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PREFACE

The study of electronic circuits, which involves both discrete and integrated structures,
is usually divided into two separate but related parts, analog circuits and digital circuits.
A third part, encompassing nonlinear and switching operations, particularly analog-digital
conversion processes, may be incorporated with either or both parts or may be treated
separately, as indeed it should be for a comprehensive treatment. Unfortunately, it is
often neglected entirely.

Analog circuits and digital circuits can be treated pedagogically in either order
following an appropriate treatment of device theory and circuit modelin_, which may te
more or less common to both parts. This philosophy is carried out in this and in a
ccmpanion volume, Analog Electronic Circuits. Each volume begins with three chapters
devoted to the mathematical and electronic circuit modeling of semiconductor device
characteristics, based upon the physical or structurai parameters as derived from basic
device physics. This lays the groundwork for determining important device parameters
for discrete-device or integrated-circuit design. In this book the three introductory chapters.
parallel and partly duplicate similar material in the companion volume, but with a different
emphasis. The material on incremented models is abridged, while the material on switch-
ing characteristics and switching speeds is expanded.

Inasmuch as the basic building block for digital systems is the logic gate, three
chapters are devoted to the details of the structure of basic logic families: (1) those
employing transistors which operate in a saturated mode, with examples being diode-transistor
logic (DTL), transistor-transistor logic (TTL}), and integrated injection logic {I°L), in-
cluding high-speed and Schottky variations, (2) those employing transistors in a nonsa-
turating mode, such as emitter- coupled logic (ECL) and various structures wkich can be
derived from it, and (3) those involving field-effect transistors, both juncuon and insulated-
gate types, including metal-semiconductor junctions. The three chapters dealing with the
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xil Preface
anatomy of logic gates cover the basic design principles of both discrete and integrated
structures., based upon the use of structural device paramsters as related to semicorgiustor
physics (discussed extensively in the first three chapters). The approach is to show the
evolution of the more-or-less standard logic famihies from the simplest forms in order t¢
illustrate successive steps in design leading to improved performance. andg then to show
the reverse process of simplification. leading to structures suitable for large-scale and
very large scale integration.

Chapter 7 1s devoted to analby sts of variation of the busic AND, NAND, NOR. OR
gates. such ays the AOI gate. the exclusive-OR. and the half-adder, as well as the principles
of intertacing of logic families which operate ot different voltage levels.

Chapter 8 deals entirely with the evolution of all forms of bistable circuits. sym-
metrical and nonsvmmetrical . including the principles of standard R-S, J-K. and mas-
ter—slave fip-flops as well a0 Schmitt trigeers and comparators, with appheation to
counters. shift registers, sequence generators, and static and dyvnamic memories.

Chapters 9 and 10 relate digital to analog circuits Chapter 9 is a brief introduction
to important analog circwits such as the operational amplifier. sampiing gates. analog
switches. sampled data transmission. and signal quantization. while Chapter 10 is devoted
to digitalzanalog and analog/digital conversion principles. These two chapters are some-
what analogous to the two concluding chapters of Analog Elcctronic Cireuirs, which ofter
a briet introduction to switching and digital circuits followed by u less extensive chapter
on analog/digital and digital‘analog conversion processes.

The first three chapters (devoted to device principlesi and the last two (which relate
digstai and analog circuits) make each volume self-contained and allow digital and analog
circuiis to be studied in either order without any important gaps in required background
knowledge.

This bock s aduptable to both classroom instruction and self-study and reterence
use at various levels ranging from upper division under-graduate and graduate-level
students 1n electrical and computer engineering to practicing engineers and scientists who
need to improve their furdumental knowledge of the principles of discrete and integrated
digitai cireunts,

The author is grateful to many collcagues throughout his professional carcer with
whom the <haring of information and experiences has contributed to his knowledge =nd
his point of view and thus contributed substantially although indirectly to this book . Thev
are Lar oo imany o acknowledge individusdly. Thanks are also due to editors at Prentice
Hall. particulurly Tim Bosik. Engincermg Editor. for his continued encouragement and
cooporation and to Elena Le Pera. Production Editor. for her efforts and meticulous care
taken in the oany stages of production.

For the preparation of this book. particular thunks are due to Bertha Fancher for
hee skitl in typing the final manuscript as well as a numbcer of preliminary dratts.

This book would not have been possibie without the advice and continuous en-
couriagement of my wite, Erhicl. T am cternally gratetul for the inspiration she has been
te me.

Glenn M. Glasford
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1

STATIC AND DYNAMIC
PROPERTIES OF

SEMICONDUCTOR
JUNCTIONS

iINTRODUCTICN

Most semiconductor devices that are important in solid state clectronic circuits make use
of the electrical properites of juncuons—-cither of twe sciiconductor materials having
different impurnity concentrations or of a meial and a semiconductor. Therefore. as back-
sround for the analysis or synthesis of solid-state circuits, we need to understand quan-
titattvely the properties of pure scmiconductors and how such properties are modified by
the introduction of specific types of impurities. A semiconductor modified by the addition
of a particular type of impunty so that it conducts current primarily by the flow of excess
electrons iy referred to as an n-npe semicordurtor while one which is modified so that
it conducts by the movement of clectron deficioncies. referred to as oles. which appears
Jike the movement of positive charges, 1y referred 10 as a Pwpe semicondutor. :

A properly processed pic st tron that will conduct readily in one direction with
one applied voltage polarity and alrmost not at alf in the other direction with the opposite
voltage polarity is referred to as a rectifving janction. The control of Yhe movement of
charge carriers (electrons or hoies across pr junctions s fundamental (o the operation
of most semiconductor devices.

The purpose of this chapter may be stated briefly as foitaas, T4 o review basic
propertics of semiconductor matertals as based on principles of salid-state physics, (2)
to analyze thoroughly the essential properties of senuconductors. and ¢34 lefine ana-
Iytically the characteristics of the semiconductor junction dicde, whiciis a ecetic device
making use of the rectifying junction.

The properties of the prunction and the junction diode o e tosis oo muach more

31506084 |



2 Chap. 1 Static and Dynamic Properties of Semiconductor Junctions

complex devices involving two or more junctions in discrete and integrated circuits. Thus
the chapter is /4n introduction to much of what follows in succeeding chapters, and the
relationships/developed in it will be referred to extensively.

1.7 SEMICONDUCTOR PROPERTIES

A semiconductor is defined as a material which has an electrical conductivity somewhere
betwben that of materials normally classfied as conductors (usually metals, such as alu-
mingn and copper) and that of insulators (such as glass and various ceramics).

; A metal conducts electric current primarily as a result of the movement of electrons
in tbe conduction band that are freed from the outer shells of its atoms under the influence
of én applied electric field. In a bar or rod the current density along its axis is given by

? : = (nq)v (1.1)

where n is the electron density (electrons/unit volume), ¢ is the charge of an electron
(11602 x 107" coulombs), and v is the velocity of charge carriers, referred to as drift
velocity. The (ng) product is the charge density. The drift velocity is proportional to the
aﬁplied electric field intensity, being given by v, = w8, where p, is defined as the
eh?ctron mobility. Then the current density is

J = np, g€ = 0% (1.2)

where o is defined as the conductivity.

In Eq. (1.2) if € is in units of voits per meter (V/m) g is in coulombs n
is in electrons/m®, and ., is in m?/volt-sec, the current density is in units of
(coulombs/m*)(1/t) or amperes/m?. !

The total current through a cross section of area A in m? is | = JA amperes.

These relationships lead to Ohm’s law:

[ == =— 1.3
R L (.3)
where L is the length of the conducting element and R is defined as its resistance in ohms
given by R = L/cA.
For a sheet of material of length L and area A = WT, where W is the width and
T its thickness, the resistance can be expresssed as :

L1\
R=—{—
w (O'T)
The quantity 1/¢7 is referred to as the sheer resistance, which is the resistance of
any size square sheet of the material and is designated by R, usually expressed in units
of Ohms per square.

In a semiconductor, electron current is also glven by Eq. (1.2). However, the
mobility will be found to be a much smaller number. Typical semiconductors are ger-



Sec. 1.1 Semiconductor Properties 3

manium and silicon, each having four valence ¢lectroits. Each valence electron in each
atom is shared by one of its four adjacent atoms, and the structure of the material is
represented conceptually as a tinker-toy-like array cailed a lartice of what are called
covalent bonds, with the entire structure referred o as a crystal. At temperatures near
absolute zero, all electrons remain tightly bound and the conductivity is near zero. As
the temperature is increased, some of the covalent honds are broken because of thermal
energy supplied to the crystal, and electrons acquire sufficient energy to move from the
valence band to the conducting band. Thus freed. they can move through the crystal,
which accounts for a finite mobility. In addition, for each electron freed from an atom,
there exists an electron deficiency called a hole, which gives the atom a net positive
charge. An electron may move {rom an adjacent atom to fill the hole, and another hole
is created by the departed electron. This movement of holes is equivalent to the movement
of positive charges, which accounts for an additional component of current referred to
as hole conduction. Hence the total current density at any point in a semiconductor is
given by

J = p.ngé + p,pqgé (1.4).

where p is the hole density and p,, is defined as the mobility of holes, which is in general
considerably smaller than the corresponding electron mobility. In a pure semiconductor
there are an equal number of holes and electrons, each referred to as the intrinsic-carrier
concentration, n = p = n,, which is usually expressed as

n? = pn (1.5)

The intrinsic-carrier concentration is an increasing function of temperature in a
complex manner, being proportional to T°2. It is often specified at a common reference
temperature. For example, silicon at 300 K bas an intrinsic-carrier concentration
n = 1.45 x 10"%cm?.

Impurities in Semiconductors

The electrical properties of semiconductors are modified drastically by the introduction
of atoms of other materials referred to as impurities, a process called doping. For example,
adding only a very small percentage of material having more outer-shell electrons con-
tributes additional electrons to increase the electrical conductivity. Usuaily pentavalent
atoms such as arsenic or antimony are introduced into silicon or germanium, contributing
one free electron for each atom introduced. Such atoms are called donors, and the electron
density of such donors is symbolized as Np. Usually Np >> n;and n = Np. Forexample,
silicon contains approximately 5 X 107 atoms/cm® and hence, with n, = 1.45 X 10'%m?’,
contains approximately 2.9 X 107'? free carriers per atom, while each impurity atom
contributes one free carrier. The introduction of pentavalent atoms of Np = 5 X 10'®
atoms/cm?, which is (5 x 10%9)/(5 x 10%%) or one impurity atom per 10° silicon atoms,
yields Np = 3.45 x 10° n;.

Adding trivalent atoms such as boron or indium creates electron difficiencies or
holes into which electrons from the parent atoms are free to move, thus increasing
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drastically the hole conduction. Such impurity atoms are called acceptors, and the acceptor
density is N4. Usually Ny >> n;; hence p = N,.

A doped semiconductor in which the impurities are predominately acceptor atoms
is called a p-type semiconductor, and one in which donor atoms predominate is called
an n-type semiconductor.

_ From the energy-band theory based on Fermi-Dirac statistics, the laws of statistical
mechanics, and the density-of-states function derived from quantum mechanics it can be
shown that Eq. (1.5) is equally valid for doped semiconductors.

In the intrinisic semiconductor the holes and electrons are equal in number and the
atoms are on the average electrically neutral. In a doped semiconductor electrical neutrality
is still preserved in the aggregate, and, in general, assuming that the acceptors and donor
are fully ionized (i.e., there is a negative charge on all acceptors and a positive charge
on all donors), we can write

(Ny + n) = (Np + p)

1400 E; o
i

1300 ¢

41

1220

1100 - :
+ Electrons

900

800

700 !

1
L1

600

500

Mobility at 300 K incm? V' sec™’

400

300 h 11 g

200

100

=+ T
v 0% 1018 10" 10" 101 10% - 107

i
| L

Total impurity concentraticn in atoms cm ™3

Figure 1.1 Electron and hole mobilities in doped silicon semiconductors at 300 K .
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which, usingb-‘ n#n, can be written as
o — N + VNy = NJF + 4n,
n =

2

For an n-type semiconductor, N, >> N, and Np >> n;, so n = Np. Then for an n-type
semiconductor

= 1.6
pP= Nn (1.6)
Similarly for a p-type semiconductor
n = L (1.7)
=N, )

The conductivity of a semiconductor does not increase in direct proportion to the
increase in free carriers as a result of doping, because carrier mobility is a decreasing
function of impurity concentration. The reason is the random scattering of free electrons
due to lattice vibrations, which result from energy imparted at elevated temperatures; this
scattering impedes the motion of free carriers. The mobilities of holes and electrons at
300 K are shown in Figure 1.1 for silicon.

The impurity concentration in this figure is total impurity concentration Np + Nj.
However, usually only donors or acceptors are present, and the electron or hole mobilities
are as shown for whichever impurities are present; i.e., the electron mobility is given for
free electrons in either a p- or n-type semiconductor.

Diffusion Current

Drift current in a semicorductor due to an applied electric field, as given by Eq. (1.4),
is not the only component of current if there is a gradient of free carriers dn/dx or dp/dx
along the axis of conduction, as indicated in Figure 1.2. The additional components ar

~——— Electrons

——» Holes
———» Current
AT 7
| D U ]
|§+___ /Lﬁ.ﬁﬂf_}—“‘—
’ /
e
dx dx
. -
Figure 1.2 Charge-carrier flow in 2 1 I .

2miconductor bar. ) ‘ 1



6 Chap. 1 Static and Dynamic Properties of Semiconductor Junctions

generated by the diffusion process and are referred to as diffusion curreats. The total
current densities along the axis are defined by the equations

o dp \
oo = quppé, — quZx- (1.8)
d
Jw = quné, + qD,—,Zn i1.9)
drift diffusion

where D, and D, are called diffusion constants for electrons and holes, respeciively, and
€. is the cormponent of electric field in the positive x direction.

Diffusion constants are related to mobilities by the Einstein relationship as derived
from statistical mechanics, given by

pal e Sl (1.10)
o Hp q )
where T = temperature in Kelvins, ¢ = 1.602 x 107! coulombs, and & is Boltzmann’s
consiant, given by 1.38 X 1072 J/K. This equation perrfits Egs. (1.8) and (1.9) to be
expresssed alternatively ir terms of mobility or of diffusion constant alone.
The potential ¢ at a distance x relative to x = 0 is defined by

b = —-L‘éxdx (1.11)
or conversely 7
dd :
g, = — — : 1.12
: e (1.12)

An important equation used in the determination of voltage—current relationships
in semiconducicss 1> Gauss’s law, which is expressed in one-dimensional form as

d€ p
SO . 38 (1.13
dx EoE, ! )

where p, is the charge density at the point, ¢, is the permittivity of vacuum (8.834 x 107"
F/cm), and €, is the relative dielectric constant for the particular semiconductor material
(approximately 11.7 for silicon).
An alternative version, known as Peissor's equation, obtained from Fs. {1.13)
and (1.12) 15
g

== ’ (1.14)
dx? €,E,

Another impertan® relationship is the continuity eauation, which relates the time
rate of change of charge carriers passing through an clement area, as indicated in Figure



