voltage and avalanche generation rate in time domain. The ava-
lanche lags the voltage by ¢= z.

Jo(x) = .}exp|:—j(¢+ %ﬂ (15)

s

The total ac current anywhere in the drift region is given by the sum of the conduction
current and the displacement current:

J(x) = Jo(x) + Ja(x)

= .}exp[—j(¢+ @)} +ngsé(x) (16)
vS
where & (x) is the ac field. From Eqgs. 15 and 16 we obtain
- J(x) [ ( a)x)]
E(x) = —m=<1- o+ —=]|:. 17
(x) ngs{ exp| /| ¢ o an
Integrating Eq. 17 gives the ac impedance
w
2= i = L] _enEoll-ewio]| (18)
J 0 JjoCp je
where Cj, is the depletion capacitance per unit area &/W,, and @ is the transit angle
W,
g=2"0 (19)
v

5

By taking the real and the imaginary parts of Eq. 18, we obtain
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R, = cos¢—wc(§)s(0¢+ 19), (20)
D
X = - 1 + sin( ¢+ H)—sin¢. @1
oCp wCp8

We consider next the influence of the injection phase ¢ on the ac resistance R,
based on Eq. 20. When ¢ equals zero (no phase delay), the resistance is proportional
to (1 — cos8)/6, which is always greater or equal to zero, as shown in Fig. 6a; that is,
there is no negative resistance. Therefore, the transit-time effect alone cannot give
rise to negative resistance. However, for any nonzero ¢, the resistance is negative for
certain transit angles. For example, at ¢ = a72, the largest negative resistance occurs
near 8= 372, as shown in Fig. 6b. For ¢ = 7, the same occurs near §= 7, as shown
in Fig. 6¢. This corresponds to the IMPATT operation, in which the buildup of the
injection current due to impact avalanche introduces a phase delay of about 7, and the
transit time in the drift region gives an additional 7 delay.

The foregoing considerations have confirmed the importance of the injection
delay. The problem of finding active transit-time devices has been reduced to finding
a means to delay the injection of conduction current into the drift region. From Fig. 6

we observe that the sum of the injection phase and the optimum transit angle, ¢ + 6,,,,

@

(b)

©

Fig. 6 AC resistance vs. transit angle for three different injection phase delays. (a) ¢ = 0. (b)
¢ =m2.(c) g=~.
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is approximately equal to 27. As ¢ increases from zero, the magnitude of the negative
resistance becomes larger.

9.3.2 Small-Signal Analysis

The small-signal analysis was first considered by Read ? and developed further by
Gilden and Hines.” For simplicity we assume that a, = @, = , and that the saturation
velocities of holes and electrons are equal. Figure 7a shows the model of a Read
diode. According to the discussion in Section 9.2, we have divided the diode into
three regions: (1) the avalanche region, which is assumed to be thin so that space-
charge and signal delay can be neglected; (2) the drift region, where no carriers are

Avalanche Inactive
Region Drift region

J . |
To(x) —

®
(b)
Ree R,
(@) N AN—  ©
o
WD
‘r Inductig ,
Rl o Fp-x? )/ o = [0
X s¢ 24 &V /) &
/
0 = @, > @
_Rac
X R
------ b'¢
Y

Fig. 7 (a) Model of Read diode with avalanche, drift, and inactive regions, and (b) its equiv-
alent circuit. For small transit angle 8,, (c) equivalent circuit and (d) plots of real and imagi-
nary parts of impedance vs. angular frequency @ (After Ref. 7.)
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generated, and all carriers entering from the avalanche region travel at their saturation
velocities; and (3) an inactive region that adds undesirable parasitic resistance.

The two active regions interact with each other, because the ac electric field is
continuous across the boundary between them. We shall use a “0” subscript to indi-
cate dc quantities, and “~” to indicate small-signal ac quantities. For quantities
including both dc and ac components, no “0” subscript or “~” will be added. We first
define J, as the avalanche current density, which is the ac conduction (particle)
current in the avalanche region, and J as the total ac current density. With our
assumption of a thin avalanche region, J, is presumed to enter the drift region
without delay. With the assumption of a saturation velocity vy, the ac conduction
current J.(x) in the drift region propagates as an unattenuated wave (with only phase
change) at this drift velocity,

jc(x) = .~IA exp(:%)x)

=y J exp (:%C) , (22)

8§

where y=J 417 is the complex fraction relating the avalanche current to the total cur-
rent. At any x-location, the total alternating current J equals the sum of the conduc-
tion current J, and the displacement current J;. This sum is constant, independent of
position x. Equation 17 is rewritten as (putting ¢ = 0):

Z(x) = jazes[l _y exp(-fvﬂsx)]. (23)

Integrating %(x) gives the voltage across the drift region in terms of J . The coeffi-
cient y is derived in the analysis that follows.

Avalanche Region. Consider first the avalanche region. Under the dc condition, the
direct current J, (= J,, +J,,) is related to the thermally generated reverse saturation
current J; (= J,,, + J,,.) by

Jy= ——t 24)

I—J‘ {a@)dx
0

At breakdown, J; approaches infinity and the integral is equal to unity. In the dc case
the integral cannot be greater than unity. This is not necessarily so for a rapidly
varying field. The differential equation for the current as a function of time will now
be derived. Under the conditions that (1) electrons and holes have equal ionization
rates and equal saturation velocities, and (2) the drift current components are much
larger than the diffusion component, the basic device equations in the one-dimen-
sional case can be written as follows:

J=J,+J, = quln+p), current-density equation, (25)
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on _ 10J, +av(n+p), continuity equations, (26a)
ot qox g

op _ _ 19,

5 = " qgox TAntp) (26b)

The second terms on the right-hand side of Eqs. 26a and 26b correspond to the gen-
eration rate of the electron-hole pairs by avalanche multiplication. This generation
rate is so large compared to the rate of thermal generation that the latter can be
neglected. Adding Egs. 26a and 26b and integrating from x = 0 to x; gives
XA XA
~(J, —Jn)[0 + ZJJ oudx 27)
0

dJ

where 7, =x,/v, is the transit time across the multiplication region. The boundary
conditions are that the electron current at x = 0 consists entirely of the reverse satura-
tion current J,.. Thus at x = 0, the boundary condition is

Jy=dy = =2, +J = =2J, +J. (28a)

Atx = x the hole current consists of the reverse saturation current J,; generated in the
space-charge region, so we have

J=Jd, = 2J,-J =2, ~J. (28b)
With these boundary conditions, Eq. 27 becomes
& 2J,
‘-11=2—JU adx—1]+——s. (29)
dt ZANA 7,

In the dc case, J is the direct current J;, so that Eq. 29 reduces to Eq. 24.

We now simplify Eq. 29 by substituting & in place of a, where « is an average
value of « obtained by evaluating the integral over the extent of the avalanche region.
We obtain (by neglecting the term J,)

g—{ - i—j(&xA~l). (30)
Furthermore the small-signal assumptions are now made:
a=a+ ;zexp(jwt)z&o+ a'%Aexp(ja)t), 3D
ax, = 1+an"<%AexpOwt), (32)
J = Jy+Jyexp(jor), (33)
& = &+ Eaexp(jor), (34)

where @’ = 3o/0% and the substitution & = o %A has been employed. Substituting
the expressions above into Eq. 30, neglecting products of higher-order terms, leads to
the expression for the ac component of the avalanche conduction current,
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5 2ndoEa

4 - (35)
JOT,
The displacement current in the avalanche region is simply given by
-}Ad = ja)as'%A. (36)

The above are the two components of the total circuit current in the avalanche
region. For a given field, the avalanche current J, is reactive and varies inversely
with @ as in an inductor. The other component, J,,, is also reactive and varies directly
with @ as in a capacitor. Thus the avalanche region behaves as an LC parallel circuit.
The equivalent circuit is shown in Fig. 7b, where the inductance and capacitance are
given as (where A is the diode area)

T
Ly = —24—, 37
47 2J,d4 37
A
c, =22 (38)
X4
The resonant frequency of this combination is given by
2av,J,
w, = 2nf, = [22Y%0 (39)
£

s

A thin avalanche region, therefore, behaves as an antiresonant circuit with a resonant
frequency proportional to the square root of the direct current density .J,. The imped-
ance of the avalanche region has the simple form

X4 1 1 1
Z, = = . 40
4 jwasA[l—(wf/w?)} ijA[l—(wE/aﬂ)] (40)
The factor y can be expressed as
:]A 1
== =5 — 41
4 J 1-(¥a?) “1)

Drift Region. Combining Eqs. 41 and 23 and integrating over the drift length
(Wp—x,) gives an expression for the ac voltage across this region as,

- (Wp-x)J 1- exp(~j6
- ( D W2 P 1 [ exy( 7 d)] ’ 2)
jwe, 1~ (0¥ 0?) Jjo,
where @, is the transit angle of the drift space
W —
6, “’(3—’%) - oz, 43)

s

and



9.3 DYNAMIC CHARACTERISTICS 481

_ (Wp-xy)
==,

T, (44)

We may also define Cj, = Ag/(Wp, —x,) as the capacitance of the drift region. From
Eq. 42 we obtain the impedance for the drift region,

Va 1 1 1-cos; j 1 sin§;
Z,=— = -1
9T 4T a)CD[l —(aﬂ/w})( 6, )} * a)CD[l - (a)z/a),z)( 6, ) ]
= R, +jX (45)

where R, and X are the resistance and reactance, respectively. At low frequencies and
with ¢ =0, it can be seen that Eq. 45 reduces to Egs. 20 and 21. The real part (resis-
tance) will be negative for all frequencies above w,, except for nulls at 8,=
2z xinteger. The resistance is positive for frequencies below ,, and approaches a
finite value at zero frequency:

. _ (Wp-x,)

= 46
ac 2C, 24ep, (46)

The low-frequency small-signal resistance is a consequence of the space charge in the
finite thickness of the drift region, and the expression above is identical to Eq. 14
derived previously.

Total Impedance. The total impedance is the sum of the impedances of the ava-
lanche region, drift region, and passive resistance R, of the inactive region:

_ (Wp=x,)° 1 1-cosd;
Z= 24¢&.0, [1 —(wz/a),z)}( 63/2 )
_J_J(sin€, N (sing,/G,) + [x,/(Wp—x,)]
+ wCD{(_ﬁd 1) - (wrz/wz) +R;. (47)

The real part is the dynamic resistance and it changes sign from positive to negative
as w becomes larger than w,.

Equation 47 has been cast in a form that can be simplified directly for the case of
small transit angle 8,. For 6, < #/4, Eq. 47 reduces to

— (WD—XA)2 ] 1
" 2dvee[l (D] wCD[(wf/aﬂ) _ 1] + R (48)

where Cj, = g A/W}, corresponding to the total depletion capacitance. The equivalent
circuit and frequency dependence of the real and imaginary parts of the impedance
are shown in Fig. 7c and d, respectively. In Eq. 48, note again that the first term is the
active resistance, which becomes negative for @ > @,. The second term is reactive
and corresponds to a parallel resonant circuit that includes the diode capacitance and
a shunt inductor. The reactance is inductive for @ < @, and capacitive for @ > @,. In
other words, the resistance becomes negative at the frequency where the reactive
component changes sign.
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9.4 POWER AND EFFICIENCY

9.4.1 Large-Signal Operation

Under large-signal operation, a high-field avalanche region exists at the p*-n junction
of a Read diode (Fig. 1a), where electron-hole pairs are generated; and a constant-
field drift region exists in the low-doped v-region. The generated holes quickly enter
the p*-region and the generated electrons are injected into the drift region, where they
do work that produces external power. As discussed before, the ac variation of the
injected charge lags the ac voltage by about 7, as injection delay ¢ shown in Fig. 8.
The injected carriers then enter the drift region, where they traverse at saturation
velocity, introducing the transit-time delay. The induced external current is also
shown. Comparing the ac voltage and the external current clearly shows that the
diode exhibits a negative resistance at its terminals.

For large-signal operation, the terminal current is mostly a result of the charge
generated by avalanche multiplication and its movement. When the electron packet
(of charge density Q,,,) traverses toward the n*-region (anode) with a saturation
velocity, an external current is induced. The terminal conduction current can be
obtained by calculating the induced charge partitioned at the anode or cathode. Con-
sider for example, the charge density at the anode (), which is a function of the loca-
tion of O, and it is given by

_ Qavax _ Qavavst
Q4(1) = TD = _WD . (49

The peak conduction current is thus given by

%

J
RuAw

Fig. 8 Large-signal operation of IMPATT diode, showing terminal voltage, avalanche gener-
ation rate, and terminal current. ¢ = injection delay. &= transit-time delay.

(

Generation rate

Terminal J
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= 50
e (50)
For maximum power efficiency, this current should drop near the end of the voltage
cycle before the voltage rises above the mean value. Since the duration of the current
pulse corresponds to the transit time of the charge packet and is equal to half cycle,
the frequency of operation is optimized at

Us

17 51

f:

For practical oscillators the biasing circuits are shown in Fig. 9, and the current-
source bias scheme is more common than the voltage-source. The external resonator
circuit has a resonant frequency matching that of Eq. 51. Note that the terminal ac
voltage across the IMPATT diode in the preceding discussions can be generated from
a dc biasing circuit, the basic function of an oscillator. With a dc bias, any noise gen-
erated internally would be amplified because of positive feedback, until a stabilized
ac waveform is established with the above current magnitude and frequency.

Figure 8 shows that positive ac current coincides with the negative ac voltage, a
phase shift of ~ 7. This is the origin of dynamic negative resistance, or negative
power absorbed by the device. Note that for the terminal current waveform, the start
of the current pulse is determined by the injection delay, while the end is determined
by the transit delay.

The capability of power generation from a transit-time device should not be con-
fused with the phase difference also introduced in the ac characteristics of a capacitor
or inductor. The phase difference in these passive devices between its terminal
voltage and current is #72. So for half of the cycle, power absorbed by the device is
negative but is positive for the other half cycle. These cancel each other exactly and
the net power is zero.

9.4.2 Power-Frequency Limitation—Electronic

Because of the inherent limitations of semiconductor materials and the attainable
impedance levels in microwave circuitry, the maximum output power at a given fre-

——
—\QL—{ Resonator |
Resonator ’ IL
IMPATT
A IMPATT Load —
Load

(@) ()

Fig. 9 Biasing circuits for IMPATT-diode oscillators, with (a) current source and (b) voltage
source.
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quency of a single diode is limited. The limitations on semiconductor materials are
(1) the critical electric field ,, at which the avalanche breakdown occurs, and (2) the
saturation velocity v,, which is the maximum attainable velocity in the semicon-
ductor.

The maximum voltage that can be applied across a semiconductor sample is
limited by the breakdown voltage, which, for a maximum, uniform avalanche region,
is given by V,, = &, Wp. The maximum current that can be carried by the semicon-
ductor sample is also limited by the avalanche-breakdown process, because the ava-
lanched charge in the drift region causes a disturbance in the electric field. With the
maximum avalanched charge Q,,,, given by &, ¢, (Gauss’ law), the maximum current
density is given by

&, EV

J, = —mos7s (52)
m WD
Therefore, the upper limit on the power density is given by the product of V', and J,;:
P,=V,J, = Eev,. (53)
Combining with Eq. 51, Eq. 53 can be rewritten as

&2p2
2 S 4
Puf 47X 9

c

where X, is the reactance (277/Cp)~". In practical high-speed oscillator circuits, X, is
found to be fixed due to interaction with some minimum external circuit impedance
and the avalanche region that has been neglected.

Equation 54 thus predicts that the maximum power that an IMPATT diode can be
designed for decreases as 1/£2. This electronic limit is expected to be dominant above
the millimeter-wave frequencies (> 30 GHz) for Si and GaAs. For a practical oper-
ating junction temperature of 150° to 200°C, &, in Si is about 10% smaller than that
in GaAs. On the other hand, v, in Si is almost twice as large as in GaAs. Therefore, in
the electronic-limited range (i.e., above millimeter-wave frequencies), the Si
IMPATT diode is expected to have a power output about three times as large com-
pared to that of GaAs, operated at the same frequency.!” In the submillimeter-wave
region, the uniform-field Misawa diodes are expected to be preferred because the
device has a broad negative-resistance band and the transit-time effects do not play
the dominating role in producing negative resistance as they do in Read diodes.!8
Under pulsed conditions where thermal effects can be ignored (i.e., short pulses), the
peak power capability is determined by electronic limits (i.e., P oc 1/f?) at all frequen-
cies.

9.4.3 Limitation on Efficiency

For efficient operation of an IMPATT diode, as carriers move through the drift region,
as large a charge pulse Q,,, as possible must be generated in the avalanche region
without reducing the electric field in the drift region below that required for velocity
saturation. The motion of Q,,,, through the drift region results in an ac voltage ampli-
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tude mVp, where m is the modulation factor (m < 1) and V), is the average voltage
developed across the drift region. At the optimum frequency (= v/2W}), the motion
of O, also results in an alternating particle current that has a phase delay of ¢ with
the ac voltage across the diode. If the average of the particle current is J;, the particle
current swing is at most from zero to 2.J;. For a square waveform of particle current
and a sinusoidal variation of drift voltage, both with magnitude and phase as
described above, the microwave power generating efficiency 7 is 1920

ac power output _ (2Jo/7f)(mVD)lc 4
dc power input — Jo(V, + V)

_ (Z_m) |cos ¢}

T\ g1+ (V) (55)

where V, and V7, are the dc voltage drops across the avalanche region and the drift
region respectively and their sum is the total applied dc voltage. The angle ¢ is the
injection phase delay of the particle current. Under ideal conditions, ¢ is 7 and
|cosg| = 1. For double-drift diodes, the voltage V}, is replaced by 2V},. The ac power
contribution from the avalanche region is neglected because the avalanche-region
voltage is inductively reactive relative to the particle current. The displacement
current is capacitively reactive relative to the diode voltage and, therefore, contributes
no average ac power.

Equation 55 clearly shows that to improve the efficiency one must increase the ac
voltage modulation factor m, optimize the phase delay angle toward 7, and reduce the
V,/Vp ratio. However, V, must be sufficiently large to initiate the avalanche process
rapidly; below a certain optimum value of V,/V, the efficiency falls off toward
zero.!?

If the drifting carriers are velocity saturated at very low field, m could approach
unity and no deleterious consequence would result. In n-type GaAs, the velocity is
effectively saturated near & ~ 10° V/cm, which is much smaller than the field value
for n-type Si, ~ 2x10* V/cm. Hence, much larger ac voltage swings can be expected
in n-GaAs; these larger voltage swings, in turn, result in higher efficiency in
n-GaAs.?!

To estimate the optimum value of V,/V},, we first get

< %D> vs
2f
where (&),) is the average field in the drift region. For 100% current modulation,
Jy = J 4 = I, and a maximum charge Q,, = me (%) determines the current density:
Jo = O, = me(Ep)f. 57
For an ionization coefficient having a field dependence of & o &¢ where ¢ is a con-
stant, the value of &’ can be obtained as
_da _ ¢a cWp-x)a
-~ d¥ & vy '

n

Vp = (& (Wp-x,) =

(56)

(58)
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Assume that the transit-time frequency (Eq. 51) is about 20% larger than the resonant
frequency (Eq. 39), combining Egs. 56 through 58 yields 2°
174 2
—V—Z ~ 4m(%2) Cax,. (59)
opt
For the relatively low frequency of ~ 10 GHz, the optimum value of V,/V}, for GaAs
is 0.65 with m = 1, while for Si the optimum value is about 1.1 with m = 1/2.

A plot of the efficiency versus V,/V}, is shown in Fig. 10. The maximum effi-
ciency is obtained using the optimum values discussed above. The expected
maximum efficiency is about 15% for single-drift (SD) Si diodes, 21% for double-
drift (DD) Si diodes, and 38% for single-drift GaAs diodes. The foregoing estimates
are consistent with experimental results. At higher frequencies, the optimum ratio
V,/Vp tends to increase; this increase results in a reduction of the maximum effi-
ciency. The experimental results for n-GaAs single-drift diodes are also in agreement
with the foregoing discussion.2?

In practical IMPATT diodes, many other factors reduce the efficiency. These
factors include the space-charge effect, reverse saturation current, series resistance,
skin effect, saturation of ionization rate, tunneling, intrinsic avalanche response time,
minority-carrier storage, and thermal effect.

The space-charge effect is shown in Fig. 11.23 The generated electrons will
depress the field (Fig. 11a). The reduction in field may turn off the avalanche process
prematurely and reduce the 180° phase delay provided by the avalanche. As the elec-
trons drift to the right (Fig. 11b), the space charge may also cause the field to the left
of the carrier pulse to drop below that required for velocity saturation. This drop, in
turn, will change the terminal current waveforms and reduce the power generated at
the transit-time frequency.

40

GaAs (SD) — Theory

30k , m=1 ¢  Experiment

7(%)

ViV

Fig. 10 Efficiency vs. ratio ¥,/V}, for Si and GaAs diodes. SD, DD = single, double drift.
Dashed lines are estimated linear extrapolation from peak to zero. (After Ref. 20.)
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Fig. 11 Instantaneous field and charge distributions in a Read diode. (a) Avalanching just
completed, charge beginning to move across diode. (b) Charge transit nearly completed. Note
the strong effect of the space charge in depressing the electric field. (After Ref. 23.)

A high reversed saturation current causes the avalanche to build up too soon,
reducing the avalanche phase delay and thus the efficiency.?* The minority injection
from a poor ohmic contact will also increase the reverse saturation current and thus
reduce the efficiency.

Near the end of the drift region, the field is smaller. The carriers travel in the
mobility regime at a reduced speed from the saturation velocity.?’ The unswept layer
gives rise to a series resistance that reduces the terminal negative resistance. Note,
however, that the effect on #n-GaAs is much smaller, because GaAs has much higher
low-field mobility.

As the operating frequency of an IMPATT diode is increased into the millimeter-
wave region, the current will be confined to flow within a skin depth ¢ of the surface
of the substrate. The skin effect is shown in Fig. 12.26 Thus, the effective resistance of
the substrate is increased, giving rise to a voltage drop across the radius of the diode
(Fig. 12b). This voltage drop will cause nonuniform current distribution in the diode
and a high effective series resistance, both of which reduce efficiency. However,
advanced fabrication technologies have effectively eliminated this issue of skin
effect, and it only plays a minor role in some upside-down mounted devices.

For very-high-frequency operation, the depletion width has to be quite narrow
(Eq. 51) and the field required for impact ionization becomes higher in order to
satisfy the integral criterion of Eq. 2. There are two major effects at such high fields.
The first effect is that the ionization rate will vary slowly at high field, broadening the
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Fig. 12 Skin effect in IMPATT diode. (a) Current flow confined to a surface lamina of thick-
ness &, causing nonuniformity and resistive loss. (b) Calculated voltage drop in the substrate
at 100 GHz for several diode diameters D. (After Ref. 26.)

injected current pulse?’ and changing the terminal current waveforms so that the effi-
ciency is reduced. The second effect is the tunneling current, which may be dominant.
Since it is in phase with the field, the 180° avalanche phase delay is absent.

Another factor that limits performance at submillimeter waves is the finite delay
by which the ionization rate lags the electric field. For Si this intrinsic avalanche
response time 7, is less than 1013 s. Since this time is very small compared to the
transit time in the submillimeter-wave region, Si IMPATT diodes are expected to be
efficient up to 300 GHz or higher frequencies. For GaAs, however, 7, is found to be
an order of magnitude longer than that of Si.?® Such a long 7, may limit the GaAs
IMPATT operation to frequencies below 100 GHz.

Minority-carrier storage effects in p*-n (or n*-p) diodes arising from back diffu-
sion of the generated electrons (or holes) from the active layer into the neutral p*- (or
n*-) region can occur and will degrade the efficiency. This minority carrier will be
stored in the neutral region while the remaining carriers are in transit and will diffuse
back into the active region at a later time in the cycle, causing a premature avalanche
which destroys the current-voltage phase relationship.

9.4.4 Power-Frequency Limitation—Thermal

At lower frequencies, the cw performance of an IMPATT diode is limited primarily
by thermal considerations, that is, by the power that can be dissipated in a semicon-
ductor chip. A typical device mounting arrangement is that the IMPATT diode is
bonded upside down onto the substrate of good thermal conductivity, such that the
heat source is closest to the heat sink. If the contacts to the top diode surface have
multiple layers of metals, the total thermal resistance is given by the series combina-
tion of 29
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— ds 1 Zy (Zh 2
Ry = ZA—KS+Z”Kth|:1+R—h— /1+ R,) , (60)

where d; and «; are each layer thickness and its thermal conductivity of metal layers
on the diode surface, while z,, x;, and R, are each layer thickness, its thermal conduc-
tivity, and the contact radius (close to the device) of the heat sink. For a single-layered
semi-infinite heat sink, z,/R;, approaches infinity and the second term reduces to the
familiar expression of 1/7zx,R,. Copper and diamond are two common heat-sink
materials. Since diamond has a thermal conductivity three times that of copper, there
is a trade-off between performance and cost.

The power P which can be dissipated in the diode must equal the heat power that
can be transmitted to the heat sink. Therefore, P equals AT/R;, where AT is the tem-
perature difference between the junction and the heat sink. If the reactance
X, =2#fCp is maintained constant (foc 1/Cp) and the major contribution to the
thermal resistance is from the semiconductor (assuming that d, ~ Wy, Ry = Wy/Ak,),
we obtain for a given temperature increase AT,

= A_T) ~L(ﬁ) _ SAT
P-f= (RT f~WD/AKs iz) = 6} = constant. (61)

Under such conditions, the cw power output will decrease as 1/f. Therefore, under cw
conditions, at lower frequencies we have thermal limitation (P oc 1/f) and at higher
frequencies we have electronic limitation (P o¢ 1/f2). The corner frequency at which
the power drops rapidly for a given semiconductor depends on the maximum allowed
temperature rise, the minimum attainable circuit impedance, and the product of &,,
and v,.

Burnout from Filament Formation. Burnout may occur not only if the diode is
overheated, but also, more insidiously, if the carrier current fails to be uniformly dis-
tributed over the diode area and is instead concentrated into filaments of locally high
intensity. Such untoward behavior can often result when the diode has a dc negative
conductance because, then, the local region of greatest current density also has the
lowest breakdown voltage. For this reason, p-i-n diodes are prone to easy burnout.
The moving carrier space charge in the drift region tends to prevent low-frequency
negative resistance and therefore helps to prevent filamentary burnout. Diodes that
have positive dc resistance at low currents may develop negative dc resistance and
burnout at high currents.

9.5 NOISE BEHAVIOR

The noise in an IMPATT diode arises mainly from the statistical nature of the gener-
ation rates of electron-hole pairs in the avalanche region. Since the noise sets a lower
limit to the microwave signals to be amplified, it is important to consider the noise
theory of the IMPATT diode.
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For amplification, the IMPATT diode can be inserted into a resonator that is
coupled to a transmission line.3? The line is coupled to separate input and output by
means of a circulator, as shown in Fig. 13a. Figure 13b shows the equivalent circuit
upon which the small-signal analysis is based. We shall now introduce two useful
expressions for the noise performance: the noise figure and the noise measure. The
noise figure NF is defined as

NF = ] 4 output noise power from amplifier
(power gain) x (kTB))
(IDR,

= 42l

(62)
where G is the amplifier power gain, R; is the load resistance, T, = room temperature
(290 K), B, is the noise bandwidth, and (/2) is the mean-square noise current caused
by the diode and induced in the loop of Fig. 13b. The noise measure M is defined as

& (VD

M = ,
4kTyGB,  4kTy(-Z.,)B,

(63)

Circulator

Input ( (I ) Output

(b)

Fig. 13 (a) IMPATT diode inserted into a resonator. (b) Equivalent circuit. (After Ref. 30.)
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where G is the negative conductance, — Z,, the real part of the diode impedance, and
(¥V?) the mean-square noise voltage. Note that both the noise figure and the noise
measure depend on the mean-square noise current (or the mean-square noise voltage).
It will be shown that for frequencies above the resonant frequency f,, the noise in the
diode decreases, but so does the negative resistance. In this situation the appropriate
quantity for assessing the performance of the diode as an amplifier is the noise mea-
sure, whose minimum value (minimum noise measure) is of special interest.
The noise figure for a high-gain amplifier is given by3°

qV kT,
4¢3 @* - w?)

where 7, and V), are, respectively, the time and voltage drop across the avalanche
region; and w, is the resonant frequency given in Eq. 39. The expression above is
obtained under the simplified assumptions that the avalanche region is narrow and
that the ionization coefficients of holes and electrons are equal. For {'= 6 (for Si) and
V, =13V, the noise figure at f= 10 GHz (w = »,) is predicted to be 11,000 or 40.5 dB.
With realistic ionization coefficients (a, # @, for Si) and an arbitrary doping pro-
file, the low-frequency expression for the mean-square noise voltage is given by?!

2gB,r1+ (Wp/x )% 1
JOA[ ' } * T

a
where ' = 0a/0€. Figure 14 shows (¥2)/B, as a function of frequency for a silicon
IMPATT diode with 4 =10~ cm?, W, =5 um, and x, = 1 pm. At low frequencies,
note that the noise voltage ( ¥'2) is inversely proportional to the direct current, Eq. 65.
Near the resonant frequency (which varies as A/.70 ), {¥2) reaches a maximum and
then decreases roughly as the fourth power of frequency. Noise can therefore be
reduced somewhat by operating well above the resonant frequency and keeping the

NF = 1+ (64)

(Vo) = (65)

10-10
10712 100 Afcm?
)
> 101
= 1000 A/cm?
N
LF 10-16}
10718 . .
Fig. 14 Mean-square noise
B voltage over bandwidth vs. fre-
102 i 1*0 00 quency for a Si IMPATT diode.

Frequency (GHz) (After Ref. 31.)
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Table 1 Noise Measure of IMPATT Diodes

Semiconductor Ge Si GaAs
Small-signal noise measure (dB) 30 40 25
Large-signal oscillator noise measure (dB) 40 55 35

current low. These conditions conflict with conditions favoring high power and effi-
ciency, so that trade-offs are necessary to optimize for particular applications.

Figure 15 shows typical theoretical and experimental results of the noise measure
in a GaAs IMPATT diode. At the transit-time frequency (6 GHz), the noise measure
is about 32 dB. The minimum noise measure of 22 dB, however, is obtained at about
twice the transit-time frequency. One important feature of the GaAs noise measure is
that it is substantially lower than that for Si IMPATT diodes. Table 1 compares the
noise measures of Ge, Si, and GaAs IMPATT diodes. The amplifier and oscillator
noises in the table are for a lossless circuit at a frequency that corresponds to
maximum oscillator efficiency without harmonic tuning. More-recent result gives a
lower noise measure of 22 dB at 60 GHz.3?

The main reason for the low-noise behavior in GaAs is that for a given field the
electron and hole ionization rates are essentially the same, whereas in Si they are
quite different. From the avalanche multiplication integral, it can be shown that to
obtain a large multiplication factor M the average distance of ionization 1/{a) is about
equal to x , (the avalanche width) if , = a,, but is about x ,/1n(M) if &, > a,. So, for
a given x,,, considerably more ionization events must occur in Si, resulting in higher
noise.

45
2
J=90 Alcm? 180 A/cm
40 360 A/cm?
)
z
o 351
2
3
g
u 30F
k)
Z
Theory
3r o Experiment
205 R 6 § 10 12

Frequency (GHz)

Fig. 15 Noise measure for GaAs IMPATT diodes. Transit-time frequency = 6 GHz. (After
Ref. 32.)
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Figure 16 shows the relation between power output and noise measure for some
Si and GaAs 6-GHz IMPATT diodes.?* The power level is expressed with respect to
a reference power of 1 mW, that is, the power is given by 10 log(P=10°) dBm, where
P is in watts. The diodes were evaluated in a single-tuned coaxial resonator circuit in
which the load resistance presented to the resonator was incrementally varied by
using interchangeable impedance transformers. At a maximum power output, the
noise measure is relatively poor. A lower noise measure can be realized at the expense
of a slightly reduced power output. Note again that at a given power level (say 1 W or
30 dBm), the GaAs IMPATT diode is about 10 dB quieter than a Si IMPATT diode.

9.6 DEVICE DESIGN AND PERFORMANCE

From the small-signal theory, we can obtain approximate relations for various device
parameters as a function of operating frequency. Ignoring the small avalanche region
x4, the resistance expression in Eq. 47 can be rewritten as

4 ~cos
zZA:vs[(a)z/clof)—J(l 9;;)25 J (66)

where 6, is the transit angle equal to @Wp/v.. For fixed @/, , for — R to be invariant
it is required from Eq. 66 that both W3/A (prefactor) and 8, be constant. Since the
depletion width W), is inversely proportional to the operating frequency (Eq. 51), the
device area 4, which is proportional to W3, is thus proportional to & 2. Also, from
the avalanche breakdown equation, Eq. 2, it can be shown that the ionization rate (&)
and its field derivative (') are inversely proportional to the depletion-layer width

35 3.0
321

7 291

/m

=

Qﬂé 26 —
231 —40.2
20, L L ‘ 0.1

b6 30 34 38 42 46 50
Noise measure (dB)

Fig. 16 Power output vs. noise measure for a phase-locked oscillator. Locking power was
held constant at 4 dBm. Contours of constant load impedance Z and constant diode current /
are shown. (After Ref. 34.)
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Wp. Combining the relation ' oc /W, with Eq. 39 yields the following result for the
dc current density:

2

@? @
Jooc;ocl/WDocw. (67)

These frequency scaling relations are summarized in Table 2 and are useful as a guide
for extrapolating performance and design to new frequencies.

The power-output limitations have been considered in Section 9.4. The efficiency
is expected to be only weakly dependent on frequency at low frequencies. However,
at millimeter-wave regions the operating current density is high (oc f) and the area is
small (oc /~2), so that the device operating temperature will be high. This high temper-
ature, in turn, will cause the reverse-saturation current to increase and the efficiency
to decrease. In addition, the skin effect, tunneling, and other effects associated with
high frequency and high field will also degrade the efficiency performance. Hence, as
the frequency increases, the efficiency is expected to decrease eventually.

Figure 17 shows the dependence of the threshold current density, that is, the
minimum current density to produce oscillation, on the frequency. Note that the
threshold current density increases approximately as the square of the frequency, in
agreement with the general behavior of the resonant frequency. To demonstrate the
importance of the transit-time effect, Fig. 18 shows the optimum depletion-layer
width versus the frequency for Si and GaAs IMPATT diodes. The depletion-layer
width, as expected, varies inversely with the frequency. Interestingly, at frequencies
above 100 GHz, the depletion-layer width is less than 0.5 pm. This very narrow
width gives some indication of the difficulty inherent in fabricating a modified Read
diode or a double-drift diode at these high frequencies.

The highest power+f? product is obtained from double-drift diodes. Figure 19
compares the performance of double-drift and single-drift diodes at 50 GHz. The
double-drift 50-GHz Si IMPATT diode made by ion implantation shows an output cw
power over 1 W with a maximum efficiency of 14%. This result can be compared
with a similar single-drift diode that delivers about 0.5 W with an efficiency of 10%.
The superiority of the double-drift diodes results from the fact that both holes and
electrons produced by the avalanche are allowed to do work against the radio-fre-

Table 2 Frequency Scaling (Approximate) for IMPATT Diodes

Parameters Frequency dependence

Junction area 4 7

Bias-current density J;, f

Depletion-layer width W), S

Breakdown voltage V' !

Power output P, Thermal limitation S
Electronic limitation 3

Efficiency 7 Constant




9.6 DEVICE DESIGN AND PERFORMANCE

Threshold wavelength (cm)

1

0.1

106

LRELRALL

10°

T T

104

T T T T

Threshold current density (A/cm?)

._.

[

T
TS

l

Lt

! L 1

—_
o

30

100

Threshold frequency (GHz)

495

Fig. 17 Dependence of threshold
frequency on direct current density.
(After Ref. 35.)

quency (RF) field by traversing the drift regions. In the single-drift diodes only one
type of carrier is so utilized. As a result, a larger terminal voltage can be applied.

A summary of the state-of-the-art IMPATT performance is given in Fig. 20. Also
shown are results for BARITT diodes to be discussed in Section 9.7. At lower fre-
quencies, the power output is thermal-limited and varies as f~!; at higher frequencies
(> 50 GHz) the power is electronic-limited and varies as /2. GaAs IMPATT diodes
typically show better power performance at low frequencies below ~ 60 GHz.
Figure 20 clearly shows that the IMPATT diode is one of the most powerful solid-
state sources for the generation of microwaves. The IMPATT diodes can generate
higher cw power output in the millimeter-wave frequencies than any other solid-state

100
- Wy, o< 1/f (single drift)
;\\
GaAs
10
ol \
3 -
= \
e Si
E
0.1 Lo qdanl Lot KA
1 100 1000

f(GHz)

Fig. 18 Depletion width vs. fre-
quency for Si and GaAs IMPATT
diodes. (After Refs. 36 and 37.)
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Fig. 19 Efficiency of single-
drift vs. double-drift Si
IMPATT diodes at 50 GHz.
Range of efficiency for four
diodes of each type. (After
Ref. 38.)

device. For pulsed operations, the power can even be higher than that shown in
Fig. 20.

Recently, materials other than Si and GaAs have been examined. For example,
compared to Si, SiC has a ten times higher breakdown field, a thermal conductivity of
three times, and a saturation velocity of two times.*® These factors contribute to an
expected power output of more than 350 times higher than Si. The disadvantage is a
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Fig. 20 State-of-the-art IMPATT (and BARITT) performances. The number against each
experimental point indicates the efficiency in percentage. (After Ref. 39.)
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higher noise measure. High-bandgap GaN also offers similar advantages, as well as
operation at higher temperature.*! In terms of structure, by incorporating a hetero-
junction at the injecting junction, GaN is expected to yield reduced leakage current,
improved RF efficiency, and lower noise.*?

9.7 BARITT DIODE

Another transit-time device is the BARITT (barrier-injection transit-time) diode.
The mechanisms responsible for the microwave oscillation are the thermionic injec-
tion and diffusion of minority carriers across the forward-biased barrier. Because
there is no avalanche delay time, the BARITT diode is expected to operate at lower
efficiency and lower power than the IMPATT diode. On the other hand, the noise
associated with carrier injection across the barrier is smaller than the avalanche noise
in an IMPATT diode. The low-noise property and the stability of the device make the
BARITT diode suited for low-power applications, such as local oscillators. The
BARITT operation was first reported by Coleman and Sze in 1971 using a metal-
semiconductor-metal reach-through diode.*? Similar structures were proposed in
1968 by Ruegg based on large-signal analysis and by Wright using space-charge-
limited transport mechanisms.*+43

9.7.1 Current Transport

The BARITT diode is basically a back-to-back pair of diodes biased into reach-
through condition (Fig. 21). The two diodes can be p-# junctions or metal-semicon-
ductor contacts, or combination of the two. We consider first the current transport in
a symmetrical metal-semiconductor-metal (MSM) structure*® with uniformly doped
n-type semiconductor (Fig. 21b). With bias, the depletion-layer widths are

Wpi = / 2 (Ve = V1), (68a)
gNp
f25s
‘E)(‘//bi+ Vy), (68b)

where Wy, and Wy, are the depletion widths in the n-layer for the forward- and
reverse-biased barriers, respectively; ¥, and ¥, are the fraction of the applied voltage
developed across the respective junctions, Ny, is the ionized impurity density; and y;,;
is the built-in potential. Under these conditions, the current is the sum of the reverse
saturation current (of a Schottky diode with a barrier height ¢z,), generation-recom-
bination current, and surface leakage current.

As the voltage increases, the reverse-biased depletion region will eventually reach
through to the forward-biased depletion region (Fig. 21c). The corresponding vo