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Semiconductor Devices and Basic
Applications

In the first part of the text, we introduce the physical characteristics and
operation of the major semiconductor devices and the basic circuits in
which they are used, to illustrate how the davice characteristics are utilized
inswitching. digital, and amplification applications

Chapter 1 briefly discusses semiconductor material characteristics and
then introduces the semiconductor diode. Chapter 2 locks at various diode
circuils that demonstrate how the nonlinear characteristics of the diode
itself are used in switching and waveshaping applications. Chapter 2 intro-
duces the bipolar transistor, presents the dc analysis of bipolar transistor
circuits, and discusses basic applications of the transistor. In Chapter 4, we
design and analyze fundamental bipolar transistor circeits, including ampli-
fiers.

Chapier 5 introduces the field-effect iransistor (FET), and FET circuits
are analyzed and designed in Chapter 6. Chapter 7 considers the frequency
response of bolh bipolar and field-effect transistor circuits. Finally, Chapter
8 discusses the designs and applications of these basic electronic circuits,
including power amplifiers and various output stages.







Semiconductor Materials and Diodes

1.0 PREVIEW

This text deals with the analysis and design of circuils containing electronic
devices, such as diodes and transistors. These electronic devices are fabricated
using semiconductor materials, so we begin Chapter t with a brief discussion of
the properties and characteristics of semiconductors, The intent of this brief
discussion is 10 become familiar with some of the semiconductor material
terminclogy.

A busic electronic device is the pn junction diode. One of the more inter-
esting characteristics of the diodg is its ponlinear ¢urrent-voltage properties.
The resistor, lor example, has a linear relation between the current through it
and the voltage across the element, The diode 15 also a two-terminal device, but
the i~ relationship is nonlinear. The current is an exponential function of
voltage in one direction and is ¢ssentially zero in the other direction. As we
will see. this nonlinear characteristic makes possible the generation of a dc
vollage lrom an ac voltage source and the design of digital logic circuits. for
example.

Since the diode 15 a nonlinear element, the analysis of circuits containing
diodes 15 not as straightfoward as is the analysis of simple resistor circuits, A
mathematical model of the diode, describing the nonlinear i~ properties, is
developed. However, the circuit cannot be analyzed, in general, by direct math-
ematical calculations. In many engineering problems, approximate “back-of-
the-envelope™ solutions replace difficult complex solutions. We develop one
such approximation technique using the piecewise linear model of the diode. In
this case, we replace the nonlinear diode properties by linear characteristics
that are approximately valid over a limited region of operation. This concept is
used Lhroughout the study ol electronics.

Besides the pn junction diode, we consider five other types of diodes that
are used in specialized electronic applications. These include the solar cell.
photodiode, light-emitting diode, Schottky barrier diode, and the Zener diode.

The general properiies of the diode are considered in this chapter. Simple
diode circuits are analyzed with the intent of devetoping a basic understanding
of analysis technigues and diode circunt characteristics. Chapter 2 then con-
siders applications of diodes in circuits that perform various electronic
functions.
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1.1 SEMICONDUCTOR MATERIALS AND PROPERTIES

Mast electronic devices are fabricated by using semiconductor materials along
with conductors and insulators. To gain a better understanding of the behavior
of the electronic devices in circuits, we must first understand a {ew of the
characteristics of the semiconductor material. Silicon is by far the most com-
mon semiconductor material used for semiconductor devices and integrated
circuits. Other semiconductor materials are used for specialized applications.
For example, gallivm arsenide and related compounds are used for very-high-
speed devices and optical devices.

1.1.1  Intrinsic Semiconductors

An atomn is composed of a nucleus, which contains positively charged protons
and neutral peutrons, and negatively charged electrons that, in the classical
sense, orbit the nucleus. The electrons are distributed in various *‘shells” at
different distances from the nucleus, and electron energy increases as shell
radius increases. Elecirons in the outermost shell are called valence electrons,
and the chemica! activity of a matenial 1s determined primarily by the number
of such electrons.

Elements in the period table can be grouped according to the number of
valence electrons. Table |, | shows a portion of the periodic table in which the
more common semiconductors are found, Silicon (Si) and germanium (Ge) are
in group I'V and are elemental semiconductors, In contrast, gallium arsenide is a
group 111-V compound semiconductor. We will show that the elements in group
111 and group V are alsc important in semiconductors.

Table 1.t A portion of ihe periodic

table
1] v LY
B L
A Si P
Ga e As

Figure 1.1(a) shows five noninteracting silicon atoms, with the four valence
electrons of each atom shown as dashed lines emanaling from the atom. As
silicon atoms come into close proximity to each other, the valence electrons
interact to form a crystal. The final crystal structure is a tetrahedral configura-
tion in which each silicon atom has four nearest neighbors, as shown in Figure
1.1{b). The valence electrons are shared between atoms, forming what arc
cailed covalent bonds. Germanium, gallium arsenide, and many other semicon-
ducter materials have the same tetrahedral configuration,

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

A two-dimensional representation of a silicon single crystal is shown in
Figure 1.2, for T = 0°K, where T = temperature. Each line between atoms
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(a) {b)

Figure 1.1 Silicor atoms in a crystal matnix: () five noninteracting siiicon atoms, aach with
tour valence electrons, (b} the tetrahedral configuration, (c) a two-dimensional represeniation
showing the covalent bonding

represenis a valence electron. At T = 0"K. each electron is in its lowest pos-
sible energy state, so each covalent bonding position is filled. If a stnall electric
field 15 applied to this material, the electrons will not move, because they will
still be bound to their individual atoms. Therefore, at T = 0°K, silicon is an
insulator; that s, no charge flows through it.

IT the temperature increases, the valence electrons will gain thermal energy.
Any such electron may gain enough thermal energy o break the covalent bond
and move away from its eniginal position { Figure 1.3). The electron will then be
free to move within the crystal,

Since the net charge of the material is neutral, i a negatively charged
electron breaks its covalent bond and moves away from its original position,
a positively charged “empty state™ is created at that position (Figure 1.3). As
the temperature increases, more covalent bonds are broken and more fTee
electrons and positive emply states are created.

In order 1o break the covalent bond, a4 valence electron must gain a mini-
mum energy, £,, called the bandgap energy. Materiais thal have large bandgap
energies, in the range of 3 10 6 electron-volts' (¢V), are insulators because, at
room temperature, essentially no free electrons exist in these materials. In
contrasi, matenals that contain very large numbers of free electrons at room
temperature are conductors.

In a semiconductor, the bandgap energy is on the order of 1eV. The net
fiow of free electrons in a semiconducior causes a current. In addition, a
valence electron that has a certain thermal energy and is adjacent to an
empty state may move into that position, as shown m Figure 1.4 making it
appear as i’ a positive charge is moving through the semiconductor. This
posilively charged “particle’ is called a hole. In semiconductors, then, two
types of charged particles contribute to the current: the negatively charged
free electron. and the positively charged hole. (This deseription of a hole is

'An eleciron-volt is the energy of an electron that has been accelerated through a potential
difference of | volt, and | eV = 1.6 = 107" joules,
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greatly oversimplified, and is meant only to convey the concept of the moving
positive charge.)

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

o= .B]"me(?’;:"':l {1.1)

where B is a constant related to the specific semiconductor materiai, £, is the
bandgap encrgy (¢Y), T is the temperature {°K), and & is Bollzmann’s constant
(86 x 10"%eV/"K). The values for B and E, for several semiconductor materi-
als are given in Table 1.2, The bandgap ¢nergy 15 not a strong function of
temperature.

Table 1.2 Semiconducior constants

Material E eV) B (cm P K%
Silicon (80) 1.1 5.23 x 10"
Gatlium arsenide (GuAs) 1.4 240 % 108
Germanium (Ge? .66 1.66 x 10%

Example 1.1 objective: Calculate the intrinsic carrier concentration in silicon at
T=30"K

Solution:  For silicon a1 T = 300°K, we can write

", = BTJf‘e[;”

=(5.23 % 10‘5)(300}”“c(m)

or

hp= 1.5 x 1010 g

Comment: An intrinsic electron concentration of 1.5 x 16" em™ may appear 1o be
large, but it is relatively small compared to the concentration of silicon atoms, which is
§ x 1072 em ™,

The inkrinsic concentration #, is an important parameter that appears often
in the curreni—voltage equations for semiconductor devices.
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Test Your Understanding

1.4  Calculate the intrinsic carrier concentration in gaflium arsenide and germanium
at T = 300K _ (Ans. GaAs, #, = 1.80 x 10°cm™"; Ge, n, = 2.40 % 10" em ™)

1.2 Determine the intrinsic carrier concentration i silicon, gallium arsenide, and
germanium at T =400"K. (Ans. Si, 7 =476 x 10" cm™; GaAs, = 244 x
10°cm™; Ge, 5, = 906 x 10" em™)

1.1.2 Extrinsic Semiconductors

Because the electron and hole concentrations in an intrinsic semiconductor are
relatively small, only very small currents are possible. However, these concen-
trations can be greally increased by adding controlled amounts of certain
impurities. A desirable impurity is one that enters the crystal lattice and
replaces (i.c.. substitutes for) one of the semiconducior atoms, even though
the impurity atom does not have the same valence electron structure. For
silicon, the desirable substitutional impurities are from the group 11{ and V
elements (scc Tauble 1.1).

The most common group V elements used for this purpose are phosphorus
and arsenic. For example, when a phosphorus atom substitutes for a silicon
atom. as shown in Figure L.5, four of its valence electrons are used to satisfy
the covalent bond reguirements. The fifth valence electron s more loosely
bound to the phosphorus atom. At room temperature, this electron has enough
thermal energy to break the bond, thus being free to move through the crystal
and contribute to the electron cusrent in the semmconductor.

The phosphorus atom is called a dowor impurity, since it donates an elec-
tron thut is free 10 move. Although the remaining phosphorus atom has a net
positive charge, the atom is immobike in the ¢rystal and cannot contribute to
the current. Therefore. when a donor impurity is added to a semiconductor,
free electrons are created without generating holes. This process is called
doping, and il aliows us to control the concentration of free electrons in a
semiconducior.

A semiconductor that contains donor impurity atoms is called an n-type
semiconductor {for the negatively charged electrons).

The most common group 1J1 ¢lement used for silicon doping is boron.
When & boron atom replaces a silicon atom, its three valence electrons are
used to salisfy the covalent bond requirements for three of the four nearest
silicon atoms {Figure 1.6). This leaves one bond position open, At room lem-
perature, adjacent silicon valence electrons have sufficient thermal energy 10
move into this position, thereby creating a hole. The boron atom then has a net
negative charge, but cannot move, and a hole is created that can contribute to a
hele current.

Because the boron atom has accepled a valence electron, the boron is
therefore called an acceptor impurity. Acceptor atoms lead to the creation of
holes without electrons being generated. This process, also called doping, can
be used 10 control the concentration of holes in a semiconductor.
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A semiconductor that contains acceptor impurity atoms is called a p-type
semiconductor (for the positively charged holes created).

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

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

RoPy = 1] (1.2}

where r, is the thermal equilibrium concentration of free elecirons, p, 1s the
thermal equilibrium concentration of holes, and #; is the intrinsic carrier
concentration.

At room temperature (7 = 300°K), each donor atom donates a [ree elec-
tron to the semiconductor. If the donor concentration &, is much larger than
the intrinsic concentration, w¢ ¢an approximate

, = N:f {1'3}

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

uf
Py = {(14)
TNy
Similarly, at room temperature, each acceptor atom accepts a valence electron,
creating a hole. If the acceptor concentration N, is much larger than the
intrinsic concentration, we can approximate

PaZEN, (1.5)

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

-

"

”“ = .\_J'
ra

(1.6}

Example 1.2 Objective: Calculate the thermal equilibrium electron and hele con-
centrations.

Consider silicon at T = 300°K doped with phosphorus at a concentration of
Ny = 10" cm™?. Recall from Example 1.1 that 2, = 1.5 x 16 em™.

Solution: Since ¥, > n;, the electron concentration is
n, & Ny = 101 em™>
and the hole concentraticn is

" _(L5x 10"y

L
P.= Nd = 10[6 = L35 10%cm

Comment: In an extrinsic semiconductor, the electron and hole concentia¢ions nor-
mally differ by many orders of magnitude.
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In an n-type semiconductor, electrons are called the majority carrier
because they far outnumber the holes, which are termed the minority cairier.
The results obtained in Example 1.2 clarify this definition. In conirast, in a
p-type semiconductor, the holes are the majority carrier and the electrons are
the minority carrier.

Teost Your Understanding

1.3 C(Calculate the majority and minority carrier concenirations in silicon at T'=
300K if (@} ¥, = 107 em™, and (b) N, =5 x 10¥em™. (Ans. (a) p, = 10" em ™
iy =228 x 100 em ™, (0 n, = 5 10%em™, p, = 4.5 x 10*cm™)

T

1.1.3  Drift and Diffusion Currents

The two basic processes which cause electrons and holes to move in a semi-
conductor are: (a) drift, which is the movement caused by clectric fields; and
(b} diffusion. which is the flow caused by variations in the concentration, that
is, concentration pradients. Such pgradients can be caused by a nonhomoge-
necus doping distribution, or by the injection of a quantity of electrons or
holes into a region, using methods to be discussed later in this chapter.

To understand drifl, assume an electric field is applied to a semiconductor.
The field produces a force that acts on free ¢lectrons and holes, which then
experience a net drilt velocity and net movement. Consider an n-type semicon-
ductor with a large number of free electrons (Figure 1.7(a)). An electric field E
applied in one direction produces a force on the electroas in the opposite
direction, because of the elecirons’ negative charge. The electrons acquire a
deft velocity vy, (in cmys) which can be written as

Vi == i, L {l 7)

where g, 1s @ constant catled the electron mobility and has units of cm®/V—s.
For low-doped silicon, the value of p, is typically 1350 em?;V—s. The mobility
can be thought of as a parameter indicating how well an electron can move in a
semiconductor. The negative sign in Equation {1.7) indicates that the electron
drift velocity is opposite to that of the applied electric field as shown in Figure
L.7(a). The electron drift produces a drift current density J, (A/cm®) given by

Sy e, = —el—p, E) = tenj, I {1.8)

where u 15 the electron concentration (#;’cm3] and ¢ is the magnitude of the
electronic charge. The conventional drift current is in the opposite direction
from the flow of negatve charge, which means that the drift current in an
n-type senticonductor is in the same direction as the applied electric field.

Next consider a p-type semiconductor with a large number of holes (Figure
L. An electric field £ applied in one direction produces a force on the
holes in the same direction, because of the posttive charge on the holes. The
holes acquire a drift velocity v, (in cmy/s} which can be written as

Vi = pip (1.9}

{b)

Figure 1.7 Applied eleciric
field, carrier dritt velocity, and
drift current densily in {a) an

n-type semiconducion anc

{b) a p-type semiconductar
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where g, is a constant called the hole mobility, and again has units of om*/V-s.
For low-doped silicon, the value of u, is typically 480 cm®(V-s, which is
slightly less than half the value of the electron mobility. The positive sign in
Eguation {1.9) indicates thut the hole drifi velocity is in the same direction as
the applied electric field as shown in Figure |.7{b}. The hole drift produces a
drift curtent density J, (Ajcm’) given by

Sp = Fepry = +eplApEY = tepre & (L1

where p is the hole concentration (#/um’} and ¢ 15 again the magnitude of the
electronic charge. The conventional drift current is in the same direction as the
flow of positive charge, which means that the drift current in a p-type material
is also in the same direction as the applied electric field.

Since a semiconducior contains both electrons and holes. the total drifl
current density is the sum of the electron and hole components. The 1otal drift
current density is then wnitien as

J = enpE voppu B = ak (1.11{a))
where
a = elp, + cpu, (1.11{bY}

and where ¢ is the conductivity of the semiconductor m (§2-cm)”'. The con-
ductivity is related (o the concentration of electrons and holes. I the ¢lectric
field is the result of applying a voltage to the semiconductor, then Equation
(1.11(a}} becomes a lincar relationship between current and voltage and is one
form of Ohm's law.

From Equation {i.11(b)), we see that the conductivity can be changed
from strongly n-type, # 3 p, by donor impurity doping to strongly p-type.
p > n, by acceptor impurity doping. Being able to control the conductivity of
a semiconductor by selective doping is what allows us to fabricate the variety of
¢electronic devices that are available,

With diffusion. particles flow frotn a region of high concentration to
a region of lower concentration. This is a statistical phenomenon related
1o kinetic theory. To explain, the electrons and holes in a semiconductor
are in continuous motion. with an average speed determined by the tempera-
ture, and with the directions randomized by interactions with the lattice atoms.
Statistically, we can assume that, at any particular instant, approximalely haii
of the particles in the high-concentration region are moving away from that
region toward the lower-concentration region. We can also assume that, at the
same time, approximately half of the particles in the lower-concentration
region are moving foward the high-concentration region. However, by defin-
tion, there are fewer particles in the lower-concentration region than there are
in the high-concentration region. Therefore, the net result is a flow of particles
away from the high-concentration region and toward the lower-concentration
region. This is the basic diffusion process.

For example, consider an electron concentration that varies as a function
of distance x, as shown in Figure 1.8(a). The diffusion of electrons from 4 high-
concentiation region to a low-concentration region produces a flow of elec-
trons in the negative x direction. Since electrons are negatively charged, the
conventional current direction is in the positive x direction.
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Figure 1.3 Current density cavsed by concentration gradients: {a) electron diffusion and
corresponding cument density and (bt hole diffusion and corresponding <ucrent density

in Figure 1.8(b), the hole congentration is a function of distance. The
diffusion of holes from a high-concentration region to a low-concentration
region produces @ flow of holes in the negative x direction.

The rotaf cusrent density 15 the sum of the drift and diffusion components.
Fortunalely, in most cases only one component dominates the currend at any
one time in a given region of a semiconductor,

1.1.4 Excess Carriers

Up 1o this point, we have assumed that the semiconductor is in thermal equi-
librium. [n the discussion of drift and diffusion currents. we implicitly assumed
that equilibrium was not significantly disturbed. Yet, when a voltage is applied
to, or a current exists in. a semiconductor device, the semiconductor is really
not in equilibrium. In this section, we will discuss the behavior of nenequi-
librium electron and hole concentrations.

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

When these excess electrons and holes are ¢reated, the concentrations of
free clectrons and holes increase above their thermal equilibrium values. This
may be represented by

ne=t,+ in (L.12¢a))
and
p=p,+ b (1.12{b})

where n, and p, are the thermal equiitbrium concentrations of electrons and
holes. and én and §p are the excess electron and hole concentrations,

IT the semiconductor 1s in a steady-state condition, the creation of excess
clectrons and holes will not cause the carrier concentration 1o increase indefi-
nitely, because a free electron may recombine with a hole, in a process called
electron-hole recombination. Both the free electron and the hole disappear
causing the excess concentration o reach a steady-state value. The mean
time over which an excess electron and hole exist before recombination is called
the excess carrier lifetime.
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Test Your Understanding

1.4 Consider silicon at 7 = JO°K. Assume that ju, = 13§0cm3fV-£ and p, =
480 cm?/V—s. Determine the conductivity if (1) Ny =5 x10%em™ and (b} N, =
5% 16" em™". (Ans. (a) 10.8 (Q—cm) ™", (bj 384 (f—m)~ ",

1.8 A sampie of silicon at T = 300 K is doped to Ny = 8 x 107 em™ . (a) Caleulate
n, and g,. {b) If excess heles and electrons are generated such that their respective
concentrations are 8p = bn = 10" cm ™. determine the total concentrations of holes
and electrons. (Ans. (2) n, =8x 10" em ™, p, =281 = 10"'em™; (b) n, = 81 x
10% em™, p, = 10Mem™)

1.8  The conductivity of silicon is @ = 10{Q—m) ™’ Determine the drift current den-
sity if an electric field of E = 15¥/cm is applied. (Ans. J = L50-A fom®)

1.2  THE pnJUNCTION

In the preceding sections, we looked at characteristics of semiconductor
materials. The real power of semiconductor zlectronics occurs when p- and
n-regions are directly adjacent to ¢ach other, forming a pa junction, One impor-
tant concept to remember 15 that in most integrated circuit applications, the
entire semiconductor matenal is a single ¢rystal, with one region doped to be
p-type and the adjacent region doped to be n-type.

1.21  The Equilibrium pn Junction

Figure | 9(a) is a simplified biock diagram of a pn junction. Figure | 9(b)
shows the respective p-type and n-type doping concentrations, assuming uni-
form doping in each region, as well as the minority carrier concentrations in
each region, assuming thermal equilibrium.

Doping
CORCEntration
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— P W e et o e MMy
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(a) ib)

Figure 1.9 The pn junchion; {a) smplified geormetry of a pn junction and (D) doping profile
of an idea! unifermiy daped pn junction

The interface at x = 0 is called the metallurgical junction. A large density
gradient in both the hole and electron concentrations occurs across this junc-
tion. Initiaily, then. there is & diffusion of holes from the p-region into the n-
region, and a diffusion of electrons from the n-region into the p-region (Figure
1.10). The flow of holes from the p-region uncovers negatively charged
acceptor ions, and the flow of electrons from the n-region uncovers positively
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Figure 1.10  Initia diffusion of Figuret.11 Tha pn junction in thermal equilibrium;
elactrons and holes at the metallurgical {a) the space-charge region and electric field and )
junction, establishing thermal aquilibrium the potential through the junction

charged donor ions. This action creates a charge separation (Figure 1.11(a)),
which sets up an electric field oriented in the direction from the positive charge
to the negative charge.

If no voltage 1s applied to the pn junction, the diffusion of holes and
electrons must eventually cease. The direction of the induced electric field
will cause the resulting force to repel the diffusion of holes from the p-region
and the diffusion of electrons from the n-region. Thermal equilibrium occurs
when the force produced by the electric field and the “force” produced by the
density gradient exactly balance.

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

4 NN NN
b, = ‘T ln( 4 ") = 1;'T|n(_*Li.‘_’) {1.13)

¢ HY N

where ' = kT /e, k = Boltzmann’s constant, 7 = absolute temperature, e =
the magnitude of the electromic charge. and N, and &, are the net acceptor and
donor concentrations in the p- and n-regions, respectively. The parameter ¥ is
called the thermal voltage and is approximately ¥y =0.026V at room tem-
perature, T = 300 °K.

13

Exampile 1.3  Objective: Calculate the buili-in potential barrier of a pn juncticn,
Consider a silicon pn junction a1 T = 300°K, doped at ¥, = 10" em™" in the p-

cegion and Ny = 10" cm ™ in the neregion.

Solution: From the results of Example [ 1. we haven, = 1.5 x 10" em ™ for silicon at

room temperature. We then find

It 17
Vie = ¥y ln(ﬂgi) = {0.026)]11[%] = 0757V
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Comment Because of the log function. the magnitode of V. is not a strong function
of the doping concentrations. Therefore, the value of F,, for silicon pr junctions is
usuaily within 0.1 to 0.2V of this calculated vatue.

The potential difference, or built-in potential bagrier, across the space-
charge region cannot be measured by a voltmeter because new potential bar-
riers form between the probes of the vollmeter und the semiconductor, cancel-
ing the effects of V,,. In essence, ¥, maintains equilibrium, so no current is
produced by this voltage. However, the magnitude of ¥y, becomes important
when we apply a forward-bias voltage, as discussed later in this chapter.

Test Your Understanding

1.7 Determine V), for a sificon pn juncuon at T =300°K for (a) N, = 10" cm ™,
N;= 16" em ™" and for (B N, = N, = 10 7 em ™. {Ans. {a) Fy =0.697V. (b) ¥, =
08I1TY)

1.8 Calculate ¥, for a GaAs pn junction at 7= 300°K for ¥, = 19'¢cm™* and
Ny=10"cm™ (Ans. ¥, = E23V)

1.2.2 Reverse-Biased pnJunction

Assume a positive voltage is applied to the n-region of a pn junction, s shown
in Figurz 1.12. The applied voltage ¥ induces an applied electric field, £, in
the semiconductor. The direction of this applied field is the same as that of the
E-field in the space-charge region. Since the clectric fields in the areas outside
the space-charge region are essentially zero, the magnitude of the electric field
in the space-charge region increases above the ihermal equilibrium value. This
increased electric field holds back the holes in the p-region and the electrons in
the n-region, so there is essentially no current across the pn junction. By
definition, this applied voltage polarity is called reverse bias.

When the electric field in the space-charge region increases, the number ol
positive and negative charges also increases. If the doping concentrations are
not changed, the increases in the charges can only occur if the width W of the

; o
Gl

Figure 1.12 A pn junction with an applied reverse-bias voltage, showing the dwection of the
electric fisld induced by Vg and of the space-charge electric fisld
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space-churge region increases. Therefore. with an increasing reverse-bias volt-
age }g, space-charge width W also increases.

Because of the additional positive and negative charges in the space-charge
region, a capacitance is associated with the pn junction when a reverse-bias
voltage is apphied. This junction capacitance, or depletion layer capacitance, can
be writien in the form

I -1/2
(= (;,.(i +T:) (1.14)

where (7, is the Junclion capacitance at zero applied voltage.

The capacitance-voltage characteristics make the pn junction useful for
elecirically tunable resonant circuits. Junctions fabricated specifically for this
purpose are called varactor diodes. Varactor diodes can be used in electrnically
tunable oscillators. such as a Hartley oscillator, discussed in Chapter 15, or in
tuned amplifiers, considered in Chapier 8.

15

Example 1.4 Objective: Calculaie the junction capacitance of a pn junction.

Censider a silicon pojunction at 7 = 300K, wilh doping concentrations of ¥, =
10%em " and ¥, = 107 em ¥, Assume that i, = 1.5 x 10®cm™ and let C,, = 0.5pF.
Calculite the jupction capacitance at Ve = 1V and Vg, = 5V, '

Solution: The huill-in potential 15 determined by

W18 |15
[ﬂ xiv ’} — 067V

- ' ."\'IIHN.-I -
l =) —_— = 1A P
] ,|n( 2, ) @026)in) "=

The unctivn capacitance for Fg = L 'V is then lound o be

/ FR T 1 =12
P W DN = —_— ~= {1312
g (I,,(I ' [,;”) (0.5}(: +0.63?) 1312 pF

Fer 'y = 3V

5

0.63?) = 0.168pt

¢ - (n.S}(l +

Comment; The magnitude of the junction capacitance is usually at or below the pico-
turad rimge. and it decreases as the reverse-blas voltage increases.

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

1.9 A silicon pn junction at T =300°K is doped at N, =10 ecm™ and N, =
107 em™. The junction capacitance is to be C, = .8 pF when a reverse-bias voltage
of ¥e=35V is applied. Find the zero-biused junction capacitance C,,. (Ans. €, =
2.21 pF)

1.2.3 Forward-Blased pn Junction

To review briefly. the n-region contains many more free electrons than the p-
region: similarly, the p-region centains many more holes than the n-region.
With zero applied voltage. the built-in potential barrier prevents these majority
carriers from diffusing across the space-charge region; thus, the barrier main-
tains equilibrium between the carrier distributions on either side of the pn
unction.

If a positive voHage vp 15 applied 10 the p-region. the potential barrier
decreases (Figure 1.13). The electric fields in the space-charge region are very
large compared to those in the remainder of the p- and n-regtons, so essentially
all of the applied voltage exists across the pn junchion region. The applied
electric field, E,. induced by the applied vollage is in the opposile direction
[fom that of the thermal equilibrium space-charge E-field. The net resuftis that
the electric field in the space-charge region is lower than the equilibrium value.
This upsets the delicate balance between diffusion and the E-field force.
Majority carrier electrons from the n-region diffuse into the p-region, and
majority carrier holes from the p-region diffuse into the n-region. The process
continues as long as the voltage vy, is applied, thus creating = current in the pn
junction. This process would be analogous to lowering a dam wall slightly. A
slight drop in the wall height can send a large amount of water (current) over
the barrier.

tovg oo

Figure 1.13 A pn junction with an applied forward-bias voltage. showing the direction of the
alectric field £, induced by v, and of Ihe net space-charge elecliic tield E

This applied voltage polarity {ie. bias) is known us forward bias.
The forward-bias voltage vp musl always be less than the built-in potentiat
barrier ¥,

As the majority carriers cross into the opposite regions, they become ti-
nority carriers in those regions, causing the minority carrier concentrations to
increase. Figure 1.14 shows the resulting excess minority carrier concentrations
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Figure +.14  Sizady-slate minority carner congentration in a pn junction undes forward bias

at the space-charge region edges. These excess minority carriers diffuse into the
neutrul n- and p-regions, where they recombine with majority carriers, thus
establishing a steady-state condition, as shown in Figure 1.14.

1.24 Ideal Current—Voitage Relationship

As shown in Figure 1.14, an applied voltage results in a gradient in the
minority carrier concenirations, which in turn causes diffusion currents. The
thevretical relationship between the voltage and the current in the pn junction
15 given by

o f\[r* i) |] (115)

The parameter i is the reverse-bias saturation eurrent. For silicon pn junctions,
typicul valucs of fg are in the range of 107*% 10 107" A. The actual value
depends on the doping concentrations and the cross-scctional area of the junc.
tion. The parameter Vy is the thermal voltage, as defined in Equation (1.13),
and is approximately V' =0.026 V a1 room temperature. The parameter n is
usvally called the emission coefficient or ideality factor, and its valug is in the
range 1 <0 5 2.

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

17

Example 1.5 Oblective: Determine the current in a pn junction.
Consider a pn junction at T = 300°K in which g = 107" A and n = 1. Find the
diode corrent for vy = +0.70V and vy = 0.0V,

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

Fur vp = —0.70V, the pn junction is reverse-biased and we find

r"’;) _ !] __-{mhul[e{i%_’é’) = 1] = 4.93mA
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. r{e(‘%) = |] i uo-"‘)[elﬁ%%'} = |] 2o MA

Comment: Although /¢ is quite small, even a relatively small value ol forward-bias
voltage can induce a moderate junction current. With a reverse-bias voltage applied. the
junction current is virtvatly zero.

Test Your Understanding

1.10 ° A silicon pn junction diode at 7 == 00K has a reverse-saturation current
of fg= 107" A. (3a) Determine the forward-bias diode current for () vp =05V,
(i) vp =06V, and (i) vy =07V, (b) Find the reverse-bias diode current for
(i} vp= 05V and (i} vp = =2V (Ans. (a) (i) 2.25pA, (i) 105pA, (i} 4.93mA;
(b (i) 107" A, (it} 1071 A)

1.41 A silicon pn junction diode at T = 300K bas a reverse-saturation curtent of

Is = 107" A The diode is forward-biased with a resulting current of 1 mA. Determine
LiyE (Al‘l.s. ¥n = "].5&9 V}

1,25 pnJunction Diode

Figure 1.15 is a plot of the derived current--voltage characteristics of a pn
junction. For a forward-bias voltage, the current is an exponential function

in(ma)
5_
4aF
3-
2} Forward-bias
g
Reverse-bias if
TEgion
D T S S
-0 t 0 1.0 vp(V)
n= _f_g

Figure 1.15  ideal i~V cheracleristics of a pn junction diode for Is = 107 A
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Flgure 1.16 Ideal ferward-biased -V characteristics of a pn junction dicdge, with the current
plotted on a log scale for is = 107" Aand n=1

of voltage. Figure 1,16 depicts the forward-bias current plotted on a log scale.
With only a small change in the forward-bias veltage. the corresponding
forward-bias current increases by orders of magnitude. For a forward-bias
voltage v = +0.1'V, the (=1) term in Equation {1.15) can be neglected. In
the reverse-ias divection, the current is almost 2ero.

The semiconductor device that displays these f—) characteristics (s called a
pn junction diode. Figure 1.17 shows the diode circuit symbol and the conven-
tional current direction and voltage polartly. The diode can be thought of and
used as a voltage controlled switch that is “off " for a reverse-bias voltage and
“an” for a forward-bias voltage. In the forward-bias or “on” state, a relatively
large current is produced by a lairly small applied voltage: in the reverse-bias,
or "ofl™ state, only a very small current is created,

When a4 diode s reverse-biased by at lzast 0.1V, the diode current is
ip = ~I¢. The current is in the reverse direction and ts a constant, hence the
name reverse-bias saturation currenl. Real diodes, however, cxhibit reverse-
bius currents that are considerably larger than /. This additional current is
called a generation currert and is due 1o electrons and holes being generated
within the space-charge region, Whereas a typical value of /¢ may be 107 A, a
typical value of reverse-bias current may be 107> A or 1 nA. Even though this
current is much larger than /g, it is still small and negligible in most cases.

Temperature Effects

Since both Jy and ¥ are funclions of temperature, the diode chaructenistics
also vary with tempertature, The temperature-related variations in forward-bias
characlenistics are illustrated in Figure 1.18. For a given current, the required

19
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Figure1.17 The basic pn
junchon diede: (2} simplified
geomairy and {b) circuit
symbol, and convenlional
current direction and voltage
polarity
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Figure 1,18 Forward-bias charactarsiics versus iemperature

forward-bias voltage decreases as temperature increases. For silicon diodes, the
change is approximately 2 mV/°C.

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

Breakdown Voltage

When a reverse-bias voltage is applied 10 a pn junction, the electric field 1n the
space-charge region increases. The electric field may become large enough that
covalent bonds are broken and electron-hole pairs are created. Electrons are
swepl to the n-region and boles to the p-region by the electric field generating a
reverse-bias current. This breakdown mechanism is called the Zemer effect.
Another breakdown mechanism is called avalanche breakdown. which occurs
when minerity carriers crossing the space-charge region gain sufficient kinetic
energy 1o be able to break covalent bonds during a collision process. The
generated electron-hole pairs can themselves be involved in a collision process
generating additional electron-hole pairs, thus, the avalanche process. The
reverse-bias current for each breakdown mechanism will be limited by the
external circuit.

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

Zener diodes are fabricated with a specifically designed breakdown voltage
and are designed to operate in the breakdown region. These diodes are dis-
cussed later in this chapter.

Switching Transient

Since the pn junction diode can be used as an electrical switch, an important
parameler is its iransient response, that is, its speed and characteristics, as it is
switched from one state to the other. Assume, [or example. that the diode is
switched from the forward-bias “on™ state to the reverse-bias “off ™ state.
Figure 1.1% shows a simple circuit that will switch the applied voltage at
time ¢+ = 0. For r < 0, the forward-bias current iy is

: Ve —0w
fpy = II;.' = - FR,—. s

(1.16)

¥ i) =

Figure 1.19 Simple circuit for switching a diode from forward to reversa bias

The minority carrier concentrations for an upplied forward-bias voltage
and an applied reverse-bias voltage are shown in Figure 1.20. Here, we neglect
the change in the space charge region width. When a forward-bias voltage 1s
applied, ¢xcess minority carriev charge is stored in both the p- and n-regions.
The excess charge is the difference between the minority carrier concentrations
for a forward-bias voltage and those for a reverse-bias voltage as indicaled in
the figure. This charge must be removed when the diode is switched from the
forward 1o the reverse bias.

As the forward-bias voltage is removed, relatively large diffusion currents
are created in the reverse-bias direction. This happens because the excess mi-
nority carrier efectrons Alow back across the junction into the n-region, and the
excess minovity carrier holes flow back across the junction into the p-region.

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

ip=—lp 2 -—= (L17)

z1
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Figure 1,20 Stared excess minority carrier charge under lorward bias campared 1o
reverse bias

The junction capacitances do not allow the junction voltage to change instan-
tanecusly. The reverse current [ ts approximately constant for 0" <11,
where (, is the storage time. which is the length of time required for the mi-
nority carrier concentrations at the space-charge region edges 106 reach the
thermal equilibrium values. After this time, the voltage across the junction
begins to change. The fall time £, is typically defined as 1he ime required for
the current to fall to 10 percent of its initial value. The total turp-off time is the
sum of the storage ime and the fall ume. Figure 1.2[1 shows the current
characieristics as this entire process takes place.

i

l 010, Time

I

o ‘i
sl

Figure1.21 Current characteristics versus time during diode swilching

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

The turn-on transient occurs when the diode is switched from the “off ”
state (o the forward-bias “~on” state, which can be initiated by applying a
forward-bias current pulse. The transient tum-on time is the time required to
establish the forward-bias minority carrier distributions. During this time, the
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voltage across the junction gradually increases loward ils steady-state value.
Although the turn-on time for the pn junction diade 15 not zero, it is usnally
fess than the transient turn-off time.

3

Taeast Your Understanding

1.42 Recull that the forward-bias diode voltage decreases approximately by 2mV/"C
for silicon diedes with a given current., If ¥p = 0.650 V at /5 = | mA for a temperature
of 25°C determine the diode voltage at fp = | mA for ¥ = 125°C. (Ans. Fp = 0.450V)

1.3 DIODE CIRCUITS: DC ANALYSIS AND MODELS

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

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

develop the de analysis and modeling techniques of diode circuits.

’ To begin (o understand diode circuits, consider a simple diode application.
The current -voltage characteristics of the pn junction diode were given in
Figure 1.15. An ideal diode (a5 opposed 1o a diode with ideal /-V character-
istics) has the characteristics shown in Figure 1.22(a). When a reverse-bias
voltage is applied, the current through the diode is zero (Figure 1.22(b});
when current through the diode is greater than zero, the voltage across the
diode is zero (Figure 1.22(c)). An external circuit connected to the diode must
be designed Lo control the forward current through the diode.

p

Conducting ip=0 ip
Sale —_ Cr— —————
Keverse bias + vp - + vYp —
ey
0 iy (vp < Byip=0) {ip>0,vy=0)
(a) (b} ()

Figure 1,22 The idoal diode: {a) -V characteristics, (b) equivalent circuil under reverse
bias, and (¢} equivalent circuit in the conducting siale
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One diode circuit is the rectifier circuit shown in Figure 1.23(a). Assume
that the input voltage vy is a sinusoidal signal, as shown in Figure 1.23{b), and
the diode is an ideal diode (see Figure 1.22(a). During the positive half-cycle of
the sinusoidal input, a forward-bias current exists in the diode and the voltage
across the diode is zero. The equivalent circuit for this condition is shown in
Figure 1.23(c). The outpui voltage v, is then equal to the input voltage. During
the negative half-cycle of the sinusoidal input, the diode is reverse biased. The
equivalent circuit for this condition is shown in Figure 1.23(d). In this part of
the cycle, the diode acts as an open circuit, the current is zero, and the output
voltage is zero. The output voltage of the circuit is shown in Figure 1.23(g).

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

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

+¥p -
Il : -
L o E— ¥i
—p +
in
A F 4 ¥g

(a) )

Yi

0} (=}

Figure1.23 The diods rectifier; (a) circuit, (b) sinusoidal tnput signal, (c) equivalent circuit
lor v; > 0, (d) equivalen! circuit for v; < 0, and {e} reclified output signal

13.%  Reration and Graphical Analysis Technigues

[teration means using trial and error to find a solution to a probiem. The
graphical analysis technique involves plotting two simultancous equations
and Yocating their point of intersection, which is the solution to the two equa-
tions. We will use both techniques to solve the circuit equations, which include
the diode equation. These equations are difficult to solve by hand because they
contain both linear and exponential terms.
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Consider, for example, the circuit shown in Figure 1.24, with a dc voltage
Vs applied across a resistor and a dicde. Kirchhoff’s voltage law applics both
to nonlinear and linear circuits, so we can write

Fes=IpR+Vp (1.18(2})
which can be rewritten as
L
Ih = - R (1.18(h})

[Note: In the remainder of this section in which dc analysis is emphasized, the
dc variables are denoted by uppercase leiters and uppercase subscripts.]

The diode voltage Vp and current f,, are related by the ideal diede equa-
tion as '

Iy = .’,;[f{;'{":'—l] (1.19)

where Ig is assumed to be known for a particular diode.
Combining Equations {1.18(a)) and (1.19), we obtain

Vs = IsR[eE) 1]+ (1.20)
which contains only one unknown, V. However, Equation (1.20) is a trans-

cendental equation and cannot be solved directly. The use of iteratios to find a
solution to this equation is demonstrated in the following example.

+

Vpgm SV =

Figure 1.24
cirguil

5
Rw 2k)
T +
Yo
-
A simple diode

Example 1.6 Objective: Determine the diode voltage and current for the circuit
shown in Figure 1.24,
Consider a diode with a given reverse-saturation current of /5 = 107" A,

Solutlon: We can write Equation {1.20) as
5= (1072 x 10 elet) -1 [+ ¥ {1.21)

If we first try Vp == 0.60'V, the right side of Equation (1.21}is 2.7V, so the equation is
not balanced and we must try again. If we next try Fp =065V, the right side of
Equation {1.21) is 15.1V, Again, the equation is not balanced, but we can see thal
the solution for ¥y is between 0.6 and 0.65 V. If we continue refining our guesses, we
will be able to show that, when Fp = 0.619 ¥, the right side of Equation (1.21) is 4.99V,
which is essentially equal to the value of the lefi side of the equation.

The cureent in the circuit can then be determined by dividing the voliage difference
across the resistor by the resistance, or

Vs~V 5 =061

= =21
Ip R 5 9 mA

Commant:  Onca the diode voliage is known, the current can also be determined from
the ideal diode equation. However, dividing the voltage difference across a resistor by
the Tesistance is usually ¢asier, and this approach is used extensively in the anaiysis of
diode and transistot circuits.
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To use a graphical approach to analyze the circuit, we go back to
Kirchhoff’s voltage law. as expressed by Equation (1.18(b)), which produces
a straight-line relationship between current Ip and voltage ¥, for a given Vps
and R. This equation is referred to as the civcuit load line, which can be plotted
on a graph with I and Vp as the axes. From Equation ([.18(b)), we see that if
fp =0, then ¥ = Fps. Also from this equation, il ¥ =0, then Iy = Vpg/ R
The load line can be drawn between these two points. Using the values given in
Example (1.6), we can plot the straight line shown in Figure 1.25. The secci.J
plot in the figure is that of Equation {1.1%), which 15 the ideal diode equation
relating the diode current and voliage. The intersection of the load line and the
device characteristics curve provides the dc current /p %= 2.2mA through the
diode and the de voliage V', = 0.62 V across the diede. This point is referred to
as the quiescent point, or the Q-point.

1 (mA)

L
5 Digde 1-F

characienisics

3 =2.5\
R - D-point

Load line

[ o

|
|
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1
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|
I
i
i
1
1
1
1
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1 1
0 =062 1 2 3 4 5 Fpivels)

Figure 1.25 The diode and load Hine characterigiics for the circuit shown in Figure 1,24

The graphical analysis method can yield accurate resulls, but it s some-
what cumbersome. However, the concept of the load line and the graphical
approach are useful for “*visualizing™ the response of a circuit, and the load
line is used extensively in the evaluation of electronic circuits.

Test Your Undersianding

*4.43 Consider the circuit in Figure 124, Let Fpg =4V, R =40 k2, and f5 =
167" A Determine V' and /p, using the ideal diode equation and tbe iteration method.
(Ans. Vp = 0.535V, Ip = 0.864 mA)

1.14 Conside; the diode and circuit in Exercise 1.13. Determine ¥ and fp, using the
graphical techmique. (Ans. V=054V, {5 = 0.87mA)}
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1.3.2 Piecewise Linear Model

Another. simpler way fo analyze diode circuits i1s to approximate the diode’s
currenl-voltage characteristics, using linear relationships or straight lines.

Figure 1.26, for example, shows the ideal current-voltage characteristics and
(wo linear approximations.

ing

A K Yo
I'D e ]‘s

Figure1.26 The ideal diods |-V eharacterigtics ard twao linear approximations

For Vg = V. we assume a straight-line approximation whose slope is 1/ry,
where V, is the turn-om, or cut-in, voltage of the diode, and ry 15 the forward
diode resistance. The equivalent circuit for this linear approximation is a
constant-voltage source in series with a resistor (Figure 1.2%a)}? For
Vp < V,. we assume a straight-line approximation parallel to the Vp axis
at the zero current level. In this case, the equivalent circuit is an open circuit
{Figurc F.27(b).

i

-

(a) (o) (c)

Figure 1.27 The diode equivalent circuit [a) in the "on™ condition when Vp = V.. (b) in the
“off" condition whemn Vp < V., and (¢) piecewisa linear approximation when r =6

L is important to keep in mind that the voltage source in Figure |.27(a) only represents a voliage
drop for Vg = V,. When ¥ < ¥,, the V, source does no/ produce a negative diode curtent. For
Vp < F,. the equivalent circwit in Figure 1.27(b} must be used.

z3
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This method models the diode with segments of straight lines; thus the
name piecewise linear model. If we assume r, = 0, the piecewise linear diode
characteristics are shown in Figure 1.27{(c).

Example 1.7 Objecive: Determine the diode voltage and current in the circuit
shown in Figure 1.24. using a piecewise linear model.
Assume piecewise linear diodz parameters of V, =0.6V and r, = 0.

Solution: With the given input voltage polarity, the diede 1s forward biased or “turned
on,” 56 {5 > 0. The equivalent citcuit is shown in Figure 1.27(a). The diode cutrent is
determined by

WV, 5-06

I = - 19mA
D= Ray, IxiB im0

and the diode voltage is
Vo=V, + fyrp =06+ (219 107°)(10) = 0.622V

Commenl: This solution, obtained using the piecewise linear model, is nearly equal to
the solution obtained in Example 1.6, in which the ideal dicde equation was used.
However, the analysis using the piecewise-linear model in this example is by far easier
than using the actual diode /—V characteristics as was done in Example 1.6. In general,
we are willing to accept some slight analysis inaccuracy for ease of analysis.

Because the forward diode resistance r; in Example 1.7 is much smaller
than the circuit resistance R, the dicde current [ is ¢ssentially independent of
the value of #,. [n addition, if the cut-in voltage is 0.7V insiead of 0.6V, the
calculated diode current will be 2.15mA, which is not significantly different
from the previous results. Therefore, the calculated diede current is not a
strong function of the cut-in voltage. Consequently, we will often assume a
cut-in voltage of 0.7V for silicon pn junction diodes.

The concept of the load line and the piecewise linear model can be com-
bined in diode circuit analyses. Using Kirchholf's voltage law, expressed as
Equation 1.14(b), and the circuit in Figure 1.24, assume ¥\, = 0.7V, r, =G,
Vps = +5V, and R = 2kS2. Figure 1.28(a) shows the resulting load line and
the piecewise linear characteristic curves of the diode. The two curves intersect

p(mALE | ipimA)
25k, | _Q-point 25
215
|
': 1.25
: 0623
1
07V 5 ¥p(volss) 0.7 25 5 Vg ivolts)
(8} (b)

Figure 1.2  Plecewise finear approximation (a) load line for Vpg = 5V and A = 2k and
(b) several load lines
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4t the Q-pomt, or diode current, fpp = 2.15 mA, which is essentially a function
of only ¥ps and R. Figure 1.28(b) shows the same piecewise linear character-
istics of the diode but with four different load lines, corresponding to: Vpy =
SV R=4kQ; Vs =53V, R=2k; Vps = 2.5V, R=4kQ;and Ve =25V,
R = 2k&i. The Q-point changes for each load line.

The load line concept is also useful when the diode is reverse biased. Figure
1.29¢{a) shows the same diode circuit as before, but with the direction of the
diode reversed. The diode current [ and voltage V5 shown are the usual
forward-biased parameters. Applying Kirchhoff's voltage law, we can write

Vs = 1psR—Vp=—-IpR-V¥p (1.22(a)}

or
Voo F .
Iy = _f - _RE (1.22(b))

where f;, = —Ip¢. Equation (1.22(b)) is the load lLine equation. The two end
points are found by setting Ip = 0, which yields Vi = =Vps = =5V, and by
setling ¥p =0, which yields fp=—Vp;/R = ~5/2 = ~2.5mA. The diode
characteristics and the load line are plotted in Figure 1.29(b). We see that
the load is now in the third quadrant, where it intersects the diode characier-
istics curve at ¥Vp = —5V and Ip = 0, demonstrating that the diode is reverse
biased.

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

In 1
|
|
Q-point |
I
R=2ki 5~ !
A L "'1 VD
—
+ o =
Vpe= 5V = ,.-DT.‘.L ":p T
T -25mA
{a) b

Figurs 1.29 Reverse-bigsed diode (a) circuit and (b) piecewise finear approximation and
load line

Test Your Understanding

1.48 (1} Consider the circuit in Figure 1.24. Let Fpy =5V, R=4kQ, and ¥, =
0.7V. Assume r; = 0. Determine Ip. (b} If' Va5 is increased to 8 V, what must be the new
value of R such that {p is the same valve as in part (a)? (c) Draw the diode character-
istics and load lines for parts () and (b). (Ans. (a) fp = 1.08mA, (b) R = 6.79k%2)
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1.98  The power supply {input) voltage in the circuit of Figure [.24 is ¥Fpe = 10V and
the diode cut-in voltageis ¥, = 0.7 ¥ (assurne r, = 0). The power dissipated in the diode
is 10 be no mote than |.05mW. Determine the maximum diode current and the mini-
mum value of R [0 meet the power specification. {(Ans. Jp = 1.5mA, R = 6.2k

133 Computer Simulation and Analysis

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

Example 1.8 Objective: Determine the diode current and voltage characteristics
of the circuit shown in Figure |.24 using a PSpice analysis.

Solullon:  Figurs 1.300a) is the PSpice circuit schematic. A standard 1N40G2 diode
from the PSpice library was used in the analysis. The input voltage V1 was varied (dc
sweep) from O to 5 V. Figure 1.30(b) and {c) shows the diode voltage and diode current
characteristics versus the input voltage.

DIN4AJ2
14 Diode 2A.dn (A} Diode 2A dat
10¥ 4.0 mh,
aF i i 04 I I
oF 2o 4.0V 6.0 V oy v 40 ¥ &0
aFDL:) Vi D) Y
(b} ©

Figure1.30 (a) PSpice circuit schemalic, {b) diode voltage, and (c) diode currert for
Exdimple 1.8 '
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Discussion: Scveral observalions may be made from the results. The diode voliage
increases al almost 2 linear rate up W approximately 400mY without any discernibie
(mA} current being measured. For an inpul voltage greater than approximately 300 mV,
the diode voitage increases gradually to a value of about €10 mV a1 the maximum input
voltage. The cutrent also increases to a maximum value of approximately 2.2mA al the
masimum input voltage, The mecewise linear model predicis quite accurale results ai
the miximum mput voitage, However. these resuits show that there is definitely 4 non-
linear relution between the diode current and diode voltuge, We must keep in mind that
ihe piccewise lincar model 15 an approximation techmque that works very well in many
applicaticns.

K |

1.3.4 Summary of Diode Models

The two de diode models used in the hand analysis of diode circuits are: the
ideal diode equation and the piecewise linear approximation. For the ideal
diode equation, the reverse-saturation current f5 must be specified. For the
piecewise linear madel, the cut-in voltage V), and forward diode resistance
musi be specified. In most cases, however. r, is ussumed (0 be zero unless
otherwise given,

1.4 DIODE CIRCUITS: AC EQUIVALENT CIRCUIT

Up 1o this point. we have only looked at the de characteristics of the pn
junction diode. When semiconductor devices with pr junctions are used in
linear amplitier circuits, the time-varying. or ac. characteristics of the pn
junction become importani, because sinusoidal signals may be supenmposed
on the de currents and voltages. The following sections examine these ac
characteristics.

t1.4.1 Sinusoidal Analysis

In the circuit shown in Figure 1.31{a). the voltage source v; 1s assumed to he a
sinuseidal, or ime-varying, signal. The total input voltage v; is composed of a
de component ¥ pg and an ac component v, superimposed on the de value. To
investigate this circuit, we will lock at two types of analyses: a dc analysis
involving only the de voltages and currents, and an ac analysis volving
only the ac voltages and currents, (We should point out that the circuit in
the figure 1s not a practical circuit, since it is not desirable to have a de current
flowing through an ac signal source. However, (he circuit is useful for a dis-
cussion of d¢ and ac analyses.)

Current-Voltage Relationships

Since the inpwt voltage contains a dc component with an ac signal superim-
posed, the diode current will also contain 4 dc component with an ac signal
superimposed, as shown in Figure 1.31(b). Here, /p is the dc quiescent diede
current. In addition, the diode voltage will contain a de value with an ac signal
superimposed, as shown in Figure 1.31(c). For this analysis, assume that the ac
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Figure 1.31 AC circyit analysis: (a) circuit with combined dc and sinusoidal input voltagas,
{b) simnusocidal diode currant superimposed on the quiescent current, {¢) snusoidal diode
voltage superimposed on the quiescen! valus, and {d) forward-blased diode -V
charactaristics with a sinusoidal cument and wollage superimposed on the quiescent values

signal is small compared to the dc component, so that a linear ac model can be
developed from the nonlincar diode.
The relationship between the diode current and voltage can be written as

. Fapptra
o2 1ol < peeF) 12
where Vpy is the dc quiescent voltage and v, is the ac componeni. We
are neglecting the —1 term in the diode equation. Equation (1.23) can be
TEWritien as

= Js[e(#i)][e(ﬁ)] (1.24)

If the ac signal is “*small,” then v; <« V1, and we can expand the exponential
function into a linear serigs, as follows:

e(%) 1+ f'f,f'- (1.25)

T



Chapter | Semiconductar Materials and Diodes

We may also write the ¢uiescent diode current as

f.h{: = f.‘r"[¥;=:) 1.26)

The diede current-voltage relationship from Equation {1.24) can then be
written s

: v f .
B2 ( |+ [-.—’) = g+ ¥u = g + i (1.27)
: :

where i, is the uc component of the diode current. The relationship between the
av components of the diode voltage and current is then

Iy
iy (,”;) g =gy (1.28(x)
ar
i o g
Vi — (', "') g =yl (1.28(b))
i

The parameters g, and ry, respectively, are Lhe diode small-signal incremental
conductance and resistance, also called the diffusion conductance and diffusion
resistance. We see from these two equations that
by

(1.2%)

sy =
L] fp.;_}

This equation telfs us that the incremental resisiance is a function of the de bias
current 4 and is inversely proportional to the slope of the /=¥ characleristics
curve, as shown in Figure 1.31{d).

Circuit Analysis

To analyze the circwit shown in Figure 1.31{a). we can use the piccewise linear
maodel Tor the de caleulations and Equation (1.29) for the ac calculation.

33

Examplie 1.9  Objective: Analyze the circuit shown in Figure 1.31{a).
Assume vircuit and diode parameters of Fpe = 3V, R = 5k, 1, =06V, and
v, = Ul sinen{ V).
Solution: [hvide the analysis imto two pans: the de analysis and the ac analysis.
Faor the de anadvsis, we sel v; = 0 and then determine the de quicscent current as
l.l'\' e Iv'. & 5 - U,f)
Ing = —- ¥ - =10.88mA
e & 5
The de value of the output voltage is

Fo= l’n{;R = (03BKH =44V

For the we analysis, we consider only the ac signals and parameters in the circuit. In
ether words. we cifectively set Fpg = 0. The ac Kirchhofi” vohage faw (K VL] equation
becomes

v = igrg + 3R = iglra + R}
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where r; is again the small-signal diode difTusion resisiance. From Eguaiion (1,1%), we
have

¥ .02
=l = 8 00295k
by 088
The ac diade current is
¥, 0.1sinews

fd — m = m = IQ,QS!H EJI{I.IA)

The ac component of the output voltage 5

vo = izR = 0.0995sineHV)

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

Frequency Response

In the previous analysis, we implicitly assumed that the frequency of the uc
signal was small enough that capacitance effects in the circuit would be negli-
gible. If the frequency of the ac input signal increases, the diffusion capacitance
associated with a forward-biased pn junction becomes important. The source
of the diffusion capacitance is shown in Figure [.32, which displays the dc
values of the minonty carrier concentrations and the changes caused by an
ac component being superimposed, The AQ charge is alternately being charged
and discharged through the junction as the voltage across the junction changes.
The diffusion capacitance is the change in the stored minority carrier charge
that is caused by a change in the voltage, or

d4Q
1.
C; (1.30)

The diffusion capacitance €, is normally much larger than the junction ca-
pacitance C,, because of the magnitude of the charges involved.

ho| 4o
peregion i 1 A-region

Figure1.32 Change in minonty camer stoned charge, leading to diffusion capacitance
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1.4.2 Small-Signal Equivalent Circuit

The small-signal equivalent circuit of the forward-biased pn junction is shown

in Figure 1.33 and is developed partially from the equation for the admittance.
which 15 given by

Y = g4+ jwCy (130

where ¢, and C,; are the diffusion conductance and capacitance, respectively.
We must also add the junction capacitance, which is in paralle) with the diffu-
sion resistance and capacitance, and a series resistance, which is required
hecause of the finite resistances in the neutral n- and p-regions.

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

(a)

Fd
A AN —
le ¥
It AANN-m
Cf

IL
L

{b)

Figure 1.33 Small-signal
equivalent circult of the diode:
{a} simpiified version and

{b) complete circuit

Test Your Understanding
1.47 Deiermine the diffusion conductance of a pn junction diode at T = 300"K and
biased at a currenl of 0.8 mA. {Ans. g; = 30.8mS5)

4.98 The diffusion resistance of a pn junction diede at T = W0 K is determined to
be ry = 500 What is the quiescent diode current? {Ans. Tpp = 0.52mA)

1.5 OTHERDIODE TYPES

Other types of diodes with specialized characteristics include the solar cell,
photodiode. light-emitting diode, Schottky diode, and Zener diode. The solar
cell, photodiode, light-emitting diode, and Zener diode are types of pn junction
diodes with specific characteristics that make them useful in particular cireit
applications,

151 SolarCell

A solar cell is a pn junction device with no voltage directly applied across the
junction. The pn junction, which converts solar energy into electrical energy, 1§
connected to a load as indicated in Figure 1.34. When light hits the space-
charge region, electrons and holes are generated. They are quickly separated
and swept oul of the space-charge region by the electric ficld, thus creating a
photocurrent. The generated photocurrent will produce a voltage across the
load, which means that the solar cell has supplied power. Solar cells are usually
fabricated from silicon, but may be made from GaAs or other ITI-V compound
semiconductors.

Solar cells have long been used to power the electronics in satellites and
space vehicles, and also as the power supply to some calculators. Solar cells are
also used 1o power race cars m a Sunrayce event. Collegiate teams in the
United Stales design. build and drive the race cars. Typically, a Sunrayce car
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Solar energy

FRE
FIIE

el

Figure 1.34 A pn junction solar cell connected 1o load

has § m’ of solar cell arrays that can produce 800 W of power on a sunny day at
noon. The power from the solar array can be used either to power an electric
motor or to charge a battery pack.

15.2 Photlodiode

Photodetecters are devices that convert optical signals into clectrical sigaals.
An example is the photodiode, which is similar to a solar cell except that the pn
junction is operated with 2 reverse-bias voltage. Incident pholons or light
waves create excess elecirons and holes in the space-charge region. These excess
carriers are quickly separated and swept out of the space-charge region by the
electric field, thus creating a “‘photocurrent.” This generated photocurrent is
directly proportional to the incident photon flux.

153 Light-Emitting Diode

The light-emitting diode (LED) converts current 1o light. As previously
explained, when a forward-bias voltage is applied across a pn junction, elec-
trons and holes flow across the space-charge region and become excess
minority carriers. These excess minonty carriers diffuse into the neutral semi-
conductor regions, where they recombine with majority carriers. If the semi-
conductor is a direct bandgap maternial, such as GaAs, the electron and hole can
recombine with no change in momentum, and a photon or light wave can be
emitted. Conversely, in an indirect bandgap material, such as silicon, when an
electron and hole recombine, both energy and momentum must be conserved.
so the emission of a photon is very unlikety. Therefore, LEDs are fabricated
from Gaas or other compound semiconductor materials. In an LED, the diode
current is directly proportional to the recombination rate, which means that
the output light intensity is also proportional to the diode current.

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

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

The LED can be used in conjunction with a photodiode to create an
optical system such as that shown in Figure 1.35. The light signal created
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Flgure 1.35 Bask slemants in an oplical transmission system

may travel over relatively long distances through the optical fiber, because of
the low optical absorption in high-quality optical fibers,

1.54  Schottky Barrier Diode

A Schottky barrier diede. or simply a Schottky diode, is formed when a metal,
such as aluminium, is brought into contact with a maderarely doped n-type
sericonductor. Figure | 36ta) shows the metal-semiconductor contact, and
Figure 1.36(b) shows the circuit symbol with the current direction and voltage
potarity,

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

First, the current mechanism in the 1wo devices is different. The current in
a pn junction diode is controlled by the diffusion of minority carriers. The
current in a Schouky diode results from the flow of majority carriers aver the
polential barrier at the metathurgical junction. This means that there is no
minority carrier storage m the Schottky diode, s¢ the switching tme from a
forward bias 10 a reverse bias is very short compared to that of a pn junction
diode, The storage tme, (., for a Schottky diode is essentially zero.

Sccond. the reverse-saturation current /g for a Schottky diode is larger
than that of a pn junction diode for comparable device areas. This property
meins that the current in a Schotiky diode is larger than that in a pn junction
diode Tor the same forward-bias vollage.

Figure 1.37 compares the charactenstics of the two diodes. Applying the
piecewise linear model, we can determine that the Schottky diede has a smaller
urn-on voliage than the pn junction diode. In later chapters, we will see how
this lower lurn-on voltage and the shorter switching time make the Schoutky
diode useful in integrated-circuit applications. -

i

Metal

(b)

Figure 1.36  Schotrky
barrier dicde: {a} simplilied
geometry and (D} circuit
symbol
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Figure 1.37 Comparison of the torward-bias /=Y characteristics of a pn junction diode and
a ¥ barrietr diode

Figure 1,38  Simple circuit
with both a on junction dinde
and a Scholiky barrier diode

Example 1.10 Objactive: Calculate the currents in a aircuit containing both a pn
junction diode and 4 Schattky diode.

Consider the circuit shown in Figure 1.38. Assume the cul-in voltages for the pn
junction diode and the Schouky diode are ¥, = 0.7V and V, = 0.3V, respectively. Let
r, =0 for both diodes.

Solution: The current [, is the voltage difference across Ry divided by the resistance
Ri* or

—0.7
5= 4—"&“— = 0.825mA

Similarly, the current f; is the voliage difference across R. divided by the resistance
Ry or
4-03
L= ——40— =0525mA

Comment: The dc calculations for a circur containing 2 Schottky diode are the same
as those for a circuit containing a pn junction diode.

Another type of metal-semiconductor junction is als¢ possible, A metal
applied to a heavily doped semiconductor forms, i most cases, an ohmic
comtget: that is, 2 contact that conducts current equally in bath directions,
with very little voltage drop across the junction. Ohmic contacts are used to
conect one semiconductor device Lo another on an IC, or to connect an IC 1o
its external terminals.
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Teost Your Understanding

149  The reverse-saturation currents of & pn junction diode and a Schottky diode are
Iy = 1077 A and 107 A, respectively. Determine the forward-bias voltages required to
produce | mA in each diode. {Ans. pn diode, V' = 0.539V; Schottky diede, Vp =
0.299V)

1.20 A pn junction diede and a Schottky diode both have forward-bias currents of
I.2mA. The reverse-saturation current of the pn junction diode is f5 = 4 x 107" A, The

difference in ferward-bias voltages is 0.265V. Determine the reverse-saturation current
of the Schottky diede. (Ans. Iy = 1.07 x 107 ® A)

1.5.5 ZenerDiode

As mentioned earlier in this chapter, the applied reverse-bias voltage cannot
increase without limit. At some point, breakdown o¢curs and the current in the
reverse-bias direction increases rapidly. The voltage at this point is called the
breakdown voltage. The diode /—F characteristics, including breakdown, are
shown in Figure .39,

Breakdown
vollage

Ivgl vl

1
-—-Slope=¥

Figure 1.39 Diode -V characieristics showing breakdown effacts

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

The circuit symbel of the Zener diode is shown in Figure 1.40. (Note the
difference between this symbol and the Schottky diode symbol.) The voliage
V> is the Zener breakdown voltage, and the current /7 is the reverse-bias
current when the diode is operating in the breakdown region.

Figure 1.41  Simple circuit
containing a Zener dicde

¢

Design Example 1.11 Objective: Consider a simple constant-voliage refer-
ence circuil and design the value of resistance required to limit the current in this circuit.

Consider the circuit shown in Figure {,41. Assume that the Zener diode breakdown
voltage is F'z = 5.6V and the Zener resistance is r. = 0. The curren! in the diode is to be
limited to 3mA.

Solutton:  As before, we can determine the current from the voltage difference across R
divided by the resistance. That is,

.,_VPS"V.’
- R

The resistance s then

Vps— Vz _10=58

R= — = | 47k
i 3 .47k

Comment: The cesistance external to the Zener diode hmits the current when the
diode is operating n the breakdown region. In the circuit shown in the figure, the
output voltage wiil remain constant at 5.6V, even though the power supply voliage
and the resistance may change over a himited range. Hence, this circuit provides 4
constant cutput voltage. We will see further applications of the Zener diode in the
next chapter.

Test Your Understanding

1.21 Consider the circuit shown in Figure 1.41. Determine the value of resistance R
required to limit the power dissipated in the Zener diode o 10mW. (Ans. R = 2.46 k)

1.22 A Zener diode has an equivalent series resistance of 20 €. I the voliage across
the Zener diode is 5.20V a1 {, = | mA, defermine the vollage across the diede at
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1.6 SUMMARY

¢ We mitially considered some of the characteristics and properties of semicondugtor
materials, We discussed the concept of electrons (negative charge) and holes (positive
charge) as twe distinct charge careiers in a semiconduciar, The doping of pure semi-
conductor crystals with specific types of impurity atoms produces either n-lype mate-
rials. which have a preponderance of clecirons. or p-1ype materials, which have a
preponderance of holes. The concepts of ntype and p-type materials are used
throughoul the 1ext.

® A pn junction diode is formed when an n-deped fepion and a p-doped region are
dircetly adjacent to cach other. The current~voltage characteristics of the diode are
nonlinear: The curreni 15 an ¢xponential function of voltage in the forward-bias
condition, and s essentially zero in the reverse-bias condition.

® Since the i—v relationship of the diode is nonlinear. the analvsis of circuits containing
diodes is nol as straightfoward as that of linear circuits that contain only linear
resistors. A piecewise-linear model of the diode was developed so that approximate
hand calculation resuits can be easily obtaned. The i— charactenistcs of the diode
are broken into linear segments, which are valid over particular regions of operation.
The coneept of a diode 1urn-on voltage was miroduced as part of the piecewise lincar
medel.

® Time-varying, or a¢ signals, may be superimposed on a de diode current and voltage.
A small-signal linear equivalent circuit was developed and is used w determine the
relanionship between the ac current and ac voliage. This same equivalent circuit will
be applied cxtensively when the frequency response of (ransistors 15 discussed.

CHECKPOINT

Aler studying this chaples, the reader should have the ability to:

v Undersiznd the concept of intrinsic carrier concentration, the difference between n-
type and p-type materials, and the concept of drift and diffusion currents. (Section
1.1}

v Analyze a simple drode circuit using the ideal diode curreni—voltage characteristics
and using the iteration analysis technique. (Sectien 1.3}

¢ Analyze a diode circuil using the piecewise linear approximation model for the
diode. {(Section 1.3)

¢ Determine the smatl-signal characteristics of a diode using the smali-signal equiva-
lent circuit. (Section 1.4%

& Understand the general characteristics of « solar ceil, light-emitung diode. Schotiky
barrier diode, and Zener diode. Section 1.5)

REVIEW QUESTIONS

. Drescribe an inlrinsic semiconductor material. What & meant by the intrinsic
carrier concentration?

2. Desenibe the concept of an electron and a hole as charge carriers in the semicon-
ductor material.
3. Deseribe an extrinsic semiconductor materal. What is the value of the electron

concentration i 2n n-type material, and what is the value of the hole concentry-
tiog in a p-type matesial?

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

41
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5. How is a pn junclion formed? What is meant by a buili-in potential barrier. and
how is it formed?

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

7. Write the ideal diode current-voltage relationship. Describe the meaning of /5 and
Vr.

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

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

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

1. Under what conditions is the small-sigpal model of o diode used in the analysis of a
diode circuit!

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

13, How do the i~v characteristics of a Schotiky barrier diode differ from thoseef a pi
junction diode?

14. What characteristic of a Zener diode 35 used in the design of a Zener diode circuir?

Wibndadibd B T T T T

PROBLEMS

[Note: Unless otherwise specified. assume that T = 300 “K in the following problems.
Also. assume the emission coefficient is # = 1 unless otherwise stated.]

Section 1.1 Semiconductor Materials and Properties

1.1 {a} Calculate the intrinsic carrier concentration in silicon at (i} T = 275"K and
(i) T = 325°K. (b) Repeat part (a) for gallium arsenide.

1.2 {a]l~ The intrinsic camier coneentration n silicon 15 o be no larger than
"= 10" cm ™. Determine the maximum allowable temperature. {(b) Repeat part (a)
for m; = 107 em™*,

1.3 (a) Find the concentrations of electrons and holes in a sample of silicon that has a
concentration of donor atoms equal to 5 x 10" em ™. Is the semiconductor n-type or p-
type? {b} Repeat part {a) for gallium arsenide.

1.4 ({(a} Calculate the concentration of electrons and holes in a silicon semiconductor
sample that has a concentration of acceplor atoms equal to 10" cm™?, Is the semicon-
ductor n- or p-type? (b) Repeat part (a) for germaniuwm.

1.5 The electron conceniration in silicon at T=30"K 15 n,=35x 108 em—?

(a) Determine the hole concentration. (b) 15 the matenal n-type or p-type? (c) What
is the impurity doping concentration?

D16 (a) A silicon semiconductor malerial is to be designed such that the majority
carrier efectron concentration is n, =7 x 10" em ™. Should denor or acceptor impurity
atoms he added ta intrinsic silicon 1o achieve this electron concentration? What con-
centration of depant impunty atoms is required? (b} In this silicon material, the mi-
nority carrier hole concentration is to be no larger than p, = 10° cm ™. Determine the
maximum allowable temperature,

.7 The applied electric field in p-type silicon is £ = 15 ¥fecm. The semiconductor
conductivity is o = 2.2(Q—m)"! and the cross-sectional area is 4 = 10~ cm”. Deter-
mine the drift current in the semiconductor.
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1.8 A drift current density of 85 Ajem® is established in n-type silicon with an applizd
electnic ficld of E = 12 Viom. Determine the conductivity of the semiconductor.,

19 In GaAs. the mobilities are j, =8500em™V-s and g, = 400’/ V-s.
{a} Determine the range in conduciivity for a range in donor concentration of 10" <
Ny = 10%em ™ {b} Using the resuits of part (a}. determine the range in drift current
density il the applied electric field is £ = 0.1 Viem.

190 GaAs is doped 0 N, = 10" em™, {a) Calculate n, and p,. (b} Excess electrons
and holes are generated such that dn = 8p = 10" cm™'. Determine the total concentra-
sion of electrons and holes.

Section1.2  ThepnJunction

111 Coleulate ¥, in a silicon pn junction for: (a) Nj=N, =107 em™;
N, =10 em N, =10 em™; and (@) Ny = N, = 10¥ em ™.

112 Repeat Problem 113 for gallium arsenide.

113 The donor concentration in the n-region of a silicon pn junction 15 N, =
10" cn ™. Plot V), versus N, over the range 10'' < N, < 10" cm™ where N, is the
acceptor conceniration in the p-region.

114 Consider a uniformly doped GaAs pn junction with doping concentrations of
N, =5x10%em ™ and Ny= 5% 10%cm™ . Plot the built-in potential barrier V),

versus lemperature for 200°K = T < 500 7K.

115 A silicon pn junction has zero-bias junction capacitance of C,, = 1 pF and dep-
ing concetrations of N, = 2 x 10%cm " and My =2 = 10" em ™. Caleulate the junc-
tion capacitance al: {a) Ve = 1 Vand (b) Vp =3V,

*1.16 The zero-bias capacitance of a silicon pn junction diode is (, == 0.01 pF and the
buil-in potential is ¥y, = 0.80 V. The diode is reverse biased through a 47-k<t resistor
and a voltage source, (2% For 1 < 0, the applied voltage 1s 5V and, at 7 = 0. the applied
voltage drops to zero volts, Estimate the time it takes for the diode voliage 1o change
from 5V to | .5 V. {As an approximation, use the average diode capacilance between the
wwo voliage levels ) (b) Repeat part (a)for an input voltage change fcom 0 Vio 3V and a
diode voltage change from 0V to 3.5V. {Use the average diode capacitance between
these two voliage levels.)

1.17 A silicon pn junction is doped at N, = 10" em™ and &, = 10" em ™. The zero-
bias junction capacitance is €, = 0.25pF. An inductance of 2.2mH is placed in parallel
with the pn junction. Calculate the resonant frequency £, of the circuit for reverse-bias
vollages of: (a) Vg = 1V, and (b) Fp = 0V,

118 (a) Al what reverss bias voltage does the reverse-bias current in a sihcon pn
junction diode reach 96 percent of its saturation value? (b} What is the ratio ol the
currenit for a forward-bias voitage of 0.2V Lo the current for a reverse-bias voltage of
02v?

1.99 (1) Determine the current in a silicon po junction diode for forward-bias voltages
of 0.5, 0.6.and 0.7 V if the reverse-saturation current is £5 = 107" A (b) Repeat part {«)
for fy = 107 A

1,20 For a pn junction diode, what must be the forward-bias voltage 10 produce a
current of 150 A if (a) s = 107"" A and (b) £y = 10" A

1.21 A silicon pn junction diode has an emission coefficient of 7 =2. The diode
cutrent is | mA when ¥, =0.7V. (a) Find the reverse-saturation curtent. (b) Deter-
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mine the diede carrcat when the voltage is increased 1o 0.8V, {¢) Repedt parts (a) and
(b) when the emission coefficient i p = |.

1.22 The reverse-sataration current of a sificon pn junction diode at T = 3007K is
Iy = 107" A Determine the temperature range over which fg varies from 0.5 < 1012 A
o 30 x 107" 4.

1.23 A silicon pn junction dicde has an applied forward-bias voltage of 0.6 Y. Deter-
mine the ratio of corrent at 1007C to that at =55 C.

1.24 (a) Consider a silicon pn junction diede operating in the forward-bias region.
Determine the increase in forwiard-bias voltage that will cause a factor of 10 increase in
current. ¢b} Repeat part {a) for a factor of 100 increase in current.

Section1.3  DC Diode Analysis

1.25 A pn junction diode 15 in series with a 10 MS2 resistor and a 1.5V power supply.
The reverse-saturation curreret of the diode is Js = 30nA. (a) Determine the diode
current and voltage if the diode is forward biased. (b)Y Repeat part (a) if the diode 1s
reverse biased.

.26 (z) The diode in the circuit shown in Figure P1.26 has a reverse-saturation
current of £ = 5 x 107" A, Determine the diode voltage and current. {b) Repeal part
{a) with a computer simulation analysis.

Ry =50 ke

Figure #1.26

1.27 The reverse-saturalion current of ¢ach diede in the circuit shown in Figure P1.27
15 Jg = 2% 107" A Determine the input voltage F, required 1o produce an owtpu
vollage of Fy = 060V,

R=47 K1
S I I
N= T v
ok
Figure P1.27 Figure P1.28

1.28 (a)In thecitcuit shown in Figure P1.28. find the diode voliage V' and the suppiy
voltage I such that the current is / = 0.50 A, Assume the reverse-saturation current is
Iy =5x 107" A, (b} From the results of part {a}. determine the power dissipated in the
diode.

1.29 {a} Consider the circuit shown in Figure P1.26. The value of Ry is reduced to
R, = 10kQ and the cut-in voltage of the diode is V, = 0.7V, Determine Iy and Vp.
ib) Repeat part {a)if B = 30k (¢) Repeat paris (a) and (b} with a computer simulation
analysis.
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1.30 The cut-in voltage for each diode in the circuits shown in Figure PL30 is
I, =0.6V. For each circuit, determine the diode current I and the voltage Fo (mea-
sured with respect to ground potential).

= [Qki2
ANN—p— ¥y

(€}
Figure P1.30

*D1,31 The cut-in voltage of the diode shown in the circuit in Figure P13l is
V, =07V, The diode is to remain biased “on™ for a power supply voitage in the
range 5 < Fpy < 10V. The minimum diode current is to be {p{min) = 2mA. The max-
imum power dissipated in the diode i 10 be no more than 10mW. Determine appro-
priate values of Ry and R,

wQ 4

Figure P1.31

1.32  Assume euch dibde in the circuit shown in Figure P1.32 has a cut-in voltage of
¥, =065V The input voltage 1s V; = 5¥. Determine the value of R} required such
thal {5, is one-half the value of f5;. What arc the values of {p and /5"




pt

Figure F1.36
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1.33 The voltage V in Figure P1.28 is V' = 1.7V If the cut-in voltage of the diede is
¥, = 0,65V, determine the new value of R required to limit the power dissipation in the
diode to no more than 0.20 mW.

134  Repeat Problem 1.25 if the diode cut-in voltage is V), = 0.7V. Compare these
results to those obtained in Problem 1.25. Discuss any discrepancies.

Section1.4  Small-Signal Diode Analysis

1.35 ia) Consider a pn junction diode biased at fnp = 1 mA. A sinusoidal voltage 1s
superimpesed on Fpg such thal the peak-1o-peak sinuseidal current is 0.037pp . Find the
value of the applied peak-to-peak sinusoidal voltage. (bi Repeat part (a) if ipp =
0.1 mA.

*1.38 The diode in the circuit shown in Figure P1.36 is biased with a constant current
source {. A sinusoidal signal v, 1 coupled through Rg and C. Assume that C is large so
that it acts as a short circuit 10 the signal. (a) Show that the sinusoidal component of the
diode voltage is given by

¥y )
1! =;I —
TNV + IR

(b) If Rs = 26042, find v,/v, for f = 1mA, f =01mA and 7 = 001l mA.

Section1.5  Other Types of Dicdes

137 The reverse-saturation urrents of a pn junction diode and a Schottky diode are
I = 107" A and 107° A, respectively. Determine the forward-bias voltages required to
produce a current of 100pA in each diode.

1.38 A pn junction diode and a Schottky dicde have equal cross-sectional areas and
have forward-bias currents of 0.3mA. The reverse-saturation current of the Schottky
diode is g = 5x 107" A. The difference in forward-bias voltages between the two
diodes is 0.30 V. Determine the reverse-saturation current of the pn jusction dicde.

1.39 Consider the circuit shown in Figure P1.39. The reverse-saturation currents of the
Schottky diode and pn junctien diode are 167" A and 1077 A, respectively. Determine
the value of R such that the currents in the diodes are equat. What is the voltage across
cach diode?

Figurs P1.38

1.40 The reverse-saturation currents of a Schotky dicde and a pn junction diode are
Ie=5=x 1078 A and 10~" A, respectively. {a) The diodes are connected in paraliet and
the parallel combination is driven by a constant current of 0.5mA. (i) Determine the
current in each diode. (ii) Determine the voltage across cach diode. (b} Repeat part (a)
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for the diodes connected in series, with a voltage of .90 'V connected across the series
combination.

.41 Consider the Zener diode circuit shown ir Figure F1.41. The Zener breakdown
voltage is V= 5.6V at & = 0.1 mA, and the incremental Zener resistance is r. = 102,
{a) Detcrmine ¥, with no load (R, = o). {b) Find the change i the output voltage if
Fpy changes by £1V._{c) Find ¥, if Vps = 10Y and Ry = 2k

R=05k0

Figure P1.41

1.42 A voltuge regulator consists of a 6.8 V Zener diode in series with a 200 Q resistor
and a 9V power supply. (a) Neglecting r,, calculate the diode current and power dis-
sipation. {b) If the power supply is increased to 12V, caleulate the percentage increase in
diode currcat and power dissipation.

*1.43 Consider the Zener diode circuil shown in Figure PL41. The Zener diode volt-
age is ¥, =68V ul £, =0.1mA and the incremental Zener resistance is r. = 202
(2) Calculte ¥,y with no load (Rp = o). (b) Find the change m the output voltage
when a load resistance of & = [ kL is connected.
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COMPUTER SIMULATION PROBLEMS

1.44 Use i computer simulation to generate the ideal current-voltage characieristics of
a diede from a reverse-bias volluge of 5V to a forward-bias current of 10mA, lor an /¢
parameter value of: (3) 107" A and (b) 107" A. Use the defaul values for all other
parameters,

1.45 Llse a computer simulation to generate the /- charactenstcs of a diode with
Io = 10" A at temperatares of: (2) T=0°C. () T =28°C, () T=75"C. and
{dY T == 125 C. Plot the characieristics from a reverse-bias voltage of 3V (o a for-
ward-bus current of [GmA.

1.46 Consider the circuit shown in Figure 1.30(a) with Fpg =5V, Let Ly = 107" A
and assume that v, is a sinusoidal source with a peak value of 0.25¥. Choose values of &
te penerate quicscent diode currents of approximately 0.1, 1.0, and [0mA. From a
computer simulation analysis, determine the peak values of the sinusoidal diode current
and sinusvidal diode voitape for each de diode current. Compare the relationship
between 1he av diode current and voltage to Equation (1.28(b)), where r; 1s given by
Equation (1,29}, Do the computer simulation results compare favorably with the the-
oretical predictions?

1.47  Repeat Problem 116 using the actual C versus g churactenstics.

MR T b R g e
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" DESIGN PROBLEMS

[Note: Each design shouwid be verified by a computer simulation.}

*D1.48 Design a circuit to produce the characteristics shown in Figure P1.48, where i),
is the diode curtent and v, is the input voltage. Assume the diode has piecewise linear
parameters of ¥V, =07V and ry = 0.

ip fmA}
10

B2 46 8 Wy
Figure P1.43
*D1.4% Design a circuit 1o produce the characteristics shown in Figurg P1.49 where v,

is the input voltage and 5 is the current supplied by »,. Assume any diodes in the circun
have piecewise linear parameters of ¥, = 0.7V and r; = 0.

vy (W)

Figure P1.49

*04.50 Design acircuil 1o produce the charactenistics shown in Figure P1.50, where v
is an outpul voltage and v, is the input voliage.

Figure P1.50



Diode Circuits

2.0 PREVIEW

In the last chapter, we discussed some of the properties of semiconductor
materials. and introduced the diode. We presented the ideal current—voltage
relationship, and considerad the piecewise linear model, which simplifies the dc
analysis of diode circuits. In this chapter, the techniques and concepts devel-
oped in Chapter 1 are used to analyze and design electronic circuits containing
diodes. A general goal of this chapter is 1o develop the ability 10 use the
plecewise lincar model and approximation techniques in the hand analysis
and design of various diode circuits.

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

Circuils 1o be considered perform functions such as rectification., clipping,
and clamping. These functions are possible only because of the nonlinear
properties of the pn junction diede. The conversion of an ac voltage 10 a dc
voltage, such as for a dc power supply, is called rectification. Clipper diode
circuits clip portions of a signal that are above or below some reference level.
Clamper circuits shilt the entire signal by some dc value.

Zener diodes, which operate in the reverse-bias breakdown region, have
the advantage that the voltage across the diede in this region is nearly constant
over a wide range ol currents. Such diodes are used in voltage reference or
voltuge regulator circuits, Finally, we look at the circuits of two special diodes:
the light-emitting diode (LED} and the photediode. An LED circuit is used in
visual displays. such as the seven-segment numerical display. The photodiede
circuil is used to detect the presence or absence of light and convert this
information into an elecirical signal.

Although diodes are usefud electronic devices, we will begin (o see the
timitations of these devices and the desirability of having some type of “ampli-
fying™ device,
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2.1 RECTIFIER CIRCUITS

One important application of diedes is in the design of rectifier circuits. A
diode rectifier forms the first stage of a dc¢ power supply as shown in Figure
2.1. As we will see throughout the text, a d¢ power supply is required to bias all
electronic circuits. The dc output voltage v will usually be in the range of 3 to
24V depending on the particular ¢lectronics application. Throughout the first
part of this chapter, we will analyze and design the various stages in the power
supply ¢ircuit,

Power
transformer
+
AL ;
[DHode Eiker Voltage
voliage rectifier e regulator
souce

 —

Figure 2,1 Block diagram of an elecironic power supply

Rectification is the process of converting an alternating {ac) voltage into
one that is limited 1o one polarity. The diode is useful for this function because
of its nonlinear characteristics. that is, current exists for one voltage polarity.
but is essentially zero for the opposile polarity. Rectification is classified as
half-wave or full-wave, with hall-wave being the simplest.

2.1.1 Hali-Wave Reclification

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

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

¥ N[
L z.1
v N 2.1
¥n
N M
—ry e W 2
+
VI i g R l«'o
3_"«_3 _ — 0
(a) (b}

Figure .2 Diocde in series with ac power source: (a) circuit and (b) voltage transier
characteristics
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where Ay and N, are the number of primary and secondary turns, respectively.
The ratio N,/ N 15 called the transformer turns ratio. The transfermer turns
ratio will be designed to provide a particular secondary voltage, v¢. which in
turn will produce a particular output voltage v,.

R

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

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

2. Determine the inpul voltage condition such that a diode is not conducting
(o). Then find the outpur signal for this condition.

[Note: [tem 2 can be performed before item | if desired.]

51

Fipure 2.2{b} shows the voltage transfer characteristics, vy versus vg, for
the circuit. For vy < 0. the diode is reverse biased, which means that the
current s zero and the output vollage is zero. As long as vg < V., the diode
will be nonconducting. so the output voltage will remain zero. When vg > V|
the diode bevomes forward biased and a current is induced in the ¢irewit. In this
CUSE, WE CUn Wil

ve = F,

r'“ = —-»E-—— (22(3]]

and
ver = ipR=vs =V, (2.2(bn

For vy = F,. the slope of the transfer curve s 1.

Il vy is a sinusoidal signal, as shown in Figure 2.3{a), the outpul vollage
cun be lound using the voltage transfer curve in Figure 2.2(b). For vg < F, the
output voltage is zero; for vs = V. the output is given by Equation (2.2(b)). or

Va =1y — E’},

and is shown in Figure 2.3(b}. We can see that winle the input signal vg alter-
nates polarity and has a time-average value of zero, the output voltage v is
unidirectional and has an average value thal is not zero. The input signal is
therefore rectified. Also, since the output voltage appears only duting the
positive cycle of the input signal, the circuit is catled a half-wave rectifier.

When the diode 15 ¢ut off and nonconducting, no voltage drop occurs
across the resistor R; therefore, the entire input sagnal voltage appears across
the diode (Figure 2.3(c)). Consequently, the diode must be capable of handling
the peak current in the forward direction and sustaining the largest peak
inverse voltage (P1V) without breakdown. For the circuit shown in Figure
2.2(a), the value of P1V is equal to the peak value of vs.

The load line concept can help in visualizing the operation of the half-wave
recuifier circuit. Figure 2.4(a) shows the sine wave input. Figure 2.4(b) shows
the piecewise linear characteristics of the diode, along with the load lines at
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Figure 2.3 Half-wave rectifier circuit: () Sinusoidal input voltage, (b) output voltage, and
{c) diode voltage
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(a) (b)

Figure 2.4 Oparation of hall-wave raclifier circult: (a} sinusoidal input vollage and {b) dicde
piecewise linear charactaristics and circuit load ling al vanous times

various times. Because the resistance R is a constant, the slope of the load lines
remains constant. However, since ihe magmtude of the power supply voltage
varies with time, the magnitude of the load line also changes with time. As the
load line sweeps across the diode /—F characteristics, the cutput voltage, diode
voltage, and diode current can be determined as a function of time,

We can use a half-wave rectifier circuit to charge a battery as shown in
Figure 2.5(a). Charging current exists whenever the instantaneous ac source
voltage is greater than the battery voltage plus the diode cut-in voltage as
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Figure 25 (a} Half-wave rectifier ysed as a batiery charger, (b) input voltage and diode
curen: wavelorms

shown in Figure 2.5(b}. The resistance R in the circuit is to himit the current.
When the ac source voltage is less than Vg, the current is zero. Thus current
flows only in Lhe direction to charge the batiery. One disadvantage of the hall-
wave reclifier is that we “waste” the negative half-cycles. The current is zero
during the negative half-cycles, so thers is no energy dissipated, but at the same
time. we are not making wse of any possible available encrgy.

Test Your Understanding

2.4 Figure 2.5(a) shows a simple circuil for charging a battery. Assume Ve=12V
and R = 100§ Also assume that vg is a sinusoidal signal with a peak amplitude of 24V
and that the diode has piecewise linear parametess of ¥, = 0.6V and r; = 0. Determine:
(a) the peak diode current; (b) the maximum reverse-bias diede voltage; and (¢) the
Traction (percent) of the cycle over which the diode conducts. (Ans. (a) | E4 mA, (B) 36V,
{c) 32.4%)

21.2 Full-Wave Rectification

The full-wave rectifier inverts the negative portions of the sine wave so that a
unipotar output signal is generated during both halves of the input sinusoid.
One example of a full-wave rectifier circuit appears in Figure 2.6(a). The input
10 the rectifier consists of 2 power transformer, in which the input is notmally a
120V {rms). 60 Hz ac signal, and the two outputs are from a center-tapped
secondary winding that provides equal voltages vy, with the polarities shown.
When the input line voltage is positive, both outpul signal voltages vg are also
positive.

The primary winding connected to the 120V ac source has N, windings,
and cach half of the secondary winding has ¥, windings. The value of the vg
output voltage is 120 (N/ Ny} volts (rms). The turns ratio of the transformer,
usually designaied (N)/N-) can be designed to “step down” the input line
vollage 1o 4 value that will produce a particular dc output voltage from the
rectifier. ;
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Figure 2.6 Ful-wave rectilier: (a) orcuit with centertapped transfommer, (b} voltage transier
charactenistics, and (c) input and ouviput waveforms

The input power ranslormer also provides electrical solation between the
powerline circuit and the electronic circuits to be biased by the rectifier circuit.
This isolation reduces the risk of electrical shock.

During the positive half of the input voltage eyele, both output voltages vy
are positive: therefore, diode D is forward biased and conducting and D; is
reverse biased and cut off. The current through D) and the output resistance
produce a positive output voltage. During the negative half cyclk, D) is cut off
and D, is forward biased, or “on,” and the current through the output resis-
tance again produces a positive output voltage. If we assume that the forward
diede resistance 7, of each diode is small and neghgible, we obtain the voliage
transfer characteristics, v, versus vs. shown in Figure 2.6(b}.

For a sinusoidal inpul voliage, we can determine the outpul voltage versus
time by using the voltage iransfer curve shown in Figure 2.6(b). When vg > V,,
D) is on and the output vollage is vp = vy — F,. When v 18 negative, then tor
vg < =V, or —vg > V. Dais on and the output veltage isvp = —vs — V,. The
corresponding input and output voltage signals are shown in Figure 2.6(c).
Since a rectified output vohage occurs during both the positive and negative
cycles of the mput signal, this circutt 15 called a full-wave rectifier,

Another example of a full-wave rectifier cirenit appears in Figure 2.7(a).
This circuit is a bridge rectifier. which still provides electrical 1solation between
the input ac powerline and the rectifier ouiput, but does not require a cenier-
tapped secondary winding. However, it does use four diodes, compared to only
two in the previous circuit.

During the positive half of the input voltage cycle, vg 15 positive, Dy and D,
are forward biased, D; and D, are reverse biased, and the direction of the
current is as shown in Figure 2.7(a). During the negative half-cycle of the
input voltage. vs is negative, and £, and Dy arc forward biased. The direction
of the current, shown in Figure 2.7(b), produces the same output voltage
polarity as before.
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(8) {b)

{c)

Figure 2.7 A full-wave bridge rectitier; {a) circuil showing the current direction for a positive
input cycle, {b) current direction for a negative input cycle, and (¢} input and owtput voltage
wavelorms

Figure 2.7(c) shows the sinusoidal voltage ve and the rectified output
voltage v,. Because two diodes are in series in the conduction path, the mag-
nitude of v, is two diode drops less than the magnitude of ve.

One difference to be noted in the bridge rectifier circuit in Figure 2.7(a) and
the rectifier in Figure 2.6(a} is the ground connection. Whereas the center tap
of the secondary winding of the circuit in Figure 2.6(a) is at ground potentizl,
the secondary winding of the bridge circuit (Figure 2.7(a)) is not directly
grounded. One side of the load R is grounded, but the secondary of the trans-
former is not.

Example 2.1 Objectve: Compare voltages and the transformer turns ratio in two
full-wave rectifier circuils.

onsider the rectifier caircuits shown in Figures 2.6(a} and 2.7{a). Assume the input
voltage is from a 120V {rms), 60 Hz ac source. The desired peak output voltage v, is
9V. and the diode cut-in voltage is assumed to be ¥, = 0.7V,

Solution: For the center-tapped transformer circuit shown in Figure 2.6(a), a peak
voltage of v,(max} = 9V mezns that the peak value of 15 is

velmax) = vp(max) + V, =94+ 0.7 =097V
For a sinusoidal signal, this produces an yms value ol
i 97
Vs.ms = E
The turns rave of the primary to each secondary winding must then be
N 120

= 6.80V
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For the bridge circwit shown in Figure 2. 7a). a peak voltage of volmax) =9V
means that the peak value of vy is

re(max) = vp(max) + 2F, =9+ 2(0.7) = 104V

For a sinusoidal signal, this produces an rms valus of

Y5 ms = %4- =735V

The turns ratio should then be
e
Ny 35
For the center-tapped rectifier, the peak inverse voltage (PIV) of o diede is
PIV = vpimax) = 2vgmax) — V, = 9.7y - 0.7 = 187V

= 16.3

For the bridge rectifier. the peak inverse voliage of a diede is
PIV = vp(max) = vgmax) = V, = 104 =07 =97V

Comment: These calculations demonstrate the advantages of the bridge rectifier over
the center-tapped transformer circuit, First, only half as many tuens are required for the
secondary winding in the bridge rectifier. This is true because only half of the secondary
winding of the center-tapped transformer is utilized at any one rime. Second, for the
bridge circut, the peak inverse voliage that any diode must sustain without breakdown
is only haif that of the center-tapped transfosmer circuit.

Because of the advantages demonstrated in Example 2.1, the bridge recti-
fier circuit is used more often than the center-tapped transformer circuil.

2.1.3  Fillers, Ripple Voltage, and Diode Current

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

A more detailed analysis of the circuit response when the input voltage is
near its peak value indicat<s a subtle difference between actual circuit opera-
tion and the qualitative description. If we assume that the diode turns off
immediately when the input voltage starts 10 decrease from its peak value,
then the outpui voltage will decrease exponentially with time, as previously
indicated. An exaggerated sketch of these two voltages is shown in Figure
2.8(d). The output voltage decreases at a faster rate than the input voltage,
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Figure 2.8 Simpie fiter circuit; {a) half-wave rectiier with an RC fiker, {b) positive input
voliage and inifial portion of output voltage, {c) oulput voliage resulting from capacitor
discharge. (dy sxpandad view of input and oulpul voltages assuming capacitor discharge
bagins at «w! = /2, and (e) steady-state input and outpud voltages

which means that at time 1y, the difference between v; and vy, that is, the
voltage across the diode, is greater than V. However, this condition cannot
exisl. Therefore, the diode does not turn off immediately. If the RC time
conslant is large, there i only a small difference between the time of the
peak input voltage and the time the diode turns ofl. In this situation, a com-
puter analysis may provide more accurate results than an approximate hand
analysis.

During the next positive cycle of the input voltage, there is a point at which
the input voltage is greater than the capacitor voltage, and the diode turns back
on. The diode remains on until the input reaches its peak value and the ca-
pacitor voltage 1s completely recharged.

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

The ripple effect in the output from a full-wave filtered rectifier circuit can
be seen in the output waveform in Figure 2.9, The capacitor charges to 1ts peak
voltage valug when the input signal is at its peak value. As the input decreases,
the diode becomes reverse biased and the capacitor discharges through the
outpul resistance R. Determining the ripple voltage is necessary for the design
of a circuit with an acceptable amount of ripple.
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Figure2.9 Oulput voltags of a full-wave ractifier with an RC filker

To a good approximation, the output voltage, that is, the voltage aciross
the capacitor or the RC circuit, can be written as
vo(th = Ve 1" = Vyyo 1R 23)

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

¥, = Vye THAC (2.4)

where T’ is the discharge time, as indicated in the figuse.
The ripple voltage }, is defined as the difference between Iy, and V;, and
16 determined by

V, = Vi = Vo = Va1 - 75) (2.5)

Normally, we will want the discharge time T' to be smali compared to the
time constant, or T’ « RC. Expanding the exponential in a series and keeping
only the linear terms of that expansion, we have the approximation

L] TF
SRR ey e 2.6
e I T (2.6)
The ripple voltage can now be writien as
T!
V.2 Vyl = 27
= V() @7

Since the discharge time T’ depends on the RC time constant, Equation
{2.7) is difficuft to solve. However, if the npple effect is small, then as an
approximation, we can let 7' = T}, so that

v 2)

where T}, is the lime between peak values of the cutput voltage. Fora full-wave
rectifier, T, is one-half the signal period. Therefore, we can relate T, to the
signal frequency,

1

f=ﬁ-;

The ripple voltage is then

(18)

Vi
V= 29)
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For a half-wave recufier, the time T, corresponds 1o a full penod (not a
half period) of the signal. so the factor 2 does not appear in Equation (2.9).

Equation (2.9} can be used to determine the capacitor value required for a
particular ripple voltage.

Example 2.2 Objective: Determine the capacitance required to yield a particular
ripple voliage.

Consider 4 full-wave rectifier ¢circuit with a 60 Hz myput signal and a peak outpul
voliage of Fyy = 10V, Assume the output toad resistance is R = 10K and the ripple
voltage 15 Lo be limited 10 F, =02V,

Solution: From Equation (2.9}, we can write

Y 10 ;
R O o SNTVRR US| |1 1
¢ 2R, NoOM IO x 16%0.2) g H

Commeni: If the ripple voltage is to be limited 1o a smalier valne, a larger filier
capacitor must be vsed.

The diode in a filtered rectifier circuit conducts for a boef interval Ar near
ihe peak of the sinusoidal input signal (Figure 2 10(a)). The diode current
supplies the charge lost by the capacitor during the discharge time. Figure
111 shows the equivaient circuit of the full-wave rectifier during the charging
time. We sce that

; f.ﬁ‘” Ve

in=ictin= Ol b 2

(2100

LS
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___..__.,_,.‘1‘..__.‘___
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i

Figure 2.10 Output of a full-wave rectifier with an HC filier. {a) diode conduction time and
(b} dicde current

if the ripple voltage is small, then the resistor or load current 15 ip = ¥y /R,
If we neglect the diode cut-in voliage, then

Pyeowan=Vy - F, 2i1)

i
LI
o

¥ =

Figure 211 Equivalent
circuit of a full-wave rectifier
during capacilos charging
cycla
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If the ri]gp!e voltage is small, then wAf is small. Therefore. cos(wAr)

2 ] — {{wAs*. Using Equation (2.11), we find thai
wAl = E (2.12)
¥ Vu
The charge supplied to the capacitor through the diede is
Qoup = iravg Al (2.13(a})
The charge lost by .the capacitor during the discharge time is
Qs =€V, - (2.13(b))

To find the average diode current ip ,,, during conduction. we equate these
two equations, which yields

, cV
IC,ug B E {214)

where ic ., is the average current through the capacitor during the charging
cycle.

The average currents in the diode and capacitor during the charging cycke
are related by

’ . ¥
ID_avg — li'_",a'\rg + _Rﬁ (2.‘5]

The average diode current during the diode conduction time in a full-wave
rectifier circuit is then

. ¥ v
""""B='i?' (1 7 H‘f) (2.16)

where we have used the freguency {rom Equation (2.9). The average capacitor
CUFTENt ¢ 5y 15 2670 if the ripple voltage s zero. From Equation (2.15), the
average diode current in this ideal case s then ¥y /R, and doe¢s not become
infinite as Equation (2.16) might suggest.

The peak diode current is found to be

% y
i =?"” (1 +2x\| 2;;{ (247

During the diode conduction time, for small ripple voltages. the cur-
rent through the capacitor is much larger than the load current. Com-
pating Equations (2.16) and {2.17), we see that

1D max = ZED‘.avE

The resulting diode curtent approximales a (riangular wave, as shown in
Figure 2.10{b). The average diode current over the entire inpat signal period
is then '

1 far vy Vy
cﬂ[avg)_ﬁ "'.u[( R)(H-I 2Vr)] (2.18)
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Design Example 2.3  Objective:  Design a (ull-wave reciifier (o meet particular
specifications.

A (ull-wave rectifier is to be designed to produce a peak output voltage of 12V,
deliver 120mA to the load, and produce an cutput with a ripple of not more than 5
percent. An input line voliage of 120V (rms), 60 Hz 15 availabie.

Solution: A {ull-wave bridge rectifier will be used, because of the advantages pre-
viously discussed. The effective foad resistance is
o 12

Assuming a diode cut-in voltage of 0.7V, the peak value of vs is
rlmax) = rgdmax) + 28, =12 + AL = 134Y

For a sinusoidal signal, this produces an rms veltage value of

134

The transformer turns ratio is then
Moo 120
N, Gag”

=948V

P rns

12,7

For a 5 percent ripple. the ripple voltage is
b= 0051y, = (D05K12} = 0.6V
The tequited filter capacitor i¢ faund to be

b 2
. S -

The peak diode cugrent is

BT N
Y s '_.i_l:'_m +dﬂ"'12|‘06] =

and the average diode current over the entire signal period is

1 o1z [ 2
L E\[T[(TE)(’ Ty 2({].6})] =6bma

Finally, the peak inverse voltage that each diode must sustain is
PIY = va(max) = vg(max) = V, =134 - 0.7 = [2.7V

Comment: The minimum specifications for the diodes in this full-wave rectifier circuit —4i

are: a peak current of 2,50 A, an average current of 66mA, and a peak inverse voltage of
12.7V. In order to meet the desired ripple specification, the required filter capacitance
must be large, since the effective load resistance is small

Design Pointer: (I} A particular turns ratio was determined for the transformer.
However, this particular transformer design is probably pot commercially available.
This means an expensive custom transfoemer design would be required, or if a standard
translommer is used, then additional circnir design is required to meet the output voltage
specification. (2) A constant 120V (rms) input voitage is assumed to be available.
However, this voliage can fluctuate, so the output voiltage will also fluctuate.
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We will see laier how more sophisticated designs will soive these 1wo problerns.

Computer Verflication: Since we simply used an assumed cut-in voltage for the diode
and used approximations in the developiment of the ripple voltage equations, we can use
PSpice to give us a more accurate evaluation of the circuit, The PSpice circuit schemalic
and the steady-statc output voltage are shown in Figure 211, We see thal the peak
output voltage is [1.6V, which is close to the desired |2V, One reasen for the slight
discrepancy is that the diode voltage drop for the maximum input voliage is slightly
greater than 0.8V rather than the assumed 0.7 V. The ripple voitage 15 approximately
0.5V, which is within the 0.6V specification.

wn (V)

I l L 1 1
1] N 40 &) Time {ms)

(b)
Figure 2.12 (a) PSpice citcuit schemalic of dicde bridge circuit; (b} Steady-siate output

vallage of PSpice analysis of diode bridge tircuit for a 60 Hz input sine wave with a peak
value of 13.4V

Discussion: In the PSpice simulation, a standard diode, [IN4002, was used. 1n order
for the computer simulation to be valid, the diode used in the simulation and in the
actual circuil must match. In this exampie, to reduce the diode voliage and increase the
peak output voltage. a diode with a larger cross-sectional areu should be used.

Test Your Understanding

2.2 The input voliage 1o the half-wave reclifier n Figure 28(a) 15 vc = ?5sin
[27(60)e] V. Assume a diode cut-in voltage of V, = (. The ripple voltage is to be ne
more than V., = 4V_ IF the filter capacitor 15 50 pF, determine the minimure load resis-
iance that can be connected 10 the oulput. (Ans. R = 6.25k)

2.3 The circuit in Figure 2.6(a) is used to rectify a sinuscidal input signal with a peak
voltage of 120V and a frequency of 60 Hz. A filter capacitor is connected in parallel with



Chapter 2 Ihede Circuits

R. I the output voltage cannot drop below 100V, determine the required value of the
capacitunce C. The transformer has a turns ratio of Ny Ny < | 1, where Ny is the
nmber of turns on each of the secondary windings. Assume the diode cut-in voltage is
17V and Lhe output resistance is 2.5k {Ans. ¢ = 20.6uF)

2.4 The secondary transformer voltage of the rectifier circuit shown in Figure 2.7(a)
15 vg = S0sin{2m(60)] V. Each diode has a cud-in vollage of ¥, =07V, and the load
resistanee 35 R = 10k€2. Determine the value of the filter capacitor that must be con-
nected in paraflel with R such that the ripple voliage is no greater than V. = 2V. {Ans.
C=23pF)

2.5 Determine the fraction (percent) of the cycle that each diode is conducting
in (a2} Fxercise 2.2, {b) Exercise 2.3, and (c) Exercise 2.4. {Ans. (a} 52%, (b) 18.1%,
{ch 9.14%)

2314 Voltage Doubler Circuit

A voltage doubler circuit is very similar to the full-wave recuher, except that
two diodes are replaced by capacilors, and it can produce a voltage equal to
approximately twice the peak output of a transformer (Figure 2.13).

Figure 2. t4(a) shows the equivalent circuit when the voltage polarity at the
“top~ of the transformer is negative; Figure 2.14(b) shows the equivalent
circuit for the opposite polarity. In the circuit in Figure 2.i4{a), the forward
diode resistance of D, is small; therefore, the capacitor C; will charge to almost
the peak value of vg. Terminal 2 on € is positive with respect to terminal 1. As
the magnitude of vs decreases from its peak value, C| discharges through R,

'y (e ,,\g Ri% v Ly Czq:g R w vy

e, ] = T 20 | .
@:_«:CD L i
(a} {0}

Figure 2.14 Equivaleat circuit of the voltage dowbler circuit: (&) negative input cycle and
{b) positive input cycle
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and ;. We assume that the time constant Ry C; 13 very long compared Lo Lthe
period of the input signal.

As the polarity of v; changes to that shown in Figure 2,14(b), the voltage
across C; is essentially constant at V., with terminal 2 remaining positive. As
vs reaches its maximum value, the voltage across Cs essentially becomes Fyy.
By Kirchhoft s voltage law, the peak voltage across R; is now essentially equal
1o 2V, or twice the peak output of the transformer. The same ripple effect
occurs as in the output voltage of the rectifier circuits. but if ¢, and C; are
relatively large, then the ripple voitage V.. is quite small.

There are also voltage tripler and voltage quadrupler circuits. These cir-
cuits provide a means by which multiple de voltages can be generated from a
single ac source and power transformer.

2.2 ZENER DIODE CIRCUITS

In Chapiter 1, we saw that the breakdown voltage of a Zener diode was nearly
constant over a wide range of reverse-bias currents. This makes the Zener
diode uszful in a voltage regulator, or a constant-voliage reference circuit. In
this chapter, we will look at an ideal voltage reference circuit, and the effects of
including a nomdeal Zener resiscance.

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

2.21 ldeal Voitage Reference Circuit

Figure 2.15 shows a Zener voltage regulator circuit. For this circuit, the oupul
voltage should remain constant, even when the outpul Joad resistance vanes
over a fairly wide range, and when the input voltage varies over a specilic
range.

l'_ 2 - o
Ay b
f +
T le’ Yz ‘rf-l Re ¥s

— o

Figure 215 A Zenet diode vollage reguiator Circult

We determine, initially, the proper input resistance R,. The resistance R,
limits the current through the Zener diode and drops the “excess™ voltage
betweent Vpg and V7. We can write
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_Ves=-Vz _Ves—V¥z

R =

which assumes that the Zener resistance is zero for the ideal diode. Solving this

equation [or the diode current, Iz, we get

Voo — V
12=LR"£'& (2.20)

whete I} = V;/R;, and the variables are the input voltage source Fpg and the
load current /.

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

1. The current in the diode is 4 minimum, f>(min}), when the load current is a
maximum, /;{max), and the source voltage is a minimum, Vpg(min}.
The current in the diede is a maximum, /z{max), when the load current is a
minimum, {y(min), and the source voltage is a maximum, Vpg{max).

s

Inserting these two specifications into Equation (2.19), we obtain

Vps(min) - V'

F 7 (i) + I (max) (2.21{a))
and
_ Vpglmax) =V,
R = a0 + Tomin) (2.21(bY)
Fquating these two expressions, we then obtain
Fpelmin) — V] - [{-0max) 4+, (min)
{Fpgloain) — V| - [14( , (min)] 2

= [Vpstmax) — V] - [[z(min) + /7 {max)]

Reasonably, we can assume that we know the range of input voltage, the
range of output load current, and the Zener voltage. Equation (2.22) then
contains two unknowns, /z{min} and fz(max). Further, as a minimum require-
ment, we can set the minimum Zener current to be one-tenth the maximum
Zener current, or f>(min) = 0.1f-{max). {More stringent design requiréments
may require the minimum Zener current to be 20 to 30 percent of the maximum
value.) We can then solve for />(max), using Equation (2.22), as follows:

I (max) - {Vps(max) = Vz] — I (min) - [Vpg(min) — ¥
Vps(min) — 0.9V, — 0.1 ¥ pg(max)

I (max) = (2.23)

Using the maximum ¢urrent thus obtained from Equation (2.23), we can deter-
mine the maximum required powet rating of the Zener diode, Then, combining
Equation (2.23) with either Equation (2.21¢a)) or (2.21{b)), we can determine
the required value of the input resistance R;.
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Design Example 2.4 Objeciives Design a voltage regulator using the circuit in
Figure 2.15.

The voltage regulator is to power a car sadio at F; =9V from an automobiie
" battery whose voltage may vary between |} and 13.6 V. The curcent in the radio will
vury between 0 (of) to [00maA (full volume).

The equivalent circuit is shown in Figure 2.16.

Figure 2.16  Circuit for Design Example 2.4

Solution: The manmum Zener diode current can be determined from Equation
(223)as

(00136 = 9] — 0

T 1090 _foTiam = e mA

f7(max) =

The maximum power dissipaled in the Zener diode i3 then
Po(max) = Tp{max])- Fp = (0009 = 27W
The value of the curreni-limiting resistor 8,, from Equation {2.20bMY, is

13.6=-4

R=—23

=1530

The maximum power dissipated in this resistor is

(Vpstmax) — Vz)'  (13.6—9)

= = 1.4W
R, 15.3 '

P gilmax} =

Comment: From this design, we see that the minimum power ratings of the Zemer
diode and input resistor are 2.7W and 14 W, respectively. The nmntmum Zener
diode current occurs for Fpg(mind and 7;(max). We find J-(min) = 3¢.7mA, which 15
approximately L0 percent of [z{max) as specified by the design equations.

Design Pointar: (1) The variable input in this exarnple was due to a variabie battery
voltage. However, referring back 1o Example 2.3, the variable input could also be a
function of using a standard transformer with a given lurns ratio as opposed 10 a
custom design with a particular turns ratio andjor having a 120V (rms) input voltage
that s not exactly consiant.

(2) The 9V output is a cesult of using a 9V Zener diode. However, a Zener diode
with exactly a 9 V¥ breakdown voitage may also not be available. We will again see later
how more scphisticated designs can solve this problem.
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&7

Test Your Understanding

2.8 The Zener diode regulator circuit shown in Figure 2.15 has an input voltage thai
varies between 10 and 14V, and a load reststance that waries between R; = 20 and
10052 Assume a 5.6 Zener diode is used. and assume 2 (min) = 0. Hfzimax). Find the
vatue of R; required and the minimum power tating of the diode. (Ans. P> = J3IW,
R; = 132}

2.7 Suppose the current-limiting resisior in Example 2.4 is replaced by one whose
valee is R, = 20§, Determine (he minimurm and maximum Zener diode current, Does
the circuil operate “properly’™?

2.8 Suppose the power supply voltage in the circait shown in Figure 2.16 drops 1o
Fee = IV, Let B; = 1532, What is the maximum load current in the radio il the
minitmum Zener diode currend is to be maintamed at [ (min) = JdmA?

2.2.2 Zener Resistance and Percent Regulation

In the weal Zener diode, the Zener resistance is zero. In actual Zener diodes.
however. this is not the case. The result is that the output voliage is a lunction
of the Zener diode curvent or the load current.

Figure 2.17 shows the equivalent circuit of the voltage regulator in Figure
2,15, Because of the Zener resistance, the output voliage well not remain con-
stant. We can determine the minimum and maximum values of output voltage.
A figurc of merit for a voltage regulator is called the percent regulation, and is
defined as

V,imax) ~ Iy {min)
F; tnom}

"a Repulation = * 10 (2.24}

where F;(nom) is the nominal value of the output voltage. As the percent
regulation approaches zero percent. the circuit approaches that of an ideal
voltage regulator.

+ O

Figure 217 A Zener diode voltage regulator circuil with a nonzero Zener resistance

Exampie 2.5 Objective: Determine the percent regulation of a voltage regulator.
Consider the circuii described in Exampie 2.4 and assume a Zener resistance of
r. = 41, The nominal output voltage is Vy(nom} =9V,
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Solublom:  As a first approximation, we can assume that the ontput voliage does not
change significantly. Therefoge, the minimum and mazimum Zener diode currents will
be the same, as in Example 2.4. Then,

Vi(max) = Fi(nom) + fx(max)r, = 9+ .30)(4) = 10.20V
and

¥i{min) = ¥ei{nom) + J-{mmkr, = 9 + (0.00M4) = 9.12V
The percent regulation is then

v -, tms 2-=-9
L(ma:(} L{min) v |00 = L?-E * 100 = ]30""0
F L(ncrm} 9

% Regulation =

Comment: Because of the relatively high current levels in this exampie, the percent
regulation is fairly high. The percent regulation can be improved significantly by using
amplifiers in conjunction with the voltage reference circait. We will see examples of
these circuits in later chapters.

Test Your Understanding

2.9 If the diode in Exercise 2.6 has 4 Zener resistance of r. = 1.5Q, determine the
percent regulation. (Ans. 14.3%)

2.3 CLIPPER AND CLAMPER CIRCUITS

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

231 Clippers

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

Figure 2.18 shows the general voltage transfer characteristics of a limiter
circuit. The limiter is a linear circuit if the input signal is in the range
VolA, <v; < VgiA,, where 4, is the slope of the transfer curve. If 4, < I,
as in diode circuits, the circuit is a passive limiter. If v, > V2 /4,, the owtput is
limited to a maximum value of V}. Sinmlarly, if v, < ¥5/4,, the output is
limited to a minimum value of V3. Figure 2.18 shows the general transfer curve
of a double limiter, in which both the positive and regative peak values of the
input signal are clipped.
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Slope = 4,

[~ "

Figure 218 General voltage transter characieristics of a limiter circuit

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

Figure 2.19(a) is 2 single-diode clipper circuit. The diode D) is off as long
as vy < Fg+ V. With D, off, the current is zero, the voltage drop across R 15
zero, and the output vohage follows the input voltage. When vy = Vg + V. the
diode turns on, the output veltage is chpped. and vy equals Vg 4+ ¥V, The
oulput signal is shown in Figure 2.1%b). In this cireuit, the output is clipped
above Vp + F,.

v e
T TN
Vas Vi
Vi)
- +
o, 3
¥y + Yo ¥
'r'B il
(2) {b}

Figure2.19  Single-diede clipper: {a) cirouit and (b) output response

Other clipping circuits can be constructed by reversing the diode.
the polarity of the voltage source, or both. Figures 2.20{a), (b}, and (c) show
these ciicuits, along with the corresponding inpui and output signals.

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

Example 2.6 Qbjective: Find the output of the parallel-based clipper in Figure
2.22(1).
For simplicity, assume that ¥, = 0 and 1 = 0 for both diedes,

Seotution:  For « = 0, we see that v, =0 and both 24 and D; are reverse biased. For
0 < v =2V, D; and I} remain off; thereiore, vo = v;. For vy » 2V, D)) tutns on and
v, —-2
LR TEST
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Figure 2.21 A paralel-based diode clipper circuil and its ouipul 1esponse

Also,
Pp=f|Rg+2'-=£|:'l’Il—2)+2=%l'1+l

1) vy = 6\4', then Yo = 4V,

For —4 < v; < 0V, both D) and D; are off and vy = v For vy < -4V, Dy tumms
on and the output is constant at vo = —4V. The input and output waveforms are
plotied in Figure 2.22(b).

Comment: If we assume that I, # 0, the output wili be very simtlar to the results
caleulated here. The only difference will he the points at which the diodes turn on.

Diode clipper circuits can also be designed such that the dc power supply Is
in series with the input signals. Figure 2.23 shows various circuits based on this
design. The battery in series with the input signal causes the input signal to be
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Figure 2.22 Figure for Example 2.6
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Figure 2.23 Series-based dicde clipper circuits and their comesponding output responses
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superimposed on the Vg de voltage. The resulting conditioned input signals
and corresponding output signals are also shown in Figure 2.23.

Test Your Understanding

2.10 Plot the voltage transfer characteristics (v versus vy) for the circuit in Figure
2.22(a). Assume cach diode cut-in voltage is ¥, = 0.7V. (Ans. For —4.7 < y; < 2.7V,
vo =¥ for vy > 27V, g = (i}v; + LAS for vy < =47V, vg = —4TY¥}

D2.11 Design a parallel-based clipper that will vield the voltage transfer functicn
shown in Figure 2.24. Assume diode cut-in voltages of ¥, = 0.7 V. (Ans. For Figure
22%a), ¥, =43, ¥, = 1.8V, and R, =2R,)

Yok

25}-= - 3

2.5 L

— o ——n

———————— -5

Figure 2.24  Figurs for Exercise 2.11

232 Clampers

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

An example of clamping is shown in Figure 2.25(a). The sinusoidal input
voltage signal is shown in Figure 2.25(b). Assume that the capacitor is initially
uncharged. During the first 90 degrees of the input waveform, the voltage
across the capacitor follows the input, and v = v, (assuming that s, = 0 and
¥, = 0). After v; and v reach their peak values, v; begins to decrease and the
diode becomes reverse biased. Ideally, the capacitor cannot discharge, 5o the
voltage across the capacitor remains constant at ve = Vy,. By Kirchhoff's
voltape law

b= —ve 4+ vy ==V + Vysinet (2.25(a))
or

vg = Fylsinet —~ 1) (2.25(b))
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(a) (b)

-
_:__.___I_._

{c) (d)

Figure 2.25 Action of a diode clamper circuit: {a) a typical diode clamper circuit, (b} the
sinusoidal input signal, {¢) the capacitor voltage, and {d) the output voltage

The capacitor and output voltages are shown in Figures 2.25(c) and (d).
The output voltage is “clamped™ at zero volts, that is, vp < 0. In steady state,
the waveshapes of the input and output signals are the same, and the output
signal 15 shifted by a certain d¢ level compared to the input signal.

A clumping circuit that includes an independent voliage source Vg is
shown 1n Figure 2.26(a). In this circuit, the Ry C time constant is assumed to
be large, where R; is the load resistance connected to the output. If we assume,
for simplicity, that r, =0 and ¥V, = 0, then the output is clamped at V3. Figure
2.26(b) shows an ¢xample of a sinusoidal input signal and the resulting output
voltage signal. When the polarity of Fy is as shown, the ouwiput is shifted in a
negative voltage direction. Similarly, Figure 2.26(c) shows a square-wave input
signal and the resulting output voltage signal. For the square-wave signal, we
neglect the diode capacitance effects and assume the voltage can change

instanlaneously.
W
@
| Vg
+ + 0
vy * Vo
=V
2l T b T
{a) (&)

)

Figure2.26 Action of a diode clamper circuit with a vollage source: (a) the circuil,
{b} steady-state sinusoiial input and output signals. and (¢) steady-state square-wave input

and output signals

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

illustrates this effect.
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Example 2.7 Objective: Find the steadv-state cutput of the diode-clamper creuit
shown in Figure 2.2701).

The input v; is assumed Lo be a sinusoidal signal whose dc level has been shifted
with respect to a receiver ground by a value Fy durmg transmission. Assumne ¥, =0
and r; = G lor the diode.

i
e
T

+
~

| ——

-]

{

< Vi

¥ =

Fesinent

z.

(a} ()
Figure 2.27  (a) Circuil for Example £2.7; (b) input and output wavefomns

Solution: Figure 2.27{b} shows the sinusoidal input signal. Tf the capacitor is tritially
uncharged, then the ourpur voltage is v = ¥, at r= 0 (diode reverse-biased). For( < ¢
= f;. the effective RC time consiant is infinite, the voltage across the capacitor does not
change, and vo = v, + Vp.

At s = 1, the diede becomes forward biased; the outpul cannot go negative, so the
voltage across the capacilor changes (the #,(" time constant Is zer0).

At = )T, the input signal begins increasing and the diode becomes reverse
hased, so the voliage across the capacitor now remains constant at Vg — Vg with the
polarity shown. The cutput voltage is now given by

vo=(Fs—VFglt v+ Vg=i(Fg=— Fg}t Vg sinws + Fg
ar
vo = Vil +sinels - (7))
Comment. For ¢ > (3)T, steady state is reached. The output signal waveform is an

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

Test Your Understanding

2.12 Skeich the steady-slate output voliage for the npul signal grven for the circuit
in Figure 2.28. (Ans. Square wave between -2 and — 10V )

2.13 Determine the steady-state oulput vollage rp For the circuit in Figure 2.2%a), if
the input is as shown in Figure 2.29(b). Assume the diede cut-in voltage is ¥, = 0. (Ans.
Output is a square wave between +5V and +35V)
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Figure2.28 Figure for Exercise 2.12
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Figure2.29 Figure tor Exercise 2.13

24 MULTIPLE-DIODE CIRCUITS

Sinee a diode is a nonlinear device. part of the anatysis of a diode circuit
involves determining whether the diode is “on™ or “off.” If a circuit contains
more than one diode, the analysis is complicated by the vanous possible com-
binations of “on™ and “off.”

In this section. we will look at several multiple-dicde circuits. We will see,
for exampie, how diode circuits can be used to perform logic funcuons. This
section serves as an introduction to digital logic circuits that wil be considered
in detaid in Chapters 16 and 17,

241 Example Diode Clrcuits

To review briefly, consider two single-diode circuits. Figure 2.30(a) shows a
diode in series with a resistor. A plot of voltage transfer characteristics, vg
versus v;. shows the piecewise linear nature of this circuit (Figure 2.30(b)). The
diode docs not begin 1c conduct until v, = V. Consequently. for v, < V. the
outpul voltage is zero; for v, = V', the output voltage is vo =1, = V..

Figure 2.31(a} shows a similar diode circuit, but wich the input voltage
source explicitly included to show that there is a path for the diode current. The
vollage transfer charactenstic is shown in Figure 2.3i(b). In this circuit, the
diode remains conducting for vy < ¥5 - V,, and the output voltage is vo =

7=



Th

Part 1 Semicondustor Devices and Basic Applications

Yo

{a) ) (b}

Figure 2.30 Diode and resistor in series: (a) circuit and (b) voltage fransfer characteristics

1
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VoV, Vg Ky
{a) {b)

Figure2.31 Diode with input voitage source: (a} circuit and (0} voltags franster
characteristice

v + V,. When v; > V5 — V| the diode turns off and the current through the
resistor is zero; therefore, the output remains constant at Vg,

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

In multidiode circuits, each diode may be either “on™ or “off.” Consider
the two-diode circuit in Figure 2.32. Since each diode may be either on or off,
the circuit has four possible states. However, some of these states may not be
feasible because of diode directions and voltage polarities.

1f we assume that * > ¥~ and that ¥* - V™ > V. there is at least a
possibility that D, can be turned on. First, v’ cannot be less than V™. Then, for
vy = V7, diode Dy must be off. In this case, Dy is on, ig) = ipy = ig, and

vo =¥ —ink (2.26)

where

vV, — P
ook TURE {2.27
5 R, + Ra ;
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Figure 2,32 A two<diode circuit

Voltage v’ is one diode drop below vg, and Dy remains off as long as vy is
less than the output veltage. As v; increases and becomes equal to vy, both D,
and D, turn on, This condition or state is valid as long as vy < V. When
vy = ¥*, i = ipy =0, at which point D; turns off and v, cannot increase any
further.

Figure 2.33 shows the resulting plot of vy versus v;. Three distinct regions,
vo'", vo', and v', correspond to the various conducting states of D) and D,.
The fourth possible state, corresponding to both D, and D being off, is not
feasible in this circuit.

v

,.Um

1
V-

Figure 2.33 Vohtage transfer characteristios. for the two-dioda circuit in Figure 2.32

17

Example 2.8 Objective: Determine the output voltage and diode-currenis for the
circuit shown in Figure 2.32, for two values of input voitage.

Assume the circuit parameters are Ry = Sk, Ry = 10k, ¥, = 0.7V, V* = +5V,
and ¥~ = =3V. Determine vg, ip;, and ips for v; = ¢ and vy = 4V.

Solutlion; For v; = 0, assume mittally that D, is off The currents are then

; ) ] V*’—V},—V' 5—-0.7-(-9)
Tm=lp=ip= R + R = 5+10

= 0.62mA

The outpur voltage is
Yo = V+ = IIR|RI =5—- (0.62)(5} =19Y
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and v’ is

=k, =19-07 =12V
From these results, we see thal diode Dy is indeed cut off, ip, =0, and our analysis 15
valid.

For vy = 4V, wesee from Figure 2.33 that vp = v;; therefore, v, = v; = 4 V_In this
region, both D and D, are on, and )

It = 5 _4q
ip=ip= R 0 —F 0.2mA
|

Note that v’ = vy = ¥, =4 =17 =33V, Thus,
Wt 33-(=9)
M= T T T o

£

=053 mA

The current thtough D) is found from ipg -+ ipy = ig oF
ip) =ig —ip =083 - 02 =(eimA

Comment; For y; = 0, we see that v = 1.9V and v’ = 1.2V. This means that Dy i
reverss biased, or ofT, as we initially assumed. For v; = 4V, we have i > Oand jpy > (O
indicating that both D; and D, are forward biased, as we assumed.

Computer Analysis: For multidiode circuits, a PSpice analysis may be usefui in deter-
mining the conditions under which the vartous diedes are conducting or not conducting
This aveids guessing the conducting state of gach diode in a hand analysis. Figure 2.34 is
the PSpice circnitl schematic of the diode circuit in Figure 2.32. Figure 2.34 alse shows
the output voltage and the two diode currents as the inpul is varied between — 1 'V and
+7V. From these curves, we can determine when the diodes turn on and off,

Vo (V)
50t
; _
-4 i a0 80 K (V)
U (@ (b
Ipy (uA) . Toud)
2.0 ROQF
0 . - 0 ' - '
-4.0 0 4.0 80 ¥, (V) -40 0 4.0 8.0 V(¥
(c} {d)

Figure 2.34 (a) PSpice circuit schematic; (b output voliage. () current in diode 1, and
{d) current in dioda 2 i the dicde circuit in Example 2.8
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Comment: The hand analysis results, based on the piecewise linear model for the
diode. agree very well with the computer simulation results. This gives us confidence
in the piecewise lincar model when quick hand calculations are made.

Problem-Solving Technigue: Multiple Diode Circuits

Analyring multidiode circuits requires determining if the individual devices are
“on” or “off.” In many cases, the choice is not obvious, so we must initially
guess the state of each device, then analyze the circuit to determine if we have a
solution consistent with our initial guess, To do this, we can:

1. Assume the state of a diode. I & diode is assumed "on,” the veltage across
the diede is assumed to be V... If a diode is assumed 10 be “off,”" the current
through the diode 15 assumed to be zero.

Adqalyze the “linear™ circuit with the assumed diode states.

3 Evaluate the resulung state of each diode. It the initial assumption were
that o diode is “ofT™ and the analysis shows that ip = Gand Fp <V, then
the assumption is correct, If, however. the analysis actually shows that
Ip > Pandiot ¥y > F,, then the mitial assumption is incorrect. Similarly, if
the initial assumption were that a diede is "on™" and the analysis shows that
fn = Dand ¥p = V. then the mitial assumption is correct. If, however, the
analysis shows that fp < 0 andjor Fp < V.. then the initial assumpution is
incorrect.

4. If any inittal assumption is proven incorrect. then a new assymption must
be made and the new “linear™ circuit must be analyzed. Step 3 must then
be repeated.

Example 2.9 oObjective: Demonsirate how inconsistencies develop in a solution
with incorrect assumptions.

For the circuit shown in Figure 2.32, assume that parameters are the same as those
given in Example 2.8. Determine v, Ip, . ips, and ig for vy = 0.

Solution:  Assume imgially that both Dy and D are conducting (ie., on). Then,

= -7V and v,y = 0. The two currents are
I e o - 1
J.‘{] = Iy = —'EI—— = —"S— = IAGmA
and
S L B
O e Gl e S P

R’ 10
Summing Lhe currents at the v' node, we find that
’-I'IJ = J'-R: r f{:r'_b =041 =10 =-0.57TmA

Since Uus amalysis shows the D, current to be negative, which is an impossible or
inconsistent solulion, our initial assumption must be incorrect. If we go back to
Example 2.3, we will see that the cortect solution is D, off and D; on when v, = 0.
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Comment Wecan perform linear analyses on diode circuits, using the piecewise linear
model, However, we must first detesinine if each diode in the circuit is operating in the
“on'" linear region or the ' off' "' timear region,

Test Your Understanding

2.44 Consider the circuit shown in Figure 2.33, in which the diode cut-in voltages
are ¥, =0.6V. Plot vy versus v; for 0<v; < 10V, (Ans. For 0 <vw <33V, vy =
44V; for vy > 3.5V, D, turns off; and for vy = 94V, vp = 10V}

2,15 Determine Vy, fpy, fpy, and T in the circuit shown in Figure 2.36. Assume
¥, =0.6Y for cach diode. (Ams. ¥ = ~0.6V, Ip =0. Iy =1 =427mA)

oy
—10 Y e

o

Dy
DV {4 —3 Ve
! -
e l % 1.2 kst
$5V -y
Figure 2.35 Figure for Exercise 2.14 Figure2.28 Figure for Exercise 2,15

2.4.2 DiodelLogic Circuits

Diodes in conjunction with other circuit elements can perform certain logie
functions, such as AND and OR. The circuit in Figure 2.37 is an example of a
diede logic circuit. The four conditions of operation of this circuit depend eon
various combinations of input voltages, as follows:

V, = ¥, = 0 There is no excitation (o the circuit; therefore, Vo =0 and
both dicdes are off.

V, =5V, ¥, = 0: Diode D, becomes forward biased and D, 15 reverse
biased. Assuming a diode cut-in voltage of ¥, = 0.7V, the output voltage is
Vo =4.3V. The currents are Ip; =0 and I, = 1= Vy/k.

¥, =0, ¥; = 5V: Diode D; tums on, diode B is cut off, and the oniput
voltage is Vg =4.3V. The currents are Iy =0 and fp, = 7 = Vy/R.

V, = ¥, = 5V: Both diodes are forward biased, so the output is again
Vo =43V, The current in the resistor is f = Vy/R. Since both diodes are
on, we assume that the current | splits evenly between the two diodes, there-
fore, In, =1fpy = 12,

These results are shown in Table 2.1. By definition, in a pesitive Jogic
system, & voltage near zero corresponds to a logic 0 and a voltage close to



Chapier 2 Diode Circuits

Table 2.1 Two-diode OR logic circuil

responas
L] Vi(¥y Vol¥)
0 (] i
5 0 43
1] 5 4.3
5 5 43

the supply voltage of 5V corresponds to a logic |. The results shown in Table
2.1 indicate that this circuit performs the OR logic function. The circuit of
Figure 2.37, then, is a two-input diode OR logic circuit.

+Y
D, D
'r"| O—H—'— V| QT‘Q—' fl R
i Iy
1 Vo [ Vo

D, b,
vy omm—p— 3|1 R P <

—_—

I o2

Figure 2.37 A two-input gdiode OH logic Figure 2.38 A two-input dieda AND logic
circuit cirguit

Next, consider the circuit in Figure 2.38. Assume a diode cut-in voltage of
V, = 0.7V, Again, there are four possible states, depending on the combina-
tion of input voltages, as follows:

¥, = ¥, = 0: Both diodes are forward biased, and the output voltage is
Vo = 0.7V. The current in the resistor is [ = (5 - 0.7)/R, which we assume
splits evenly between the two diodes, so that /p; = Ipy = 1/2.

V, =5V, ¥, = 0: In this case, diode D, is off, D; is on, and the output
voltage is Vp = 0.7V. The currents are: f) =0, and Ip; = F =(5 - 0.7}/R.

V, =0, ¥y = 5V: In this siteation, D is on, D, is off, and the output
voliage is ¥ = 0.7V. The currents are: fpy =1 =(5-0.7)/R, and I, = 0.

V|, = V, = 5V: Since thete is no potential difference between the supply
voltage and the input voltages, all currents are zero and both diodes are off.
Also, since there is no potential drop across the resistor R, the output voliage is
VO - 5 ‘0'".

These results ars shown in Table 2.2. This circuit performs the AND logic
function. The circuit of Figure 2.38 is a two-input diode AND logic circuit.

If we examine Tables 2.1 and 2.2, we see that the input “low’ and “high™
voltages may not be the same as the output “low™ and “high” voltages. As an
example, for the AND circuit (Table 2.2), the input “low” is 0V, but the
oulput “low™ is 0.7 V. This can create a problem because the output of one
logic gate is often the input to another logic gate. Another problem occurs
when diode logic circuits are connected in cascade; that is, the output of one

31
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Table 2.2 Two-diode AND iogic circuit

response
Fi(¥) Fo(V) Fol¥)
0 b 07
5 0 0.7
[H 5 0.7
5 5 S

OR gate is connecied 1o the input of a second OR gate. The logic | levels of the
two OR. gates are not the same (see Problerns 2.42 and 2.43), The logic | level
degrades or decreases as additional logic gates are connected. However, these
problems may be overcome with the use of amplifying devices {transistors) in
digital logic systems.

Test Your Understanding

2.16 Consider the OR logic circuit shown in Figure 2.37. Assume a dicde cut-in
voltage of ¥, = 0.6 V_{a) Plot ¥ versus ¥, for0 < ¥, 5 3V, il ¥; = 0. (b) Repeat part
@if Fr=3V (Ans. (@) Fe=0for ¥V, <08V, Fo=F ~06for 6 < ¥, <5V,
M Ve=24Vior0 <l =2V Vo= -06for3<¥ <5V)

2.1T7 Consider the AND logic circuit shown in Figure 2.38. Assume a diode cut-in
voltage of ¥, = 0.6 Y. (a) Plor ¥ versus Vy for 0 = ¥y = 5V, if #2 = 0. (b) Repeat part
@pif V=3V, (Ans. (a) ¥, =06V forail Vi, by V=V +06for <) <3V,
Fo=36Vior V), = 1V}

Figure2.39 A photodiode
civcudt

2.5 PHOTODIODE AND LED CIRCUITS

A photodiode converts an optical signal into an electricai current, and a light-
emitting diede (LED) transforms an ¢lectrical current into an optical signal.

251 Pholodiode Circuit

Figure 2.39 shows a typical photodiode circuit in which a reverse-bias voliage
is applied 1o the photodiode. If the photon intensity is zero, the onlky current
through the diode is the reverse-saturation current, which is normally very
smatl. Photons striking the diode create excess electrons and holes in the
space-charge region. The electric field quickly separates these excess carriers
and sweeps them cut of the space-charge region, thus creating a photocurrent in
the reverse-bias direction. The photocurrent is

Iy = nedA (2.28)

where n is the quantum ¢fficiency, e is the electronic charge, < is the photon
Aux density (#/cm’-s), and A is the junction area. This linear relationship
between photocurrent and photon flux is based on the assumption that the
reverse-bias voltage across the diode is constant. This in turn means that the
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voltage drop across R induced by the photocurrent must be small, or that the
resistance R is small.

Example 210 Objective: Calculate the photocurrent generated :n a photodiode.
For the photodiode shown in Figure 2.39 assume the quanium efficiency is |, the
Junction area s 107° ¢m?, and the incident photon flux is 5x 107 em = 57"

Solution:  From Equation (2.28), the photocurrent is

Ty = 1e®A = (LH1.6 % 1077)5 » 107)1077) = 0.8mA

Comment: The incident photon flux is normally given in terms of Light intensity, in
lumens, [ool-candles, or Wem”. The light intensity includes the energy of the photons,
as well as the photon flux.

Teast Your Understanding

2.18 (4] Photons with an energy of /iv = 2eV are incident on the pholodiode shown
in Figurc 2.29. The junction area 15 4 = 0.5¢m”. the quantum efficiency is 5 = 0.8, and
the light intensity is 6.4 x 1072 W/em?, Determine the photocurrent Ly ()T R=1ki2,
determing the minimum power supply voltage Vpy needed 1o ensure that the diode is
reverse biased. {Ans. (a} £, = 12.8mA, (b) Vpy(mm) = 128V

25.2 LED Circuit

A light-emitting diode (LED) is the inverse of a pholodiode; that 15, a current is
converied into an optical signal. 11 the diode is forward biased, ¢lectrons and
holes are injected across the space-charge region, where they become excess
minority carners. These excess minority carners diffuse into the neutral n- and
g-regions, where they recombine with majority carriers, and the recombination
can result in the emission of a photon.

LEDs are fabricated from compound semiconductor materials, such as
gallium arsenide or gallium arsenide phosphide. Because these maternals have
higher bandgap energies than silicon, the forward-bias junction voltage is
larger than that in silicon-based diodes.

It is common practice to use a seven-segment LED for the numeric readout
of digital instruments. such as a digital voltmeter. The seven-segment display is
sketched in Figure 2.40. Each segment is an LED normally controlled by IC
logic gates.

Figure 1.4] shows one possible circuit connection, known as a common-
anode display. In this circuit, the anodes of all LEDs are connected to a 3V
source and the inputs are contrelled by logic gates. If ¥ is “high,” {or exam-
ple. P, is off and there is no light output. When ¥, goes “low,” D, becomes
forward biased and produces a light output. '

o

| e |
D"’[I i HDE
—
D D
sl] i [l B

| —t |

Figure2.40 Seven
sagment LED display
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Yir

Figure 2,41 Control cireuit for the sever-segment LED display

Example 2.11 Objective: Determine the value of R required to limit the cusrent
in the circuit in Figure 241 when the input 15 in the low state.

Assume that a diode current of 10 mA produces the desired light output, and that
the corresponding forward-bias voltage drop s 1.7V,

Solutlon: If ¥; = 0.2V in the “low"” state, then the diode current is

S—V, -V,
f——~—E~———

The resistance £ is then determined as
Y

=5- v, - V;=5— 1.7-02

& i 10

= 3104

Comment: Typical LED current-limiting resistor values are in the range of 300 to
is09.

One application of LEDs and photodiodes is in optoisolators, in which the
input signat is clectrically decoupled from the output (Figure 2.42). An input
signal applied to the LED generates light, which is subsequently detected by the
photodiode. The photediode then converts the light back to an electrical signal.
There is no electrical feedback or interaction between the cutput and input
portions of the circuit.

Tsolared
K; output
signal

Figure 242 Opiciaciator using an LED and a pholodiode



Chapter 2 Diode Circuits

Test Your Understanding

2,198 Determine the value of resistance R required (o limit the current in the circuit
shown in Figure 2.41 to / = ISmA. Assume ¥, = 1.7V, r, = 15¢, and ¥, =02V in
the “low™ state. (Ans. R =192¢H

2.6 SUMMARY

# In this chapter, we analyzed several classes of diode ciecuits that can be used to
produge various desired ocuiput signals. The resulting characteristics of each of the
circuits constdered rely on the noalinear i—v relationship of the diode. We continued
10 use the piecewise linear model and approximation techniques in our hand analyses.
Computer simuiation can be used to obtain more accurate results when actual dicde
properties are known.

e Haliswave and full-wave rectifier circuits convert a simuseidal {i.e., ac) signal to an
approximate de signal. A dc power supply, which is used to bias electronic circuits
and systerns, ulilize these types of circuits, An RC filter can be connected to the
oulpul of the rectifier circuit to reduce the ripple effect. The ripple voltage in the
outpul signal was determined as a function of the RC filier and other circuit pa-
ramelers.,

o Zener diodes operate in the reverse breakdown region. Since the breakdown voltageis
ncarly constant over a wide range of currents, these devices are useful in voltage
reference or reguiator circuits, The percent regulation, a figure of merit for the circuit,
is a [unction of the range of input voltage and load resistance values, and of the
individaal device parameters.

e Techniques used o analyze multidiode circuits, which are used in various signal-
processing apphications, were discussed. The technique requires making assumptions
48 (0 whether a diede is conducting (on) or not conducting {ofT }. After analyzing the
circuil using these assumptions, we must g0 back and verify that the assumptions
made were valid. This analysis technigue is obviously not as straightioward as the one
for tincar circuits.

# Diode vircuils can be designed 1o perform hasic digital logic funciions. We considered
the circuit thal performs the OR legic funciion and the circait that performs the AND
logic function. However, we noted some imconsistencies between input and output
logie values, which will limit the use ol diode logic gates,

e The lLight-emitting diode (LED) converts ap electrical current to light and is
used cxlensively in such apphications as the seven-segment alphanumeric display.
Conversely, the photodiods detects an incident light signal and transforms it into
an electrical current. Examples of these types of circuits were analyzed.

CHECKPOINT

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

& 1n gencral. apply the diode piecewise linear model in the analysis of diode circuits.

o Anulyze diode rectifier ciscuits, including the calculation of ripple voltage. {Section
2h

" Anulyze Zener diede ciscuits, induding the effect of a Zener resistance. {Section 2.2)

&’ Delermine the output signal for a given input signal of diode clipper and clamper
cireyits. (Section 2.3)
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PROBLEMS
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v Analyze circuits with multiple diodes by making initial assumpticns and then verify-
ing these initial assumptions (Section 2.4

REVIEW QUESTIONS
. What characieristic of a dicde is used in the design of diode signal processing
circuits?
2. Describe a simple hali-wave diode reciifier circuit and sketch the output voltage

versis ume.

3. Describe a simple full-wave diede rectitier circuil and skeich the output voltage
VE[SU5 Lime.

4, What is the advantage ol connecting an £C hiter 10 the output of a diode rectificr
circuit?

5. Define ripple voltage. How can the magnitude of the ripple voltage be reduced?

6. Deseribe o simple Zener diode voltage relerence circuit,

7. What effect does the Zener diode resistance have on the valtage reference circuil
opetation?

8. What are the general characieristics of diode clipper circuits?

9. Describe a simple diode clipper circuit Lo limit the negatve portion of « stnusoidal
input voltage 10 a specitied value.

1. What are the general characieristics of diede clamper circuits?

11, What one circuit element. besides a diede, is present in all diode clamper circuts?

12, Descnibe the procedure used in the analysis of a circuit containing two diodes
How many inmal assumptions concerning the state of the circuit are possible?

i3. Describe a diode OR logic circuit. Compare a logic | value at the ootput compared
to a logic | value ai the input. Are they the same value?

4. Descrite a diode AND logic circuit. Compare a logic 0 value at the ouiput com-
pared to 2 logic i value ut the input. Are they the same valug?

5. Describe a simple circuit that can be used 10 turn an LED on or off with a high or
low input voitage.

[Note: In the following problems. assume r; = 0 unless otherwise specified.}

Section 2.1 Rectifier Circults

2.1 Assume the inpui to the circut in Figure P2.1 s a triangutar wave of 20V peak-to-
peak amplitude with a zere lime-average vilue. Let & = 1 k2 and assume piecewisc
linear diode parammeters of V', = 0.6Y and v, = 200, Sketch the outpul vellage versus
time over one cycle and label all appropriate voltages.

2.2 For the circuil shown in Figure P21, show that for 1, = 0, the cutput voliage is
dpproximately given hy

Py = ¥ — V".r' Iﬂ(;—oR)
By

2.3 Consider the half-wave rectifier circuit in Figure 2.2(a). The input voltage is v, =
[60sin[2m(60)] V and the transformer turns ratio is Ny/N; =4.If V, =0and ¢, = 0.
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determine (a) the peak diode current, {b) the value of PIV, {c} the average value of the
output voltage, and (d} the fraction (percent) of a cycle that vy = 0.

RAD2.4 The input signal vollage to the luil-wave rectifier circuit in Figure 2. %a} in the
text 5 vy = olsin[2m60N] ¥, Assume K, =07V for each diede. Determine the
required turns rutio of the transformer (0 produce a peak cutput voltage of (2) 25V,
and (b} 100 V. What must be the diode PIV rating for each case? Verify the results with a
computer simulation analysis,

D25 The outpul resistance of the full-wave rectifier in Figure 2.7(4) in the text is
K = 1500 A filter capacitor is connected in paralle] with £ Assume V, = 0.7V, The
peak output voltage is 1o be 24 'V and the rippic voltage is 10 be no more than .5 V. The
input lrequency is 60 Hz. (a) Determine the required rms value of v;. {b} Determine the
required fiter capacilance value. (¢} Determine the peak current through each diode.

AD2.6 Repeut Problem 2.5 for the half-wave rectifier im Figurs 2.2{a).

2.7 The circuit in Figure P2.7 is a complementary output rectifier. Tf v, = 26sin
2r(6r] ¥V, sketch the output waveforms v} and v, versus time, assuming V', = 0.6V
log each diode

Figure P2.7

D23 Consider the battery charging circuit in Figure 2.5{a), Let Fp = 12V, V, = 0.7Y,
by =24V, and o = 27601 The average batlery charging currenl is to be ip =2 A,
Ietermine the required value of R and find the fractuon of ime the diode is conducting.
What must be the power rating of the resistor R?

D29 The full-wave rectifier in Figure 2.6{a} is to deliver 0.1 A and 15V {average) toa
load. The ripple voltage is to be no targer than (.4 V peak-to-peak. The input signal is
120V (rms) at 60 Hz Assume diode cut-in voltages of 0.7V, Determine the required
turns rato, Lhe filter capacitance value, and the diode PIV rating, Verify the design with
a computer simulation analysis.

*210 Skewh v, versus time for the circuit in Figure P2.10 with the input shown.
Assume F, = 0.

Flgure P2.10
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*2.11  (a) Sketch v, versus time for the circait in Figure P2.11. The input is a sine wave
given by v, = l0sinet V. Assume F, =0. (b) Detertnine the rms value of the cutpus
voltage.

Section2.2 Zener Diode Circuits

212 In the voltage regulator circuit in Figure P2.12, 1et V, = 6.3V, R, =120, and
¥, = 4.8 V. The Zener diode curzent is to be limited to the range 5 < J» < 100mA
{a) Determine the range of possible load currents and load resistances. (b) Determine
the power rating required for the Zeaer dicde and the load resistor.

&;
—AM
+ —_—— - -+
1, le :Ll
¥z B Yy

Flgure P2.12

*2.13 In the voltage regulator circuit in Figure P22, F, =20F, V=10V, R, =
2229, and Pr(max) =400mW. (a) Determine f;.fz. and [, if R; =3300
{b} Determine the value of R; that will establish Pzimax) in the diode. {c) Repeat
part (b) if R, = 17542

D214 A Zener diode is conmected in a voltage regulator circuil s shown in Figure
P2.12. The Zener voltage is ¥z = 10V and the Zener resistance is assumed tobe r, = 0.
(a} Determine the value of R, such that the Zener diode remains in breakdown if the
toad current varies from f; = 50 10 500mA and if the input voltage varies from ¥; = 13
to 20 V. Assume Z5(min) = 0. L/z(max). (b) Determine the power rating required for the
Zener diode and the load resistor.

2.15 Reconsider Problem D2 14. (a) Determine the maximum variation in the output
voltage if the Zener resistance is r, = 2 2. (b) Calculate the percent regulation.

218 The percent regulation of the Zener diode regulator shown in Figure 2.47 is 5
percent. The Zener voltage is Vzg = 6V and the Zener resistance is r. = 312, Also, the
load tesistance varies between 500 and 1000 €, the input resistance is R; = 280Q, and
the minimurn power supply voltage is ¥ pc(min) = 15V, Determine the maximum power
supply voliage allowed. (Ans. Vpg(max) =413V)

*D2.17 A voltage regulator is to have a nominal output voltage of 16'V. The specified
Zener diode has a rating of 1W, has a 10V drop at /z =25mA, and has a Zener
resistance of r, = 5. The input power supply has a nominal value of Vpg =20V
and can vary by £25 percent. The cutput load curtent is to vary between /; =0 and
20mA. (a) If the minimum Zener current is to be {7 = SmA, determine the required R,.
{b) Determine the maximum variation in cutput voltage. {c} Determine the percent
regulation.

*D2.1% - Consider the circuit in Figure P2.18. Let V', = 0. The secondary voltage is
given by v, = V,sinar, where Vs =24V, The Zener diode has parameters Vz = 16V
at I; = d0mA and r, = 2. Determine R; such that the load cutrent can vary over the
range 40 < J; < 400 mA with [z(min) = 40mA and find C such that the ripple voltage
is no larger than 1V. '
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Figure P2.18

*2.19 The secondary voltage in the circuit in Figure P2.18 is v, = 12sinwt V. The
Zener diode has parameters Mz =8V at f; = 100mA and r, =0.52. Let F, =0 and
R; = 3. Determine the percent regulation for load currents between [; = 0.2 and 1 A
Find € such that the ripple veltage is no larger than 08V,

Section2.3  Clipper and Clamper Circuits

2.20  Consider the circuit in Figure P2.20. Let ¥, = 0. (a) Plot v versus v, over the
range 10 < v; < +10V. (b} Flot iy over the same input voltage range as part (a).

¥=3V
wke FL

VJ vo
-

10ki:

Figure P2.20 Figure P2.21

2.21 For the circuit in Figure P2.21, (a) plot vy versus » for 0 < v = [5V. Assume
V, = 0.7V. Indicate all breakpoints. (b} Plot ip over the same range of input voltage.
{c) Compare the results of parts (a) and (b} with a computer simulation.

2.22 For the circuit in Figure P2.22, let ¥, = 0.7V and assume the input voltage varies
over the range —10 < v, < +10V. Plot (a) v, versus v, and {b) iy versus v; over the
input voltage rangs indicated.

*2.23 The dicde in the circuit of Figure P2.23(a) has piccewise lincar parameters
V, =07V and r, = 10 2. (a) Plot vy versus vy for —30 < vy < 30V, (b} If the triangular
wave, shown in Figure P2.23(b), is applied, plot the output versus tims.

R=100Q v‘T
V;AMTPD HVV\ /\
|
+ | e
—_— Y \/ .
l 5

{a) (b)
Figurs P2.23

vk

¥

t;-l v

20k

-1V
Figure P2.22
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2.24 Consider the cireuit in Figure P2.24. Sketch vy versus time if vy = |5sinet V.
Assume V, =0.6V.

2.25 Plot vp for each circuil in Figure P2.25 for the input shown. Assume (a} V', = (¢
and (b) ¥, =06V, :

vy
] llf I :
PR E S— ‘
—|l 2.7k
+ +
.. T
0 ] % owe  WRES R =5V
SVE s : T =
(a) (b)
Figure P2.25

*D2.26 A car’s radio may be subjected to voltage spikes induced by coupling from the
ignition system. Pulscs on the order of 250V and lasting for |20 ps may exist. Design a
clipper circwit using resistors, diodes, and Zener diodes to iimil the input voltage
berween +14 ¥ and —(.7 ¥, Specily power ratings of the compoenents.

2.27 Sketch v, versus time for each circoit with the inpul shown in Figure P2.27.
Assume V7, = 0 and assume the RC time constant is large.

¥i ¥y ——--|£r g T LT
20V €
i I > R
! MY o * V=8V —
¥y R Yy +
=2V 1 % 1
(a) (b}
Flgure F2,27

D2.29 Design a diode clamper o generate the output v, from the input v shown n
Figure P2.28 if (2) F, =0, and (B) ¥, = 0.7 V.

vk v
10V +17V
) o
] | F

0 ' [

I 1

A0V STV J

{a) (b)

Figure P2.28
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L] Ve
+2 Y + Y
:
0 - :
i 0 ]
I
IR o -0V~
(a} (b}

Figure P2.29

D2.29 Design a diode clamper to generale the oulput v, from the wput v o Figure
P2.24I V.=

2.30  For the circwitin Figure 2.27(a), let V', = 0 and v; = 10sinar, Plol vy versus time
onver 3 eyeles of imput voltage for (a) Fg = 43V and {b} I = -3V,

2.31  Repeat Problem 2,30 for the case when the directien of the diode in Lthe circuit
shown in Figure 2.27(a) is reversed.

Seclion24  Multiple Diode Circuits

2.32 The diodes in the aiccoit in Figure P2.32 have piecewise lmear parameters of
F,=0.6Y and r, =0. Determine the output voltage 17, and the diode currents £y,
and fp» for the following inpul conditions: (a) Py = 10V Fa=0.{b} by = 5¥, V=10
(e) 4, = 1INV, Fa =53V, and (d} ¥, = I« = 10V {e} Compare the results ol parts (1)
through (d) with a computer simulation analysis.

LAY
J 115 ket M ; l
ol “”“ﬁ_,m .5 442
im 05 kR D
Y, o—ANN———+—0 ¥,
05 ksy o, ——
v 0= AMN——P———o V), fm
_:,_\- D'I
i 95KD v 05 ki) .
X O—W‘-"V—H——q_
- I
Figure P2.32 Flgure P2.33

2.33 In the circuit in Figure P2.33 the diodes have (he same piecewise lincar pa-
rameters as deseribed 1n Problem 2.32. Caleulate the output voltage Py and the currents
I, {n2. and | for the foliowing input conditions: {a) V', = Fa =10V, (b) 'y = 10V,
Vis@ =10V, i, =§Viand () V= V.= 10

2.34 The diodes in the circuit in Figure P2.34 have the same piecewise linear pa-

rameters as described in Problem 2.32. Deterrnine the output voltage ¥y and the cur-
rents £y, Foz. {ps. and 1 for the following input conditions: (a) V) = V> =0; (b} ¥, =

Vs =5V} V, =5V, Vo =0 and (d) ¥, = 3V, 1, = 2V,

9]
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+ 10V
i
¥ o
+5V .
+10V gﬂg
D,
1} L
osk Dy 14
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s oV, - oy ’
askn Dy vy
Vio—WA—— &g

- b
1pn ’”-“T % R,

+y -3V
Figure P2.34 Figure P2,35

2.35 The cut-in voltage for each diode in Figure P2.35 is ¥, = 0.6 V. (a) Find V7, V3,
and each diede current for R; = 2kQ, R; = 6k and R; = 2k{2. (b) Repeat part (a)
for Ry =6%Q, Ry = Ry = 5k {c) Determine R;, R;, and R; such that each diode
cutrent is 0.5 mA.

2.36 {a) For the circuit in Figure P2.36, each diode has ¥, = 0.6 V. Plot vy versus v
over the range 0 < v < 10V, ¢(b) Compare the resulis of part (a) with a computer
simulation analysis.

+10V
10 kK2
SkQ D, vy v
| A~ | o ¥ 19l
Sk D,
¥r 500 0 i
5000 10k
J-._ -V
Figure P2.36 Figure P2.37

*2.37 Assune ¥, = 0.7V for each diode in the circuit in Figure P2.37. Plot v, versus
vy for =10 < v; + 10V,

2.38 Let ¥, = 0.7V for each diede in the circuil in Figure P2.38. (a) Find ip) and V5
for R = 5kS and R, = 10k82. (b) Repeat part (a) for R) = 10k2 and Ry = k2

230 [If ¥, =0.7V for the diode in the circuit in Figure P2.39, determine /;, and V.



Chapter 2 Diode Cireuits

+13

sl 10

+10V

k2
Va v
10 ki} 0 ki mm% %
=10V = = -

Figure P2.38 Figure P2.39 Figure P2.40

2.40 Let ¥, = 0.6V for the diode in the circuit i Figure P2 40. Determine [ and Vp
@ V=15V, V=10V, and (b} ¥, = 10V, V2 =15V,

2.41 {a) Each diode in the circuit in Figure P241 has piecewise linear parameters of
¥, =0and ry, = 0. Plot vy versus v, for 0 < v; < 30V, Indicate the breakpoints and give
the state of each diode in the various regions of the plot. (b) Compare the results of part
(a) with a computer sinulation analysis.

sk D,

_L'-;.SV — 10V
5 “1' - T = =

Figure P2.41 Figura P2.42

2.42 Consider the circuit in Figure P2 42, The output of a diode OR logic gate is
connected to the input of a second dicde OR logic rate. Assume V, = 0.6V for each
diode. Determine the outputs Vo, and Vo, forzia) Vi= 1y =0, (b) ¥, =5V, 1 =10
and () ¥, = ¥; = 5V. What can be said about the relative values of Vg and Vy; in
their “high” state?

2.4 Consider the circuil in Figure P2.43. The output of a diode AND logic gate is
connected to the input of a second diode AND logic gate. Assume ¥, = 0.6V for each

+HY +5Y
;.Iﬂkﬂ 1llﬂkﬂ
< D <
oy Vor 3
lvl o ﬂ m avoz
b, D,
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Figure P2.45

" COMPUTER SIMULATION PROBLEMS
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diode. Determine the outputs Vi and Voa o la V) = 1, =5¥: (5 1, =0V, = 5YV:
and (¢} V) = ¥, = 0. What can be said about the relative values of Vg, and ¥,y in their
“low™ state?

2.44 Determine the Boolean expression Tor Vy, in terms of the [our input voltzges for
the circuit in Figure P2.44,

+3V
113 4%
v
¥,
+5¥
Vs
10 kL ([13%e]
¥
F;
Figure P2.44

Secllon2.5 LED and Photodiode Circuits

2.458 Consider the circoit shown in Figure P2.45. The forward-bias cut-in voltage of
the diode is 1.5 ¥ and the forward-bias resistance is r = 10Q. Determine the value of R
required 1o limit the current © f = 12mA when F; =02V,

2.46 The light-cmitang diode in the circuil shown in Figure P1.d45 has paramelers
¥, =17V and r, =0. Light will first be detected when the current is I =8mA. It
R = 15062, determing the value of ¥, at which fight wil] first be detected.

2.47 [{the resistor in Example 21045 R = 2kS2and the diode is (o be reverse hiased by
it least 1 V. determine the minirmum power supply voltage required.

2.48 Consider the photodiode circuit shown in Figure 2.39. Assume the quantum
efficiency is 1. A photocurrenl of 0.6mA 15 required for an incident photon flux of
¢ = 10" cm"-s7'. Determine the required cross-sectional area of the diode.

L P L e I Py L R Ry b

2.49 Correlate the resubts of Example 2.1 with a computer simulation.

2.50 Consider the voltagpe doubler circuit shown wm Figure 2.13. Assume a 60 Hz
sinusoidal mput signal and & L1 transformer turns ratio, Let R=5kQ and C, =
3 = 100 yF. Plot the steady-state output voltage over two ¢ycles of input voltage.

2.51 Correlate the design results of Example 2.4 with a compauter simulation,

2.52 Perform a computer simulation analysis of Exercise 2.13. How much does the
outpui vollage change during cach haif-cycie?



Chaptler 2 Diode Chreuits

S ek R R A R S0 A P P B A b - O o 5 Vw5 B i i i s

DESIGN PROBLEMS

[Mote: Each design should be correlated with a computer simuilation.]

*02.53 Design o [ull-wave rectifier 1o produce a peak output voltage of 9V, deliver
150mA Lo the lead, and produce an cutpul with o ripple of not more than 5 percent. A
line voltage of 120 (rms), 60Hz is available. The only transformers available have
turns mtios of NNy = 10, 15, and 20,

*02.54 Design o full-wave rectifier o provide i de outpul of 28V a1 4 current ol 4 A,
with a4 npple of not mere thar 3 percent. A line voltage of 120V {rms). 60Hz is
davmlable.

‘D255 Design a full-wave regulated power supply using a 5: | center-tapped trans-
former ancd @ 7.3V, | W Zener diode, The power supply must provide a constant 7.3V
o u load varying from 120 to 430 Q. The input voltage 1s 120V (rms), 60Hz,







The Bipolar Junction Transistor

3.0 PREVIEW

[n the last chapter, we saw that the rectifying current-voltage characteristics of
the diode are useful in electromic switching and waveshaping circuits. However,
diodes are not capable of amplifying currents or voltages. The electronic device
that is capable of current and voltage amplification, or gain, in conjunction
with other circuit elements, is the transistor, which is a three-terminal device.
The development of the silicon transistor by Bardeen, Brattain, and Schockley
at Bell Telzphone Laboratories in the late 1940s started the first electronics
revolution of the 1950s and 1960s. This invention led to the development of the
first integrated circuit in 1958 and to the operational transistor amplifier (op-
amp), which is one of the most widely used electronic circuits.

The bipolar transistor, which is introduced in this chapter, is the first of
two major types of transistors. The second type of transistor, the field-effect
transistor {FET), is introduced in Chapter 5 and has led to the second elec-
tromics revolution in the 1970s and 1980s. These two device types are the basis
of modern day microelectronics. Each device type is egually important and
each has particular advantages for specific applications.

We begin this chapter with a look at the physical structwre and operation
of the bipolar transistor. The chapter deals mainly with the transistor charac-
teristics and with the dc analysis and design of bipolar circuits. We continue to
use the piecewise linear approximation techniques, developed for the diode, in
the bipolar transistor ¢alculations. We discuss how the transistor can be used in
switch, digital, and linear amptlifier applications.

Much of the material in this chapter may appear to be skewed toward
discrete transistor biasing. However, the principal goal of the chapter is to
ensure that readers become familiar with transistor charactenstics and are
able to quickly analyze and design the dc response of bipolar transistor circuits.
Integrated circuit biasing is discussed toward the end of the chapter and 1s
emphasized to a greater extent in the later chapters,

3.1 BASICBIPOLAR JUNCTION TRANSISTOR

The bipolar junction transistor (BJT) has three separately doped regions and
contains two pn junctions. A single pn junction has two modes of operation—
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forward bias and reverse bias. The bipolar transistor, with two pn junctions,
therefore has four possible modes of operation, depending on the bias condi-
tion of each pn junction, which is one reason for the versatility of the device.
With three separately doped regions, the bipolar transistor is a three-terminal
device. The basic transisior principle is that the veltage berween two terminals
conirols the current through the third terminal.

Qur discussion of the bipolar transistor starts with a description of the
basic transistor structure and a qualitative description of its operation. To
describe its operation, we use the ph junction concepts presented in Chapter
l. However, the two pn junctions are sufficiently close together to be called
interacting pn junctions. The operation of the transistor is therefore totally
different from that of two back-to-back diodes.

Current in the transistor is due to the fow of both electrons and holes,
hence the name bipolar. Our discussion covers the relationship between the
three terminal currents, [n addition, we present the circuit symbols and con-
ventions used in bipolar circuits, the bipolar transister current-voltage char-
acteristics, and finatly, some nonideal current-voltage characteristics.

3.1.1  Transistor Structures

Figure 3.1 shows simplified block diagrams of the basic structure of the two
types of bipolar transistor: npn and pnp. The npn bipolar transistor contains a
thin p-region between two n-regions. In contrast, the ppp bipolar trassistor
contains z thin n-region sandwiched between two p-regions, The three regions
and their terminal connections are called the emitter, base, and cellector. The
operation of the device depends on the two pn junctions being in close prox-
imity, so the width of the base must be very narrow, normally in the range of
tenths of a micrometer (107 m).

The actual structure of the bipolar transistor is considerably more com-
plicated than the block diagrams of Figure 3.1. For example, Figure 3.2 is the
cross section of a classic npn bipolar transistor fabricated in an integrated
circuit. One important point is that the device is not symmetrical electrically,
This asymmetry occurs because the geometries of the emitter and collector
regions are not the same, and the impuniy doping concentrations in the

Emitter o—-/r;nﬂr// p / n Z4—o Collector

Lo Coliector

Figure 3.1 Simple geometry of bipolar transistors: (a) npn and (b) prp
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Flgure 3.2 Cross section of a conventional integrated circuit npn bipolar transistor

three regions are substantially different. For example, the impurity doping
concentrations in the emitter, base, and collecior may be on the order of
10, 10", and 10" cm™?, respectively. Therefore, even though both ends are
either p-type or n-type on a given transistor, switching the two ends makes the
device act in drastically different ways.

Although the block diagrams in Figure 3.1 are highly simplified, they are
still useful for presenting the basic transistor characteristics.

31.2 npn Transistor: Forward-Active Mode Operation

Since the transistor has two pn junctions, four possible bias combinations may
be applied to the device, depending on whether a forward or reverse bias is
applied to zach junction. For example, if the tranaistor is used as an amplifying
device, the base—emitter (B-E) junction is forward biased and the base—collector
(B-C) junction is reverse biased, in a configuration called the forward-active
operating mode, or simply the active region. The reason for this bias combina-
tion will be illustrated as we look at the operation of such transistors and the
characleristics of circuits that use them.

Transistor Currents

Figure 3.3 shows an idealized npn bipolar transistor biased in the forward-
active mode. Since the B-E junction is forward biased, electrons frem the
emitler are injected across the B-E junction into the base, creating an excess
minority carrier concentration in the base. Since the B-C junction is reverse

Buse-emirier  Base—collector
(B-E) junction  (B-C) junction

i

Re RC

Figure 3.3 ' An npn binolar iransistor blased in the forwand-active mode
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Figure 3.4 Minorily carrier slectron concentration across the base region of an ngn bipolar
fransisior biased in the torward-active mode

biased, the electron concentration at the edge of that junction is approximately
zero. :

The electron concentration in the base region is shown in Figure 3.4.
Because of the large gradient in this concentration, electrons injected from
the emitter diifuse across the base into the B-C space-charge region, where
the electric field sweeps them into the collector region. Ideally, as many elec-
trons as possible will reach the celiector without recombining with majority
carrier holes in the base. Figure 3.4 shows the ideal case in which no recombi-
nation occurs, so that the electron concentration is a linear function of distance
across the base. However, if some carrier recombination does occur in the base,
the electron concentration will deviate from the ideal linear curve, as shown in
the figure. To minimize recombination effects, the width of the neutral base
region must be small compared to the minority carrier diffusion length.

Emitter Current Since the B-E junction is forward biased, we expect the
current through this junction to be an exponential function of B-E voltage,
just as we saw that the current through a pn junction diode was an exponential
function of the forward-biased diode voltage. We can then write the current at
the emitter terminal as

ip = Ig[e"™/¥r || = Je'wi¥r @

where the approximation of neglecting the {—1) term is usually valid since vge

* % Fr In most cases. The parameter ¥ is the usual thermal voltage. The

emission coefficient # that multiplies V- is assumed to be 1, as we discussed
in Chapter 1 in considering the ideal diode equation. The flow of the negatively
charged electrons is through the emitter into the base and is opposite to the
conventional current direction. The conventional emitter current is therefore
out of the emitter terminai.

The multiplying constant, [g, contains electrical parameters of the junc-
tion, but in addition is directly proportional to the active B-E cross-sectional
area. Therefore, if two transistors are identical except that one has twice the
area of the other, then the emitter currents will differ by a factor of two for the
same applied B-E voltage. Typical values of Jg are in the range of 107 o
107"% A, but may, for special transistors, vary outside of this range.



