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CHAPTER

Semiconductor
Diodes

1.1 INTRODUCTION

It is now some 50 years since the first transistas introduced on December 23,
1947. For those of us who experienced the chargge §lass envelope tubes to the
solid-state era, it still seems like a few shortrgeago. The first edition of this text
contained heavy coverage of tubes, with succeedliigpes involving the important
decision of how much coverage should be dedicated to tubes and how much to semi-
conductor devices. It no longer seems valid to foartubes at all or to compare the
advantages of one over the other—we are firmhjhandolid-state era.

The miniaturization that has resulted leaves uszdnder about its limits. Com-
plete systems now appear on wafers thousands ettsmaller than the single ele-
ment of earlier networks. New designs and systanface weekly. The engineer be-
comes more and more limited in his or her knowleafghe broad range of advances—
it is difficult enough simply to stay abreast of the changes in one area of research or
development. We have also reached a point at which the primary purpose of the con-
tainer is simply to provide some means of handiiregdevice or system and to pro-
vide a mechanism for attachment to the remaindehefnetwork. Miniaturization
appears to be limited by three factors (each otwhiill be addressed in this text):
the quality of the semiconductor material itself thetwork design technique, and
the limits of the manufacturing and processing popgnt.

1.2 IDEAL DIODE

The first electronic device to be introduced ideghithediode. It is the simplest of
semiconductor devices but plays a very vital ralelectronic systems, having char- +§i,
acteristics that closely match those of a simple switch. It will appear in a range of
plications, extending from the simple to the verynptex. In addition to the details g =
of its construction and characteristics, the very important data and graphs to be ft = +
on specification sheets will also be covered taisnsin understanding of the termi- Faal. L
nology employed and to demonstrate the wealth fofrmation typically available - rog
from manufacturers. e
The termideal will be used frequently in this text as new deviees introduced. =1
It refers to any device or system that has ideatadteristics—perfect in every way.
It provides a basis for comparison, and it revediene improvements can still be
made. Thdadeal diode is atwo-terminal device having the symbol and characteris-Figure 1.1 1deal diode: (a)
tics shown in Figs. 1.1a and b, respectively. symbol; (b) characteristics.
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Ideally, a diode will conduct current in the directidefined by the arrow in the
symbol and act like an open circuit to any attempt to establish current in the oppo-
site direction. In essence:

The characteristics of an ideal diode are those of a switch that can conduct
current in only one direction.

In the description of the elements to follow, itdstical that the variousetter
symbols, voltage polarities, and current directions be defined. If the polarity of the
applied voltage is consistent with that shown in Fig. 1.1a, the portion of the charac-
teristics to be considered in Fig. 1.1b is to tightrof the vertical axis. If a reverse
voltage is applied, the characteristics to the deft pertinent. If the current through
the diode has the direction indicated in Fig. 1tthea,portion of the characteristics to
be considered is above the horizontal axis, whilevarsal in direction would require
the use of the characteristics below the axis.tRermajority of the device charac-
teristics that appear in this book, tbeginate (or “y” axis) will be thecurrent axis,
while theabscissa (or “x” axis) will be thevoltage axis.

One of the important parameters for the diode ésrésistance at the point or re-
gion of operation. If we consider the conductiogioe defined by the direction o
and polarity ofV in Fig. 1.1a (upper-right quadrant of Fig. 1.1b), wid find that
the value of the forward resistané¢®, as defined by Ohm’s law is

VE _ oV _
Il 2,3, mA,. . ., or any positive value

0 Q (short circuit)

whereVg is the forward voltage across the diode bnid the forward current through
the diode.

The ideal diode, therefore, is a short circuit for the region of conduction.
Consider the region of negatively applied potertiaird quadrant) of Fig. 1.1b,

Re = Vr _ =5, =20, or any reverse-bias potential
Ir 0 mA

where Vg is reverse voltage across the diode gpds reverse current in the diode.
The ideal diode, therefore, is an open circuit in the region of nonconduction.

o ) (open-circuit)

In review, the conditions depicted in Fig. 1.2 applecable.

+ Vo _ Y, Short circuit
o N o —F O o Ip
Ip (limited by circuit)
(@)
0 Vo
Vb Open circuit
- +
e, N O = O / O
e
| D= 0
(b)

Figure 1.2 (a) Conduction and (b) nonconduction states of the ideal diode as
determined by the applied bias.

In general, it is relatively simple to determine whether a diode is in the region of
conduction or nonconduction simply by noting theediion of the curreniy estab-
lished by an applied voltage. For conventional flow (opposite to that of electron flow),
if the resultant diode current has the same doecéis the arrowhead of the diode
symbol, the diode is operating in the conductingaeas depicted in Fig. 1.3a. If
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the resulting current has the opposite directionsla®vn in Fig. 1.3b, the open-
circuit equivalent is appropriate.

O—N—O —_ 0 —a O
) ) Figure 1.3 (a) Conduction
Ip Ip

@ and (b) nonconduction states of
the ideal diode as determined by
the direction of conventional
e———o  current established by the
Ip=0 network.

o—"—o—>o—o
-

Ip

(b)

As indicated earlier, the primary purpose of thistisa is to introduce the char-
acteristics of an ideal device for comparison vifite characteristics of the commer-
cial variety. As we progress through the next fewtions, keep the following ques-
tions in mind:

How close will the forward or “on” resistance of a practical diode compare

with the desired 0-() level?

Is the reverse-bias resistance sufficiently large to permit an open-circuit ap-

proximation?

1.3 SEMICONDUCTOR MATERIALS

The labekemiconductor itself provides a hint as to its characteristidse prefixsemi-
is normally applied to a range of levels midwaywssn two limits.
The term conductor is applied to any material that will support a generous
flow of charge when a voltage source of limited magnitude is applied across
its terminals.
An insulator is a material that offers a very low level of conductivity under
pressure from an applied voltage source.
A semiconductor, therefore, is a material that has a conductivity level some-
where between the extremes of an insulator and a conductor.

Inversely related to the conductivity of a materglts resistance to the flow of
charge, or current. That is, the higher the conditgtievel, the lower the resistance
level. In tables, the termesistivity (p, Greek letter rho) is often used when compar-
ing the resistance levels of materials. In metnds,) the resistivity of a material is
measured if2-cm or {)-m. The units of()-cm are derived from the substitution of

the units for each quantity of Fig. 1.4 into the following equation (derived from [ R
basic resistance equati®= pl/A): ?
p=RA_ QM) [ g o (1.1) —l—-l bais
I cm |

In fact, if the area of Fig. 1.4 is 1 érand the length 1 cm, the magnitude of t
resistance of the cube of Fig. 1.4 is equal tortlagnitude of the resistivity of the . 4
material as demonstrated below: Figure 1.4 Defining the metric

units of resistivity.
I (1 cm)
IRI=p—=
Pa ™ P @emd)
This fact will be helpful to remember as we compasgstivity levels in the discus-
sions to follow.

In Table 1.1, typical resistivity values are prodder three broad categories of
materials. Although you may be familiar with thedtical properties of copper and

A=lcm® [=lcm

= |plohms
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Figure 1.5 Ge and Si
single-crystal structure.

TABLE 1.1 Typical Resistivity Values

Conductor Semiconductor Insulator
p=10"°Q-cm p = 50 Q-cm (germanium) p =102 Q-cm
(copper) p = 50X 10° Q-cm (silicon) (mica)

mica from your past studies, the characteristiadh®@fsemiconductor materials of ger-
manium (Ge) and silicon (Si) may be relatively n&w.you will find in the chapters
to follow, they are certainly not the only two seomiductor materials. They are, how-
ever, the two materials that have received the lastadnge of interest in the devel-
opment of semiconductor devices. In recent yeassHift has been steadily toward
silicon and away from germanium, but germanium ilsist modest production.

Note in Table 1.1 the extreme range between thdwzar and insulating mate-
rials for the 1-cm length (1-ctrarea) of the material. Eighteen places separate the
placement of the decimal point for one number fithia other. Ge and Si have re-
ceived the attention they have for a number of reasons. One very important consid-
eration is the fact that they can be manufactuoea very high purity level. In fact,
recent advances have reduced impurity levels in the pure material to 1 part in 10 bil-
lion (1:10,000,000,000). One might ask if these low impuléels are really nec-
essary. They certainly are if you consider thatatidition of one part impurity (of
the proper type) per million in a wafer of silicamaterial can change that material
from a relatively poor conductor to a good conducioelectricity. We are obviously
dealing with a whole new spectrum of comparisoelewhen we deal with the semi-
conductor medium. The ability to change the charéstics of the material signifi-
cantly through this process, known as “doping,” is a:ebther reason why Ge and Si
have received such wide attention. Further reasumhsde the fact that their charac-
teristics can be altered significantly through #@mplication of heat or light—an im-
portant consideration in the development of heatt lgght-sensitive devices.

Some of the unique qualities of Ge and Si noted above are due to their atomic
structure. The atoms of both materials form a very definite pattern that is periodic in
nature (i.e., continually repeats itself). One cagtglpattern is called erystal and
the periodic arrangement of the atomkattice. For Ge and Si the crystal has the
three-dimensional diamond structure of Fig. 1.5y Araterial composed solely of re-
peating crystal structures of the same kind isedalisingle-crystal structure. For
semiconductor materials of practical applicatiortha electronics field, this single-
crystal feature exists, and, in addition, the periibgliof the structure does not change
significantly with the addition of impurities in éhdoping process.

Let us now examine the structure of the atom itaetf note how it might affect
the electrical characteristics of the material.yds are aware, the atom is composed
of three basic particles: thatectron, the proton, and theneutron. In the atomic lat-
tice, the neutrons and protons form theleus, while the electrons revolve around
the nucleus in a fixedrbit. The Bohr models of the two most commonly used semi-
conductorsgermanium andsilicon, are shown in Fig. 1.6.

As indicated by Fig. 1.6a, the germanium atom hasrBing electrons, while
silicon has 14 orbiting electrons. In each caseagtlage 4 electrons in the outermost
(valence) shell. The potentialignization potential) required to remove any one of
these 4 valence electrons is lower than that reddaor any other electron in the struc-
ture. In a pure germanium or silicon crystal thésealence electrons are bonded to
4 adjoining atoms, as shown in Fig. 1.7 for silicBoth Ge and Si are referred to as
tetravalent atoms because they each have four valence electrons.

A bonding of atoms, strengthened by the sharing of electrons, is called cova-

lent bonding.

Chapter 1 Semiconductor Diodes
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Figure 1.6 Atomic structure: (a) germanium; Figure 1.7 Covalent bonding of the silicon
(b) silicon. atom.

Although the covalent bond will result in a stronger bond between the valence

electrons and their parent atom, it is still possitor the valence electrons to absorb
sufficient kinetic energy from natural causes teairthe covalent bond and assume
the “free” state. The terrfree reveals that their motion is quite sensitive tolegop
electric fields such as established by voltage gsuor any difference in potential.
These natural causes include effects such asdiggrigy in the form of photons and
thermal energy from the surrounding medium. At rdemperature there are approx-
imately 1.5X 10 free carriers in a cubic centimeter of intrinsiicen material.

Intrinsic materials are those semiconductors that have been carefully refined

to reduce the impurities to a very low level—essentially as pure as can be

made available through modern technology.

The free electrons in the material due only to ratoauses are referred to as
intrinsic carriers. At the same temperature, intrinsic germanium mdtevrikh have
approximately 2.5< 10 free carriers per cubic centimeter. The ratio & thum-
ber of carriers in germanium to that of silicongigater than T0and would indi-
cate that germanium is a better conductor at roempéerature. This may be true,
but both are still considered poor conductors @itiirinsic state. Note in Table 1.1
that the resistivity also differs by a ratio of abd00Q 1, with silicon having the
larger value. This should be the case, of courseegiesistivity and conductivity are
inversely related.

An increase in temperature of a semiconductor can result in a substantial in-

crease in the number of free electrons in the material.

As the temperature rises from absolute zero (0 K)inareasing number of va-
lence electrons absorb sufficient thermal energyréak the covalent bond and con-
tribute to the number of free carriers as descrideolve. This increased number of
carriers will increase the conductivity index aredult in a lower resistance level.

Semiconductor materials such as Ge and Si that show a reduction in resis-
tance with increase in temperature are said to have a negative temperature
coefficient.

You will probably recall that the resistance of iosnductors will increase with
temperature. This is due to the fact that the nusbé carriers in a conductor will

1.3 Semiconductor Materials
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Figure 1.8 Energy levels: (a)
discrete levels in isolated atomic
structures; (b) conduction and
valence bands of an insulator,
semiconductor, and conductor.

not increase significantly with temperature, butithvbration pattern about a rela-
tively fixed location will make it increasingly di€ult for electrons to pass through.
An increase in temperature therefore results imareased resistance level anpbs-
itive temperature coefficient.

1.4 ENERGY LEVELS

In the isolated atomic structure there are discrete (individual) energy levels associated
with each orbiting electron, as shown in Fig. 1.Bach material will, in fact, have
its own set of permissible energy levels for thecgbns in its atomic structure.

The more distant the electron from the nucleus, the higher the energy state,

and any electron that has left its parent atom has a higher energy state than

any electron in the atomic structure.

Energy
Valance Level (outermost shell)
Energy gap
Second Level (next inner shell)
Energy gap
Third Level (etc.)
etc.
l Nucleus
(@)
Energy Electrons Energy Energy
Conduction band "ffeet')'l_toh
g(SJ:]aduICStion Conduction band
T—e o o The bandd__Conduction band
overla
Eq>5eV Eq P—~ o o e o
Valence band
Valence e © e o
electrons
A 5 ° ° bound to Valence band
Valence band the atomic
stucture
Eg=1.1eV (Si)
Eg =0.67 eV (Ge)
Eg = 1.41 eV (GaAs)
Insulator Semiconductor Conductor

(b)

Between the discrete energy levels are gaps inhwinicelectrons in the isolated
atomic structure can appear. As the atoms of ariabége brought closer together to
form the crystal lattice structure, there is anratdon between atoms that will re-
sult in the electrons in a particular orbit of catem having slightly different energy
levels from electrons in the same orbit of an adig atom. The net result is an ex-
pansion of the discrete levels of possible enetgtes for the valence electrons to
that of bands as shown in Fig. 1.8b. Note thatetleee boundary levels and maxi-
mum energy states in which any electron in the atdaitice can find itself, and there
remains gorbidden region between the valence band and the ionization IRetall

Chapter 1 Semiconductor Diodes



that ionization is the mechanism whereby an elactiam absorb sufficient energy to
break away from the atomic structure and enterctireluction band. You will note
that the energy associated with each electron &sared inelectron volts (eV). The
unit of measure is appropriate, since

W= QV eV (1.2)

as derived from the defining equation for volt&ge W/Q. The charg® is the charge
associated with a single electron.

Substituting the charge of an electron and a pialedifference of 1 volt into Eq.
(1.2) will result in an energy level referred to @we electron volt. Since energy is
also measured in joules and the charge of oneretest1.6 X 10~ *° coulomb,

W=QV=(1.6xX10*°C)(1V)

and 1ev=1.6x101J (1.3)

At 0 K or absolute zero{273.15°C), all the valence electrons of semiconductor
materials find themselves locked in their outermastll of the atom with energy
levels associated with the valence band of Figh.l-Bwever, at room temperature
(300 K, 25°C) a large number of valence electron lequired sufficient energy to
leave the valence band, cross the energy gap defiyngg in Fig. 1.8b and enter the
conduction band. For silicofy is 1.1 eV, for germanium 0.67 eV, and for gallium
arsenide 1.41 eV. The obviously lowgg for germanium accounts for the increased
number of carriers in that material as comparesilioon at room temperature. Note
for the insulator that the energy gap is typic&llgV or more, which severely limits
the number of electrons that can enter the conaludtand at room temperature. The
conductor has electrons in the conduction band avénhK. Quite obviously, there-
fore, at room temperature there are more than enfsagtcarriers to sustain a heavy
flow of charge, or current.

We will find in Section 1.5 that if certain impugs are added to the intrinsic
semiconductor materials, energy states in the fdgsicbands will occur which will
cause a net reductiontiy for both semiconductor materials—consequently, asee
carrier density in the conduction band at room teragre!

1.5 EXTRINSIC MATERIALS—
n- AND p-TYPE

The characteristics of semiconductor materials can be altered significantly by the ad-
dition of certain impurity atoms into the relatiygdure semiconductor material. These
impurities, although only added to perhaps 1 paritGnmillion, can alter the band
structure sufficiently to totally change the elet properties of the material.

A semiconductor material that has been subjected to the doping process is
called an extrinsic material.

There are two extrinsic materials of immeasuratvipdrtance to semiconductor
device fabricationn-type andp-type. Each will be described in some detail in the
following paragraphs.

n-Type Material

Both then- andp-type materials are formed by adding a predeterthimember of
impurity atoms into a germanium or silicon basee mHype is created by introduc-
ing those impurity elements that hdixe valence electrongpéntavalent), such asan-
timony, arsenic, andphosphorus. The effect of such impurity elements is indicated i

1.5 Extrinsic Materials—n- and p-Type 7
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/ electron |
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Figure 1.9 Antimony impurity
in n-type material.

Fig. 1.9 (using antimony as the impurity in a silicbase). Note that the four cova-
lent bonds are still present. There is, however,dtitianal fifth electron due to the
impurity atom, which isunassociated with any particular covalent bond. This re-
maining electron, loosely bound to its parent (aotig) atom, is relatively free to
move within the newly formed-type material. Since the inserted impurity atora ha
donated a relatively “free” electron to the struetur

Diffused impurities with five valence electrons are called donor atoms.

It is important to realize that even though a langenber of “free” carriers have
been established in thetype material, it is still electricallpeutral since ideally the
number of positively charged protons in the nud@estill equal to the number of
“free” and orbiting negatively charged electronghie structure.

The effect of this doping process on the relativeductivity can best be described
through the use of the energy-band diagram of Eit). Note that a discrete energy
level (called thedonor level) appears in the forbidden band with Bpsignificantly
less than that of the intrinsic material. Thoseéfr electrons due to the added im-
purity sit at this energy level and have less difiy absorbing a sufficient measure
of thermal energy to move into the conduction bahtbom temperature. The result
is that at room temperature, there are a large numbearriers (electrons) in the
conduction level and the conductivity of the matkimcreases significantly. At room
temperature in an intrinsic Si material there isutone free electron for every£0
atoms (1 to 1Dfor Ge). If our dosage level were 1 in 10 millioh0f), the ratio

(10'%10” = 10°) would indicate that the carrier concentration has increased by a ra-

tio of 100,0001.

Energy

Conduction band

-

L -Eg =0.05 eV (Si), 0.01 eV (Ge)

Donor energy level

1\

F-oJ-0--0--@
/

[ ] [ ] [ ] [ ]
Valence band

—

Eg as before

Figure 1.10 Effect of donor impurities on the energy band
structure.
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p-Type Material

The p-type material is formed by doping a pure germanium or silicon crystal with
impurity atoms havinghree valence electrons. The elements most frequentlg icse

this purpose aréoron, gallium, and indium. The effect of one of these elements,
boron, on a base of silicon is indicated in Fig.11.1

= b — - |
".::lh]

- — -'. —
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Horun {1 B)
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Figure 1.11  Boron impurity in
p-type material.

Note that there is now an insufficient number @fcalons to complete the cova-
lent bonds of the newly formed lattice. The resgjtvacancy is called laole and is
represented by a small circle or positive sign tuhe absence of a negative charge.
Since the resulting vacancy will readdgcept a “free” electron:

The diffused impurities with three valence electrons are called acceptor atoms.

The resultingp-type material is electrically neutral, for the sameasons described
for the n-type material.

Flectron versus Hole Flow

The effect of the hole on conduction is shown ig.Hi.12. If a valence electron ac-
quires sufficient kinetic energy to break its cevdalbond and fills the void created
by a hole, then a vacancy, or hole, will be createthencovalent bond that released
the electron. There is, therefore, a transfer of sitdethe left and electrons to the
right, as shown in Fig. 1.12. The direction to bedug this text is that ofonven-
tional flow, which is indicated by the direction of hole flow.

= e = - - -
*
= = .
= g L= = = = = (i
Fenle Mo
Figure 1.12 Electron versus
Eleceron 1w

hole flow.
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Majority and Minority Carriers

In the intrinsic state, the number of free electron&e or Si is due only to those few
electrons in the valence band that have acquiréittisat energy from thermal or
light sources to break the covalent bond or toféiaeimpurities that could not be re-
moved. The vacancies left behind in the covalentlbw structure represent our very
limited supply of holes. In an-type material, the number of holes has not changed
significantly from this intrinsic level. The netsdt, therefore, is that the number of
electrons far outweighs the number of holes. Fisr ridason:

In an n-type material (Fig. 1.13a) the electron is called the majority carrier

and the hole the minority carrier.

For thep-type material the number of holes far outweighes tlnmber of elec-
trons, as shown in Fig. 1.13b. Therefore:

In a p-type material the hole is the majority carrier and the electron is the

minority carrier.

When the fifth electron of a donor atom leavestient atom, the atom remaining

acquires a net positive charge: hence the positive sign in the donor-ion representation.

For similar reasons, the negative sign appearsdratiteptor ion.

Then- andp-type materials represent the basic building blarfksemiconductor
devices. We will find in the next section that thaning” of a singlen-type mater-
ial with ap-type material will result in a semiconductor elernef considerable im-
portance in electronic systems.

Donor ions Acceptor ions
— — ] Majority +
@ = +® @ 7carriers + @ @ + @ + @
- - + _ + +
_ ® _ @ @) © + © O
= ® T —T— Minority Majority%"" @) +
— @ - — @ carrier carriers @ + = @
Minority
n-type p-type carrier

@) (b)
Figure 1.13  (a) n-type material; (b) p-type material.

1.6 SEMICONDUCTOR DIODE

In Section 1.5 both the- andp-type materials were introduced. The semiconductor
diode is formed by simply bringing these materialgether (constructed from the
same base—Ge or Si), as shown in Fig. 1.14, usifmnigaes to be described in
Chapter 20. At the instant the two materials aotngd” the electrons and holes in
the region of the junction will combine, resulting & lack of carriers in the region
near the junction.

This region of uncovered positive and negative ions is called the depletion re-

gion due to the depletion of carriers in this region.

Since the diode is a two-terminal device, the applo of a voltage across its
terminals leaves three possibilities: bias (Vp = 0 V), forward bias (Vp > 0V), and

reverse bias (Vp < 0 V). Each is a condition that will result in a pesse that the
user must clearly understand if the device is t@ajglied effectively.

Chapter 1 Semiconductor Diodes
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No Applied Bias (Vp, =0 V)

Under no-bias (no applied voltage) conditions, arigarity carriers (holes) in the
n-type material that find themselves within the @giph region will pass directly into
the p-type material. The closer the minority carrietdasthe junction, the greater the
attraction for the layer of negative ions and #slthe opposition of the positive ions
in the depletion region of thetype material. For the purposes of future disarssi
we shall assume that all the minority carriershef ri-type material that find them-
selves in the depletion region due to their randoation will pass directly into the
p-type material. Similar discussion can be apple@the minority carriers (electrons)
of the p-type material. This carrier flow has been indidaiie Fig. 1.14 for the mi-
nority carriers of each material.

The majority carriers (electrons) of tmetype material must overcome the at-
tractive forces of the layer of positive ions ire tiktype material and the shield of
negative ions in thp-type material to migrate into the area beyonddépletion re-
gion of thep-type material. However, the number of majority g is so large in
the n-type material that there will invariably be a shmalmber of majority carriers
with sufficient kinetic energy to pass through tiepletion region into thp-type ma-
terial. Again, the same type of discussion can Ipieghto the majority carriers (holes)
of the p-type material. The resulting flow due to the miyocarriers is also shown
in Fig. 1.14.

A close examination of Fig. 1.14 will reveal thhetrelative magnitudes of the
flow vectors are such that the net flow in eithieection is zero. This cancellation of
vectors has been indicated by crossed lines. TggHeof the vector representing hole
flow has been drawn longer than that for electtow fto demonstrate that the mag-
nitude of each need not be the same for cancellaim that the doping levels for
each material may result in an unequal carrier fidviholes and electrons. In sum-
mary, therefore:

In the absence of an applied bias voltage, the net flow of charge in any one
direction for a semiconductor diode is zero.

1.6 Semiconductor Diode 11
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for a semiconductor diode.
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Figure 1.17 Reverse-bias
conditions for a semiconductor
diode.
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The symbol for a diode is repeated in Fig. 1.15 with the associatettip-type
regions. Note that the arrow is associated withpthge component and the bar with
the n-type region. As indicated, forp, = 0 V, the current in any direction is 0 mA.

Reverse-Bias Condition (Vp < 0 V)

If an external potential of volts is applied across then junction such that the pos-
itive terminal is connected to thetype material and the negative terminal is con-
nected to thep-type material as shown in Fig. 1.16, the number of uncovered posi-
tive ions in the depletion region of tinetype material will increase due to the large
number of “free” electrons drawn to the positive potentighe applied voltage. For
similar reasons, the number of uncovered negatiue will increase in the-type
material. The net effect, therefore, is a wideninghef depletion region. This widen-
ing of the depletion region will establish too graaarrier for the majority carriers to
overcome, effectively reducing the majority carfiew to zero as shown in Fig. 1.16.

e [ Ml carmier fliw
! gy = I
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ok W e o
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* Figure 1.16 Reverse-biased
I p-n junction.

The number of minority carriers, however, that find themselves entering the de-
pletion region will not change, resulting in mingritarrier flow vectors of the same
magnitude indicated in Fig. 1.14 with no appliedtage.

The current that exists under reverse-bias conditions is called the reverse sat-

uration current and is represented by I.

The reverse saturation current is seldom more @hfaw microamperes except for
high-power devices. In fact, in recent years itelas typically in the nanoampere
range for silicon devices and in the low-microanepemge for germanium. The term
saturation comes from the fact that it reaches its maximurellguickly and does not
change significantly with increase in the reversesIpotential, as shown on the diode
characteristics of Fig. 1.19 f&fp < 0 V. The reverse-biased conditions are depicted
in Fig. 1.17 for the diode symbol apeh junction. Note, in particular, that the direc-
tion of I is against the arrow of the symbol. Note also thatnegative potential is
connected to thp-type material and thgositive potential to the-type material—the
difference in underlined letters for each regiovesding a reverse-bias condition.

Forward-Bias Condition (Vp > 0 V)

A forward-bias or “on” condition is established by applying the ftige potential to
the p-type material and the negative potential toritgpe material as shown in Fig.
1.18. For future reference, therefore:
A semiconductor diode is forward-biased when the association p-type and pos-
itive and n-type and negative has been established.

Chapter 1 Semiconductor Diodes



+ |l - Figure 1.18 Forward-biased p-n
Fa
The application of a forward-bias potentig) will “pressure” electrons in the
n-type material and holes in tipetype material to recombine with the ions near the
boundary and reduce the width of the depletionoregis shown in Fig. 1.18. The re-
sulting minority-carrier flow of electrons from thpetype material to the-type ma-
terial (and of holes from the-type material to th@-type material) has not changed
in magnitude (since the conduction level is comgbprimarily by the limited num-
ber of impurities in the material), but the reductia the width of the depletion re-
gion has resulted in a heavy majority flow acrdss junction. An electron of the
n-type material now “sees” a reduced barrier at thesion due to the reduced de-
pletion region and a strong attraction for the positive potential applied {wtjpe
material. As the applied bias increases in magaiting depletion region will con-
tinue to decrease in width until a flood of eleos@an pass through the junction, re-

junction.

A Ip (MA)
T
1
20 H
19 i
18 Eq. (1.4% Actual commercially
° 1 available unit
- 1
17 i
16 !
1
15 :
14 i
13 i
n
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11 direction for graph |
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9 : pi —
[
Q 1 —_ ID —
o 1
1
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6 i (M >0V, Ip >0 mA)
. i
. HEy
. A/
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5 i/
IS 1 l" A/
R R
-40 | -30 |-20 | -10 0T—L_0.3 0.5 0.7 1 V
— 0.1}1% ‘ Vo (V)
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Figure 1.20 Plot of e*.
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Figure 1.21 Forward-bias

conditions for a semiconductor
diode.
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sulting in an exponential rise in current as shawithe forward-bias region of the
characteristics of Fig. 1.19. Note that the veltszale of Fig. 1.19 is measured in
milliamperes (although some semiconductor dioddshave a vertical scale mea-
sured in amperes) and the horizontal scale indhedrd-bias region has a maximum
of 1 V. Typically, therefore, the voltage across amard-biased diode will be less
than 1 V. Note also, how quickly the current risegdnd the knee of the curve.

It can be demonstrated through the use of soli@-gtaysics that the general char-
acteristics of a semiconductor diode can be definethe following equation for the
forward- and reverse-bias regions:

Ip = 14eVe/Te — 1) (1.4)

where |¢ = reverse saturation current
k = 11,6004 with n = 1 for Ge andn = 2 for Si for relatively low levels
of diode current (at or below the knee of the cuwedn = 1 for Ge
and Si for higher levels of diode current (in thpidly increasing sec-
tion of the curve)
Tk = Tc + 273°

A plot of Eq. (1.4) is provided in Fig. 1.19. If vexpand Eq. (1.4) into the fol-
lowing form, the contributing component for eachioegof Fig. 1.19 can easily be
described:

_ Vp/ Tk
Ip = I — g

For positive values o¥/p the first term of the equation above will grow very
quickly and overpower the effect of the second teFime result is that for positive
values ofVp, Ip will be positive and grow as the functign= € appearing in Fig.
1.20. AtVp =0V, Eq. (1.4) becomek, = I{e° — 1) =11 — 1) = 0 mA as ap-
pearing in Fig. 1.19. For negative valued/gfthe first term will quickly drop off be-
low lg, resulting inlp = —Ig, which is simply the horizontal line of Fig. 1.1Bhe
break in the characteristics\&t = 0 V is simply due to the dramatic change in scale
from mA to uA.

Note in Fig. 1.19 that the commercially availabigtinas characteristics that are
shifted to the right by a few tenths of a volt. §8 due to the internal “body” resis-
tance and external “contact” resistance of a di&@eh contributes to an additional
voltage at the same current level as determine®top’s law ¥ = IR). In time, as
production methods improve, this difference will dese and the actual characteris-
tics approach those of Eq. (1.4).

It is important to note the change in scale forwbsical and horizontal axes. For
positive values ofp, the scale is in milliamperes and the current sbalew the axis
is in microamperes (or possibly nanoamperes)Mgathe scale for positive values is
in tenths of volts and for negative values theeséslin tens of volts.

Initially, Eq. (1.4) does appear somewhat compled aray develop an unwar-
ranted fear that it will be applied for all the deapplications to follow. Fortunately,
however, a number of approximations will be mada Iater section that will negate
the need to apply Eq. (1.4) and provide a solutwith a minimum of mathematical
difficulty.

Before leaving the subject of the forward-biasestae conditions for conduction
(the “on” state) are repeated in Fig. 1.21 with thguired biasing polarities and the
resulting direction of majority-carrier flow. Noia particular how the direction of
conduction matches the arrow in the symbol (asaledefor the ideal diode).

Zener Region

Even though the scale of Fig. 1.19 is in tens dfsvim the negative region, there is
a point where the application of too negative aag# will result in a sharp change

Chapter 1 Semiconductor Diodes



1 Figure 1.22  Zener region.

in the characteristics, as shown in Fig. 1.22. Tumgenit increases at a very rapid rate

in a direction opposite to that of the positive voltage region. The reverse-bias poten-

tial that results in this dramatic change in chimastics is called th&ener potential
and is given the symbdal,.

As the voltage across the diode increases in trerse-bias region, the velocity
of the minority carriers responsible for the reeesaturation currert will also in-
crease. Eventually, their velocity and associateetic energy \(ik = 3mv?) will be
sufficient to release additional carriers throughisions with otherwise stable atomic
structures. That is, @enization process will result whereby valence electrons dbsor
sufficient energy to leave the parent atom. Thekbtianal carriers can then aid the
ionization process to the point where a highilanche current is established and the
avalanche breakdown region determined.

The avalanche regiov{) can be brought closer to the vertical axis bydasing
the doping levels in thg- andn-type materials. However, & decreases to very low
levels, such as-5 V, another mechanism, call@ner breakdown, will contribute to
the sharp change in the characteristic. It occacalse there is a strong electric field
in the region of the junction that can disrupt bending forces within the atom and
“generate” carriers. Although the Zener breakdowrhmaism is a significant contrib-
utor only at lower levels of/, this sharp change in the characteristic at angl lisv
called theZener region and diodes employing this unique portion of therabigristic
of ap-njunction are calle@ener diodes. They are described in detail in Section 1.14.

The Zener region of the semiconductor diode desdribust be avoided if the re-
sponse of a system is not to be completely altbyethe sharp change in character-
istics in this reverse-voltage region.

The maximum reverse-bias potential that can be applied before entering the

Zener region is called the peak inverse voltage (referred to simply as the PIV

rating) or the peak reverse voltage (denoted by PRV rating).

If an application requires a PIV rating greatemthidat of a single unit, a num-
ber of diodes of the same characteristics can haemted in series. Diodes are also
connected in parallel to increase the current-gagrgapacity.

Silicon versus Germanium

Silicon diodes have, in general, higher PIV and aurrating and wider temperature
ranges than germanium diodes. PIV ratings forailican be in the neighborhood of
1000 V, whereas the maximum value for germaniumadser to 400 V. Silicon can

be used for applications in which the temperatuag mise to about 200°C (400°F),
whereas germanium has a much lower maximum rafioQ°C). The disadvantage
of silicon, however, as compared to germanium, asatdd in Fig. 1.23, is the higher
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© n °

15



© n °

16

B pfmag i
||_|;.- |
- |
e |"'.|
- |
15 !
1=
|
ir I .III
f, {51 =00] A = 1084 J/
¥z 18il -I- ¥y 1Ge) l' Tl O f i
I." 1- | Akl ARZ SRS dk2 HRS ARG AT ALE v v
| 1' = 1 pA Wy (e ¥ (51
I, iGes M
= 3 A
LY Gt
Figure 1.23  Comparison of Si

and Ge semiconductor diodes.

forward-bias voltage required to reach the regibnpward swing. It is typically of
the order of magnitude of 0.7 V feaommercially available silicon diodes and 0.3 V
for germanium diodes when rounded off to the neasghs. The increased offset
for silicon is due primarily to the factayin Eq. (1.4). This factor plays a part in de-
termining the shape of the curve only at very lawrent levels. Once the curve starts
its vertical rise, the facton drops to 1 (the continuous value for germanium). This is
evidenced by the similarities in the curves onae dffset potential is reached. The
potential at which this rise occurs is commonlheredd to as theffset, threshold, or
firing potential. Frequently, the first letter of a term that descsileparticular quan-
tity is used in the notation for that quantity. Hexer, to ensure a minimum of con-
fusion with other terms, such as output voltagg and forward voltageV), the no-
tation V; has been adopted for this book, from the word “thoés”

In review:

Vr = 0.7 (Si)
Vr = 0.3 (Ge)

Obviously, the closer the upward swing is to theigal axis, the more “ideal” the
device. However, the other characteristics of silie@ compared to germanium still
make it the choice in the majority of commerciahailable units.

Temperature Effects

Temperature can have a marked effect on the clesigtats of a silicon semicon-
ductor diode as witnessed by a typical silicon diode in Fig. 1.24. It has been found
experimentally that:

The reverse saturation current I will just about double in magnitude for

every 10°C increase in temperature.

Chapter 1 Semiconductor Diodes
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It is not uncommon for a germanium diode withlam the order of 1 or LA
at 25°C to have a leakage current of 200 = 0.1 mA at a temperature of 100°C.
Current levels of this magnitude in the reverseslsggion would certainly question
our desired open-circuit condition in the reverse-bias region. Typical valug$oof
silicon are much lower than that of germanium fomilar power and current levels
as shown in Fig. 1.23. The result is that evenigit temperatures the levels lgffor
silicon diodes do not reach the same high levetaiokd for germanium—a very im-
portant reason that silicon devices enjoy a sigaiftly higher level of development
and utilization in design. Fundamentally, the op&nouit equivalent in the reverse-
bias region is better realized at any temperattitle silicon than with germanium.

The increasing levels of with temperature account for the lower levels oé#hn-
old voltage, as shown in Fig. 1.24. Simply incretse level ofls in Eq. (1.4) and
note the earlier rise in diode current. Of courke, level ofTk also will be increas-
ing in the same equation, but the increasing le/&] will overpower the smaller per-
cent change ifk. As the temperature increases the forward chaisiits are actu-
ally becoming more “ideal,” but we will find when weview the specifications sheets
that temperatures beyond the normal operating raagenave a very detrimental ef-

fect on the diode’s maximum power and current levels. In the reverse-bias region the
breakdown voltage is increasing with temperaturé,nate the undesirable increase

in reverse saturation current.

1.7 RESISTANCE LEVELS

As the operating point of a diode moves from omgore to another the resistance of

the diode will also change due to the nonlineapshaf the characteristic curve. It
will be demonstrated in the next few paragraphs tiwa type of applied voltage or
signal will define the resistance level of inter&&tree different levels will be intro-

duced in this section that will appear again asexamine other devices. It is there-

fore paramount that their determination be clearigerstood.

1.7 Resistance Levels
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DC or Static Resistance

The application of a dc voltage to a circuit conitag a semiconductor diode will re-
sult in an operating point on the characteristiovetthat will not change with time.
The resistance of the diode at the operating maintbe found simply by finding the
corresponding levels &fp andly as shown in Fig. 1.25 and applying the following
equation:

Vo

)

Rp = (1.5)

The dc resistance levels at the knee and belowbeiljreater than the resistance
levels obtained for the vertical rise section af tharacteristics. The resistance lev-
els in the reverse-bias region will naturally bétejigh. Since ohmmeters typically
employ a relatively constant-current source, thestaisce determined will be at a pre-
set current level (typically, a few milliamperes).

T ImAd i

! o

J
i Figure 1.25 Determining the dc

a0 Vi t%5  resistance of a diode at a particu-
lar operating point.

In general, therefore, the lower the current through a diode the higher the dc
resistance level.

EXAMPLE 1.1

18

Determine the dc resistance levels for the diodEigf 1.26 at

@ lp=2mA
(b) Ip = 20 mA
(c) Vb= -10V )
- |
——— Silicom
il
Ik =
-1V 1y i
X i as BE Yy ivi
—— | T

Figure 1.26 Example 1.1

Solution
(@) Atlp =2 mA,Vp = 0.5V (from the curve) and
_ Vo _ 05V _
Rp = I A 2500

Chapter 1 Semiconductor Diodes
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(b) Atlp =20 mA,V, = 0.8V (from the curve) and

Vp 0.8V
=—= =40Q
Ro Ipb 20mA
(c) AtVp = —-10V,Ip = —lg= —1 uA (from the curve) and
Vp 10V
=—=——=10 MQ
Ro b  1uA

clearly supporting some of the earlier commentandigg the dc resistance levels of
a diode.

AC or Dynamic Resistance

It is obvious from Eg. 1.5 and Example 1.1 thatdkeresistance of a diode is inde-
pendent of the shape of the characteristic inégéon surrounding the point of inter-
est. If a sinusoidal rather than dc input is aghlike situation will change completely.
The varying input will move the instantaneous ofiegapoint up and down a region
of the characteristics and thus defines a spegtifimge in current and voltage as shown
in Fig. 1.27. With no applied varying signal, theipoof operation would
be theQ-point appearing on Fig. 1.27 determined by thdiepplc levels. The des-
ignationQ-point is derived from the worduiescent, which means “still or unvarying.”

hinle ¢ harscersmic

I| Tangeni i

II;'_.|-|r:||||I
‘{Hh cpmralsml

e ~—

c

— A0y

/ Figure 1.27 Defining the
dynamic or ac resistance.

A straight line drawn tangent to the curve throtigéQ-point as shown in Fig.
1.28 will define a particular change in voltage audrent that can be used to deter-
mine theac or dynamic resistance for this region of the diode charadiesisAn ef- f
fort should be made to keep the change in voltagecarrent as small as possible I
and equidistant to either side of tQepoint. In equation form, -,-"';

rg= % whereA signifies a finite change in the quantity. (1.6) S Al e
: |
The steeper the slope, the less the valu&\Gffor the same change b 4 and the ,"J |
less the resistance. The ac resistance in theakrise region of the characteristic is ;"f "R
therefore quite small, while the ac resistance is much higher at low current levels. il
In general, therefore, the lower the Q-point of operation (smaller current or Figure 1.28 Determining the ac
lower voltage) the higher the ac resistance. resistance at a Q-point.

1.7 Resistance Levels 19
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EXAMPLE 1.2

For the characteristics of Fig. 1.29:

(a) Determine the ac resistancd gt= 2 mA.

(b) Determine the ac resistancel gt= 25 mA.

(c) Compare the results of parts (a) and (b) tatheesistances at each current level.

o (MA)

] e CE TP ET R e
i

25— 4 ~Aly
|
|

7 e !

15—

0f 0102 0304 0506 0.7
H(_J
AVy Figure 1.29 Example 1.2

o

8 091 Vp (V)

Solution

(a) Forlp = 2 mA,; the tangent line a5 = 2 mA was drawn as shown in the figure
and a swing of 2 mA above and below the specifiedeal current was chosen.
At Ip=4 mA, Vp =0.76 V, and atlp = 0 mA, Vp = 0.65 V. The resulting
changes in current and voltage are

Alg=4mA-0mA=4mA
and AV4=0.76 V- 0.65V=0.11V
and the ac resistance:

- Avy _ 011V
a7 Al 4mA

(b) Forlp = 25 mA, the tangent line &, = 25 mA was drawn as shown on the fig-
ure and a swing of 5 mA above and below the specified diode current was cho-

sen. Atlp = 30 mA,Vp = 0.8V, and alp = 20 mA, Vp = 0.78 V. The result-
ing changes in current and voltage are

Alg =30 mA—-20 mA=10 mA
and AV4=08V-0.78V=0.02V

=275Q

and the ac resistance is
AVy 002V

= AVa _ 20
O A, T 10mA

Chapter 1 Semiconductor Diodes



(c) Forlp =2 mA,Vp =0.7V and

_ VMo _ 07V _
Rp = I A 350Q
which far exceeds the of 27.5().
Forlp =25 mA,Vy = 0.79 V and

Ro=Yo_0NRV_4 60

which far exceeds the of 2 ().

We have found the dynamic resistance graphicallythmre is a basic definition
in differential calculus which states:

The derivative of a function at a point is equal to the slope of the tangent line

drawn at that point.

Equation (1.6), as defined by Fig. 1.28, is, therefessentially finding the deriva-
tive of the function at th@-point of operation. If we find the derivative dfet gen-
eral equation (1.4) for the semiconductor diodenweéspect to the applied forward
bias and then invert the result, we will have anatign for the dynamic or ac resis-
tance in that region. That is, taking the derivatifd=q. (1.4) with respect to the ap-
plied bias will result in

d = i D' 'K —
(o) = gL — 1)
dip

dVp

following a few basic maneuvers of differential @dls. In generallp > I in the
vertical slope section of the characteristics and

dp _ k

=
dvp Tk °

Substitutingn = 1 for Ge and Si in the vertical-rise section of tharacteristics, we
obtain

k
= o+
and TK(D N

_ 11600 _ 11600

k " 1

= 11,600

and at room temperature,
Tk = Tc + 273°= 25° + 273°= 298°

k _ 11,600
that —-— == = 38.93
so tha T 298
dl
d —D = 38.93
an dVD D
Flipping the result to define a resistance raRe=V/I) gives us
dvp _ 0.026
dpo  Ip
or rqg = 26| my .7
D Ge,Si

1.7 Resistance Levels
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The significance of Eq. (1.7) must be clearly ustierd. It implies that the dynamic
resistance can be found simply by substitutingghiescent value of the diode cur-
rent into the equation. There is no need to haeectiaracteristics available or to
worry about sketching tangent lines as defined Qy (E.6). It is important to keep
in mind, however, that Eq. (1.7) is accurate onlyvalues ofl in the vertical-rise
section of the curve. For lesser valuedfn = 2 (silicon) and the value af; ob-
tained must be multiplied by a factor of 2. For 8malues ofl below the knee of
the curve, Eq. (1.7) becomes inappropriate.

All the resistance levels determined thus far ha@en defined by thp-n junc-
tion and do not include the resistance of the sengiactor material itself (calldubdy
resistance) and the resistance introduced by theemion between the semiconduc-
tor material and the external metallic conductatlézl contact resistance). These ad-
ditional resistance levels can be included in Hgr)(by adding resistance denoted
by rg as appearing in Eq. (1.8). The resistangaherefore, includes the dynamic re-
sistance defined by Eq. 1.7 and the resistapgest introduced.

26 mV

)

rg= +rg ohms (1.8)

The factorrg can range from typically 0.Q for high-power devices to 2 for
some low-power, general-purpose diodes. For Exahgl¢he ac resistance at 25 mA
was calculated to be Q. Using Eqg. (1.7), we have

_26mV _ 26mV
lb  25mA

The difference of about @ could be treated as the contributionrgf
For Example 1.2 the ac resistance at 2 mA was leadzlito be 27.%). Using
Eq. (1.7) but multiplying by a factor of 2 for thisgion (in the knee of the curve

n=2),
_ (26mV\ _ 26V _ _
rd—z( ’ ) 2(2mA> 2(13Q) = 26 Q

The difference of 1.%) could be treated as the contribution duego

In reality, determiningq to a high degree of accuracy from a characteristive
using Eq. (1.6) is a difficult process at best #melresults have to be treated with a
grain of salt. At low levels of diode current thectorrg is normally small enough
compared tay to permit ignoring its impact on the ac diode resistance. At high lev-
els of current the level af; may approach that of;, but since there will frequently
be other resistive elements of a much larger magmitn series with the diode we
will assume in this book that the ac resistanageigermined solely byy and the im-
pact ofrg will be ignored unless otherwise noted. Technolalgimprovements of re-
cent years suggest that the levelrgfwill continue to decrease in magnitude and
eventually become a factor that can certainly Io@rigd in comparison tr.

The discussion above has centered solely on tlveafdrbias region. In the re-
verse-bias region we will assume that the changeuirent along thé line is nil
from O V to the Zener region and the resulting egistance using Eq. (1.6) is suffi-
ciently high to permit the open-circuit approxinaeti

=1.04Q

g

Average AC Resistance

If the input signal is sufficiently large to produaebroad swing such as indicated in
Fig. 1.30, the resistance associated with the ddwicthis region is called thaver-
age ac resistance. The average ac resistance is, by definition, thestaste deter-
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Figure 1.30 Determining the average ac resistance between indicated limits.

mined by a straight line drawn between the tworggetions established by the max-
imum and minimum values of input voltage. In eguatiorm (note Fig. 1.30),

_ AVq

r.:-1v -
A Id pt. to pt

(1.9)

For the situation indicated by Fig. 1.30,
Alg=17 mA—-2 mA= 15 mA
and AVy=0.725V—-0.65V=0.075V

(_Avy _ 0075V
¥ Aly 15mA

If the ac resistance ) were determined df = 2 mA its value would be more
than 5(, and if determined at 17 mA it would be less. Itween the ac resistance
would make the transition from the high value ahA& to the lower value at 17 mA.
Equation (1.9) has defined a value that is consifléne average of the ac values from
2 to 17 mA. The fact that one resistance level can be used for such a wide range of
the characteristics will prove quite useful in thefinition of equivalent circuits for a
diode in a later section.

As with the dc and ac resistance levels, the lower the level of currents used to
determine the average resistance the higher the resistance level.

with =5Q

Summary Table

Table 1.2 was developed to reinforce the importantclusions of the last few pages
and to emphasize the differences among the variggistance levels. As indicated
earlier, the content of this section is the fourmtafior a number of resistance calcu-
lations to be performed in later sections and darapt
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TABLE 1.2 Resistance Levels

Special Graphical
Type Equation Characteristics Determination
.III
DC or static Rp = \I/—D Defined as a 'I'_- U
= point on the s r
characteristics r
s
l'.'l
AC or rq= % = 26| my Defined by a
dynamic d b tangent line at
the Q-point
Average ac Fov=— Defined by a straight
Aly pt. to pt.

line between limits
of operation

1.8 DIODE EQUIVALENT CIRCUITS

An equivalent circuit is a combination of elements properly chosen to best
represent the actual terminal characteristics of a device, system, or such in a
particular operating region.

In other words, once the equivalent circuit is dedinthe device symbol can be
removed from a schematic and the equivalent ciios#rted in its place without se-
verely affecting the actual behavior of the syst&ime result is often a network that
can be solved using traditional circuit analysishteéques.

Piecewise-Linear Equivalent Circuit

One technique for obtaining an equivalent circait & diode is to approximate the
characteristics of the device by straight-line segts, as shown in Fig. 1.31. The re-
sulting equivalent circuit is naturally called thiecewise-linear equivalent circuit. It
should be obvious from Fig. 1.31 that the stralgtg-segments do not result in an ex-
act duplication of the actual characteristics, eigfigcin the knee region. However,
the resulting segments are sufficiently close wadhtual curve to establish an equiv-
alent circuit that will provide an excellent firgbproximation to the actual behavior of
the device. For the sloping section of the equivadethe average ac resistance as in-
troduced in Section 1.7 is the resistance levedéappg in the equivalent circuit of Fig.
1.32 next to the actual device. In essence, it dsfthe resistance level of the device
when it is in the “on” state. The ideal diode isluted to establish that there is only
one direction of conduction through the device, angverse-bias condition will re-
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Figure 1.31 Defining the
| piecewise-linear equivalent circuit

I o using straight-line segments

0| (LT Y Iy i%1 to approximate the

V*ri characteristic curve.

+ Vo _
V- Ideal diode
+ Vo — |T lav /
— — o7v 100
| D | D

Figure 1.32  Components of the piecewise-linear equivalent circuit.

sult in the open-circuit state for the device. 8ilacsilicon semiconductor diode does
not reach the conduction state uMj reaches 0.7 V with a forward bias (as shown
in Fig. 1.31), a battery; opposing the conduction direction must appear énetiuiv-
alent circuit as shown in Fig. 1.32. The battemsy specifies that the voltage across
the device must be greater than the thresholdripatbétage before conduction through
the device in the direction dictated by the idgalld can be established. When con-
duction is established the resistance of the diitldbe the specified value of,,.

Keep in mind, however, thaf; in the equivalent circuit is not an independent
voltage source. If a voltmeter is placed across$satated diode on the top of a lab
bench, a reading of 0.7 V will not be obtained. Dagery simply represents the hor-
izontal offset of the characteristics that musekeeeded to establish conduction.

The approximate level af,, can usually be determined from a specified operat-
ing point on the specification sheet (to be disedds Section 1.9). For instance, for
a silicon semiconductor diode, lif = 10 mA (a forward conduction current for the
diode) atVp = 0.8 V, we know for silicon that a shift of 0.7 Viequired before the
characteristics rise and

(. — AVq __08vV-07V _ 01V
av Ald pt. to pt. lO mA - O mA 10 mA

as obtained for Fig. 1.30.

=10Q

Simplified Equivalent Circuit

For most applications, the resistarggis sufficiently small to be ignored in com-
parison to the other elements of the network. Emeaval ofr,, from the equivalent

1.8 Diode Equivalent Circut 25



© n °

26

+ VD —_
_ V=07V
_I=0Q T

" Ideal diode

0 V=07V v,

Figure 1.33  Simplified equivalent circuit for the silicon semiconductor diode.

circuit is the same as implying that the charasties of the diode appear as shown

in Fig. 1.33. Indeed, this approximation is freqiepimployed in semiconductor cir-

cuit analysis as demonstrated in Chapter 2. The reduced equivalent circuit appears in
the same figure. It states that a forward-biaskcbsi diode in an electronic system
under dc conditions has a drop of 0.7 V across the conduction state at any level

of diode current (within rated values, of course).

Ideal Equivalent Circuit

Now thatr,, has been removed from the equivalent circuit lealds it a step further
and establish that a 0.7-V level can often be igddn comparison to the applied
voltage level. In this case the equivalent cireuit be reduced to that of an ideal
diode as shown in Fig. 1.34 with its charactersstlo Chapter 2 we will see that this
approximation is often made without a serious iasaccuracy.

In industry a popular substitution for the phradmtie equivalent circuit” is diode
model—a model by definition being a representation ofeaisting device, object,
system, and so on. In fact, this substitute termigyphill be used almost exclusively
in the chapters to follow.

+ Vin L
-
I T Dl dhscnds

Figure 1.34 Ideal diode and its characteristics.

Summary Table

For clarity, the diode models employed for the raafjeircuit parameters and appli-
cations are provided in Table 1.3 with their pieis@alinear characteristics. Each will

be investigated in greater detail in Chapter 2 r&taee always exceptions to the gen-
eral rule, but it is fairly safe to say that the glified equivalent model will be em-
ployed most frequently in the analysis of electronic systems while the ideal diode is
frequently applied in the analysis of power supptgtems where larger voltages are
encountered.

Chapter 1 Semiconductor Diodes



TABLE 1.3 Diode Equivalent Circuits (Models)

Type Conditions Model Characteristics
iy
II
I'F
|
|
|
Piecewise-linear model |
AN : fer—s
1'r g [desl J T i
dinde
[ | |I|
Simplified model Rnetwork™ lay r || g 0! m T
¥r el . B
e
R
Ideal device Rhetwork> lay - [ 2] ]
Enetwork> Vr Bideal Q ¥
dhocke

1.9 DIODE SPECIFICATION SHEETS

Data on specific semiconductor devices are nornaibwided by the manufacturer
in one of two forms. Most frequently, it is a vemid description limited to perhaps
one page. Otherwise, it is a thorough examinatioitn@fcharacteristics using graphs,
artwork, tables, and so on. In either case, therespeeific pieces of data that must
be included for proper utilization of the devicéney include:

1. The forward voltag®/ (at a specified current and temperature)

The maximum forward curreht (at a specified temperature)
The reverse saturation currégpt(at a specified voltage and temperature)

The reverse-voltage rating [PIV or PRV or V(BRhere BR comes from the term
“breakdown” (at a specified temperature)]
The maximum power dissipation level at a pardctémperature
. Capacitance levels (as defined in Section 1.10)
. Reverse recovery tintg (as defined in Section 1.11)
. Operating temperature range

Depending on the type of diode being considereditiaddl data may also be
provided, such as frequency range, noise level, simigctime, thermal resistance lev-
els, and peak repetitive values. For the applicaitiomind, the significance of the
data will usually be self-apparent. If the maximpower or dissipation rating is also
provided, it is understood to be equal to the folfayproduct:

Hown

o ~N o O

Pbmax= Vb Ip (1.10)

wherelp andVp are the diode current and voltage at a particubamtof operation.

1.9 Diode Specification Sheets
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If we apply the simplified model for a particulgp@ication (a common occur-
rence), we can substitutg, = V1 = 0.7 V for a silicon diode in Eg. (1.10) and de-
termine the resulting power dissipation for comgami against the maximum power
rating. That is,

Pdissipateﬁ (0-7 V)ID (1-11)
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Figure 1.35 Electrical characteristics of a high-voltage, low-leakage diode.
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An exact copy of the data provided for a high-voltage/low-leakage diode appears
in Figs. 1.35 and 1.36. This example would represent the expanded list of data and
characteristics. The ternectifier is applied to a diode when it is frequently used in
a rectification process to be described in Chapter 2.

TYPFHCAL ELECTRICAL CHARACTERISTIC CURVES
= 25U amblent temperatute unbess otherwise noted
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Figure 1.36 Terminal characteristics of a high-voltage diode.
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Specific areas of the specification sheet have béghlighted in blue with a let-
ter identification corresponding with the followimgscription:

A: The minimum reverse-bias voltage (PIVs) for a diode at a sfgtifeverse
saturation current.

B: Temperature characteristics as indicated. Natautte of the Celsius scale and
the wide range of utilization [recall that 32%-0°C = freezing (HO) and
212°F= 100°C= boiling (H,0)].

C:. Maximum power dissipation levé?y = Vplp = 500 mW. The maximum
power rating decreases at a rate of 3.33 mW pereddgcrease in tempera-
ture above room temperature (25°C), as clearly itedceby the power
derating curve of Fig. 1.36.

D: Maximum continuous forward currei¢ _ = 500 mA (notelg versus tem-
perature in Fig. 1.36).

E: Range of values of at I = 200 mA. Note that it exceedé = 0.7 V for
both devices.

F: Range of values dfr atlz = 1.0 mA. Note in this case how the upper lim-
its surround 0.7 V.

G: At V=20V and a typical operating temperatlige= 500 nA= 0.5 uA,
while at a higher reverse voltagiedrops to 5 nA= 0.005 uA.

H: The capacitance level between terminals is aBquit for the diode a¥k =
Vp = 0 V (no-bias) and an applied frequency of 1 MHz.

I: The reverse recovery time isu® for the list of operating conditions.

A number of the curves of Fig. 1.36 employ a loglacA brief investigation of
Section 11.2 should help with the reading of thapbs. Note in the top left figure
how Vg increased from about 0.5 V to over 1 Vlasncreased from 1@.A to over
100 mA. In the figure below we find that the reeesaturation current does change
slightly with increasing levels ofk but remains at less than 1 nA at room tempera-
ture up toVg = 125 V. As noted in the adjoining figure, however, nbtev quickly
the reverse saturation current increases with aseren temperature (as forecasted
earlier).

In the top right figure note how the capacitance decreases with increase in reverse-
bias voltage, and in the figure below note that dleresistancerg) is only about
1 Q) at 100 mA and increases to 100at currents less than 1 mA (as expected from
the discussion of earlier sections).

The average rectified current, peak repetitive fodvaurrent, and peak forward
surge current as they appear on the specificatiertsare defined as follows:

1. Average rectified current. A half-wave-rectified signal (described in Secti?i8)
has an average value defined lpy= 0.318,.4 The average current rating is
lower than the continuous or peak repetitive foolvaurrents because a half-wave
current waveform will have instantaneous values hmhigher than the average
value.

2. Peak repetitive forward current. This is the maximum instantaneous value of repet-
itive forward current. Note that since it is at this level for a brief period of time,
its level can be higher than the continuous level.

3. Peak forward surge current. On occasion during turn-on, malfunctions, and so on,
there will be very high currents through the devimevery brief intervals of time
(that are not repetitive). This rating defines thaximum value and the time in-
terval for such surges in current level.
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The more one is exposed to specification sheetsfrieadlier” they will become,
especially when the impact of each parameter ariglainderstood for the applica-
tion under investigation.

1.10 TRANSITION AND DIFFUSION
CAPACITANCE

Electronic devices are inherently sensitive to Meigh frequencies. Most shunt ca-
pacitive effects that can be ignored at lower feeties because the reactaXge=
1/27fC is very large (open-circuit equivalent). This, howewmnnot be ignored at
very high frequencies{c will become sufficiently small due to the high valaff to
introduce a low-reactance “shorting” path. In fiiea semiconductor diode, there are
two capacitive effects to be considered. Both tygfesapacitance are present in the
forward- and reverse-bias regions, but one so ogtweeihe other in each region that
we consider the effects of only one in each region.

In the reverse-bias region we have the transition- or depletion-region capaci-

tance (Cy), while in the forward-bias region we have the diffusion (Cp) or

storage capacitance.

Recall that the basic equation for the capacitarice parallel-plate capacitor is
defined byC = eA/d, wheree is the permittivity of the dielectric (insulatorgtween
the plates of areA separated by a distandeln the reverse-bias region there is a de
pletion region (free of carriers) that behaves mtsaky like an insulator between the
layers of opposite charge. Since the depletioniwfdf will increase with increased
reverse-bias potential, the resulting transitionacétpance will decrease, as shown in
Fig. 1.37. The fact that the capacitance is dep@naole the applied reverse-bias po-
tential has application in a number of electronisteams. In fact, in Chapter 20 a
diode will be introduced whose operation is whalgpendent on this phenomenon.

Although the effect described above will also bespgnt in the forward-bias re-
gion, it is overshadowed by a capacitance effeactly dependent on the rate at
which charge is injected into the regions just ioletshe depletion region. The result
is that increased levels of current will resultiricreased levels of diffusion capaci-
tance. However, increased levels of current resufeduced levels of associated re-
sistance (to be demonstrated shortly), and thetmeguaime constant{= RC), which
is very important in high-speed applications, doesbecome excessive.

C (pF)
15 7
"l
/
/
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/
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P
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() 25 20 45 40 5 0 0.25 0.5

Figure 1.37 Transition and diffusion capacitance versus applied bias for a
silicon diode.
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Figure 1.38 Including the effect
of the transition or diffusion
capacitance on the semiconductor
diode.
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The capacitive effects described above are reptesddry a capacitor in parallel
with the ideal diode, as shown in Fig. 1.38. For-law mid-frequency applications
(except in the power area), however, the capacitoroisnally not included in the
diode symbol.

1.11 REVERSE RECOVERY TIME

There are certain pieces of data that are nornpathyided on diode specification
sheets provided by manufacturers. One such qudhgtyhas not been considered yet
is the reverse recovery time, denotedthy In the forward-bias state it was shown
earlier that there are a large number of electfmoms then-type material progress-
ing through thep-type material and a large number of holes in ritgpe—a re-
quirement for conduction. The electrons in faype and holes progressing through
the n-type material establish a large number of minacayriers in each material. If
the applied voltage should be reversed to establish a reverse-bias situation, we would
ideally like to see the diode change instantaneously from the conduction state to the
nonconduction state. However, because of the lamgeber of minority carriers in
each material, the diode current will simply revesiseshown in Fig. 1.39 and stay at
this measurable level for the period of titgéstorage time) required for the minor-
ity carriers to return to their majority-carrieas# in the opposite material. In essence,
the diode will remain in the short-circuit statettwa currentqyerscdetermined by
the network parameters. Eventually, when this stglyase has passed, the current
will reduce in level to that associated with thencanduction state. This second pe-
riod of time is denoted bly (transition interval). The reverse recovery timéhis sum

of these two intervalg;, = ts + t.. Naturally, it is an important consideration in Mg
speed switching applications. Most commerciallyilatde switching diodes have a
t.. in the range of a few nanoseconds tasl Units are available, however, with,a

of only a few hundred picoseconds (9.

I

Change of state (o=  off)
I forward required att =t

Desired response

ped

I reverse

<—t5—+—tt
Figure 1.39 Defining the

D— T reverse recovery time.

1.12 SEMICONDUCTOR DIODE
NOTATION

The notation most frequently used for semiconductor diodes is provided in Fig. 1.40.
For most diodes any marking such as a dot or band, as shown in Fig. 1.40, appears
at the cathode end. The terminology anode and dattsoa carryover from vacuum-

tube notation. The anode refers to the higher aitige potential, and the cathode
refers to the lower or negative terminal. This camabon of bias levels will result in

a forward-bias or “on” condition for the diode. Amber of commercially available
semiconductor diodes appear in Fig. 1.41. Somalsletathe actual construction of
devices such as those appearing in Fig. 1.41 axaéded in Chapters 12 and 20.
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Figure 1.40 Semiconductor diode notation.

(bp

Figure 1.41  Various types of junction diodes. [(a) Courtesy of Motorola Inc.;
and (b) and (c¢) Courtesy International Rectifier Corporation.]

1.13 DIODE TESTING

The condition of a semiconductor diode can be detexd quickly using (1) a digi-
tal display meter (DDM) with diode checking function, (2) theohmmeter section of
a multimeter, or (3) aurve tracer.

Diode Checking Function

A digital display meter with a diode checking caiiigbappears in Fig. 1.42. Note
the small diode symbol as the bottom option ofrtitating dial. When set in this po-
sition and hooked up as shown in Fig. 1.43a, thealighould be in the “on” state
and the display will provide an indication of treard-bias voltage such as 0.67 V
(for Si). The meter has an internal constant ciirsenrce (about 2 mA) that will de-
fine the voltage level as indicated in Fig. 1.48h.OL indication with the hookup
of Fig. 1.43a reveals an open (defective) diodéhdfleads are reversed, an OL indi-
cation should result due to the expected open-tiequivalence for the diode. In
general, therefore, an OL indication in both diregsigs an indication of an open or
defective diode.

1.13 Diode Testing
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Figure 1.44  Checking a diode
with an ohmmeter.
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Figure 1.42 Digital display
meter with diode checking

7 capability. (Courtesy
Computronics Technology, Inc.)
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Figure 1.43  Checking a diode
in the forward-bias state.

Ohmmeter Testing

In Section 1.7 we found that the forward-bias tasice of a semiconductor diode is
quite low compared to the reverse-bias level. Tioeeeif we measure the resistance
of a diode using the connections indicated in Eig4a, we can expect a relatively
low level. The resulting ohmmeter indication wi la function of the current estab-
lished through the diode by the internal batteffefo 1.5 V) of the ohmmeter circuit.
The higher the current, the less the resistanceé. I[Eve the reverse-bias situation the
reading should be quite high, requiring a high tasise scale on the meter, as indi-
cated in Fig. 1.44b. A high resistance readingdthldirections obviously indicates
an open (defective device) condition, while a veny resistance reading in both di-
rections will probably indicate a shorted device.

Curve Tracer

The curve tracer of Fig. 1.45 can display the ottarsstics of a host of devices, in-
cluding the semiconductor diode. By properly cotingcthe diode to the test panel
at the bottom center of the unit and adjustingdbetrols, the display of Fig. 1.46
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Figure 1.45 Curve tracer.
(Courtesy of Tektronix, Inc.)
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can be obtained. Note that the vertical scalinty isA/div, resulting in the levels in-
dicated. For the horizontal axis the scaling is 100 mV/diliting in the voltage lev-
els indicated. For a 2-mA level as defined for aNRBhe resulting voltage would be
about 625 m\&= 0.625 V. Although the instrument initially appearsitgq complex,
the instruction manual and a few moments of expouiilt reveal that the desired re-
sults can usually be obtained without an excesaimeunt of effort and time. The
same instrument will appear on more than one oonrdsi the chapters to follow as
we investigate the characteristics of the varidtgavices.

1.14 ZENER DIODES

The Zener region of Fig. 1.47 was discussed in sdetail in Section 1.6. The char-
acteristic drops in an almost vertical manner at\verse-bias potential denotyd.
The fact that the curve drops down and away froenhibrizontal axis rather than up
and away for the positivep region reveals that the current in the Zener regjias
a direction opposite to that of a forward-biaseatldi

1.14 Zener Diodes
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Figure 1.47 Reviewing the
Zener region.
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Figure 1.48 Conduction direc-
tion: (a) Zener diode; (b) semi-
conductor diode.

fa) {b}

Figure 1.49 Zener equivalent
circuit: (a) complete; (b) approxi-
mate.

This region of unique characteristics is employedhie design oZener diodes,
which have the graphic symbol appearing in Fig84.8Both the semiconductor diode
and zener diode are presented side by side inlF§.to ensure that the direction of
conduction of each is clearly understood together with the required polarity of the ap-
plied voltage. For the semiconductor diode the “staite will support a current in the
direction of the arrow in the symbol. For the Zedi&rde the direction of conduction
is opposite to that of the arrow in the symbol asted out in the introduction to this
section. Note also that the polarity \&f andV, are the same as would be obtained
if each were a resistive element.

The location of the Zener region can be controbigdiarying the doping levels.
An increase in doping, producing an increase imilmaber of added impurities, will
decrease the Zener potential. Zener diodes aréablaihaving Zener potentials of
1.8 to 200 V with power ratings frogto 50 W. Because of its higher temperature
and current capability, silicon is usually preferiedhe manufacture of Zener diodes.

The complete equivalent circuit of the Zener didu¢he Zener region includes
a small dynamic resistance and dc battery equidedener potential, as shown in
Fig. 1.49. For all applications to follow, however whall assume as a first approx-
imation that the external resistors are much largemagnitude than the Zener-equiv-
alent resistor and that the equivalent circuitingpdy the one indicated in Fig. 1.49b.

A larger drawing of the Zener region is provided in Fig. 1.50 to permit a descrip-
tion of the Zener nameplate data appearing in Tablefor a 10-V, 500-mW, 20%
diode. The terrmominal associated witN; indicates that it is a typical average value.
Since this is a 20% diode, the Zener potential can be expected to vary as 20%

1)

[0mA =Ty Iy

ra il
FOZEmA =y

1

Tapy = ES = Ty

14

1= 3T mA
Figure 1.50 Zener test
characteristics.
TABLE 1.4 Electrical Characteristics (25°C Ambient Temperature Unless Otherwise Noted)
Zener Max Maximum Maximum Maximum
Voltage Test Dynamic Knee Reverse Test Regulator Typical
Nominal, Current, Impedance, Impedance, Current, Voltage, Current, Temperature
\% Iyt Zyr at Iy Zok at Ly Ig at Vg Vi I Coefficient
W) (mA) () @ (mA) (nA) W) (mA) %/°C)
10 12.5 8.5 700 0.25 10 7.2 32 +0.072
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or from 8 to 12 V in its range of application. Alawailable are 10% and 5% diodes

with the same specifications. The test curtepts the current defined by tHepower

level, andZ_y is the dynamic impedance at this current level. flagimum knee im-

pedance occurs at the knee currenit,Qf The reverse saturation current is provided

at a particular potential level, amg, is the maximum current for the 20% unit.
The temperature coefficient reflects the perceange inV, with temperature. It

is defined by the equation

AV

Te=cF—"—=
VT, — To)

X 100% %I/°C (1.12)

where AV, is the resulting change in Zener potential dueht temperature varia-
tion. Note in Fig. 1.51a that the temperature doieffit can be positive, negative, or
even zero for different Zener levels. A positivdueawould reflect an increase Wy
with an increase in temperature, while a negativeevavould result in a decrease in
value with increase in temperature. The 24-V, 6.8\ 3.6-V levels refer to three
Zener diodes having these nominal values withirsdme family of Zeners. The curve
for the 10-V Zener would naturally lie between theves of the 6.8-V and 24-V de-
vices. Returning to Eq. (1.12], is the temperature at whidl, is provided (nor-
mally room temperature—25°C), afid is the new level. Example 1.3 will demon-
strate the use of Eq. (1.12).

Temperature coefficient Dynamic impedence

versus Zener current versus Zener current
O +0.12 ‘ ‘ 1kQ
5 I ~ 500[n TN
~ +0.08[— 24‘\‘/ g N

|
0 20C N
5 I iy N
2 +0.04-68V r?cf 100 \\\ \\
[¢3]
© § 50 N\
5 0 = Q
g £ 20 \\ N 3.6V
S 004 3 £ 10 NEINEN
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g 3.6 V ———— B 5 \‘24‘1 y
£ oo ) N
" -0.1 1 6"87?/‘\\
' 3.01 0.050.1 0.51 510 50100 0102 051 2 5 10 20 50 100
Zener currentl;— (MA) Zener currentl;— (mA)
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Figure 1.51 Electrical characteristics for a 10-V, 500-mW Zener diode.
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Determine the nominal voltage for the Zener dioti&able 1.4 at a temperature of
100°C.

Solution
From Eqg. 1.12,
TV
AV, = 2Ty = T,
z 100 ( 1 O)

1.14 Zener Diodes

EXAMPLE 1.3
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Substitution values from Table 1.4 yield

_ (0.072)(10 V) .
B 100 (100

= (0.0072)(75)
— 054V

and because of the positive temperature coeffictatnew Zener potential, defined
by V7, is

AV, C— 25°C)

Vs =V, + 0.54 V
=10.54 V

The variation in dynamic impedance (fundamentatly,series resistance) with
current appears in Fig. 1.51b. Again, the 10-V Zeappears between the 6.8-V and
24-V Zeners. Note that the heavier the currentt{erfarther up the vertical rise you
are in Fig. 1.47), the less the resistance valugo Abte that as you drop below the
knee of the curve, the resistance increases tofisigni levels.

The terminal identification and the casing for aiety of Zener diodes appear in
Fig. 1.52. Figure 1.53 is an actual photograph wdréety of Zener devices. Note that
their appearance is very similar to the semicormudiode. A few areas of applica-
tion for the Zener diode will be examined in Chaite

£
A ]
- f

=2 Figure 1.52 Zener terminal
2 o T
identification and symbols.

Figure 1.53  Zener diodes.
(Courtesy Siemens Corporation.)

1.15 LIGHT-EMITTING DIODES

The increasing use of digital displays in calculstavatches, and all forms of in-
strumentation has contributed to the current extensaterest in structures that will

emit light when properly biased. The two types in common use today to perform this

function are théight-emitting diode (LED) and thdiquid-crystal display (LCD). Since
the LED falls within the family of-n junction devices and will appear in some of
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the networks in the next few chapters, it will baaduced in this chapter. The LCD
display is described in Chapter 20.

As the name implies, the light-emitting diode (LEB)a diode that will give off
visible light when it is energized. In any forwasgsedp-n junction there is, within
the structure and primarily close to the junctiomga@ombination of holes and elec-
trons. This recombination requires that the energy possessed by the unbound free elec-
tron be transferred to another state. In all sendootorp-n junctions some of this
energy will be given off as heat and some in threnfof photons. In silicon and ger-
manium the greater percentage is given up in thm fof heat and the emitted light
is insignificant. In other materials, such as gafliarsenide phosphide (GaAsP) or
gallium phosphide (GaP), the number of photonsgiftienergy emitted is sufficient
to create a very visible light source.

The process of giving off light by applying an electrical source of energy is

called electroluminescence.

As shown in Fig. 1.54 with its graphic symbol, tl@ducting surface connected
to thep-material is much smaller, to permit the emergencthefmaximum number
of photons of light energy. Note in the figure tila¢ recombination of the injected
carriers due to the forward-biased junction resutemitted light at the site of re-
combination. There may, of course, be some absorption of the packages of photon en-
ergy in the structure itself, but a very large petaga are able to leave, as shown in
the figure.

X ] ~ il v Pl
; e
I s
il - ight

[ F1] I'.|-

T i

il
coniam

Figure 1.54 (a) Process of
electroluminescence in the LED;
L (b) graphic symbol.
The appearance and characteristics of a submiaidigh-efficiency solid-state
lamp manufactured by Hewlett-Packard appears in Ep. Note in Fig. 1.55b that
the peak forward current is 60 mA, with 20 mA thpital average forward current.
The test conditions listed in Fig. 1.55c, howevee, far a forward current of 10 mA.
The level ofVp under forward-bias conditions is listed s and extends from 2.2
to 3 V. In other words, one can expect a typical afyeg current of about 10 mA at
2.5V for good light emission.
Two quantities yet undefined appear under the IngaBiectrical/Optical Char-
acteristics afo = 25°C. They are thaxial luminous intensity (l\) and theluminous
efficacy (7). Light intensity is measured candela. One candela emits a light flux
of 477 lumens and establishes an illumination of 1 footten a 1-f area 1 ft from
the light source. Even though this description may not provide a clear understanding
of the candela as a unit of measure, its level estainly be compared between sim-
ilar devices. The terrafficacy is, by definition, a measure of the ability of a devi
to produce a desired effect. For the LED this s tatio of the number of lumens
generated per applied watt of electrical energge Tfidlative efficiency is defined by
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the luminous intensity per unit current, as showFkim 1.55g. The relative intensity
of each color versus wavelength appears in Fichdl.5
Since the LED is @-n junction device, it will have a forward-biased chaesistic

(Fig. 1.55e) similar to the diode response curMedge the almost linear increase in rel-
ative luminous intensity with forward current (Fig55f). Figure 1.55h reveals that the
longer the pulse duration at a particular frequetheylower the permitted peak current
(after you pass the break valuetgf Figure 1.55i simply reveals that the intenstly i
greater at 0° (or head on) and the least at 90° (wbarview the device from the side).
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Figure 1.55 Hewlett-Packard subminiature high-efficiency red solid-state lamp: (a) appearance;
(b) absolute maximum ratings; (c) electrical/optical characteristics; (d) relative intensity versus wave-
length; (e) forward current versus forward voltage; () relative luminous intensity versus forward cur-
rent; (g) relative efficiency versus peak current; (h) maximum peak current versus pulse duration;
(1) relative luminous intensity versus angular displacement. (Courtesy Hewlett-Packard Corporation.)
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Figure 1.55 Continued.
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LED displays are available today in many differemes and shapes. The light-
emitting region is available in lengths from 0.11tan. Numbers can be created by
segments such as shown in Fig. 1.56. By applying a forward bias to the ppitgper
material segment, any number from 0 to 9 can bdajisg.

W H Il

.. N .

BT Typ—s

ALl —= F- KT =

Figure 1.56 Litronix segment display.

There are also two-lead LED lamps that contain bhE®s, so that a reversal in
biasing will change the color from green to redyvime versa. LEDs are presently
available in red, green, yellow, orange, and white, aite with blue soon to be
commercially available. In general, LEDs operatgdage levels from 1.7 to 3.3V,
which makes them completely compatible with sotates circuits. They have a fast
response time (nanoseconds) and offer good comttigs for visibility. The power
requirement is typically from 10 to 150 mW withifetime of 100,006- hours. Their
semiconductor construction adds a significant rdggss factor.

1.16 DIODE ARRAYS—INTEGRATED
CIRCUITS

The unique characteristics of integrated circuitd be introduced in Chapter 12.
However, we have reached a plateau in our introduction ¢tr@féc circuits that per-
mits at least a surface examination of diode armaytke integrated-circuit package.
You will find that the integrated circuit is notuaique device with characteristics to-
tally different from those we examine in theseddtictory chapters. It is simply a
packaging technique that permits a significant céida in the size of electronic sys-
tems. In other words, internal to the integratedutrare systems and discrete de-
vices that were available long before the integratiecuit as we know it today be-
came a reality.

One possible array appears in Fig. 1.57. Note that eight diodes are internal to the
diode array. That is, in the container shown in Fig. 1.58 there are diodes set in a sin-
gle silicon wafer that have all the anodes conmettgoin 1 and the cathodes of each
to pins 2 through 9. Note in the same figure that pin 1 can be determined as being to
the left of the small projection in the case if we look fromktbtom toward the case.

The other numbers then follow in sequence. If amg diode is to be used, then only
pins 1 and 2 (or any number from 3 to 9) would beds The remaining diodes would
be left hanging and not affect the network to whidis 1 and 2 are connected.

Another diode array appears in Fig. 1.59 (see gddeln this case the package
is different but the numbering sequence appeathdroutline. Pin 1 is the pin di-
rectly above the small indentation as you look damrthe device.
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PLANAR AIR-ISOLATED MONOLITHIC DIODE ARRAY

+C...50pF (MAX)
CAVE. L 15 my (MAX) @ 10 mA
ABSOLUTE MAXIMUM RATINGS (Note 1) CONNECTION DIAGRAM
Temperatures
Storage Temperature Range =55"C 1o +200°C
Maximum junction Operating Temperature +150°C
j.ead Temperature +260°C
Power Dissipation (Note 2)
Maximum Dissipation per Junction at 25°C Ambient 400 mW
per Package at 25°C Ambiem 600 mW
Lincar Derating Factor {(from 25°C) Junciion 32mwWiC 1 2 3 4 5 6 T & 9
Package 4.8 mwWiC |

See Package Outline TO-96

Maximum ¥Yoltage and Currents

wlv Working Inverse Vollage 55V
Ir Continuous Forward Current 350 mA
i tanper Peak Forward Surge Current
Pulse Width = 1.0s 1.0A
Pulse Width = 1.0 ps 200A

ELECTRICAL CHARACTERISTICS (25°C Ambient Temperature unless otherwise noted})

SYMBOL CHARACTERISTIC MIN MAX UNITS TEST CONDITIONS
By Breakdown Voltage 60 v [g=10pA
Vi Forward Voltage (Note 3) L5 v I =500 maA
1.1 A [p=200mA
1.0 v If = 100 mA
Ig Reverse Current 100 nA Viy=40V
Reverse Curreni {T, = 150°C) 10K pA Ve=40V
C Capacitance 50 pF Vy=0f=1MHz
VEM Peak Forward Voliage 40 v b =500 mA, 1, < 10ns
1 l'orward Recovery Time 40 ns I; = 500 mA, 1, < 10ns
- Reverse Recovery Time 10 ns [ =1 =10-200mA
Ry = 10082, Rec. 10 0.1 I,
50 ns [¢ = 500 mA, T, =50 mA
R, = 1004}, Rec, 10 S mA
AV Forward Vollage Match 15 my Ip=10mA
NOTES
| These ratings are Jimiwng values above which Life o saustactory performance may be impaired,
2 These are steady state limims, The Factory should be consuled on aglications nvalving pulsed o low duly cycle operation.

3V i omeasored usiog an J ms pulse.

Figure 1.57 Monolithic diode array.

1.17 PSPICE WINDOWS

The computer has now become such an integral part of the electronics industry that
the capabilities of this working “tool” must be introduced at the earliest possible op-
portunity. For those students with no prior comp@eperience there is a common
initial fear of this seemingly complicated powerfyistem. With this in mind the com-
puter analysis of this book was designed to magedmputer system more “friendly”

by revealing the relative ease with which it carapplied to perform some very help-
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Figure 1.58 Package outline
TO-96 for a diode array. All

dimensions

are in inches.
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Figure 1.59 Monolithic diode array. All dimensions are in inches.

ful and special tasks in a minimum amount of timighva high degree of accuracy.
The content was written with the assumption that rdader has no prior computer
experience or exposure to the terminology to be applied. There is also no suggestion
that the content of this book is sufficient to pgrencomplete understanding of the
“hows” and “whys” that will surface. The purpose hésesolely to introduce some
of the terminology, discuss a few of its capabitifieeveal the possibilities available,
touch on some of its limitations, and demonstrateeétrsatility with a number of care-
fully chosen examples.

In general, the computer analysis of electronicesystcan take one of two ap-
proaches: using Enguage such as BASIC, Fortran, Pascal, or C; or utilizingpi-
ware package such as PSpice, MicroCap I, Breadboard, or Circuistda to name
a few. A language, through its symbolic notation, ferenbridge between the user
and the computer that permits a dialogue betweervib for establishing the oper-
ations to be performed.

In earlier editions of this text, the chosen language wadBASimarily because
it uses a number of familiar words and phrases ftbenEnglish language that in
themselves reveal the operation to be performed. When a language is employed to an-
alyze a system, program is developed that sequentially defines the operations to be
performed—in much the same order in which we perform the same analysis in long-
hand. As with the longhand approach, one wrong atepthe result obtained can be
completely meaningless. Programs typically develgiln time and application as
more efficient paths toward a solution become abwid®nce established in its “best”
form it can be cataloged for future use. The imgaradvantage of the language ap-
proach is that a program can be tailored to meehalspecial needs of the user. It
permits innovative “moves” by the user that can resufprintouts of data in an in-
formative and interesting manner.

The alternative approach referred to above util@ssftware package to perform
the desired investigation. A software package [psogram written and tested over a
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period of time designed to perform a particularetygb analysis or synthesis in an ef-
ficient manner with a high level of accuracy.

The package itself cannot be altered by the usdritauapplication is limited to the
operations built into the system. A user must ddjiss or her desire for output infor-
mation to the range of possibilities offered by gaekage. In addition, the user must
input information exactly as requested by the pgela the data may be misinterpreted.
The software package chosen for this book is PSpRS®pice currently is available in
two forms: DOS and Windows. Although DOS format weesfirst introduced, the Win-
dows version is the most popular today. The Windegrsion employed in this text is
8.0, the latest available. A photograph of a coneplBgsign Center package appears in
Fig. 1.60 with the 8.0 CD-ROM version. It is als@iable in 3.5 diskettes. A more
sophisticated version referred to simply as SPKCfnding widespread application in
industry.

Figure 1.60 PSpice Design
package. (Courtesy of the
OrCAD-MicroSim Corporation)

In total, therefore, a software package is “packagedierform a specific series
of calculations and operations and to provide the results in a defined format. A lan-
guage permits an expanded level of flexibility bigo fails to benefit from the ex-
tensive testing and research normally devoteddalévelopment of a “trusted” pack-
age. The user must define which approach beshétseeds of the moment. Obviously,
if a package exists for the desired analysis othagis, it should be considered be-
fore turning to the many hours required to devedogliable, efficient program. In
addition, one may acquire the data needed for acpkat analysis from a software
package and then turn to a language to defineotimestt of the output. In many ways,
the two approaches go hand in hand. If one is pewi@é on computer analysis on a
continuing basis, knowledge of the use and limitdoth languages and software
packages is a necessity. The choice of which laygjoa software package to become
familiar with is primarily a function of the ared mvestigation. Fortunately, how-
ever, a fluent knowledge of one language or a pdaicsoftware package will usu-
ally help the user become familiar with other laagess and software packages. There
is a similarity in purpose and procedures that ¢lasdransition from one approach
to another.

When using PSpice Windows, the network is first dram the screen followed
by an analysis dictated by the needs of the uses. t€xt will be usingversion 8.0,
though the differences between this and earlierddirs versions are so few and
relatively minor for this level of application that one should not be concerned if us-
ing an earlier edition. The first step, of courseoisnstall PSpice into the hard-disk

*PSpice is a registered trademark of the OrCAD-Msamo Corporation.
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memory of your computer following the directionsopided by MicroSim. Next,
the Schematics screen must be obtained using a control mechanisoh fs
Windows 95.0nce established, the elements for the network imeisibtained and
placed on the screen to build the network. In tims, the procedure for each element
will be described following the discussion of tHearacteristics and analysis of each
device.

Since we have just finished covering the diodeeétad, the procedure for find-
ing the diodes stored in the library will be inttméd along with the method for plac-
ing them on the screen. The next chapter will ohtice the procedure for analyzing
a complete network with diodes using PSpice. Theeeseveral ways to proceed, but
the most direct path is to click on the picture bpinwith the binoculars on the top
right of the schematics screen. As you bring thekeraclose to the box using the
mouse, a messadeet New Partwill be displayed. Left click on the symbol and a
Part Browser Basic dialog box will appear. By choosingibraries, a Library
Browser dialog box will appear and theVAL.slb library should be chosen. When
selected, all available parts in this library willpear in thePart listing. Next, scroll
the Part list and choose thB1N4148diode. The result is that tHeart Name will
appear above and tizescription will indicate it is a diode. Once set, cli€K and
the Part Browser Basicdialog box will reappear with the full review ofefthosen
element. To place the device on the screen ané thesdialog box, simply click on
the Place & Closeoption. The result is that the diode will appear on the screen and
can be put in place with a left click of the mou®ace located, two labels will ap-
pear—one indicating how any diodes have been plfeg&dD2, D3,and so on) and
the other the name of the chosen didd&N4148. The same diode can be placed in
other places on the same screen by simply moviagotinter and left clicking the
mouse. The process can be ended by a single figktaf the mouse. Any of the
diodes can be removed by simply clicking on them to make them red and pressing
the Deletekey. If preferred, thédit choice of the menu bar at the top of the screen
also can be chosen, followed by using Bredete command.

Another path for obtaining an element is to chobsaw on the menu bar, fol-
lowed byGet New Part. Once chosen, thBart Browser Basicdialog box will ap-
pear as before and the same procedure can be éalloWow that we know the
D1N4148 diode exists, it can be obtained directlgeothePart Browser Basicdi-
alog box appears. Simply type D1N4148 in Bat Name box, followed byPlace
& Close, and thediode will appear on the screen.

If a diode has to be moved, simply left click oroitce, until it turns red. Then,
click on it again and hold the clicker down on theuse. At the same time, move the
diode to any location you prefer and, when setulifton the clicker. Remember that
anything in red can be operated on. To remove édestatus, simply remove the
pointer from the element and click it once. Thed@iavill turn green and blue, indi-
cating that its location and associated information is set in memory. For all the above
and for the chapters to follow, if you happen toeéhav monochromatic (black-and-
white) screen, you will simply have to remember vileetthe device is in the active
state.

If the label or parameters of the diode are to tenged, simply click on the el-
ement once (to make it red) and cho&stt, followed by Model. An Edit Model
dialog box will appear with a choice of changing thodel reference(D1N4148),
the text associated with each parameter, or paeameters that define the charac-
teristics of the diode.

As mentioned above, additional comments regardiegbithe diode will be made
in the chapters to follow. For the moment, we ar&east aware of how to find and
place an element on the screen. If time permitsevethe other elements available
within the various libraries to prepare yourself floe work to follow.
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10.

11.

12.
13.
14.
15.

16.
17.

18.

19.

20.

8§ 1.2 Ideal Diode

. Describe in your own words the meaning of the widkehl as applied to a device or system.
. Describe in your own words the characteristicshefitleal diode and how they determine the
on and off states of the device. That is, describg the short-circuit and open-circuit equiv-
alents are appropriate.
. What is the one important difference between treratteristics of a simple switch and those
of an ideal diode?
8§ 1.3 Semiconductor Materials
. In your own words, defineemiconductor, resistivity, bulk resistance, and ohmic contact resis-
tance.
. (a) Using Table 1.1, determine the resistance ofieori sample having an area of 1%and
a length of 3 cm.
(b) Repeat part (a) if the length is 1 cm and the area®4 cm
(c) Repeat part (a) if the length is 8 cm and tlead).5 cri
(d) Repeat part (a) for copper and compare thetsesul
. Sketch the atomic structure of copper and discumssiins a good conductor and how its struc-

ture is different from germanium and silicon.

. In your own words, define an intrinsic material, ayaive temperature coefficient, and cova-

lent bonding.

. Consult your reference library and list three miaterthat have a negative temperature coeffi-

cient and three that have a positive temperatueficient.

§ 1.4 Energy Levels

. How much energy in joules is required to move argdaf 6 C through a difference in po-

tential of 3 V?

If 48 eV of energy is required to move a chargeulgh a potential difference of 12 V, deter-
mine the charge involved.

Consult your reference library and determine thvellef Ey for GaP and ZnS, two semicon-
ductor materials of practical value. In additiontedmine the written name for each material.

§ 1.5 Extrinsic Materials—n- and p-Type

Describe the difference betwesstype andp-type semiconductor materials.
Describe the difference between donor and accémpiourities.
Describe the difference between majority and migararriers.

Sketch the atomic structure of silicon and insartrapurity of arsenic as demonstrated for sil-
icon in Fig. 1.9.

Repeat Problem 15 but insert an impurity of indium.

Consult your reference library and find anotherlasation of hole versus electron flow. Us-
ing both descriptions, describe in your own words pinocess of hole conduction.

8 1.6 Semiconductor Diode

Describe in your own words the conditions estaklishy forward- and reverse-bias conditions
on ap-n junction diode and how the resulting current ieetiéd.

Describe how you will remember the forward- anceree-bias states of tipen junction diode.
That is, how you will remember which potential (go® or negative) is applied to which ter-
minal?

Using Eq. (1.4), determine the diode current at 20°C for a silicon diodd witb0 nA and
an applied forward bias of 0.6 V.

Problems
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21.

22.

23.

24.

25.

26.

27.

28.
20.

30.

31.

32.

33.

34.

35.

36.

37.

Repeat Problem 20 foF = 100°C (boiling point of water). Assume thigthas increased to
5.0 uA.

(a) Using Eq. (1.4), determine the diode current@C2for a silicon diode withs = 0.1 uA
at a reverse-bias potential 6fL0 V.

(b) Is the result expected? Why?

(a) Plot the functiory = €* for x from O to 5.

(b) What is the value of = €“atx = 0?

(c) Based on the results of part (b), why is thedaetl important in Eq. (1.4)?

In the reverse-bias region the saturation current of a silicon diode is abauA (T1= 20°C).

Determine its approximate value if the temperatsracreased 40°C.

Compare the characteristics of a silicon and a germanium diode and determine which you would
prefer to use for most practical applications. Gleene details. Refer to a manufacturer’s list-

ing and compare the characteristics of a germanium and a silicon diode of similar maximum
ratings.

Determine the forward voltage drop across the disbdese characteristics appear in Fig. 1.24

at temperatures of 75°C, 25°C, 100°C, and 200°C and a current of 10 mA. Boh éem-
perature, determine the level of saturation cur@ntnpare the extremes of each and comment

on the ratio of the two.

8 1.7 Resistance Levels
Determine the static or dc resistance of the coroialér available diode of Fig. 1.19 at a for-
ward current of 2 mA.

Repeat Problem 26 at a forward current of 15 mA and compare results.

Determine the static or dc resistance of the coroigéy available diode of Fig. 1.19 at a re-

verse voltage of-10 V. How does it compare to the value determined at a reverse voltage of

—-30V?

(a) Determine the dynamic (ac) resistance of theaiaf Fig. 1.29 at a forward current of 10
mA using Eq. (1.6).

(b) Determine the dynamic (ac) resistance of theeliof Fig. 1.29 at a forward current of 10
mA using Eq. (1.7).

(c) Compare solutions of parts (a) and (b).

Calculate the dc and ac resistance for the diodggfl.29 at a forward current of 10 mA and
compare their magnitudes.

Using Eg. (1.6), determine the ac resistance atreruof 1 mA and 15 mA for the diode of
Fig. 1.29. Compare the solutions and develop argéwenclusion regarding the ac resistance
and increasing levels of diode current.

Using Eg. (1.7), determine the ac resistance atreruof 1 mA and 15 mA for the diode of

Fig. 1.19. Modify the equation as necessary for low levels of diode current. Compare to the so-
lutions obtained in Problem 32.

Determine the average ac resistance for the diode of Fig. 1.19 for the region between 0.6 and
0.9V.

Determine the ac resistance for the diode of Fit® &t 0.75 V and compare to the average ac
resistance obtained in Problem 34.

§ 1.8 Diode Equivalent Circuits

Find the piecewise-linear equivalent circuit foe tiiode of Fig. 1.19. Use a straight line seg-
ment that intersects the horizontal axis at 0.7 best approximates the curve for the region
greater than 0.7 V.

Repeat Problem 36 for the diode of Fig. 1.29.
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39.

40.

*41.

42.

43.

44,

* 45,

46.
47.
48.

49.

50.

* 51,

§ 1.9 Diode Specification Sheets
Plot I versusVg using linear scales for the diode of Fig. 1.36. Note that the provided graph

employs a log scale for the vertical axis (log scales are covered in sections 11.2 and 11.3).

Comment on the change in capacitance level with increase in reverse-bias potential for the diode
of Fig. 1.36.

Does the reverse saturation current of the diodeignf1.36 change significantly in magnitude
for reverse-bias potentials in the rang25 to —100 V?

For the diode of Fig. 1.36 determine the levelp&t room temperature (25°C) and the boil-
ing point of water (100°C). Is the change signift2aDoes the level just about double for every
10°C increase in temperature?

For the diode of Fig. 1.36 determine the maximum ac (dynamic) resistance at a forward cur-
rent of 0.1, 1.5, and 20 mA. Compare levels and comment on whether the results support con-
clusions derived in earlier sections of this chapte

Using the characteristics of Fig. 1.36, determirerttaximum power dissipation levels for the
diode at room temperature (25°C) and 100°C. AssurthiagVe remains fixed at 0.7 V, how
has the maximum level of changed between the two temperature levels?

Using the characteristics of Fig. 1.36, determine the temperature at which the diode current will
be 50% of its value at room temperature (25°C).

§ 1.10 Transition and Diffusion Capacitance

(a) Referring to Fig. 1.37, determine the transitapacitance at reverse-bias potentials 25
and —10 V. What is the ratio of the change in capacitance to the change in voltage?

(b) Repeat part (a) for reverse-bias potentials-@D and—1 V. Determine the ratio of the
change in capacitance to the change in voltage.

(c) How do the ratios determined in parts (a) andcmpare? What does it tell you about
which range may have more areas of practical application?

Referring to Fig. 1.37, determine the diffusion capacitance at 0 and 0.25 V.
Describe in your own words how diffusion and tréingi capacitances differ.

Determine the reactance offered by a diode desttilyethe characteristics of Fig. 1.37 at a
forward potential of 0.2 V and a reverse poterdfal-20 V if the applied frequency is 6 MHz.

§ 1.11 Reverse Recovery Time

Sketch the waveform farof the network of Fig. 1.61 if = 2t; and the total reverse recovery
time is 9 ns.

—h—)

i % b€
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L] - Figure 1.61 Problem 49

8 1.14 Zener Diodes

The following characteristics are specified foraatioular Zener diode/z = 29 V, Vg = 16.8 V,

I+ =10 mA, Ir = 20 A, andlz, = 40 mA. Sketch the characteristic curve in the manne
displayed in Fig. 1.50.

At what temperature will the 10-V Zener diode of.FL.50 have a nominal voltage of 10.75 V?
(Hint: Note the data in Table 1.4.)
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52.

53.

54.

*55.

56.

57.

*50.

60.

*61.

Determine the temperature coefficient of a 5-V Zener diode (rated 25°C value) if the nominal
voltage drops to 4.8 V at a temperature of 100°C.

Using the curves of Fig. 1.51a, what level of terap@me coefficient would you expect for a

20-V diode? Repeat for a 5-V diode. Assume a liseate between nominal voltage levels and

a current level of 0.1 mA.

Determine the dynamic impedance for the 24-V diade = 10 mA for Fig. 1.51b. Note that

it is a log scale.

Compare the levels of dynamic impedance for th&/ 2#lede of Fig. 1.51b at current levels of

0.2, 1, and 10 mA. How do the results relate to the shape of the characteristics in this region?

§ 1.15 Light-Emitting Diodes

Referring to Fig. 1.55e, what would appear to beappropriate value o¥+ for this device?
How does it compare to the value\¢f for silicon and germanium?

Using the information provided in Fig. 1.55, deterenthe forward voltage across the diode if
the relative luminous intensity is 1.5.

. (&) What is the percent increase in relative efficieof the device of Fig. 1.55 if the peak cur-

rent is increased from 5 to 10 mA?
(b) Repeat part (a) for 30 to 35 mA (the same irggda current).

(c) Compare the percent increase from parts (a)l@nét what point on the curve would you
say there is little gained by further increasing geak current?

(a) Referring to Fig. 1.55h, determine the maximutaerttble peak current if the period of the
pulse duration is 1 ms, the frequency is 300 Hz, taedmaximum tolerable dc current is
20 mA.

(b) Repeat part (a) for a frequency of 100 Hz.

(a) If the luminous intensity at 0° angular displaesmis 3.0 mcd for the device of Fig. 1.55,
at what angle will it be 0.75 mcd?

(b) At what angle does the loss of luminous intgndibp below the 50% level?

Sketch the current derating curve for the averagedrd current of the high-efficiency red LED
of Fig. 1.55 as determined by temperature. (Note the absolute maximum ratings.)

*Please Note: Asterisks indicate more difficult peshé.
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